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(a) Triangular column


(b) Rectangular column


(c) Hexagonal column


(d) Cylindrical column
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(c) Pattern-3 (Rolling based Grasp)

(d) Pattern-4 (Regrasping based Grasp)

(b) Pattern-2 (Sliding based Grasp)

(a) Pattern-1 (Direct Grasp)
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Cross section of column object
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Three-fingered hand Four-fingered hand Five-fingered hand

Extraction of

essential motions
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(b) Intermediate phase(a) Initial state (c) Goal state
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(b) Structure of experimental system

Finger 1

R5

25

40

25

Finger 2

DC servo
motor

Rotary
encoder

Wire

Tactile
sensor

Torque
    sensor

F
in

g
er

 2

F
in

g
er

 3

(a) Structure of a three-fingered robot hand
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(a) Enveloping phase (b) Object transfer phase
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(d) Enveloping(c) Lifting

(b) Object detection(a) Initial posture
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(d) Enveloping(c) Finger releasing

(b) After rolling(a) Before rolling

��� ����
2�# ��2$��2,�� � � 1*� 7�'*: +59��2- '*:��2�

h�;D:�-�@M;I)+8+;�/g:�-(8+*]8+?.;Jh�*�8+8+*�N O�"�)+83*�=7*�h(l+;�$�8���:�83h�;�$�*�ND;�@</(:�"]$�,.9�8<8+*g,.8+:�9�:�oI;28+?.; � � � & ���
��� � � ���Ccd-D@M,�$&?D"2$I"�@M;��	��� &�� �$'(�	�%�
& � �$'$� � &�� �$'(�3N]"I{2h�;3"�-D"�O.O.)+*�O.)+:A"�8+;3@M8+)&"�8+;I'�{}=�*�)_t�-�"�9�9�{
;I-(iX;I9�*�O.:�-.'<8+?.;7*�h(l+;�$�8I� � � &�� �$'(�	�%�
& � �$'$� ��&�� �$'(�2$I"�-Jh�;</(;�$�*�NDO�*X@M;�/}*�=�8MBC*3h�"�@M:A$#ND*�8+:�*�-�@
B#?.;I)+;D*�-.;]:A@38+?.;DND*�8+:�*�-~=�*�)2O.:A$&%(:�-.'g,.O�8+?.;D*�h(l+;�$�82h({~,�@M:�-.'r8MBC*]t�-.'�;I)&@}"�@}@M?.*�B#-
:�-
 �:�'.�54(���Ie�*d"�, �("�-�/28+?.;C*�8+?.;I)>*�-.;#:A@�8+?.;#)+;I'�)&"�@MO.:�-.'<ND*�8+:�*�-}"�@>@M?.*�B#-J:�-  �:�'.�54(���Ie�*�h ,�8+?.)+*�,.'�?



��
��"
�	�� �3��� ���
� �(��� � ������� F��

(f) Enveloping(e) Regrasping

(d) Swinging(c) Releasing two fingers

(b) Inserting the 3rd finger(a) Picking up
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(a) Initial posture (b) Pushing

(c) Rotating (d) Finger inserting
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Regrasping
with Rolling
(Without Rotating)

O K NG

OK NG

R e g r a s p i n g
b a s e d  g r a s p
(Without Rotating)

No

Yes

Object  within
the hand ?

Regrasping
based grasp

( W i t h  R o t a t i n g )

O K NG

Regrasping
with Rolling
( W i t h  R o t a t i n g )

O K NG

middlemiddleWf

W t

R o l l i n g
b a s e d  g r a s p

(Without Rotating)

OK NG

Yes

No

Wt<Wf

S l i d i n g
b a s e d  g r a s p
( W i t h  R o t a t i n g )

OK NG

OK NG

R o l l i n g
b a s e d  g r a s p
( W i t h  R o t a t i n g )

largelarge  or  smallsmall

D i r e c t
g r a s p

(Without Rotating)

O K N G

D i r e c t
g r a s p

( W i t h  R o t a t i n g )

OK NG

middlemiddle

OK NG

Sl id ing
based grasp
(Without Rotating)

I II III

Sens ing

Wt  &  Wf

s m a l ls m a l l

robotd <
fingerDp

rL

m i d d l em i d d l e
fingerDp

rL

l a r g el a r g e

1.0 robotd

Scale?

Start

Detection

Approach

?

robotd

Hobject
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Initial state Final statePicking up Regrasping

(a) Regrasping based grasp

Initial state Final stateRolling up

Detaching Assist Motion (DAM)

Slipping up

(b) Detaching Assist Motion
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(a) Relationship with friction angle
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(b) Relationship with size of object
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(a) Initial posture (b) Changing posture

(d) Enveloping(c) Slipping up
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(b-2) DAM

(b-1) Direct grasp

(a) Initial state
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(a) Initial adjustment motion (b) DAM (c) Enveloping grasp�
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(c-2) (c-3) (c-4)(c-1)

(c) Small object (drobot = 0.2)

(b-4)(b-3)(b-1) (b-2)

(b) Middle sized object (drobot = 0.4)

(a-3) (a-4)(a-1) (a-2)

(a) Large object (drobot = 1.1)
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(b) Rubber sheet
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