0-7803-6475-9/01/$10.00 © 2001 IEEE

Proceedings of the 2001 IEEE [

International Conference on Robotics & Automation(!

Seoul, Korea * May 21-26, 2001

Task-based Compliance Planning for Multi-Fingered Hands

Byoung-Ho Kim®', Byung-Ju Yi°, Sang-Rok Ohf, and Il Hong Suh®

°: School of Electrical Eng. and Computer Science, Hanyang Univ., Seoul, Korea
f: Intelligent System Control Research Center, KIST, Seoul, Korea
(E-mail: bj@email.hanyang.ac.kr)

Abstract

Based on the analysis of the stiffness relation be-
tween the operational space and the fingertip space of
multi-fingered hands, this paper provides a guideline
of task-based compliance planning for multi-fingered
hands. Two- and three-dimensional examples are il-
lustrated to show the characteristics of the task-based
stiffness matriz. It is shown that some of coupling
stiffness elements cannot be planned arbitrarily due
to grasping geometry. Through the analytical results,
it is concluded that the operational stiffness matriz
should be carefully specified by considering the loca-
tion of compliance center and the grasp geometry of
multi-fingered hands for successful grasping and ma-
nipulation tasks.

Keywords : multi-fingered robot hand, compliance
control, compliance planning

1 Introduction

Recently, there are proposed several explicit force-
based control techniques for effective grasping and
manipulation of object by multi-fingered hands, or
multiple robot arms[1]-[3]. Implementation of those
methods may suffer from attaching force sensors in
relating small finger mechanisms, as well as process-
ing noisy force signals. Also, the integration of tactile
and force information for individual finger control, and
the combination of information from different fingers
to guide the hand action are not still well-knownl[4].
Thus,instead of employing force signals, stiffness or
compliance as successful alternatives has been known
to be useful for characterizing the grasping and manip-
ulation of robot hands[5][6]. Specially, when an object
grasped by multi-fingered hand is being manipulated
in constrained space, the appropriate compliance plan-
ning of the hand may be crucial for successful compli-
ant tasks[7]-[9].
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Related to grasp stiffness or compliance, Cutkosky
et al.[5] analyzed the effective grasp stiffness by con-
sidering the structural compliances in fingers and fin-
gertips, servo gains at the joints of finger, and small
changes in the grasp geometry that may affect the
grasp forces acting upon the object. Also, Kao, et
al.[6] tried to apply stiffness models usually employed
in robotics research to the analysis of human grasp-
ing behaviors. Kim, et al.[10] proposed an indepen-
dent finger/joint-based compliance control method for
robot hands manipulating an object, and also the geo-
metric condition for successful implementation of com-
pliance control scheme have been addressed. They
showed that an independent finger/joint-based com-
pliance control via redundant actuation was more
adequate to modulate the operational stiffness com-
paring with the case of the kinematically redundant
structured fingers or manipulators. Some researchers
have investigated the task-based stiffness characteris-
tics with respect to the task motion constraints[11]-
[13]. They pointed out that the diagonal stiffness
elements can be determined by considering the task
characteristics for each direction. In [14], task-based
compliance planning was presented. However, their
approach is based on passive compliance attached to
manipulator, but not related to multi-fingered hands.
It is also pointed out that a stiffness matrix containing
some off-diagonal terms can be useful to prevent jam-
ming of contact tasks. In [15], fundamentals of compli-
ance characteristics for multi-fingered hands has been
analyzed. It was shown that some of coupling stiffness
elements cannot be planned arbitrarily, and a five-
fingered hand is necessary to modulate 6 x 6 opera-
tional stiffness matrix by using an independent finger-
based compliance control method which is effective to
achieve the specified compliance characteristics. They
also pointed out that the operational stiffness matrix
should be carefully specified in consideration of the
grasp geometry of multi-fingered hands for success-
ful grasping and manipulation tasks. However, task-
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based analysis for specifying compliance characteris-
tics by considering the grasp geometry and the com-
pliance center is still an open research field.

The objective of this paper is to provide task-
based guideline for specifying compliance characteris-
tics of multi-fingered hands through investigation of
the stiffness relation between the operational space
and the fingertip space. In section 2, we treat two-
dimensional compliance planning for many cases of
robotic tasks. And then, compliance planning in the
three-dimensional space is analyzed in section 3. Fi-
nally, concluding remarks are drawn in section 4.

2 Specifying Compliance Characteris-
tics: Two-dimension

In this section, through investigation of the stiffness
relation between the operational space and the finger-
tip space, we present a guideline to appropriately spec-
ify compliance characteristics in the operational space
in comparison of the location of compliance center and
the grasp geometry.

2.1 Straight Peg

When an object is assembled by multi-fingered
hands as shown in Figure 1, the performance of the
given task is closely related to the grasp geometry and
the location of compliance center.

@)F/nger ?

Figure 1: Peg-in-hole task using multi-fingered hands
(straight peg)
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In multi-fingered hand system, the stiffness relation
between the operational space and the fingertip space
is given by

(K] = [GI][Kf]IG]], (1)

where [K,] and [K ;] denote the stiffness matrix in the
operational space and the fingertip space, respectively.
[GY] denotes the Jacobian matrix relating the fingertip
space to the operational space.
In (1), the Jacobian matrix [Gf] € R™*" is given
by
Gl = repr pellt - el ]
(G = IR; Ipix!R;
0 'R, ’
where f R; and fp; denotes the rotation matrix and
the position vector from the operational space to the
fingertip space, respectively. Also, m(m = :L:fl ntp,
where ‘n¢, denotes the dimension of the ith fingertip)
denotes the total dimension of wrenches applied to the
grasped object by n¢ fingers.
Also, the desired compliance characteristics in the
operational space can be achievable by solving the fol-
lowing linear programming problem[15]:

Koo = [B?] Kyy, (2)

subject to Ky > 0. In (2), K, and Ky; denote
the independent stiffness elements of the operational
space and the fingertip space, respectively. [B%] de-
notes the stiffness mapping matrix relating the oper-
ational space to the fingertip space.

First, consider the compliance center lying in the
point O; of Figure 1. The independent stiffness rela-
tion between the operational space and the fingertip
space is given by

Koo = [B?] Ky

1 0 1 0 1 0
0 0 0 0 0 O
_| ™% 0 —y2 0 wy3 O
) 1 0 1 0 1 | K
0 —-x 0 2z 0 =z3
T N

where
T
Koo = [Kozz Kozy Ko:tqb Koyy Koyd) K0¢¢] )
T
Krp=['"Kfao 'Kryy Koo *Kpyy "K oo *Kpy,]

Also, x; and y; denote the elements of the position vec-
tors directing from the ¢th finger contact position to
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the task position, and they are given to be all positive.
inzz and inyy represent the x- and y-directional
stiffness elements in the fingertip space of the ith fin-
ger, respectively.

Note that the elements of the second row of the
mapping matrix [B}] in (3) are calculated as zero.
This is because we excluded the coupling terms
‘K .y(i = 1,2,3) in the fingertip space for indepen-
dent compliance control. Thus, we have zero Ky,
which, in fact, is a linear combination of ‘K ., (i =
1,2,3).

Thus, the resultant stiffness matrix in the opera-
tional space can be specified as follows:

Korcz Kozy Kozd) S 0 0, i¢1
Koyz Koyy Koy | = 0 L 0, 12
Koge Kopy Kopy 0,91 0,12 S

(4)

where ¢, and ¢ are all positive parameters. And
S and L mean that small and large value of stiff-
ness, respectively. The diagonal elements can be de-
termined by considering the task characteristics for
each direction[11]-[13]. ¢; and - can be arbitrar-
ily determined and also those parameters can be suit-
ably adjusted by considering additional control per-
formance(e.g. the jamming effect of assembly tasks).

Next, consider the compliance center lying in the
point Oy of Figure 1. In this case, the signs of y; and
y2 in the third row of [B}] are changed by moving the
compliance center from O; to Og. Thus, the stiffness

matrix in the operational space can be specified as
follows[15]:

Kozz Kozy Korc¢ S 0 +¢1
Koyz Koy Koy = 0 L 0, ¢ |,
Kope Kopy Kops +i1 0, %2 S

()
2.2 Left-angled and Right-angled Pegs

In this section, we first consider that a multi-
fingered hand inserts a left-angled peg into a hole as
shown in Figure 2. The stiffness mapping matrix [B}]
between the operational space and the fingertip space
is given by

0 1 0 1 0 1
0 0 0 0 0 0
o1 _ 0 -z 0 —z2o 0 —uz3
[Bf] o 1 0 1 0 1 0 (6)
—U 0 —Y2 0 -3 0
y% Ty y% T3 y% 33%
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Figure 2: Peg-in-hole task using multi-fingered hands
(left-angled peg)

Note that the third and fifth rows of [B}] have zero
or minus signs. Also, since the three influence coeffi-
cients (i.e., z;, y;, (i =1,2,3)) are always positive, we
can easily notice that K,.4 and K,y corresponding
to the third and fifth rows of [B%] are always calcu-
lated as negative values.

Consequently, the stiffness matrix in the opera-
tional space can be specified as follows:

Kozz Kozy Korc¢ S 0 _1/}1
Koyz Koyy Koyd) = 0 L —1/}2 .
Kopz Kosy Koso —t1 —¢2 S

(7)

For independent task-space control, it is desirable
to have a diagonal operational stiffness matrix. How-
ever, the grasping geometry does not allow this objec-
tive since K,;4 and K,y are given negative values.
That is, K24 and K,y4 are not controllable param-
eters in this grasp configuration. On the other hand,
it has been reported that these coupling stiffness ele-
ments are very useful to prevent jamming and contact
induced vibrations of contact tasks[14], and also useful
for effective assembly tasks[16]. They are determined
by the following procedures. By rearranging (6), we
have the following linear matrix equation:

K}, =[D}]Kyy. (8)
where
0O 1 0 1 o0 1
[D?]: 1 0 1 0 1 0 ,
T A
[KZO]Z[KOM Koyy K0¢¢ ]
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Then, K¢y can be obtained by solving (8) and also,
the coupling stiffness element 1 and ¥, can be deter-
mined by

Y1 = —[B}ls Kyy, 9)
Yo = —[B}ls Kyy, (10)
where [B}]; denotes the ith row of [B].

Next, consider that a multi-fingered hand inserts a
right-angled peg into a hole as shown in Figure 3.

[o o
Finger 1 2¥ X Finger 2

Finger 3

Figure 3: Peg-in-hole task using multi-fingered hands
(right-angled peg)

In Figure 3, the stiffness mapping matrix [B%] be-
tween the operational space and the fingertip space is
given by

0 1 0 1 0 1
0 0 0 0 0 0
o1 __ 0 —I 0 —I2 0 —I3
[ f] - 1 0 1 0 1 0 (11)
v 0 'y 0 y3 O
yi ol oy 23 y3 a3

Note that the 5th rows of [B%] have all positive
signs opposite to the case of a lefft angled peg into a
hole task. Thus, K,y corresponding to the 5th row of
[Bf] is always a positive value and the stiffness matrix
in the operational space can be specified as follows:

Kozz Kozy Korc¢ S 0 _¢1
Koy Koy Koyo = 0 L +1)2 .
Kod)z Ko¢y Koqf:d) _wl +,¢2 S
2.3 Perpendicular Peg
This section considers that a perpendicular peg is

inserted into a hole by using two hands like human as
shown in Figure 4.
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Figure 4: Peg-in-hole task using a two hands (perpen-
dicular peg)

In this case, the stiffness matrix in the operational
space can be expressed as

22: [GI" K] G, (13)

where {[K ;] and {[G] denote the stiffness matrix in
the fingertip space of the ¢th hand and the Jacobian
matrix relating the fingertip space of the ith hand to
the operational space, respectively.

Also, the stiffness mapping matrix [B}] between
the operational space and the fingertip space of each
hand can be represented by

[B7] = ['[Bj] *[B], (14)

where {[B%] denotes the stiffness mapping matrix be-
tween the operational space and the fingertip space of
the ¢th hand.

When the hand system grasps the peg for the com-
pliance center O; of Figure 4, this is identical to com-
bine the two cases of Figures 2 and 3. As a result,
the coupling stiffness element K,ys can be arbitrar-
ily specified, but K ;4 cannot be arbitrarily planned.
If the compliance center is moved to the point Os,
the sign of the kinematic influence coefficient y; in
(6) changes into negative, and the sign of the kine-
matic influence coefficient y» in (11) changes into neg-
ative. Also, we can notice that the coupling stiffness
element K,,4 is arbitrarily specified, but K, still
cannot be arbitrarily planned and specifically, K.
is always negative. Consequently, we can note that
the z-directional position accuracy is very important
for stable assembly tasks.
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2.4 Polishing Task by Belt Sander

Now, consider a polishing task by belt sander as
shown in Figure 5. When an object grasped by multi-

@ Belt Sander . @)
y "™

Workpiece
to be polished

Finger 1 Q Finger 2

Finger 3
Robot Han%)

Figure 5: Polishing task of an object by using belt
sander

fingered hand is being polished by belt sander, the
stiffness matrix in the operational space for the com-
pliance center O; can be specified by (4). In Figure 5,
the forces exerted on the virtual springs attached to
the compliance center O; can be expressed as

foz Kozz 0 Kozd) 6uoz
foy = 0 Koyy Kqub 6uoy ) (15)
Too Kope Kopy Koy og

where the small deflections of the virtual springs in
the x-, y-, and @(rotation)-directions, respectively, are
given by

a

oxr)’

_.d a
oy = Uy, — Ug,,

_.d
OUpy = US, — U

oy = ugd, — Ugg,

and here u¢ oj and ug; denote the desired and actual
positions in the j-direction, respectively.

The z-directional force f,,, y-directional force f,,,
and torque 7,4, which are induced by the y-directional
reaction force( froy > 0), are given by

for = _,Ufroya (16)
foy - _froy; (17)
Top = ,Uffroyla (18)
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where p and [ denote the friction coefficient at the con-
tacting surface and the length between the compliance
center and the polishing point, respectively.

From (15) to (18), the force and torque relations at
the compliance center O can be obtained as

_lfffroy = K p20Uor + Kom¢6uo¢a (19)

_.froy = Koyyéuoy + Koy¢6uo¢a (20)

,U/froyl = K0¢z6uom + K0¢y6uoy + K0¢¢(5U0¢,. (21)

By rearranging (19) and (20), we have

/J’froy 6”04)
oy = — - K., 22
Komm Komm ¢ ( )
froy 6”04)
OUpy = — - K, 23
Yy Koyy Koyy yo ( )

When an object grasped by a multi-fingered hand
is polished by pushing the object toward the rotating
belt sander, if a virtual desired path to be followed is
intentionally given to be inside the surface of the belt
sander, the small deflection du,, of the virtual spring
in the z-direction becomes negative by friction force.
Thus, the positive orientational change of the grasped
object is occurred by the torque caused by the friction
force. If the reaction force is excessively increased by
unreasonable pushing force, it is desired that the effect
by the reaction force is decreased by large negative de-
flection to the y-direction, and also the z-directional
deflection is decreased for stable polishing task. In
this sense, the coupling stiffness elements, K,;4 and
K ,y,4, should be chosen as negative and positive val-
ues for compliant polishing task. On the other hand,
when the compliance center is lying in the point Oy in
Figure 5, the coupling stiffness element K, always
should be positive. In this case, since the z-directional
deflection is increased by the excessive y-directional
reaction force, the resultant orientation of the object
may be unstable.

Consequently, the following stiffness matrix in the
operational space may be a good choice for effective
polishing tasks.

Kozrc Korcy Kozd) L 0 _1/11
Koyz Koy Koyp | = 0 S +2
Kod)z Ko¢y Koqf:d) _¢1 +’¢2 S

(24)

3 Specifying Compliance Characteris-
tics: Three-dimension

3.1 Left-angled and Right-angled Pegs

When a multi-fingered hand assembles a straight
peg into a hole in three-dimensional space, the stiffness
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matrix to be specified in the operational space have to
be analyzed[15].

In this section, we first consider that a multi-
fingered hand inserts a left-angled peg into a hole as
shown in Figure 6. The stiffness relation between the
operational space and the fingertip space is given by

, and z-directional stiffness elements in the fingertip
space of the ith finger, respectively.

In (25), all elements of [B?-]g,, [B?-]g, [B;']lla [B?]14,
and [Bf%]is have the same signs, respectively, where
[Bf%]i denotes the ith row of [B}]. Therefore, the stiff-
ness elements K3, Koyy, Koya, K.3, and K,yq

Koo = [BY] Kyy cannot be arbitrarily planned.
[ Kozz ] r 0 0 1 0 0 1 0 0 1 0 0 1
Koy 0 0 0 0 0 0 0 0 0 0 0 0
Koz 0 0 0 0 0 0 0 0 0 0 0 0
Kozy 0 0 0 0 0 0 0 0 0 0 0 0
Ko,.p 0 0 T 0 0 To 0 0 T3 0 0 T4
Korca 0 0 —Y1 0 0 Y2 0 0 —Y3 0 0 Ya
Koy, 0o 1 0 0 1 o o 1 0 0 1 0
K,y 0 0 0 0 0 0 0 0 0 0 0 0
Koy, 0 —T1 0 0 —T2 0 0 —x3 0 0 —x4 0
Koyp 0 0 0 0 0 0 0 0 0 0 0 0
Koya = 0 —21 0 0 —29 0 0 —23 0 0 —24 0
K,.. 1 0 0 1 0 0 1 0 0 1 0 0
Koz'y Y1 0 0 —Y2 0 0 Y3 0 0 —Y4 0 0
K,.3 21 0 0 z2 0 0 z3 0 0 z4 0 0
Koza 0 0 0 0 0 0 0 0 0 0 0 0
Koy yi  af 0 Y5 x5 0 y3 a3 0 i i 0
Ko’yﬁ Y121 0 0 —Y222 0 0 Y3z3 0 0 —Yaz4 0 0
Koo 0 T121 0 0 T2z 0 0 323 0 0 Taz4 0
Kpp zf 0 xf zf 0 xﬁ zé 0 m§ zﬁ 0 mﬁ
Kopa 0 00—z 0 0 z2y2 O 0 —T3y3 0 0 zays
L Koaa L 0 yi 0 Zys 0z Y3 0 i vi
0 0 1 7
0 0 0 Consequently, the stiffness matrix in the opera-
0 0 0 tional space can be specified as follows:
0 0 0 Ky T
0 0 = Ksu [ Kow Koy Kov: Koy Kowg Koua
1
0 0 s Kfzz Koyz Koyy Koyz Koy'y Koyﬁ Koya
0 1 0 ’K
fae Kozw Kozy Kozz Koz'y KozB Koza
0 0 0 °K, =
0 0 oYY Koyw Koyy Koyv: Koyy Kovp Koya
5 Kfzz Koﬁrc Koﬁy Koﬁz Koﬁ'y Koﬁﬁ Koﬁa
3
0 0 0 Kfz'c Koaz Koay Koaz Koa'y KoaB Koaa
0 —Z5 0 Ky |, (25) )
1 0 0 *Ky.. _
it S 0 0 0 +p1 0,4
Ys 0 0 Ko
25 0 0 4K 0 S 0 —1ﬁ3 0 —1ﬁ4
0 . g 0 0 L 0,5 +¢s 0
20 o K 0 —¢s O, S 0,kr s
yors 0 0 K +P1 0 4y O,y S 0%
0 =525 0 | °Ky.. | L 0,xth2  —tu 0 +s 0,E9 L
23 0 z2
0 0 —T5Y5 (26)
0z oy
where ¥;(i = 1,2,---,9) are all positive parameters.

where z;, y;, and z; denote the elements of position
vectors directing from the ith finger contact position
to the task position, and they are given to be all pos-
itive. ‘K fyq, "Kgyy, and ‘K., represent the z-, y-
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And S and L mean that small and large value of stiff-
ness, respectively. The diagonal elements can be de-
termined by considering the control characteristics for
each direction[11]-[13].
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Figure 6: Peg-in-hole task using multi-fingered hands
in three-dimensional space(left-angled peg)

In (26), ¢¥;(i = 2,5,7,9) can be arbitrarily de-
termined and also those parameters can be suit-
ably adjusted by considering additional control per-
formance(e.g. the jamming effect of assembly tasks).
On the other hand, ¢;(j = 1,3,4,6,8) can be deter-
mined by the following procedures. Let [D%](10 x
21) be the matrix excluding the rows of [B}];(i =
2,3,4,5,8,9,10,11,14,15,18), and K}, in (25), and
K}, (10 x 1) be the vector excluding Kopy, Koz,
Koz“/; KozB; Koyz; Koy“/; KoyB; and K., of K.
Then, K¢ can be obtained by solving the following
linear matrix equation:

K, =[D}]Ky;. (27)

Then, the coupling stiffness elements ¢;(j = 1,3,
4,6, 8) can be determined by

Y1 = [B]s Kyy,
Y3 = —[B}lo Kyy,
Yy = —[B%h1 Kyy,
Y6 = [Bflia Ky,

and
Vs = [B}lis Ky (32)

Now, consider that a multi-fingered hand inserts
a right-angled peg into a hole as shown in Figure
7. In this case, the signs of all z;(i = 1, ---, 5)
in (25) are changed into negative. Thus, we can no-
tice that the coupling stiffness elements Kyq, Ko.3
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and K-, cannot be arbitrarily planned and also their
signs changes from positive to negative or vice versa
in comparison to the previous case.

Object >

o
I
RE Y

-
)
i

AR Ylor
| e < x
Y e i

Figure 7: Peg-in-hole task using multi-fingered hands
in three-dimensional space(right-angled peg)

Z,
Y,
i)
L p %
[eX \'v

:‘l: q' Z‘ Zz ’
A\ Object i J

o : grasp point

L f: jth finger of hand k&

Figure 8: Peg-in-hole task using multi-fingered hands
in three-dimensional space(perpendicular peg)

3.2 Perpendicular Peg

When the hand grasps the left-side of the peg and
the compliance center lies in the point Oj of Figure
8, we can identically analyze the stiffness relation be-
tween the operational space and the fingertip space
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similar to the case of Figure 6. Also, if the hand grasps
the right-side of the peg for the same compliance cen-
ter Oz, we can identically analyze the stiffness relation
between the operational space and the fingertip space
as the case of Figure 7.

On the other hand, when the hand grasps the left-
side of the peg and the compliance center is moved
to the point Oy, the sign of the kinematic influence
coefficients z; and z4 in (25) changes from positive to
negative or vice versa. Also, if the hand grasps the
right-side of the peg for the same compliance center
Oy, the sign of the kinematic influence coefficients 21,
zg, and z4 in (25) changes from positive to negative
or vice versa. Thus, we can notice that the coupling
stiffness elements K, Ky.3 and K, can be arbi-
trarily specified, but K,,3 and K,y still cannot be
arbitrarily planned in those cases. Specifically, K3
is always positive, and Ky, is always negative.

As a result, in assembly tasks using multi-fingered
hands, we can conclude that the compliance charac-
teristics in the operational space should be differently
applied according to the grasp geometry and also, it
is closely associated with the compliance center.

4 Concluding Remarks

A guideline of specifying compliance characteristics
in the operational space of multi-fingered hands was
analyzed in this paper. Through analyzing the stiff-
ness relation between the operational space and the
fingertip space of multi-fingered hands, it is shown
that some stiffness elements in the operational space
are appropriately planned, but some of coupling stiff-
ness elements cannot be planned arbitrarily. As a re-
sult, we confirmed that five-fingered hands can modu-
late the six-degree of freedom operational compliance
characteristics by using an independent finger-based
compliance control method[15]. Also, we can notice
that the operational stiffness matrix should be care-
fully specified by considering the grasp geometry of
multi-fingered hands for successful grasping and ma-
nipulation tasks.
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