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SUMMARY

In this paper we propose an analytical formulation for
simulation and design of a one d.o.f. articulated finger
mechanism with three phalanges. The formulation is based
on a study of the design and operation of an index human
finger. In particular, we have proposed a suitable mechanical
design for an anthropomorphic finger as both an approxima-
tion of human architecture and an easy practical design.
Kinematic characteristics are illustrated with numerical
examples.
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. INTRODUCTION

The design of multifingered robotic and prosthetic hands is
aimed to devel op mechatronic devices, which can mimic the
performance of a human hand. The optimal grasping
capabilities of a human hand allow versatile functionality
and interaction with severa environments. This capability to
perform many types of grasp has suggested useful classifi-
cations for designing suitable artificial hands. Several
papers on this topic refer to six types of grasps that were
defined by Schlesinger:* cylindrical, fingertip, hook, palmar,
spherical and lateral. A taxonomy of manufacturing grasps
is obtained by two basic categories, which are defined as
power grasps and precision grasps, respectively. An expert
system has been formulated for choosing grasps from input
information about object shape and required task.? More
recently, human prehension has been explored in order to
develop the design and control of dexterous robot hands.?

A suitable knowledge of the anatomy and mechanics of
the human hand is required in order to emulate its main
performance. An accurate description of the basic structure
of bones and neuromuscular apparatus for motion and force
control can be found in reference [1].

A mechanical model of the human hand during the grasp
has been formulated for designing and building a prototype
with two fingers and a palm.* Each phalanx has been
connected to the next by means of a revolute joint and each
finger motion was obtained through the action of a spring
and wire, which reproduce the actions of extensor and flexor
human tendons, respectively.
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A mechanism consisting of multi-link and series of
pulleys has been designed and built for a two fingers
versatile robot hand.®> A suitable pair of antagonist wires is
used for the gripping and release movements of each
finger.

Significant tendon operated hands are the Standford/JPL
hand and the Utah/MIT hand.®” The Standford/JPL hand
consists of three articulated fingers with two phalanges and
three d.o.f.sfor each of them. The Utah/MIT hand has three
four d.o.f.sfingers and one four d.o.f. thumb. The actuation
system of al fingers has been remotely located by using
tendon-operated transmission.

Another example of a tendon-operated hand is that by
Manus Colobi.? The three fingers are installed on the palm
along the vertices of an equilateral triangle. Each finger has
been provided with a passive system to return to an
extended configuration after any closing movement.

The five articul ated fingers of the Belgrade/lUSC hand are
actuated through a single electric motor. It has been
designed for simple control rather than to increase its
dexterity and flexibility. However, this prototype has been
the starting point for the mechanical design of the
Cantebury hand. This six-fingered hand has been designed
for robotic applications by using across four-bar linkages
for itstwo d.o.f. articulated fingers.®

Recently, a prototype of a DLR’s multi-sensory articu-
lated four-finger hand has been built with all actuators and
sensors directly integrated in the hand’s palm or fingers. The
movements of median and distal phalanges for each finger
have been coupled by giving them one d.o.f. and they have
been added to the two d.o.f.s of the proximal phalange.*

A mechatronic design of multi-fingered robotic and
prosthetic hands can be obtained through careful mechan-
ical design. In fact, good performances in terms of
versatility and flexibility can be obtained using suitable
mechanical devices. Interesting examples are given by
under-actuated grippers or hands, which are defined as those
with more d.o.f.s than actuators. A three finger under-
actuated hand has been designed and built at Laval
University in Québec, Canada*? Each finger has been
provided with four d.o.f.s and two actuators. Three d.o.f.s
with only one actuator are used for the closing movement of
finger and the fourth d.o.f. is used for the rotation of finger
about an axis orthogonal to the palm. The linkage of each
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finger is suitable for the grasping of a wide variety of
objects with large forces.

This design philosophy can aso be found in reference
[13], where a prosthetic hand with three fingers has been
operated by a single actuator. The shape self-adaptability of
this hand has been obtained by means of a multi-functional
palm mechanism with three operating positions and an
automatically variable speed transmission.

This paper deas with the mechanical design of a one
d.of. articulated finger mechanism for a robotic hand. A
simple procedure is proposed to determine the rotation
angles between proximal phalanx and palm, proximal and
median phalanges, and median and distal phalanges of the
index human finger. Then, the rotation angles of median and
distal phalanges have been expressed as a function of the
rotation angle of the proximal phalanx. Consequently, an
“internal synergy” can be obtained for the finger mecha
nism, when it is defined as the coupling of the motion of the
three phalanges.™

The motion analysis of index human finger has been used
to design a suitable articulated finger mechanism, which is
also the result of previous investigations.**" Thus, we
propose a one d.o.f. articulated finger mechanism, which is
provided with timing belts and epicyclic gear trains in order
to transmit the motion from the proximal to the median and
distal phalanges. An anthropomorphic finger prototype has
been built and preliminary experimental tests have been
carried out at Laboratory of Robotics and Mechatronics in
Cassino. Moreover, it is worth noting that, although the
proposed anthropomorphic finger prototype has only one
d.o.f., different trgjectories of the fingertip and different
rigid motions of each phalanx can be obtained when few
components of the transmission system are substituted
because of their easy interchangeability.

A MOTION ANALY SIS OF INDEX HUMAN FINGER
A closing movement of a human finger can be obtained in
several ways since one can consider the finger as provided
with three d.o.f.s. Robotic finger motions can be very
similar to those of a human finger when the robotic finger is
controlled by a human finger directly.*®

The three d.o.f.s can be used together or separately in
order to grasp different objects in several ways. However,
one can find that the rotation of each phaanx is not
completely independent because of the natural closing
movement of a human finger. Thus, we have focused our
attention on this type of movement with the aim of finding
a sequence of human finger configurations, which can be
performed by an articulated finger mechanism with one
d.of. only. For several industrial and prosthetic applica-
tions, a smaller versatility and flexibility with respect to a
human finger can be greatly compensated by easier
actuation and control.

Several methods to detect human finger motion can be
found in the literature. For example, an image processing
system combining high speed photogrammetry with current
measurements has been used by Guo and his co-workers.*
A device for measuring joint angles of hands, termed “ Exos
Dextrous Hand Master System”, has been applied in
reference [20].
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A motion analysis of a human finger is required in order
to find a suitable kinematic model for its natural closing
movement with only one d.o.f.

In this paper a motion analysis for a natura closing
movement of an index human finger has been carried out in
asimple way by using a sequence of photos taken by means
of high-speed camera, as shown in Fig. 1. The dimensions
of the phalanges for the index human finger of Fig.1 have
been identified as L,=48 mm, L,=28 mm, L,=23 mm,
respectively. Referring to Fig. 1, the joints between
proxima phalanx and palm, proxima and median pha-
langes, median and distal phalanges have been suitably
marked in order to record with good approximation the
rotation of each phalanx. In particular, the six photos of Fig.
1 show the following: The initial fully extended configura-
tion (I); a starting movement of the finger (l1); a successive
movement with considerable rotation of the median phalanx
(111); the beginning of a useful rotation of the distal phalanx
(IV); a natural successive movement (V); and, finaly, the
fully closed configuration (V1). Absolute rotation angles 6,,
0, and 6, of each phalanx with respect to the palm of the
human hand have been evaluated by using Fig. 1 and
summarized in Table 1. This natural sequence of closing
movement of index human finger has been simulated by
using a suitable kinematic model via a computer with the
measured angles 6,, 6,, 6; and dimensions L,, L,, L, of each
phalanx, as shownin Fig. 2. A kinematic model of the index
human finger of Fig. 1 has been formulated in order to
design aone d.o.f. articulated finger mechanism.

In Fig. 3 the measured rotation angles 6, and 6, of Table
| have been reported versus the measured rotation angle 6,
of the proximal phalanx (Circles show the measured points).
Algebraic equations of n-order could be formulated to
express the angles 6, and 6, as functions of 6,. For example,
a least square curve fit could be used as in reference [19].
Consequently, a very good approximation of human finger
motion could be obtained. This method can be conveniently
aimed to obtain a kinematic synthesis of finger mechanisms,
which are composed by across-four bar linkages. On the
other hand, these mechanisms can perform only the
particular motion for which they have been synthesized.

Greater flexibility can be obtained by means of a one
d.o.f. articulated finger mechanism, which is provided with
a suitable transmission system from remotely located
actuators for each joint. In fact, when a component of the
transmission system is substituted, the proposed articulated
finger mechanism can perform a different motion. Thus, we
have thought it convenient to use a simple linear inter-
polation of the measured points, as shown in Fig. 3. The
following eguations have been obtained

192 = K2H191 (1
193 = K3H191 2)

and gains K,,=4.65 and K,,=6.94 have been evaluated. The
linear equations (1) and (2) express the rotations of median
and distal phalanges as a function of the rotation angle 6,
and thus they suggest suitable solutions for the mechanical
design of an articulated finger mechanism with one d.o.f.
only. It is worth noting that basic mechanical devices, as
wires, sprocket chains, belts, timing belts transmission
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(V)

15

(VD)

Fig. 1. Natural sequence of a closure action of index human finger: (1) Initial fully extended configuration; (1), (111), (1V), (V)
Intermediate configurations; (V1) Final closed configuration.

Table |. Rotation angles 6,, 6, and 6, of proximal, median and
distal phalanges of index human finger for the configurations|, 11,

I, 1V, V and VI of Fig. 1.

| I i \Y Vv VI
6, [deg] 0 3 6 13 17 27
9, [deg] 0 15 40 60 68 134
9, [deg] 0 20 47 75 98 198
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systems or epicyclic gear trains involve constant transmis-
sion ratios. Of course, variable transmission ratios can be
obtained through non-circular pitch curves, but in this paper
we do not take into account this particular case.

When conventional transmission systems are used, a
linear function can be obtained between the rotation angles
of median and distal phalanges with respect to the rotation
angle of the proximal phalanx. Therefore, the gains K, and
K, can be equivalent to the constant total transmission
ratios of the mechanical systems, which transmit the motion
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Fig. 2. A model for the configurations of index human finger in
the natural sequence of Fig. 1.
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Fig. 3. Linear interpolation (shown in continuous line) of the
measured results (shown by line with circles) of Table I: (a)
Rotation angle 6, of median phalanx as a function of angle 6,; (b)
Rotation angle 6, of distal phalanx as afunction of angle 6,.
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to each phalanx. In addition, the interchangeability of
transmission system components represents an interesting
feature the motion of several fingers.

AN ARTICULATED FINGER MECHANISM

A mechanism for articulated fingers can be synthesized as
an open kinematic chain with three links connected by
revolute joints. This kinematic chain has three d.o.f.s, which
can be operated by means of three independent actuators.
Each link corresponds to a phalanx of a human finger. In
order to obtain a mechanical prototype very similar to the
human finger in terms of weight and shape, actuators are
usualy installed far away from the actuated joints.*®
Nevertheless, a suitable transmission system is required to
transmit the motion from the actuators to the corresponding
joints of the articulated finger mechanism. This transmis-
sion system can be designed by using wires, sprocket
chains, belts and timing belts or epicyclic gear trains. From
a kinematic viewpoint, these mechanical devices can be
considered as equivalent when they are designed in a
suitable way.

In fact, Fig. 4 shows kinematic schemes, which corre-
spond to transmission systems using wires, sprocket chains,
belts, timing belts and epicyclic gear trains. In particular, the
kinematic scheme of Fig. 4(a) shows paralel and cross
types of transmission systems between two general wheels,
which can be chain sprockets, pulleys, timing pulleys. The
parallel type can be obtained using a wire, sprocket chain,
belt or timing belt, while the cross type can be obtained by
means of awire or belt only.

Referring to Fig. 4(a), a belt transmission system can be
installed on j1 and jN wheels with pitch radii R;, and Ry,
respectively. Both wheels are joined on the link g, which is
connected to the base frame 0. The rotation angles 6, ,, 6,y ,
of whedls j1 and jN are evaluated with respect to link g,
while the angles 6, , and 6,, , correspond to rotations of
these wheel s with respect to base frame 0.

Fig. 4(b) illustrates an epicyclic gear train, which is
composed by N gears. Each gear is connected to link q
through a revolute joint. The pitch radii of gears are

BiNq

Fig. 4. Kinematic schemes of basic transmission systems, for
articulated finger mechanisms: (a) Wire, sprocket chain, belt or
timing belt transmission system; (b) Epicyclic gear train.
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indicated with R;;, R, ... R,y and 6, ,, 0, . .... 0, , ae
the corresponding rotatlon angles with respect to I|nk g.
Similarly, angles 6, , and 6, , are the rotation angles of
gears j1 and jN with respect to the base frame 0. The
kinematic analysis of both transmission systems of Fig. 4

can be formulated by

g R (3)
0jN»q le

where the sign choice gives the opportunity to reverse the
rotation of the final element with respect to the first one. In
fact, for the kinematic scheme of Fig. 4(a) the sign plusis
for a paralel installation of a wire, sprocket chain, belt or
timing belt and the sign minus corresponds to crossed types
of awire or belt. For the epicyclic gear train of Fig. 4(b), the
sign plusis for an odd number of gears, and the sign minus
is for an even number of gears. Equation (3) can be
combined into the expression

191,0:"51 19/1\/5, 4)

J
which expresses the absol ute rotation angle of wheel or gear
j1 as afunction of the absolute rotation angle of link ¢ and
relative rotation angle of whedl or gear jN.

The kinematic analysis of any open kinematic chain,
which is obtained by a serial connecting of the kinematic
schemes of Fig. 4, can be formulated in a systematic way by
using Egs. (3) and (4).

The articulated finger mechanism with three d.o.f.s of
Fig. 5 has been designed by using the transmission systems
of Fig. 4. Assuming the actuators to be installed on the base
frame m,, the articulated finger mechanism can operate as
the following: the first phalanx m, (proximal) is directly
actuated, Fig. 5(a); the second phalanx m, (median) is

0
1,0
Cm [ #-.
mg
(a)
) /fzi\ /,Rz /e/‘,‘i R,
e BG4
(m ((@X+X+I+\+)\ 6);
mg m/ /'/ m ni, W’ ll\l
7 mg 1,0 0
(b)
1}103 090 R
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Fig. 5. Kinematic schemes for the proposed three d.o.f.s articu-
lated finger mechanism with actuators installed on the base frame
my: () Direct actuation of proximal phalanx m,; (b) Epicyclic gear
train to move median phalanx m,; (c) Paralel transmission system
of Fig. 4(a) and epicyclic gear train to move the distal phalanx
ms.
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actuated through an epicyclic gear train, which is composed
by six gears m,, ms, mq, m,, mg, and the last one fixed on m,,
Fig. 5(b); the third phalanx m, (distal) is actuated through
any transmission system based on wires, sprocket chains,
belts, or timing belts between wheels m, and m,,,, and by
means of an epicyclic gear train between gear m,,,, and gear
fixed on m,. Wheel m,,, and gear m,,, are rigidly connected
between them, but they are both idle about the joint axis
connecting median and distal phalanges.

Thus, Egs. (3) and (4) can be expressed in a specific form
for each transmission system, which has been used to
operate each phalanx of the proposed mechanism of Fig. 5.
For the epicyclic gear train of median phalanx Fig. 5(b), it
yields

R
gjf‘ﬁjaﬂd Dy 0=, 0t Uy 1 5)

For the parallel transmission system of Fig. 4(a) for distal
phalanx, Fig. 5(c), it yields

=+ and V0= U1, 0% U 1 (6)

Similarly, for the epicyclic gear train of distal phalanx, Fig.
5(c), it yields

02 R
1913(;,21 == % and By =g ,+ 4 (7)

The above-mentioned Egs. (5) to (7) can be conveniently
grouped in the following matrix formulation

o 1 0 0 o
Yo |=|1 —RJR, 0 9 (3)
9o 1 +R0/Ry = RiouRs/RoR 0, | L5 5

which expresses the absolute rotation angles of actuated
members m,, m, and m, with respect to the base frame m, as
functions of joint rotation angles of three d.o.f.s articulated
finger mechanism of Fig. 5. Equation (10) can be useful for
a position and speed control of finger motion when three
independent actuators are installed on base frame m, to
operate the three phalanges m,, m, and m, because of wheel
mg and gear m,.

However, in order to simplify both actuation and control,
the one d.o.f. articulated finger mechanism of Fig. 6 has

\\P//

0 92 myq 61 ~Ln !
L S ;,j?>,\;/4,f; .......... r —/—;:\\//é
@ 1+Yu *)’HX+;+\ +|)-o)ﬁ

m3

Fig. 6. The proposed one d.o.f. articulated finger mechanism.
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been obtained from that of Fig. 5 by assuming gear m, and
wheel m, as fixed to base frame.
This choice gives

194,(): 199, 0=0 9

Consequently, Egs. (8) and (9) give the coefficients K, and
K; in the form

R
K2=1+R—4 (10)

2

R RRs R
_ 9R1()b+ 10p 7t M

- 1 (11)
R:R\,, RiR, R,

3

These coefficients define the coupling of motion among the
three phalanges of the one d.o.f. articulated finger mecha-
nism of Fig. 6. Equations (10) and (11) can be used to
calculate different values of K, and K; by properly sizing the
pitch radii of the transmission elements. Consequentially
different kinds of closing movements can be obtained. Thus,
each pair of K, and K, values correspond to a specific
closing movement of the articulated finger mechanism with
characteristics similar to those of the index human finger of
Fig. 1.

These coefficients are constant because of constant
transmission ratios of the used transmission systems for
each phalanx. Thus, they can be assumed as fundamental
parameters for designing one d.o.f. articulated finger
mechanisms with operation similar to human finger action.

A very convenient practical design can be obtained by
choosing equal pitch radii of gears and equal pitch radii of
wheels in order to have an easy and compact mechanical
design. Inthis case, Egs. (10) and (11) give K,=2 and K;=4.
Figure 7 shows the corresponding scheme of the one d.o.f.
articulated finger mechanism and the sequence of its
configurations for the closing movement. In order to
compare its operation with respect to that of index human
finger of Fig. 1, each configuration of Fig. 7 corresponds to

1 J)
0 \ 9 T Q S ——
I ;w//.ﬁ_ﬂ_ﬂb—*—j/j

-10 o /

11}

vwol S S
(I

S S
o
-60 \

-70

-80 60 -40 -20 0
X [mm]

Fig. 7. Sequence of configurations for closing movement of one
d.of. articulated finger mechanism of Fig. 6 with K,=2 and
K;=4.
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an input angle 0, of Table 1. Thus, comparing the
configurations of Fig. 7 with those of Fig. 2, it is worth
noting the major closure of human finger for the same
rotation angles of the proximal phalanx.

However, the performance of one d.o.f. articulated finger
mechanisms can be synthetically evaluated by means of
positioning errors that can be computed by referring to the
motion analysis results of index human finger in Fig. 1.

In particular, positioning errors e, and &5 for the median
and distal phalanges, respectively, can be computed as the
distance of the phalanx extreme points between the
corresponding configurations for the index human finger
and articulated finger mechanism as shown in Fig. 8.

For the sake of simplicity, in the following we shall use
the subscripts 1, 2 and 3 to indicate the absolute rotation
angles of proximal, median and distal phalanges, respec-
tively, instead of 1, 0; 2, 0 and 3, 0.

The positioning errors can be formulated as, Fig. 8,

e=Veite, (i=2,3) (12)

when the proximal phalanx is aways positioned with an
angle 6, equal to a human finger configuration. The
Cartesian components of the positioning errors can be
computed in the form

ex=X;—X,, (13)
ey=Y,— Y, (14)

where X; and Y, represent the Cartesian coordinates of
extreme points of phalanx i for the articulated finger
mechanism, and X,,, and Y,,, are the Cartesian coordinates of
the corresponding points in the human finger. Thus, X; and
Y; can be expressed as

3
X;=— > L,cos(K,d) (15)
p=1
0 X3 X2 Xom X3m o
T T \
T e,
A0k L] -
| I | | —
|
20b e '4!"7)/
| | 1*|
| | ’1’ : |
Y B0l T b -1,
1 o |
m) | b g
-40 s i Yom
| 2 |
B I St s {aininls ittt sl =1Y3
B0 &3 \\\“~ . l
R S ———— i
70
-80 60 40 20 0
X [mm]

Fig. 8. A scheme to evaluate the positioning errors &, and &5 of
oned.o.f. articulated finger mechanism with respect to akinematic
model of human finger.
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Fig. 9. Positioning errors e, and e, for the one d.o.f. articulated
finger mechanism of Fig. 6 with K,=2 and K;=4 as a function of
angle 6,.

i:—sz sin (K, 9,) (16)

By using the measured angles of Table | for the index
human finger, X,, and Y,,, can be expressed as

3

X, == > L,cos 9, (17)
p=1
3

V== > Lsin¥, (18)
p=1

where the index p=1, 2,3 corresponds to the proximal,
median and distal phalanges, respectively. In particular, p=1
gives K,=1 since the trgectory of proxima phaanx
extremity coincides with a circle. When the angle 6, is
assumed as variable parameter, Egs. (15) and (16) express
also the fingertip trajectory of one d.o.f. articulated finger
mechanism. The values of the positioning errors e, and &5 in
Fig. 9 are computed by using the significant five configura-
tions, 1l to VI, which are shown in Figs. 2 and 7, and
interpolating the results by means of two suitable splines.

The computed values can be considered high (the
maximum is about 60 mm), but they refer to the human
sequence of Fig. 1, which can be considered only a very
specific sequence for the closing movement. In addition, the
human finger can be thought equivalent to akinematic chain
with three d.o.f.s, but the proposed articulated finger
mechanism presents one d.o.f. only.

Nevertheless, the proposed practical design of articulated
finger mechanism with K,=2 and K;=4 can be easly
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improved to mimic the natural closing movement of an
index human finger of Fig. 1.

AN ANTHROPOMORPHIC FINGER MECHANISM

It is possible to obtain a one d.o.f. articulated finger
mechanism that can mimic satisfactorily the closing move-
ment of the index human finger of Fig. 1 by properly
eva uating the coefficients K, and K.

Of course, the human finger has great capability and it
can grasp objects of different sizes and shapes. A one d.o.f.
articulated finger mechanism can be thought of as suitable
for an a priori determined class of objects with a given
shape and size.

However, the specific closing movement of Fig. 1 can be
obtained by the proposed mechanism of Fig. 6 in a
satisfactory approximation when its kinematic design is
selected with values K,=K,, and K;=K,,, which represent
the gains of Egs. (1) and (2), respectively. Thus, we can
assume equal pitch radii for al gears, which are installed
between the first and last gear of each epicyclic gear train
since they have no effects on coefficients K, and K;. Then,
one can assume an equa pitch radii of wheels in order to
ensure the maximum arc of contact between wire, sprocket
chain, belt or timing belt and both wheels. Consequently,
the pitch radii R, and R, of the epicyclic gear train of Fig.
5(b) and the pitch radii R, and R, of the epicyclic gear train
of Fig. 5(c) can be calculated by Egs. (10) and (11) when the
lengths of three phalanges are also given.

The synthesized mechanism will operate as shown in the
simulation of Fig. 10. Each configuration of Fig. 10 has
been obtained for an input angle 6, of Tablel. A comparison
of this articulated finger mechanism with respect to the
index human finger is shown in Fig. 11 where the
trajectories of the revolute joints are depicted in order to
compute the positioning errors €, and ;. They have been
computed by using Egs. (12) to (18), and the results are
plotted in Fig. 12.

;OH/;/ ViaP
m, /|

Y 30
[mm] d / : \
-40
-50 \
60 M

-70

VI

-80 -60 -40 20 0
X [mm]
Fig. 10. Sequence of configurations for closing movement of one

d.o.f. articulated finger mechanism of Fig. 6 with K,=4.65 and
K;=6.94.


https://doi.org/10.1017/S0263574701003587

20
20
0 FD/— ﬁ\\v//l\\ I\/ AAAAAAAAAA |
==
Y \ \\ \
[mm] \\\ §\\\ \ VI
! \
40 < Mg v /+'Z
N \\“~-___— - ——///' g
N J 3
" .
B0 e e
-100 -80 60 -40 20 0
X [mm]

Fig. 11. Trajectoriesof tip and joints of finger mechanism (dashed
line) as compared with spline trajectories for human finger
(continuous line).
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Fig. 12. Position errors &, and e; for the one d.o.f. articulated
finger mechanism of Fig. 6 with K,=4.65 and K;=6.94 as a
function of angle 6.
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It is worth noting the improvement with respect to the
mechanism solution with K,=2 and K;=4 of Fig. 9. This
proves also to be an opportunity to easily adjust the values
of the coefficients K, and K with the aim to obtain required
configurations and trajectories.

MECHANICAL DESIGN FOR A FINGER
PROTOTYPE

A prototype of aone d.o.f. anthropomorphic finger has been
built according to the scheme of Fig. 6 a the LARM
(Laboratory of Robotics and Mechatronics) in Cassino. A
first assembly for the finger prototype has been made by
using transmission systems to obtain K,=2 and K;=4. We
have used spur gears with equal pitch radii and timing belts
with equal pitch radii.

Figure 13 shows the specific mechanical design in which
a linear actuator is used to obtain an easy control of the
input motion with low-cost components. The three pha-
langes and base frame m,, with length /,= 100 mm have been
built using commercial bars of an auminum aloy with a
rectangular section 10x 30 mm. In order to obtain a suitable
anthropomorphic design the lengths /,=90 mm, /,=54 mm
and I;=45 mm have been assumed for the three phalanges,
respectively. A scale factor of about 1.9 has been applied
with respect to the dimensions of an index human finger of
Fig. 1.

This choice has been carried out in order to obtain an
anthropomorphic design and also to reduce the number of
gears. In fact, long phalanges require a greater number of
gears for the transmission of motion or a bigger size of
gears. Normally, it is not convenient to increase too much
the number of gears because of the effect of backlash on the
positioning errors of finger; in addition, bigger sizes of
gears do not ensure an anthropomorphic shape of finger.
Thus, we have optimized both effects in order to obtain an
anthropomorphic design and low positioning errors.

Ten equal plastic spur gears with module 1 mm and teeth
number 18 have been used for the two epicyclic gear trains.
Two equa timing pulleys with pitch radii 2 Ry=2
R,0,=24.95 mm and teeth number 32 allow the transmission
of maotion from phalanx m, to phalanx m; viatheidle timing
pulley my,. The timing belt with 2.5 mm pitch and 6 mm

gear my

phalanx m; ‘

phalanx m, ‘

Fig. 13. Mechanica design of the proposed one d.o.f. articulated finger mechanism with low-cost components.
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Fig. 14. An experimental test which has been carried out at the
Laboratory of Robotics and Mechatronics in Cassino.

Fig. 15. Assembly of the built prototype with interchangeable
gears.

wide has been coupled to both timing pulleys by means of
two suitable springs. Figure 14 shows the built prototype
during a validation test for the grasp efficiency at LARM in
Cassino. A box has been grasped firmly in order to prove the
efficiency of the closing configuration for the grasp of
objects of different shapes.
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The flexibility of the proposed mechanical design for
transmission systems can be verified by looking at Fig. 15
where the easy assembly of the elements is shown.

Indeed, the proposed prototype will be used in the near
future for the experimental validation of several solutions of
transmission systems by changing gear sizes and also with
the aim to investigate aspects of the mechanics of grasp.

CONCLUSIONS

In this paper a design for anthropomorphic fingers is
proposed as based on the characteristics of a closing
movement of an index human finger. An articulated finger
mechanism has been proposed and suitable transmission
systems have been designed for both three and one d.o.f.s
solutions by using low-cost components and a compact
mechanical design. Main attention has been given to the one
d.o.f. articulated finger mechanism that can mimic satisfac-
torily the analyzed motion of a human finger. The basic
kinematics has been investigated also with the aim to
develop future improvements of the mechanical design and
grasp behavior, even for human prosthesis.
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