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Abstract Virtual Reality technology provides a new methodology for human interface with realistic sensa-

tion. Recently, haptic interface has been intensively studied for providing a sense of touch. Moreover, high-

performance force- feedback displays also have been developed for realizing haptic interface with the virtual

environment. In this paper, we propose a novel approach to extraction of rheological properties of deformable

objects based on haptic vision approach, which was proposed for vision-based automatic construction of vir-

tual space simulator. Haptic vision is based on active sensing and realtime image understanding methodology,

which enables objects in the virtual space to behave, and change realistically with virtual force, and to be

operated with a sence of real touch through haptic interface devices. Experimental results showed the validify

and effectiveness of the proposed approach.
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�I�I{Iù]úIû¼­]çþý�k]mon RIS �xËÌ� �ÕÍ ^ Push I
J ÿaY ! nEÄ Å©Þ eQJ©Î ÔþÖ }©~ � �°^ ¥©¦ e�,©ð h
iI�]�oeQ��³3�qÉ�Ï�;?! n ����� ��H� I²xe�� ÿ Ô�ÖIº
ÿ¼n ¥�¦]^��xe ÿ �xµohqÞxe�JqÎÕÔ�Öxi¼�I�x�q�Iiq�þ�
^oj]köÿIm¼n��I§
	 ÿ F���

�"G�k��
�
������������������� �!
"
#�$ ÿ��&%  �'
( ��)+*,����-
. ÿ�/
0�12 ��3�4+576 �
8�9 ÿ�:
;
< �
= :
; 2�>�? 0
@
A���BCED�F '�( ��) � A�G�H�I�*J�K:�;
L > Top View ��BMON #O$OPOQR RS DOF '�( HRI �O= 5OB ÿ&� Top View

�RB MON S DOF 'O(OTOU (xt,yt,zt)
 

xt V yt W �O%�
X 
 CYDZF '[([T[U (xg,yg,zg)
 

xg V yg ÿ�\^][_�1` 
�a
1�B�1�� = ] N W ������b�c�d
H > �Ke�f V 1 �!
"
#�$ >�? 0
.ñÿ�eg]7�
e
h
i���-�j�� C7D
F '
( �k[l �[-[. V /[0 ÿ�mon � e[hZ. W�p[qZr @[s[tu]Y�
� �OvO VxwOy < ��=
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3.2
������� ë�� ����	

Step 1. 
 5 ÿ�� #[$R ���
���� �����O< � N��  
:
;�L�� :�; 2 �����
L�����< =���� � e�f #�$ � ? 0
@
AR��B���� ]E� Top View

 �S D�F '�( � � 8�! %  '�( � k�" eOhO. S � ý y < �O=
Step 2. #�$&%&')(�*�+ ÿ 8�� ? 0�A�GO��B  �,�' ÿ8 � �.-&/�57
 ��#
$� 0�.
.�.� �01 v02 y ÿ0�.�
< �N3� ÿ���45*�6�7�8�9�*�:[� S ÿ&/[0 ÿ[1 �[8 9 15;
L ( 
 5

 
Pos.Ps) < � 5x6 �O=

Step 3. Top View
 �S D
F�=�>  �'
(

Gtop ��) ��?
.�L Pc �&:O;OL V ]x�3#�$3%3'@(�*�+  Push AO3 ÿ8 * ? 0�BOA ÿ pOy�C�D  :O; 2 �&3O4�< �O=
Step 4. #�$&%�'@(3*E+0ÿ�F�Gg5x
 NO2 7.H�I�+@JK%L�M *�NR�&4O�O�O��:O; 2  ���O ������< �O=
Step 5. P�Q�R V 4�*�6�7�809�*�:���4O��� 3

D�F 

�� ���
���� ������< �O=


 5: :O;OL�S ! ����;OL  �T3U

3.3 V�WYX�Z3[�\�]�^�_�`Ea�b�a�c�d
3.3.1 egf3h�i�j�k�l�m�n�o�p�q

 6 r���4ts�#u65I #[$o 5��
u��� �5�u�^] N � 1)#O$�
[�  5v 5 V � 2) :[; 2 �  5��w �5�[< = 4gs�#

6�I #[$ W5x b�y�z�{ $ H I � VYw[y < � V �3
 6(a)
| (d)

 O8R9 r ��O ]x�3#�$�%3'@(3*�+  Push AO3�r8
��,�' ��} ' ��~&r 3 q  Phase r�� ` BE

� Phase� r 3 y�z���R�Q�I3�O��� y < � / V&W H3� �O=
Phase 1: tc-ts � > ���.� �.� �0��� �� H���
 6(b) [8o9 r���� �u
�� ���u��� ��
�� W5� r5� " = q �

*,� C1 � C2 � K1 W 3O4�< �O=
Phase 2: ts-te � > ��
 6(b)| (c)

 ��uO W5��� �Z=,�� �5���u] ��� p[y  K�[� 1  H[�����u� ��
u���� H >�� i�y�z  ���� 2 H > F r��3� 9 V < �O=�� N �
%�/KH � � ] N ��� 2 r 8 *��u� ��
��o 5� i�yuz W
� " =5� N � � i�y.z W � � r q 
 ��� 2 W��. .¡�¢ ]
�3£��&�RI ��¤ D�¥3�OW�¦�§ < � V 
 6(c)

 &�[� rO1
*,�5��� �.
�� V ���.� �.
�� W�q *©¨��
� � � < � 2v�ª�« < �O=O8 �&��� C1 � C2 � K1 W 3O4O< �O=
Phase 3: te r�¬ > ��­ 2 W�®�¯ 5Y
 �[ H�
 6(d) 
8�9 r0�.�.� �.
.�� � i.y.z W�°©±.² r0�g*,���.��.
�� > ��O ]�1�� = /  0³ �5�.�.� �.
.�� 0� i�y.z
W ��
 �0´�µ �
 H
� �.� > �. .¡�¢.¶ r �.O ]E��%  
¬ � 2 y < �O=O8 ���O� C1 � K1

 l W 3O4O< �O=


 6:
��
3·O 4gs3#�6�I�y�z  &�O�R ���w

¸
Phase

 �¹»º r�¼¾½ ] � � � i»¿   ��À y < � =
Phase 2, Phase 3 H l BY
 �5��� V 2  �� �¡�¢ ��O> 3O4O< ��� � i ¹ i  �Á�Â r 8 *g� y < �O=O8 �&�O�
%  5��O � ®�Ã < � / V r 8 * 1)Phase 2

 2  ¡�¢
�RB C1 � C2 � K1

 �Ä ¿R��Å M ]x� 2)Phase 3
 ����R 

¡�¢ ��B C1 � K1

 �Ä ¿R��Å M < �O= � N � �g* ��� >� i�y�z3r5Æ[s ]Y�O� � VgÇ � B �[ HO� 3) �^* ���
V Phase 2 H  2  5ª�«�È � B�73% L  �É�Ê �&4[� �
/ V r 8 * � i�¿   K1

 À y ��Ë 9 = r @  .Ä ¿ 8 *
3 y�z � � i��3R�Q�I3� C1 � C2 � K1 ��À y < �O=
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3.3.2
�����

3 �����	��
�j	�
����m����
Step 1: ��m������	���	� C1 � C2 � K1 ��� m�����0� ��%  �Ä ¿������g_ �.y W I ��= 4©s�#.60I #
$
r&eu]Y� ,�� 5Y6[�[� ���[� H 2  "!$# �5�[<&%"' �
�� �¡�¢ %
' V)(�* = 2 � S��1,+ 2 � S0 � ¦�§�¥��
� t� ª�« ] N V �  2 � F V < � V 2  
!�# > � (4)

H ? 5x
 � . S = S0e
−t
τ + F (4)

� N � τ
> !�# ¥���V-( a�
��K3�4g]E��� ��� i�¿  

� η � � i�¿   � G V < � V � (5) H y�. 5x
 �O=
τ =

η

G
(5)

­ 2 3�4 ·� 4�s3#�6�I #�$ > 
 6
 

ts-te � H ���
pOy  ��[� H[� � iuy�z  5�u� 2 H F r5� � V"/�¥ r
�.� �.
��� �� i�y.z W � " =�8 ����� 2  �!�# > 3 y
z.��R�Q0I�� C1 � C2 � K1 W 3
4g]E�
� � V©Ç ��BE
 � .

%  N�� � !,# ¥�� τ � 3 y�z���R�Q5I��[�&4[�[�,�U < � ��y W I �O=��� � 2.3.1
 

(1) � (2) ����B Fe ��0�1g] Zn �2� U
< � . /  V ���43.B������g]7���g* ��� W�p�y 1  H
d/dt|dn| = 0 V < � / V&W H3�&� D � W M Bx
 �O=

Żn = −
K1

C1 + C2

Zn +
K1L1

C1 + C2

(6)

8 ������I �25 � y�  a ����� � / V r 8 ��� Żn

>
(7) �  O8R9 r
� U H3� ��=

Żn = −
K1a

C1 + C2

e−
K1a

C1+C2 (7)

D r2� (2) r�6�7�< � / V H�� 2  �� �¡.¢ �.O � ?
< (8) � W M Bx
 � .

S =
aK1C2

C1 + C2

· e
−K1t

C1+C2 (8)

/�/�HO�8� (4) V � (8)
 ��  � ��� Á�9 < � / V r8 *,� !�# ¥3� τ � C1 � C2 � K1 H ? <�/ V&W H3� �O=

τ =
C1 + C2

K1

(9)

8 ���
� τ V 3 y�z���R.Q�I�� V  �Ä ¿�� W � U 5E
N
. q � *J� 2 W !:# ]7�
� �0� ����� (4) H&7�H %<; H
*:=&< � / V H !�# ¥3� τ ��À y H�� C1 � C2 � K1

 �Ä
¿ W nO� �O=

Step 2: p�>������	���	� C1 � K1 ��� m����
/�? r���­ 2A@ ¯.¬  0�.�� �!:# �0�
<A%�' v �. .¡

¢ %2' V-( a�

��%  �B G > ��� � λ�51�+ �.� r λ∞ �C�D�E � l
H V < � V � (10) H ? <3/ V&W H3� � .

λ = λ∞e
−t
γ + H (10)

N�F ]E� γ
>2G�H ¥���V-( a�
�� 3
4g]E��� ��� � i

��R�Q�I3��r�ÆOs ]E��� (11) H y�. 5x
 � .

γ =
η

G
(11)

�+* �.� > 
 6(e)
 
8�9 r0�.�.� ���.�� C1 � K1

 
l r2I�J�< �� H�� G�H ¥�� γ

>
(11) ����B (12) �  8R9 r Ç �RBx
 � .

γ =
C1

K1

(12)

8 �&�Z��­ 2 ®u¯�¬ � �u� W�¡$K ] �[� ��� �o�L�
(10) H&7 H % ; H *M=�< � / V H G:H ¥&� γ W À y H��
C1 � K1

 �Ä ¿ W nO� � .

Step 3: N�O�P�Q K1 m����
� * ��� >�� i�y�z3r�ÆOs ]x�O� � VgÇ �RB �O HO�2  0ª.«.È V �+* �.� ��B07 % L  0É.Ê ��4
� � / V r8 *�À y ��Ë 9 = (4) � 8 * 2  �ª�«�È F W À y H��&�

(10) � 8 *,� �g* ��� λ∞ ��À y H�� � .
8 ���O� 7&%L  �É�Ê ��4Z� � / V r 8 *)� (13)

8 * � i�¿   K1

��À y H3� �O=
F = K1λ∞ (13)

Step 4: R�N�O��	��
�jS� C1 � C2 � K1 m�T��
� (9), � (12), � (13)

 �Ä ¿R� BY� 3 y�z � � i��
R�Q�I3� C1 � C2 � K1 ��� y < �O=

4
UWV

4.1 XZYS[]\L^`_]a�ZZb�ced	f][	g

 7 ��<�(Sh2; H % LSi 6Aj0*:k�l2;Sm
��4���� � �

i ¹�º.T�U�n�o ��Ë�� N =)p�q:r #.$ % 'ts:uSv8w 4�I
� (RV-E2) � 2 x,y[4^] N = 1 x  #�$�%3'zs$u`v�w
4�I��[� Vision Robot V ]Y�	{5I	m  "|,} r > CKD~ r 4�*�6�7.8�93*�: (Cubic Scope) ����� r CCD P
Q�R W2� *-� ` B-�����g* ,

#
$�
O����������
����� 
;�� ¶ ����r�4�� ��= 4�*�6�7.8093*�: > Windows H
��� ]E���g*,�M��� =�> 1 ��I N * 1.16sec y�< ��= �N � v 9 p x  s,u`v�w34�I�� > Haptic Robot V ]Y�
(&*E+  �|�} r > ISHIDA

r� 
MG-6000 � H 6 �2� y�$�  #�I + M �$�,u�%3' WL� *�� ` B)�Z�u�u*J� |} r��,� ��� 2 (;�� ��� ) �S�"{
�3��9	m�r5���OH3���=

A/D ��*�J�I��  1 PS��*E'EI N * 0.4g
' V ]E�

50msec
 �
� H � *-� � � �O=

4.2 �e���	�
a"� (

C)�,�
)��4�s�#u65I #[$ �K4[�[� ��
$n,o �

Ë 9 = 4�s&#�6�I #�$� 2 �¡ > �4¢�£�¤ V-¥ � 3:1
 �'

� Á H:¦:§�¨�n�6�¨ � N v� H , ©:ª 

� >2« , ¬ ,
v 5

W 85mm � 60mm � 40mm
 0OA $ HRI � .

b n�o H > ��#�I + M �:��u %&'E� � * � ` N #�$ %
'­s�uAvMw 4©I&����@A��B ®+]-� ` � / V r 8 � �
��e
f #�$ � �.
 576 �
= #0I + M �:��u % ' V #
$� :
;
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� � > � � H�I �
= a�� V 4©s&#.60I #
$� 0�.
:n:o r
� ���
� �0� #0I + M �:��u % 'E��/
0.B�A�G.r�< � 5
6
�Ke
f #
$� .·��.� r�:�;+5E6 ��= D r��"7 2 ] N �� W��K� �0���&� H�/
0.B
A�G.r�®+]-� ` �
� 2 7 H I
+ J % L ��I&� W�p
y È r���j0¼+_ � H
��-
< �
= /��>�� #
$� ���� � ¡.¢ 576 � N�� H�I ��=5� N	� /  � �#�$� 0
��.�.O ���:� =.> H�
:I
< �
=���
 � 4©s&#
6�I #Z$ H >��O? 0�B[A G�r 10mm

�
15mm

 
2 )^* 0��� ����� � � N�� ¸�� 3�B C.D > #�$ % ' H�� y 5

���O� � C�D { � HRI � SP0( � 1.3mm/sec)
�

SP2( �
7.7mm/sec)

 
2 ) * ��� 4 )+*0r0�
�
� n�o �0Ë�� N .


 7:
p D�F ��
�
�� �2{2����9Sm � �Sk�l
;Sm�����


4.3 �e�����
4.3.1 ����m�N�O�P�Q����
� 1 | 2.5cm ®g] �  ���� ®g] N ���� .��� H ��� W

¡ ¢ < �
 ��� q = %  � �! 	" �  �:� =�> �0Å M ]N = 2 �.I�� V a��  0v 5  À.<��.
 8 | 10 r ��< = a
� >$# DOF  ���
 H I �O H � ­ 2 F V ­ 2 ARG�r �
� �5��� d ��4[�[��73% L  5É�Ê r 8 * ��� i�¿   E

��% �&N = F = Ed (14)
?

1 r5�[< 8 9 r � a"�  [8 9 1 # DZF  A G�r ]
� ��O ]�1�� #�$ 1�B�a �'& � W y
4g]7�
� � 2 7 H I
+ J % L0M *0N V 40*.6.7 8 9&*.:�H M B � � �.I&�:�
B©À y ] N�� i�¿   >�(�) 5% r � H ª����O= � N�� a
�  
r+* F r 8O� V yO4 ] N a
�  �,+- )R> ±10 HRI�  H � bAk:l�;Am W 2 y � q	. ��10À y�W H&� � / V
W�/+0 H3� �O=?

1: a
�  � i�¿    À y+1+2
À y È (kgf/mm) 3 È (kgf/mm)

(+)
(%)

a
� 1 0.38575 0.37 4.26

a
� 2 0.728684 0.76 4.12

a
� 3 1.174883 1.13 3.97

46587:9<;

=>;@? A<BDC


 8: Spring1

E6FHG:I<J
K>J@L M<NDO


 9: Spring2

P6Q8R:S>T
U>T@V W<XDY


 10: Spring3

4.3.2 egf3h�i�j�k�l�m�R�N�O�P�Q�m����
2 ) *  3 B C D H 10mm

� N�>
15mm ® ] B µ � % ��O�� ���� H ��� W�¡�¢ < �� �Z � q = %  ¬ , ­ 2Z ®�¯ ] . ��1 ¥�� ��� ] N = 2 V v 5  À�< Z 
 11

�
12 r5�O< = 2 ��I3�,�RB 2 W�¡�¢ < ��� � F ` Z � *U ] (4) ��r&��7�H�%-;3H�*,= ] N 1[2 Z 
 13

�
14 H

�Z< = /L? r � v 5��uI��$�oB ���\Z Å M ] � ­ 2&@
¯�¬ � ��� W�¡�K < ��� � F ` Z � * U ] (10) �3r&�
7 H % ;»H *M=�] N 1	2 Z 
 15

�
16 H.�
< = =.R.7�@ H

7 H % ;»H *:= r�� M B � N v  	Z�n '&r��.� ]7�
� �
=
7.H % ;&H *�=  1	2 ��B 3 y�z���R�Q0I�� Z � y < �N&� r �.y�1 !:# ¥&� τ

��G:H ¥&� γ
� �+* � � λ∞

��2
 �ª�«�È

F
Z Å M < �O= %  1+2 Z�? 2 r��O< .

?
2: À y+1+2

3�B C�D 3�B � τ γ λ∞ F

(mm/sec) (mm) (mm) (gf)

1.3 10 38.30 16.80 0.98 500.74

(SP0) 15 62.70 17.22 2.01 1138.6

7.7 10 37.35 17.64 1.27 642.15

(SP2) 15 36.93 21.37 0.63 824.5
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 11:
2 V v 5  À�< (sp0)


 12:
2 V v 5  À�< (sp2)

4.3.3 3 �����	��
�j	�
��� ���

r @  �uI�� Z 4[�[� 3 y�z�� R�Q5I�� Z À y ] N
1�2 Z�? 3 r��O< =?

3: 3 y�z���R�Q�I3��À y+1+2
3�B C�D 3�B � K1 C1 C2

(mm/sec) (mm) (gf/mm) (gf · s/mm) (gf · s/mm)

1.3 10 511.626 8594.42 11002.6

(SP0) 15 565.183 9732.28 25959.7

7.7 10 507.318 8948.79 9999.21

(SP2) 15 1304.54 27880.2 20299.8

nZ#Z$ � B ��
u¹�º � R�Q�I�� Z�T�U < ��� ¨ ���� �	� D \ ��
�� 1 ��O H È W +��o_ � n � N���
 !  �W ¨���a���� F V �&� � .
8 ��� � ? 3

8 *�À y ]N
C1

�
K1

 �È >
SP2 H�3�B � 15mm

Z }O�O�����R1
1 2�W M B � N / V�W n:� �
=�� � W0�K� N y�� V ]7�
¥3�  ¦�§^Vt� r�4�s #�65I #Z$  5¹ i W ��O ] N V
Ç �RB � ��=�� N+� C2 r q ��� l � V ® ]gB�µ � C�D
r Ä ¿ 1 _)3uB � W,/ � � ¨�r��[� È W M B)� � 1[2
V 1O� N =

4.3.4 3 ���������3egj����������� �!�"
D r�À y ] N 3 y�z��3R�Q�I3�  ����i Z�#�$ < �O=

% /�H � T&U 5 � N � � i��&R.Q0I&� Z&%�')( +)*&#.$
; H L l�*)+�,)-�c
d�.&r�� @ � ]E�
� � 3 y�zAk0/ w

10mm: S = 926.42 · e
−t

38.3039 + 500.7436

15mm: S = 1265.38 · e
−t

62.6963 + 1138.60


 13:
2 =�R�7��RB  21 À y (sp0)

10mm: S = 1540.88 · e
−t

37.3505 + 642.152

15mm: S = 2087.59 · e
−t

36.9331 + 824.475


 14:
2 =�R�7��RB  21 À y (sp2)

10mm: S = 0.9787 · e
−t

16.7983 + 7.4444

15mm: S = 2.0114 · e
−t

17.2197 + 11.732


 15:
��� =�R�7��RB  03 À y (sp0)

10mm: S = 1.2658 · e
−t

17.6394 + 8.4080

15mm: S = 0.6320 · e
−t

21.3716 + 12.063


 16:
��� =�R�7��RB  03 À y (sp2)
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4©ISk j * � �:�  7 2 È V ]7� � k0/ w 4�ISk j * �
�M�  ��� Z Ë � N = À y ] N 3 y z��&R.Q�I&� Z 7 2È V ] ��
 k�/�w 4©IAkAj * Z Ë�� � n.³� 4�s&#�60I#�$R ���
�
O� V Á�9 < � .


 17
>�� ­ 2S@ ¯�¬+. �R1 ¥3��W�¦�§ ] N V �  �

� =�> V k�/ w 4©IAk j * Á:9 H�I ��= �:� =�> > Á:9
] � <+_7< � N&� r =�>���� Z0, ����� �
=   È V ]7�ÁM9 < � N&� r n
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