Optimal Grasping using Visual and T actile F eedbac k

Akio NAMIKI Masatoshi ISHIKA W A

Department of Mathematical Engineering and Information Physics

Universit y of T oky o

T oky o 113, Japan

namik@k2.t.u-tokyo.ac.jp

Abstract

Sensor fe e db ack and sensor fusion ar e indisp ensable

for working in the r e al world. In this p ap er a r ob ot hand

gr asping metho d is prop ose d. This metho d uses visual

and tactile sensor information. First, gr asping evalua-

tion functions is prop ose d, which is derive d fr om the r ela-

tionships b etwe en a hand and an obje ct. Then a contr ol

metho d is pr op ose d which uses visual and tactile fe e d-

b ack. In this metho d pre-shaping and gr asping ar e exe-

cute d smo othly and optimal ly. Exp erimental r esults ar e

pr esente d and a \1ms Sensory-Motor System" is intr o-

duc e d as the exp erimental system for sensor fusion.

Key W ords: gr asping, pre-shaping, multisensor fusion,

sensor fe e db ack, vision, tactile sensor

1 Intro duction

Considering rob ot hand grasping pro cess in the real

w orld, a manipulated ob ject and environmen t are mostly

unkno wn. Then there is the p ossibility that some acci-

den ts happ en while grasping. A human b eing can easily

solv e these problems. F or example we can grasp a mov-

ing ob ject by bringing our hand near it. Then we can

hold an ob ject in darkness using its tactile impression.

T o execute these excellent grasp faculties a grasping con-

trol metho d using sensor feedback is needed. By using

external sensory information, the rob ot system can cop e

with many problems.

Most early work to solve grasping problems was based

on o�-line computing [2, 3]. In these systems grasping

is not robust and computing p ower is very exp ensive b e-

cause all information should b e observed b efore grasping.

This is not realistic condition in the real world. Then

there are some works based on on-line computing. T rin-

kle gives an estimation in frictionless env eloping grasping

[4]. But this is not a metho d to search optimal grasping

activ ely . Then Co elho gives a metho d to search optimal

grasping [5]. But sensor feedback is not su�ciently con-

sidered in this metho d. It is necessary to make a grasping

metho d using real-time sensor feedback. Then it is more e�ective to use many sensor feedbacks and sensor fusion

algorithms [1].

W e address the problem of a grasping metho d using

sensor feedbacks, particularly visual and tactile feedback.

In the next section we discuss the relationship b etw een

grasping pro cess and sensor feedbacks.

2 Grasping using Sensor F eedbac k

The grasping pro cess can b e classi�ed into two phases

(Figure 1).

Figure 1: Grasping using Sensor F eedbac k

(Phase 1) Pre-shaping This is the op eration during

which the hand changes its p osition and shap e b efore

the �ngers touch the ob ject to b e manipulated. This

op eration is observed in human grasping and is called

\pre-shaping" [6]. Sp eedy and robust grasping is exe-

cuted by this op eration. Visual feedback is the main

control metho d in this phase.

(Phase 2) Shaping This is the op eration during

which the hand changes its p osition and shap e after con-

tact. W e call this op eration \shaping". Since b oth the

�ngers’ motion and sensing are directly connected, obser-

v ation errors are smaller. This op eration mainly consists

of tactile or force sensor feedback, but visual feedback is

also used to obtain global information.

Figure 2: Grasping System using Sensor F eedbac ks

T o integrate these two phases, we prop ose a sensor

feedbac k grasping system. Figure 2 shows an outline of

the integrated system. This system consists of two lay ers.

In the high lay er the ev aluation functions for grasping is

calculated. This ev aluation uses b oth visual and tactile

information. In the low lay er the motion control using

sensor feedbacks is executed. W e discuss the ev aluation

metho d in Section 4, and the motion control metho d in

Section 5.

3 Kinematics of Virtual Contact Mo del

As preparations, fundamental equations for grasping

are derived from contact relationships. W e assume the

p oint-con tact mo del [7]. Conven tional mo dels assume

complete contact, which means all �ngers are in contact

with an ob ject. By adding the idea of \virtual contact",

w e develop the mo del so that they include non-contact

phase.

Considering a p oint r d

k

2 R

3

on a �nger and a p oint

r u

k

2 R

3

on a manipulated ob ject, b oth expressed in the

base frame (Figure 3), these p oints satisfy the equation

as

r d

k

� r u

k

= n u

k l

k

= �n d

k l

k

; k = 1; 2; � � � ; m

c

; (1)

where k is the num b er of the contact p oint. A vector

n u

k

2 R

3

is the normal vector on the ob ject, and n d

k

2

R

3

is the normal vector on the �nger. The minimum

distance b etw een the �nger and the ob ject is expressed

as l

k

2 R. W e call l

k the \contact distance". And we

call r u

k and r d

k the \virtual contact p oints". If l

k

= 0, the

virtual contact p oint k is equal to the ordinary contact

p oint.

Then linear velocities of virtual contact p oints can b e

Figure 3: Parameters of Grasping

written as

_ r u

k

= W

k

_ c + v u

k

; (2)

_ r d

k

= J

k

_

� + H

k

_ p + v d

k

; (3)

where c 2 R

6

is the wrench vector of the ob ject gravit y

center, � 2 R m

�

is the joint angle vector, where m

� is the

total number of joints. A vector p 2 R

6

is the wrench

vector of the palm p osition, v u

k

2 R

3

and v d

k

2 R

3

are

the velo city vectors of slip. Each v ariable is expressed in

the base frame. The \wrench vector" is the combination

of a 3-dimensional p osition vector and a 3-dimensional

orientation vector. There are some basic matrices, W

k

2

R

3�6

is called the \Grasp Matrix", J

k

2 R

3�m

�

and

H

k

2 R

3�6

are the Jacobian matrices.

Substituting Eqn.(2) and Eqn.(3) to the di�erential of

Eqn.(1), the di�erential relation can b e written as

� W

k

_ c + J

k

_

� + H

k

_ p = v u

k

� v d

k

+ _ n u

k l

k

+ n u

k

_

l

k

: (4)

W e separate the normal orientation part and the tan-

gential orientation part at each virtual contact p oint.

Multiplying b oth sides by n u

k

T

, the normal orientation

part is written as

n u

k

T

(�W

k

_ c + J

k

_

� + H

k

_ p) =

_

l

k

; (5)

where it should b e noticed that n u

k

T

v u

k

= 0, n u

k

T

v d

k

= 0

and n u

k

T

_ n u

k

= 0. Juxtap osing all such expressions for

the m

c contact p oints in matrix notation, the equation

of normal part is written as

N

T

(�W _ c + J

_

� + H _ p) =

_

l ; (6)

where

N =

2

6

6

6

4 n u

1

0 � � � 0

0 n u

2

� � � 0

.

.

.

.

.

.

.

.

.

.

.

.

0 � � � � � � n u

m

c

3

7

7

7

5

2 R

3m

c

�m

c

;

W =

2

6

6

6

4

W

1

W

2

.

.

.

W

m

c

3

7

7

7

5

2 R

3m

c

�6

; J =

2

6

6

6

4

J

1

J

2

.

.

.

J

m

c

3

7

7

7

5

2 R

3m

c

�m

�

;

590

H =

6

6

6

4

H

1

H

2

.

.

.

H

m

c

3

7

7

7

5

2 R

3m

c

�6

; l =

2

6

6

6

4 l

1

l

2

.

.

.

l

m

c

3

7

7

7

5

2 R

3m

c

:

Eqn. (6) is the basic equation of grasping. If l

k

= 0,

the contact constraint

_

l

k

� 0 is imp osed. Satisfying

_

l

k

=

0, the contact p oint k is preserved.

4 Ev aluation of Grasping

There are many works ab out ev aluation of grasp-

ing. These are concerned ab out stability [2, 3], mobility

[8], robustness, and others. But in most works grasp-

ing control and sensor feedback are not considered. W e

prop ose new functions for ev aluation which is derived

from the fundamental contact mo del in Section 3. These

functions and their di�erentials can b e easily calculated

using observed v alues. F or this reason these can b e eas-

ily included in sensor feedback. This metho d consists of

t wo kinds of ev aluation functions. One is ab out grasp

condition, which ev aluates grasp stability

, robustness,

and other prop erties. Another is ab out contact distance,

whic h ev aluates the distance b etween �ngers and a ma-

nipulated ob ject.

4.1 Ev aluation of Grasping Condition

W e consider ev aluation functions ab out the grasp

condition. Because a palm generally has a larger moment

of inertia than �ngers and a manipulated ob ject we can

ignore _ p, so that the equation is derived from Eqn. (6)

as

N

T

(�W _ c + J

_

� ) =

_

l � 0; (7)

where we consider the constraint

_

l � 0 on contact p oints.

Eqn. (7) is regarded as relations among _ c,

_

� and

_

l. There

are four relations shown in Figure 4 among these param-

eters. Each relation is expressed by a linear transforma-

Figure 4: Relations among Parameters

tion.

Consider a linear transformation matrix with the con-

strain t as

x = N

T

B y ; x � 0: (8)

T o ev aluate this linear transformation, we calculate the

size of the area made from x in the case when y is given

as the unit sphere area jjy jj � 1. The pro jection of the

unit sphere is the ellipsoid as

x

T

(N

T

B B

T

N )

+

x � 1; x � 0; (9)

where the \+" op erator expresses the generalized inverse.

It is di�cult to calculate this area analytically

, so we

prop ose another metho d. By using the singular v alue

decomp osition, the pro jection matrix is decomp osed as

N

T

B = U �V

T

. Considering the inner pro duct of the

axis vectors of the ellipsoid and the vector 1, in which

each element is 1, this corresp onds to the size of the pro-

jected area in central orientation of the constraint space.

On the other hand, considering the trace of the summa-

tion of the squares of axis lengths, this corresp onds to the

size of the pro jected area. By using the pro duct of these

tw o v alues, the size of pro jected area in the constraint

space can b e ev aluated. These are shown as

Ev aluation 1 = jj�U

T

1jj

2

= 1

T

N

T

B B

T

N 1;

Ev aluation 2 = T race(�

2

) = T race(N

T

B B

T

N ):

Applying these two equations to contact relationships,

we can derive functions which are describ ed by the fol-

lowing equations:

(1) F unction of Contact V elocity

" v elocity

1

=

1

m

2

c

1

T

N

T

W W

T

N 1; (10)

" v elocity

2

=

1

m

c

T race(N

T

W W

T

N ); (11)

(2) F unction of Passiv e Joint F orce/T orque

" passiv e

1

=

1

m

2

c

1

T

N

T

J J

T

N 1; (12)

" passiv e

2

=

1

m

c

T race(N

T

J J

T

N ); (13)

(3) F unction of Contact F orce

" f or ce

1

=

1

m

2

c

1

T

N

T

W

+T

W

+

N 1; (14)

" f or ce

2

=

1

m

c

T race(N

T

W

+T

W

+

N ); (15)

(4) F unction of Active Joint F orce/T orque

" activ e

1

=

1

m

2

c

1

T

N

T

J

+T

J

+

N 1; (16)

" activ e

2

=

1

m

c

T race(N

T

J

+T

J

+

N ); (17)

where m

c is the total num b er of virtual contact p oints.

591

If the functions " v elocity

1 and " v elocity

2 are minimized,

grasping is realized that contact velo city at each con-

tact p oint b ecome minimum when the ob ject is mov ed.

This means that it is di�cult to separate �ngers from an

ob ject. Then if there are enough contact p oints, ob ject

motion is constrained. This corresp onds to the \form

closure" without slip. If the functions " f or ce

1 and " f or ce

2

are minimized, grasping is realized that contact forces

b ecome minimum when external force is applied to the

ob ject. This means that grasp is robust against distur-

bances. Then if there are enough contact p oints, ob ject

motion is constrained. This corresp ond to the \force

closure" without friction. If the functions " passiv e

1 and

" passive

2 are minimized, grasping is realized that passive

join t torques are minimized when contact forces are ap-

plied to �ngers. If the functions " activ e

1 and " activ e

2 are

maximized, grasping is realized that joint torques applied

to the ob ject actively are maximized.

By combining these functions, the functions for desir-

able grasping is de�ned as:

F unction of Grasp Condition

" g r asp

= f (" f or ce

1

� " f or ce

2

; " passiv e

1

� " passiv e

2

;

" v elocity

1

� " v el ocity

2

; " activ e

1

� " activ e

2

); (18)

where function f() expresses the linear summation of each

elemen t or each inv erse element.

4.2 F unction of Contact Distance

W e ev aluate the contact distance on the virtual con-

tact p oints with the following function:

F unction of Contact Distance

" contact

=

1

2m

c l

T

M

l l ; (19)

where M

l

2 R m

c

�m

c

is a weigh t matrix. If complete

con tact is achiev ed on each virtual contact p oint, the

v alue of this function equals zero.

5 Grasping Algorithm

In this pap er we de�ne the \optimal grasping" as

the grasping pro cess, in which the ev aluation functions

ab out b oth the grasp condition " g r asp

and the contact

distance " contact

are minimized. In this section a plan-

ning algorithm for optimal grasping is prop osed. This

algorithm uses the ev aluation functions in Section 4. In

this algorithm p osition and shap e of hand is gradually

c hanged using sensor feedback.

5.1 Optimal Planning using Ev aluations

Assuming that the ob ject do es not mov e during grasp

motion, namely _ c = 0. Substituting this into Eqn. (6),

the equation of virtual contact is derived:

G _ q =

_

l ; (20)

where G = N

T

[J H ] 2 R m

c

�(m

�

+6)

, q = (�

T

; p

T

)

T

2

R m

�

+6

. W e call a vector q the \hand parameter", which

is a controllable parameter.

By using the generalized inv erse of G, the equation of

the hand parameter is derived:

_ q = G

+

_

l + (I � G

+

G) _x; (21)

where the �rst term is the particular solution and de-

p ends on the deriv ative of the contact distance. The

second term is the solution of G _ q = 0 and _ x is an arbi-

trary vector. Each contact distance is inv ariable during

motion by the second term.

W e adopt Eqn. (21) for planning grasp. By using

ev aluation functions " g r asp

and " contact

in Section 4, the

planning in each step is calculated as

q k +1

= q k

+ � k

� k

; (22)

� k

= � c

G

+

@ "

@ l contact

� g

(I � G

+

G)

@ "

@ q g r asp

= � c

m

c

G

+

M

l l � g

(I � G

+

G)

@ "

@ q g r asp

; (23)

where k is the num b er of step, � k

, c

and g

are a suit-

able scalar.

In Eqn. (22) we omit the calculation of

@ "

@ q g r asp

b e-

cause this has complex expression. This can b e calcu-

lated if ob ject parameters (normal vectors and curv a-

tures at contact p oints) are observed.

It should b e noticed that the �rst term is orthogonal

to the second term, so that the planning motion by " g r asp

is consistent with it by " contact

. Then planning grasp is

smo othly executed through b oth the non-contact phase

and the contact phase.

5.2 Comp ensation for Ob ject Motion

W e consider the case when a manipulated ob ject

is moving. The relation among the ob ject co ordinate

system C

o

, the palm co ordinate system C

p and the base

co ordinate system C

b is written as

T b

p

= T b

c

T c

p

; (24)

where T b

c

, T b

p and T c

p are resp ectively the homogeneous

transformation matrix from C

b to C

c

, one from C

b to C

p

and one from C

c to C

p

.

592

Figure 5: Comp ensation for Ob ject Motion

The constraint of comp ensation is that the matrix T c

p

is constant. Under this constraint the deriv ativ e of Eqn.

(24) is shown as

_

T b

p

=

_

T b

c

T c

p

: (25)

The homogeneous matrices

_

T b

p and

_

T b

c can b e resp ec-

tiv ely expressed by the palm wrench vector p and the

wrenc h vector of the center of gravit y c. This relation-

ship is shown as

_ p = V p

c

_ c: (26)

W e add this equation to Eqn. (23) to comp ensate for

ob ject motion as

q k +1

= q k

+ � k

� k

; (27)

� k

= � c

G

+

M

l l � g

(I � G

+

G)

@ "

@ q g r asp

+V q

c

�c; (28)

where V q

c

= [O

m

�

V p

c

T

]

T

.

5.3 Grasping of Virtual Ob ject Mo del

If a rob ot hand is far from a manipulated ob ject,

w e cannot use the prop osed metho d b ecause virtual con-

tact p oints do not exist. This problem is solved by con-

sidering the \virtual ob ject mo del" (Figure 6). In this

metho d, an ob ject mo del is virtually considered near a

hand and grasping motion is executed to this mo del. By

bringing the virtual mo del to the real ob ject while grasp-

ing the virtual mo del, grasping motion and approaching

motion can b e simultaneously executed.

Figure 6: Grasping of Virtual Ob ject Mo del

First the orbit and the velo city of the gravity center

c of the virtual ob ject mo del are determined. Then the

incremen t �c should b e substituted in Eqn. (27) instead

of the increment the motion of the real ob ject. If the real

ob ject is moving, the summation is substituted as

�c = �c r eal

+ �c v ir tual

; (29) where �c r eal

is the increment by the motion of the real

ob ject, �c v ir tual

is the increment by the motion of the

virtual ob ject.

Grasp motion from a remote place is executed by us-

ing this metho d. It is necessary to consider o cclusion

b etween �ngers and the ob ject, but this problem will b e

considered in future.

Figure 7: Grasping Algorithm

5.4 Sensor F usion for Grasping

T o use the prop osed planning metho d, it is necessary

to integrate visual and tactile information. W e adopt

the strategy that �rst we get global information ab out

the ob ject using vision and next we up date the lo cal

information using the tactile sensor.

W e assume that an ob ject wrench vector c can b e

calculated using visual information. If the mo del of the

ob ject is known, this can b e calculated by measuring

more than 3-p oints on the ob ject. Then we assume the

contact p oints vector r

k can b e calculated using tactile

information. Under this assumption, the pro cedure of

sensor data fusion is written as follows.

1. Before contact, c and r

k

, which is a p osition of a vir-

tual contact p oint, are calculated using visual infor-

mation. The homogeneous matrix T r

c is calculated

by using this two equations.

2. If �nger contacts the ob ject, r

k

, which is a p osition

of a contact p oint is observed using tactile informa-

tion. The homogeneous matrix T r

c is up dated using

this vectors.

593