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Abstract

Dextrous manipulation is a fundamental problem in
the study of multi�ngered robotic hands. Given a
robotic hand and an object to be manipulated by the
hand in an environment �lled with obstacles, the main
objectives of dextrous manipulation are to have the
hand grasp the object and transfer it from a start
con�guration to a goal con�guration without colli-
sion. To ful�ll such a task in general, we will need:
(a) a manipulation planner to generate a feasible path
for the hand; and (b) a controller to implement the
planned path. In this overview paper, we de�ne the
manipulation planning problem and present a uni�ed
Control System Architecture for Multi�ngered Ma-
nipulation (CoSAM2). By incorporating the various
kinematic and static relationships of a multi�ngered
robotic hand system with proper sensory data inputs
at di�erent stages, CoSAM2 achieves the various ob-
jectives of dextrous manipulation. Theoretical back-
ground of the control system design along with real-
time experimental results are described.

1 Introduction

Dextrous manipulation is a fundamental problem in
the study of multi�ngered robotic hands. Given a
robotic hand and an object to be manipulated by the
hand in an environment �lled with obstacles, the main
objectives of dextrous manipulation are to have the
hand grasp the object and transfer it from a start con-
�guration to a goal con�guration while simultaneously
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Figure 1: Dextrous Manipulation System

supplying the desired object wrench, avoiding colli-
sion, and respecting the position and actuator force
limits of the joints. To ful�ll such a task in general,
we will need: (a) a manipulation planner to generate a
feasible path for the hand; and (b) a controller to im-
plement the planned path, based on the system model
and sensor information, as shown in �gure 1.
Planning a feasible path is an extremely diÆcult prob-
lem which involves complex systems of constraints im-
posed on a high-dimensional con�guration space. In
the system diagram shown in �gure 1, it is the plan-
ner's job to generate a feasible path from a high-level
speci�cation of the task, a model of the environment,
and possibly sensor measurement. The planner may
also have to modify the path in the event that the sen-
sors detect unmodeled obstacles or other unexpected,
but important features of the environment.
The controller's major task is to provide the desired
�nger joint e�orts and movements so as to make the
object and contact move properly to comply with the
physical law and achieve the desired motion. The main
problem here is that only the robot �ngers can be di-
rectly controlled by the robotic system while the ma-
nipulation objective and planned path are naturally
speci�ed in terms of object wrench, object and grasp
con�gurations. Furthermore, the controller need to be
robust to deal with the uncertainty arising from the
system model, sensor noise and actuator inaccuracy.
Over the years, signi�cant strides have been made in
realizing features of multi�ngered manipulation. The
kinematics and statics underlying a multi�ngered ma-
nipulation system have been identi�ed and thoroughly



Figure 2: A multi�ngered hand manipulation system

analyzed [2, 4, 5, 9, 11, 13, 19, 22, 23, 24, 26, 28,
29, 30, 31, 32]. General framework and eÆcient algo-
rithms [6, 14, 15, 21] for the collision-free path plan-
ning problem have been developed. Dextrous manip-
ulation with rolling contacts and �nger gaiting has
been investigated in [10, 16, 23] along with several
useful algorithms for �nger motion planning. Coordi-
nated control and compliance control algorithms for
multi�ngered manipulation with either �xed point of
contact or rolling contact have been extensively stud-
ied [7, 17, 25]. Tactile, force/torque and vision sensors
have been developed or utilized to sense contact loca-
tion and contact forces [1, 8, 27]. Furthermore, many
articulated multi�ngered robotic hands have been de-
veloped as research tools to study dextrous manipula-
tion.
Despite the enormous amount of research activity on
multi�ngered robotic hands, many problems remain
open and need to be solved before the robotic hands
can reach the dexterity and functionality of the hu-
man hands. In this overview paper, we de�ne the
manipulation planning problem and present a uni�ed
Control System Architecture for Multi�ngered Ma-
nipulation (CoSAM2). By incorporating the various
kinematic and static relationships of a multi�ngered
robotic hand system with proper sensory data inputs
at di�erent stages, CoSAM2 achieves the various ob-
jectives of dextrous manipulation. Theoretical back-
ground of the control system design along with real-
time experimental results are described.

2 Mathematic Preview

Follow the notation in[24], this section will briey re-
view the kinematics and statics underlying to multi-
�ngered manipulation.

2.1 Statics

Consider a k-�ngered robotic hand manipulation sys-
tem as shown in �gure 2. let P be the palm frame, O

the object frame, and Fi the frame of �ngertip i.
Denote the object wrench, contact forces and �nger
joint e�orts (forces or torques, depending on the joint
types) as F 2 <6, x 2 <m, and � 2 <n, where m
is the total number of contact forces and n the total
number of joint e�orts. These forces are related by

F = Gx

� = JTx+ gext (1)

where G 2 R6�m is the grasp map, J 2 Rm�n is the
hand Jacobian and gext 2 Rn is the vector of gener-
alized forces experienced by the joints due to external
loads such as gravity (and Coriolis, centripetal, and
inertial loads if dynamics need to considered).
In a practical robotic system, joint e�orts are not un-
limited. Assume that the elements of the joint e�ort
vector are bounded by known constants: the lower
bound �L 2 <n and the upper bound �U 2 <n, then
the joint limit constraints can be expressed as linear
inequality constraints:

�L � � � �U (2)

The friction constraints for contact forces are generally
nonlinear, except for the frictionless contact. Take
point contact with friction(PCWF) as an example. Its
friction cone can be expressed as

Fi =

�
xi 2 <

3 j xi3 � 0;
1

�2i
(x2i1 + x2i2) � x2i3

�
(3)

where xi3 is the normal force component at the point
of contact, xi1; xi2 are the tangential components and
�i is the coeÆcient of Coulomb friction. In general,
the contact force at each contact point i need to satisfy
its own contact model Fi, which may be frictionless
contact, point contact with friction or soft-�nger con-
tact. In other words, the feasible contact force of a
grasp must lie within the friction cone F of the grasp:

x = [xT1 : : : x
T
i : : : x

T
k ]

T 2 F = F1�� � ��Fi�� � ��Fk � Rm

(4)
Given a desired object wrench, we are interested in
computing and optimizing grasp forces x and joint ef-
forts � which can generate the wrench, which are the
standard grasp force feasibility and optimization prob-
lems.

Problem 1 [Grasp Force Feasibility Problem]
Given an object wrench F , joint external loads gext,
a grasp map G, and a hand Jacobian J , determine if
9 x 2 <m and � 2 <n, satisfying the force equilibrium
constraints (1), joint e�ort limit constraints (2) and
friction cone constraints (4).



Problem 2 [Grasp Force Optimization Problem]
Given an object wrench F , joint external loads gext, a
grasp map G, and a hand Jacobian J , �nd \optimal"
grasp force x 2 <m and joint e�ort � 2 <n satisfying
the force equilibrium constraints (1), joint e�ort limit
constraints (2) and friction cone constraints (4).

Although these problems involve nonlinear friction
cone constraints, they can be eÆciently solved [2, 4,
5, 9, 20]. More speci�cally, the feasible domains of
these problems are convex, and physically meaningful
convex objective functions can be formulated. Thus,
the problems can be solved by convex programming
algorithms.

2.2 Kinematics

Denote the forward kinematics of �nger i by

gpfi = gpfi(�i) (5)

Vpfi = Jpfi(�i)
_�i (6)

where gpfi 2 SE(3) and Vpfi 2 se(3) are the con�g-
uration and velocity of �ngertip i with respect to the
palm, respectively; �i = (�i1; � � � �ini) is the joint vari-
able vector of �nger i, and Jpfi(�i) is the Jacobian of
the forward kinematic map gpfi(�i).
Let the contact con�guration between the object and
�nger i be �i = (�oi ;  i; �fi), where �fi 2 <2 and
�oi 2 <2 are the coordinates of contact points relative
to the �ngertip and the object frames, respectively,
and  i is the contact angle. Various contact models,
such as rolling contacts or sliding contacts, pose dif-
ferent constraints on feasible contact movements [23].
In the following discussion, we will use ~�i to denote
a subset of contact parameters whose velocities can
determine the velocities of other contact parameters.
Let qi = (�i; �i) 2 <ni+5 be the extended joint co-
ordinates of �nger i. First note that the admissible
values and velocities of joint variables and contact pa-
rameters are limited. Similar to the joint e�ort limit
constraints (2), the extended joint coordinates qi need
to satisfy the following linear inequalities:

qLi � qi � qUi

_qLi � _qi � _qUi (7)

Expressing the object con�guration relative to the
palm frame through �nger i yields

gpo = gpfi(�i) � gfio(�i) (8)

Equation (8) need to be satis�ed by all �nger links
in order to maintain a kinematically valid grasp, and

Figure 3: A three-�ngered robotic hand manipulating
a ball.
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Figure 4: Uncoordinated motion of a three-�ngered
hand leading to failure of force-closure condition for
small friction coeÆcients.

will be referred as closure constraints in the following
discussion. Di�erentiating equation (8) yields velocity
closure constraints:

Vpo = Adg�1
fio

Vpfi + Ti(�i) _~�i (9)

Contact kinematics[23] can be used to simplify equa-
tion (9) to

GTVpo = J _� (10)

where G and J are, same as in equation (1), the grasp
map and the hand Jacobian of the manipulation sys-
tem. Since it relates object velocity to �nger joint ve-
locity directly, equation (10) has been widely used to
generate �nger joint velocities to accommodate the ob-
ject velocity by utilizing generalized inverse method.
However, this strategy doesn't take the contact move-
ment into consideration and may cause degradation of
the grasp quality as shown in the following example.

Example 1 Consider a three-�ngered robotic hand
manipulating a ball as shown in �gure 3. The �nger-
tips are all cylindrically-shaped with a hemispheric top.
At the initial grasp con�guration the three �ngers are
located along an equator with 120 degrees apart from



each other. This is considered an optimal grasp for a
three-�ngered hand. 1 Let the desired trajectory of the
object be a translation along the y-axis, i.e., away from
Finger Two. Computing the �ngertip velocities using
equation (10) and a PCWF friction model, we found
that Finger Two would simply translate upward and
the other two �ngers roll down toward Finger Two.
Eventually, the three �ngers will cluster around Fin-
ger Two, leading to degradation of the grasp quality.
A simulated sequence of intermediate con�gurations
projected from the top is shown in �gure 4. 2

The preceding example shows that the generalized in-
verse method with respect to equation (10) has no re-
gard to the quality of the resulting grasp. As manipu-
lation proceeds, grasp quality would degrade, leading
eventually to dropping of the grasped object. There-
fore, in general, we need to include all kinematic vari-
ables in the manipulation planning and control.

3 Dextrous Manipulation Planner

De�ne a con�guration, or a state, of a manipulation
system to be

c = (gpo; �; �; F ) 2 SE(3)�<5k �<n �<6

Here we assume that the system moves slowly and
satis�es quasi-static conditions. Thus we don't need
to include the velocities as state variables.
Note that the kinematic variables (gpo; �; �) are con-
strained by the closure constraints (8), which de�ne a
manifold [3] and can be used to determine the values
of a subset of the kinematic variables based on those of
other kinematic variables that can serve as parameter-
ization variables. Since di�erent patches of a manifold
may have di�erent parameterization variables, we in-
clude all of the kinematic variables (gpo; �; �) in the
states with the understanding that they satisfy the
closure constraints (8).

De�nition 1 [Feasible Con�guration] A con�gura-
tion c = (gpo; �; �; F ) of a manipulation system is fea-
sible if the system is collision free, (gpo; �; �) satisfy
the kinematic closure constraints (8) as well as limit
constraints (7), and 9x 2 <m; � 2 <n that satisfy
the force equilibrium constraints (1), joint e�ort limit
constraints (2) and friction cone constraints (4).

De�nition 2 [Feasible Paths] A path c(t); t 2 [0; T ]
is feasible if each con�guration on the path is feasible.

1The grasp quality in this particular example and in the
experiment described in section 5 is de�ned as the area of the
triangle formed by the three contact points, which is motivated
by the concept of force closure.

Problem 3 [Dextrous Manipulation Planning Prob-
lem]
Given an initial con�guration c0 and a goal con�gu-
ration c1, �nd a feasible path c(t); t 2 [0; T ] such that
c(0) = c0 and c(T ) = c1.

In practice, a manipulation task may be speci�ed only
with respect to a subset of the states. Consider a
manipulation task which is to move the object from
one displacement g0po to another displacement g1po. Al-
though the task is only related to the object displace-
ment, we still need to plan a path for all state vari-
ables, (gpo; �; �; F ) with the freedom to choose initial
and �nal (�; �; F ) as long as they make feasible con-
�gurations with g0po and g

1
po, respectively.

4 Dextrous Manipulation Controller

Given a desired path (gdpo; �
d; �d; F d)(t); t 2 [0; T ],

generated by a planner, a controller need to incorpo-
rate sensor measurement, system kinematics and stat-
ics to generate proper control commands in order to
achieve desired path. This section briey introduces a
uni�ed Control System Architecture for Multi�ngered
Manipulation (CoSAM2) as shown in �gure 5.
In this section, the superscripts d and m will be used
to denote desired values and measured values. Let T0
be the sampling period. Then the discretized desired
trajectory is

(gdpo; �
d; �d; F d)(k) = (gdpo; �

d; �d; F d)(kT0) (11)

k = 0; � � � ; [T=T0]

where [T=T0] is the smallest integer not less than T=T0.
If T=T0 is not a integer, we need to take special care
of the last time interval. However, this can be done
easily and the notation(11) will be used for simplicity.
At step k, the tasks performed by the controller com-
ponents are the following.

� Object Motion Generator

let gmpo(k) 2 SE(3) be the position and orientation
of the object sensed by say vision sensors or tactile
sensors. Then, compute V d

po(k) 2 se(3) by solving

exp (V d
po(k)T0) = (gmpo(k))

�1
� gdpo(k + 1) (12)

Note that we can use screw motions [12] or piece-
wise screw motions to specify desired object tra-
jectories. Geometrically, a screw motion is simple
to visualize and also easy to generate.

� Contact Motion Generator



Object Motion
Generator

Contact Motion
Generator

Grasping Force
Optimization

Planner
Compliance
Controller

Inverse 

Kinematics
Joint 
Controller

Robot 
Fingers

Sensor

Robot Object
d

po
d

po
m

g

η
η

d

m

o 
d

g

F
xd

. d

po
d

V

pfV
d

θ

η θ
.d

F
ig
u
re

5
:
C
o
S
A
M

2:
A

u
n
i�
ed

C
o
n
tro

l
S
y
stem

a
rch

i-
tectu

re
fo
r
M
u
lti�

n
g
ered

M
a
n
ip
u
la
tio

n

T
h
e
d
esired

co
n
ta
ct

v
elo

city
is

sim
p
ly

th
e
lin

-
ea
r
v
elo

city
to

m
ov
e
th
e
co
n
ta
ct

fro
m

cu
rren

t
co
n
�
g
u
ra
tio

n
~�
m
(k
)
to

n
ex
t
d
esired

co
n
�
g
u
ra
tio

n
~�
d(k

+
1
)_~�
d(k

)
=
(~�

d(k
+
1
)
�
~�
m
(k
))=
T
0

(1
3
)

�
G
ra
sp

F
o
rce

O
p
tim

iza
tio

n

F
o
r
a
d
esired

o
b
ject

w
ren

ch
F
d(k

+
1
),
�
n
d
a
fea

-
sib

le
g
ra
sp

fo
rce

x
d(k

+
1
)
a
n
d
th
en

o
p
tim

ize
it.

A
s
d
iscu

ssed
in

sectio
n
2
.1
,
th
ese

p
ro
b
lem

s
ca
n
b
e

fo
rm

u
la
ted

a
s
co
n
v
ex

p
ro
g
ra
m
m
in
g
p
ro
b
lem

s
a
n
d

ca
n
b
e
so
lv
ed

eÆ
cien

tly.

�
C
o
m
p
lia
n
t
M
o
tio

n
C
o
n
tro

l
a
n
d
In
v
erse

K
in
em

a
t-

ics

O
u
r
cu
rren

t
co
n
tro

l
sy
stem

u
ses

a
co
m
p
lia
n
ce

co
n
tro

l
stra

teg
y

a
n
d

trea
ts

ea
ch

�
n
g
er

a
s
a

p
o
sitio

n
-co

n
tro

lled
d
ev
ice.

W
e
ch
o
o
se

th
is

a
r-

ch
itectu

re
m
a
in
ly

b
eca

u
se

o
u
r
ex
p
erim

en
ta
l
p
la
t-

fo
rm

,
H
K
U
S
T
H
a
n
d
,
is
eq
u
ip
p
ed

w
ith

P
ID

p
o
si-

tio
n
co
n
tro

ller
fo
r
ea
ch

�
n
g
er.

H
ow

ev
er,

it
w
o
u
ld

b
e
p
o
ssib

le
to

u
se

o
th
er

co
n
tro

l
stra

teg
ies

a
n
d

w
o
u
ld
b
e
in
terestin

g
to

co
m
p
a
re
th
e
p
erfo

rm
a
n
ces

o
f
d
i�
eren

t
co
n
tro

l
law

s.
A
ssu

m
e
th
e
co
m
p
lia
n
ce

m
a
trix

o
f
�
n
g
er
i
is
K
c
i
2
<
6
�
6.

T
h
en

th
e
d
e-

sired
g
ra
sp

fo
rce

x
d(k

+
1
)
ca
n
b
e
co
n
v
erted

in
to

eq
u
iva

len
t
�
n
g
ertip

d
isp

la
cem

en
t

K
c
i (F

di (k
+
1
)
�
F
mi
(k
))

(1
4
)

w
h
ere

F
di (k

+
1
)
a
n
d
F
mi
(k
)
a
re

th
e
d
esired

a
n
d

m
ea
su
red

�
n
g
ertip

w
ren

ch
es
o
f
�
n
g
er
i,
co
m
p
u
ted

fro
m

th
e
d
esired

a
n
d

m
ea
su
red

co
n
ta
ct

fo
rces

x
di (k

+
1
)
a
n
d
x
mi
(k
).

T
h
e
k
in
em

a
tic

eq
u
a
tio

n
(9
)
d
eterm

in
es

a
k
in
e-

m
a
tica

lly
d
esired

�
n
g
ertip

v
elo

city,
V
Kpf
i (k

),
b
a
sed

o
n
th
e
d
esired

o
b
ject

a
n
d
co
n
ta
ct

v
elo

city
(1
2
,

1
3
).

(T
h
e
su
p
erscrip

t
in
V
Kpf
i (k

),
K
,
d
en
o
tes

th
e

k
in
em

a
tica

lly
d
esired

�
n
g
ertip

v
elo

city.)
C
o
m
b
in
-

in
g
th
is

term
w
ith

th
e
co
m
p
lia
n
ce

d
isp

la
cem

en
t

(1
4
)
y
ield

s
th
e
d
esired

�
n
g
ertip

v
elo

city

V
dpf
i (k

)
=
V
Kpf
i (k

)
+
K
c
i (F

di (k
+
1
)
�
F
mi
(k
))(1
5
)

w
h
ich

w
ill

b
e
sen

t
to

th
e
In
v
erse

K
in
em

a
tics

m
o
d
-

u
le
to

co
m
p
u
te

th
e
req

u
ired

jo
in
t
d
isp

la
cem

en
t
o
f

th
e
�
n
g
ers.



Figure 6: Three cylinder �ngertips manipulating a ball
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Figure 7: Experimental Contact trajectories

5 Experiment Results

In this section, we will use a simple manipulation ex-
ample conducted on HKUST hand system to show
that the proposed control architecture CoSAM2 (�g-
ure 5) works correctly when the desired object wrench,
object, and contact trajectories are planned properly.
The manipulation task is relatively simple, which en-
ables us to bypass the planner and to let the con-
troller generate a feasible path. All control compo-
nents perform the same computation as described in
the previous section, except the contact motion gen-
erator, which will generate desired contact velocity to
optimize grasp quality. More information and experi-
mental results can be found in [18].

The task here is to manipulate a ball with three
cylindrical �ngertips as shown in Figure 6. The ini-
tial grasp con�guration is �1 = (0; 170Æ; 180Æ; 0; 0),
�2 = (0;�50Æ; 180Æ; 0; 0) and �3 = (0; 20Æ; 180Æ; 0; 0).
The desired object motion is a screw motion along
the z- axis, i.e � = [ 0 0 1 0 0 0 ]T and mo-
tion magnitude is � = 100mm. Recall that the ma-
nipulation task in the simulation example (�gure 4)
is similar to this one. In the previous case, the con-
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Figure 8: Experimental Grasp Forces

tact movement is not controlled by the robotic system
and the manipulation task fails because of degrada-
tion of the grasp quality . On the other hand, our
experimental results (�gures 7 and 8) show that the
grasp quality is improved (the �nal contacts form an
equilateral triangle on the equator of the ball, which
is optimal) and the grasp forces are optimized during
manipulation process.

6 Conclusion

Dextrous manipulation is a fundamental problem in
the study of multi�ngered robotic hands. In this
overview paper, we de�ned the manipulation planning
problem and presented a uni�ed Control System Ar-
chitecture for Multi�ngered Manipulation (CoSAM2).
By incorporating the various kinematic and static re-
lationships of a multi�ngered robotic hand system
with proper sensory data inputs at di�erent stages,
CoSAM2 can achieve the various objectives of dex-
trous manipulation. Theoretical background of the
system design along with real-time experimental re-
sults were described.
In future work, we plan to pursue several research di-
rections to help us further understand the dextrous
manipulation problem. These include the develop-
ment of eÆcient planning algorithms, the design of
controllers robust to the signi�cant sources of uncer-
tainty, and the incorporation of dynamics into the sys-
tem model.
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