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This paper presents the kinematic design of an abduction mechanism for the fingers of an under-
actuated anthropomorphic robotic hand. This mechanism will enhance the range of feasible grasps of the
underactuated hand without significantly increasing its complexity. The analysis of the link between the index
finger and the third finger is first assessed, where the parameters are studied in order to follow the amplitude
constraint and to minimize the coordination error. Then, the study of the mechanism joining the third finger
and the little finger is summarized. Finally, a prototype of the finger's abduction system is presented.

This paper was presented at the IFTOMM8ME International Workshop on
Underactuated Grasping (UG2010), 19 August 2010, Montréal, Canada.

This paper presents work currently underway aiming at theln regard to measuring the magnitude of the spacing between
design of an underactuated hand for an anthropomorphi¢he fingers, no source using a universal goniometer was
robot. Underactuation has been chosen to simplify the confound by Norkin and White(2009. For their part.Smahel

trol of this hand and to minimize its cost in order to facili- and Kimova (2004 traced the contour of the fingers apart to
tate its use by a humanoid robot. The 16-degree-of-freedonineasure the maximum angle between adjacent fingers. Also,
hand will therefore need four actuators to control its clos- Gurbuz et alused an electronic inclinometer to measure ac-
ing and opening motion as well as its abduction movementtive abduction of metacarpophalangeal joir@itbuz et al.

The analyses of underactuation in the fingers and thumb werd008. Since no trend is apparent from these articles, we
already presentedemers and Gosseli@009 2010). Inor-  used the method proposed by Smahel and compared our re-
der to maximize the range of feasible grasps, a mechanisrults with those of other studies. We then concluded that a
for the abduction of the fingers is developed here. Abduc-maximal abduction of 25between each finger would be suf-
tion is the action of pu|||ng a member away from a median fiCient, which represents arange of’56r the little finger.

axis. According tBoutan and Caso{2009, a typical grasp, It was also noted in the literatur@biana and Thomine

the spherical grip, is associated with maximum separation ofLl990 Kapandji 2009 that the rays, the extensions of the fin-
fingers “made in relation to the anatomical axis of the handgers, all converge to a point at the base of the palm when the
through the 3rd ray”, i.e., the middle finger. Therefore, thefingers are fully abducted, as illustrated in Fig.Added to
abduction mechanism of the fingers should leave the middlghe fact that their width limits the minimum distance between
finger fixed. Thereby, the thumb could perform a pinch with them, it is possible to calculate the position of the axes of ro-
it when they are in opposition. tation, Og;, for the abduction of the metacarpals. Assuming
that the distance between the centres of the fingers must be
25.4mm and that the maximum abduction bé&,2ke can
calculate the distance from the meeting pgigtof the rays

on the middle finger’s axis, that is 24 mm. These dimen-
sions are shown in Fidl. Furthermore, the metacarpopha-

Correspondence tdC. Gosselin langeal jointsQy;, in outspread position must be equidistant
BY (gosselin@gmc.ulaval.ca) from the point of intersection of raygy. For fingers of same
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Linkage connecting the metacarpals of the index and ring
fingers.

Abduction movement of the metacarpals. Since a 4-bar mechanism has been chosen to connect the

index and ring fingers, it is now interesting to analyze the
relationship between the input and output angles, that is to
say betweerw and g according to Fig.3. We must thus
determine the parameters of the mechanism that will allow
the ring finger to follow the abduction of the index, in other
words the range of motions between the initial and final
position of the ring finger is equal to the range of motion of
the index,Aa. Also, it is preferable that this abduction be
performed with a somewhat synchronized motion of the fin-
gers, s@3B ~ éa during the trajectory.

With Fig. 3, it is possible to establish that

Linkage connecting the metacarpals. ) _
|12 = (r,cog8+11 —r1cosw)? + (rysina +r,sing)? (1)

dimension this specification allows the tips to be at the saménd using equal radifg =r =r, one can obtain

dlgtancg during the closing, which is useful 'for a sp.hen'caIAﬂcos(H Bssing=Cjg @)

grip. This feature is not necessary when making a cylindrical

grip where the fingers are adjacent and wrapped around thehere

object. I,

In order to simplify the architecture of the hand, abduction As = cose— T (3)

of the fingers and thumb should be performed with a singleB O
: . s = —Sina (4)

actuator. The mechanism of abduction of the thumb was pre-

. ; _ . 2_J2
_se_nted in another artml@(emers _and GossehﬁO_lQ, put it Cp=1+ 17 2'2 _ I—lco&x. (5)
is important to emphasize that its metacarpal is driven by a 2r

worm gear. This input can also be used to drive the abduction, 5 typical linkage synthesis application, Ed) s writ-
of the fingers. The design of the mechanism for the abductionen for a series of prescribed input-output pairs until a suf-
of the fingers therefore consists in developing a link betweer¥icient number of conditions is obtained. The equations are
the index and ring fingers, followed by a link between the then solved using, for instance, nonlinear least squares tech-
ring and little fingers. Since simplicity and ftiess in the  pjques. However, in this work, only a small set of constraints
connection is required for a stable spherical grasp, two 4-bayi|| first be imposed, thereby leaving some design freedom
mechanisms will be used, as shown in Flg. in the problem. Then, a detailed analysis will be performed
in order to explore the possibility of minimizing the coordi-
nation error throughout the motion range, without arbitrarily
prescribing a large number of input-ouput points.
Equation P) is readily solved and leads to two values
of angleg associated with the input angkefor given link
lengths. Since the abduction range of motion of the index and



ring fingers should both be equal to°2fhusAB = Aa = 25°. T
It is thus necessary to establish a relationship between these ’
amplitudes and ratiok /r or l,/r in order to synthesize a

mechanism that will meet this condition. O s

Q/
o

Using the initial, 8y, medial,3;, and final 3,, angles of the 5
ring finger as well as those of the indey, a1 anday, rela- T

tionships between these angles can be established. Linkage connecting the metacarpals of the index and ring

fingers in its initial position¢o,Bo).

Ba—Bo=AB=Aa=ar—ag (6)
Consequently Equations 15) and (L6), described in Fig4, can then be sub-

A A stituted into Eq. 1), leading to
ﬁ2=/31+7'8=,31+7a (7) )

2 1 2 O\
Aa “) (== _

Bo = B1— A_Zﬂ =,31—7 8) ( p ) ( ; COosg comz) +(sma0+sma2) a7
wy =yt DY (99  Which can be rewritten as

Aza > 2_ 11\? 4|1 Aa 4 §Aa 18
a=o1- - (10) T =\7) - ?co&zlcos?+ co - (18)

It is important to note that the median angles and 8, For a given range of abductioxw, it is then possible to use
do not necessarily occur simultaneously. Indeed, at thighe above equation to calculate the raior with |;/r anda.
point, Eg. @) is not required to be satisfied farn, andg;.

Equation ) can be rewritten to highlight the constant term

for a given mechanism, which leads to " . . : .
g In addition to imposing that the flerence between the initial

I |§_ % and final position of the ring finger is equal to that of the in-
coga +p)+ ?(cow—cos@ =1+ 55 (11)  dex, i.e.AB=Aa, itis required that the abduction motion of
the fingers be somewhat synchronized, that is tosgaysa
From the initial configurationdo, 5o) to the final oned2,82),  over the motion range. It is therefore necessary to minimize

the left hand side of Eq1() must always give the same result the coordination errog; between the orientation of the ring
for the mechanism to be assembled. Therefore, one can writend index fingers. This can be described as the absolute dif-
ference between the angular displacements, i.e.

I & =|(8-Bo)— (@—o)| =| B—a— (Br— )| (19)
=cos(az +f2) +  (cosr—c02).  (12)  and with Eq. (4):

coSag+Bo) + I?l (cosg—coBp)

Substituting Eq.7) to Eq. (L0) into Eq. (L), one can obtain & =|f—a—r+2a]|. (20)

] ) Iy, . ) C Aa The error varies with the configuration of the mechanism,
0:—25|n(a1+,81)smAa+27(smﬂl—smal)sm7. (13)  ie. according toe and . The parameters that can be
o S modified in order to minimize the errog; are l;/r and
The latter equation is satisfied if eithéw = 2nr where a1, since Ae is constrained andv varies according to
neN, so the mechanism does not move or makesrns, . _Aq/2<a<a;+Aa/2. The minimization of the error
or sin(ay +p1) =0 and siy —sina; =0 foranyly /r. Thelat- 51 pe performed in several ways.
ter conditions are satisfied if and onlyaf +8; = (2n—1)x. It is first interesting to trace the contours of the coordina-
Since the four-bar mechanism i; assembled using the inggn errore, for ap < @ < a, and various, using a prescribed
verted branch and\s = Ac, then it follows from EQ. 1) ratioI,/r, as shown in Fig5. To minimize the error on the
to Eq. (L0) that interval ag < @ < a, We can examine the evolution of the
mean and the maximum error on this interval. Figiie ob-
a+pr=n (14) " tained using agaih /r =5. It can be observed in Fi§.that
@o+f2 =7 (15 a minimum can be achieved for the ermt The value of
az+fBo = 7. (16) a1 for this minimum is denotedyg in Fig. 6 and we note that
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middle positions occur simultaneously.

03 |
0.25 Assuming that the median anglesandp; occur simulta-

“ 02 ! neously and using Eql4), we can conclude that the centre
v | of the link of lengthl; is located at the centre point between
0.15 ; the two axes of rotation as sketched in Faglt is then pos-

| sible to deduce the angtg.
0.1 3 11 \2 1,\2
i 1+() —(2
0.05 | Cosyy = L(Zr) (21)
| l1/r
0 Using Eg. 1), one can factor Eq.18) into two terms to
emphasize its roots
Mean and maximum error in the interva <a <as as a g 2 > 2 Aa Aa
. =0=02 Oz[ =] —-|= —4cos—][1—cos—] (22)
function ofa, for I, /r =5. r r 2 2

where we find again the trivial cager/2 =2nr. Besides, it
is obvious that an equation to calculdggr can be obtained
the maximum as well as the average error over the interval igrom the first term, which gives:
then minimized.
Since the trend of coordination error can be followed with '_2 _ (|—1)2—4cosA—a (23)
its maximum value as well as its mean, it is now possible to f r 2
analyze the fects of changing; along withl,/r, as shown '
in Fig. 7. Low levels contours (0.01, 0.025, 0.04, 0.055, 0.07,Zgi%engﬁgrrlggly/;gig?le/:z(zn to calculate the angle,
0.085) were added to higher levels (0.1, 0.2, 0.3, 0.4, 0.5) to '
indicate the rapid growth of the error following the deviation
from the ideal valuey,.

1+coshy
— (24)

cosry = —, T
1
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The median angle; obtained must be used if one wants to
reduce the coordination error between the orientation of the % | /
ring finger and index finger. It is this angle, i®, which is N
indicated on Fig6 and Fig.7. Indeed, if we use\e = 25° _B“Z“r_"‘dd
andl;/r =5, we obtainy; ~ 1.164~ 37/8, which is the value ooate
of ag already found for these parameters.
Since Eq. 24) gives a relationship between the two pa- ]
rameters of the optimization, minimizing the eregron the Ty
interval g < a < a, depends now only on the ratig/r. Itis
then possible to obtain Fi@.by tracing the evolution of the zr
mean and the maximum error following this parameter. It is o ol o
obvious that for values df /r > 3 the maximum and average O = T = = m %
of the errore; become negligible (maxef) < 0.13x 10°9). 8 4 % 2 3 & 0%
(04

Moreover, fromli/r =5, the slope of the curve maes)
remains greater tha90.015>< 10°°. Since Fhe diSt,anCE— Angle B8 desired and obtained as a function of angle
between the axes of the index and ring fingers is equal tq, l,/r =5.
50.8 mm, we can assume that a raltjgr = 5.08 is feasi-

ble in practice, because the distance between two joints is

thenr =10mm. For guidance, we obtalp/r ~ 4.68, thus

l,~46.8 mm andy; ~ 1.171.

The error obtained using this ratio is presented in Ey.  Since the parameters of the linkage between the index and
on a logarithmic scale. One can observe that the error is minifing fingers are fixed, itis now possible to analyze the linkage
mized over the intervaly < @ < a. In fact, the magnitude of ~between the ring and little fingers, as shown in Hig.
the error generated is negligible in practice. Moreover, since By following the same approach used to analyze the four-
we have imposedp = A, we obtaings = 0 whena = ag and bar mechanism connecting the index and ring fingers, it is
@ =a,. The error is also zero when= o1, because this an- possible to determine from Fig2 that
gle is now calculated so thgt is achieved simultaneously . .
with 1. With Eq. (L9), it is obvious that the error is null |4 = ('3C08y+13=T2C088)+ (rasiny +1s—rzsing)*  (25)
if one usesy =1 andB =gB;. Finally, the evolution of the
angleg as a function of the angle usingl,/r =5 is plotted
in Fig. 11 A, cosy+B,siny=C, (26)

which yields



Linkage between the ring finger and the little finger
metacarpals.

with

A, = 2r3(r,co83-13) (27)
B), = 2I’3(f2$ir}8—|5) (28)
C, = r3+r3+13+12-15-2r,(13c09+I5Sing). (29)

Equation g6) is readily solved fory if all other parameters
are given. Sincg,; andr, of this linkage are equal 6, and

r, of the previous linkage in order to simplify the mechanism,
it is preferable to use links of fierent lengths in order to
keep parameter; for the optimization.

Again, the median anghg, giving the lowest error is first
established, which will subsequently be used to determjne
andl,. Since the amplitude of the range of motion for the
little finger is 50, we haveAy = 2A8=50°.

Initial, vo, medial,y;, and final,y,, angles of the little finger
are assumed to be similar to those of the ring finggrgi,

where

g(B,y) = rarscogB-y)+I3(r.cog3-rzcosy)
+l5(r2sinB—rzsiny) (35)
r24+r2+412412-|2

g = 23 3 5 4 (36)

2

Sincelg is constant for a given mechanism, the function
g(B,y) must also be constant. Consequently, it is possible
to use the two positions where the angles are known, i.e.,
the initial (8o,v0) and final 8,v,) configurations, to find a
relationship betweep; andrs not involvingl,.

One has:

0=9(B0,70) —9(B2,72) (37)

which can be rewritten as

0 = ra(rasin(ys—p1) +lasing: - Iscossy)sin(AB/2)
+r3(l5003y1 - Igsinyl)sinAﬁ. (38)

If sin(AB/2) #0, i.e. AB# 2nt wheren e N, which implies
that the mechanism does not move or makesomplete
turns, then it is possible to obtain

0 = rz(rgsinylcosﬁl —Tr3C0Sy; SiNBy +13SinB1 — I5cos81)
+13(l5C0Sy1 - I3siny)2cos(3/2) (39)

and finally

r_ rzsihﬁl—ZIscosA—f " —r209$1+2I3005A7’3 simye. (40)

I3 I3SinB1 —15c0%B, I3SinB1 —lsCcoB1

Knowing the values ofAB, B1, ro, I3 andls, it is possible to

use Eq. 40) to calculater; depending ofy; and vice versa.
With r3 andvyy, it is then possible to calculatg using the

loop closure equation of the mechanism in the initial posi-

B2. This allows to establish relations similar to those derivedtion (3o, yo):

in the previous section:

Y2—vo=Ay=2AB=2(82—po) (30)

thus
Ay

72=71+7=7’1+A7 (31)
A

70=71—%=71—A7 (32)
A

B2 =p1+ 75 (33)
A

fo=pr-3. (34)

Again, the median angl¢gds andy; do not necessarily occur

12 = (r3cos(y1—AB)+13— 200881 — AB/2))?
+(rasin(y1— AB) + s —rasin(B; — AB/2))%.

This allows to plot the lengths; andl, in terms ofy; as
presented in Figl3, whereAB =25°, 81 =1.97,r, =10 mm,
I3=254mm ands =118 mm were used.

Knowing for y; the value ofrz andly, it is possible to
calculate angler using Eq. 26) as well as the coordination
errore, between the little finger and the ring finger, where

e =|(y—y0)—2(8-Bo)|=|y—28-(y1-281)|

Itis finally possible to see the coordination error on the inter-
val Bp < B < B2 according to the median angje chosen, as
shown in Fig.14. Again, it is interesting to see the evolution

(41)

(42)

simultaneously. Following the same method as in the pre-of the mean and the maximum error on the useful range of

vious case, it is possible to rewrite EQ6{ asg(8,y) =le

this can be done with Figl5. The error is then minimized
wheny; = y14, which represents the median angle for which
the error becomes zero whgi 31, as seen in Figl4.
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then, substituting Eq4Q) into Eqg. @4), one obtains:
1.8F
By ~ 1.750 - Ay1gCOSy1g+ By, gSiny1g=0. (45)
8
where
Errore, as a function ofy, andg.
Ag = rz(c0381 - cos(fg) - I3(1— co$ﬂ) —IssinAB
One can obtaity;g With 0= g(B1.71g) - 9(Bo. yo). i.€., +0y,q(r2SiNB1 — 2l5C0SAB/ 2) (46)
B,q = rasinBi—si +I3sinAB—I5(1-co
0 = rzrgcos(ﬁl—ylg) + Ig(r200$61— rchSylg) 19 2( nBg1 nﬁz) 3SINAB 5( SAB)
+0,q( — r2C0$B1 + 2I5C0SAB/2) (47)

+15(r2SiNB1 ~r3siny1g) - r2r3cos(Bo—o)
—I3(r,cog80—r3co8yg) —Is(r2sinBo—rasinyg)  (43) dyg =

which can be rearranged as

|3(cosB1 — C0PBo) +5(SinB1 — SinBo) (48)
I3sinB1 —15c05B1 ’

which is readily solved foy14. Using the same parameters as

0= COS}’lg(rZ(CO$31 —cogz) - I3(1- cosAB) - |55inA,3) used for Fig13, we obtainy;q ~ 1.90 and the associated val-
. ) ] . uesrz~ 5.1 mm and,~ 28.6 mm. The erroe, is presented
+5'”Vlg(r2(5'”:31—3'”52)+|35'nA,3— |5<1—005Aﬁ)) in Fig. 16. One can observe that the error is zerg a3y, 1

r . ) andp,. Finally, the angley is plotted in Fig.17 as a function
+r—2(I300581— I3c0980 +5SiNBy — I5S|nﬂo) (44) of angles.



The kinematic design of the finger abduction mechanism
for an underactuated anthropomorphic robotic hand has been
presented. The parameters of the linkage between the index
finger and the third finger has been analyzed, followed by
those of the linkage between the ring finger and the little fin-
ger. We therefore obtain a simple architecture that minimizes
3 . the coordination error among the abduction angles.

yd“"_ed A robotic hand using this abduction mechanism is being

L Tobiained built. It will use underactuation within its fingers and among
them and will be tendon-driveldgmers and Gosselia009
2010. Testing of its grasping capabilities will then be con-
ducted in order to validate this design.
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