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I��� �Oó�ÿÉûpý=ò\õ8ùXóNö óA�*ùX÷dý=÷dð �=ý�òXõ^ýA�Àüwð�ù 2 � ��óNò�ùXÿ ý�üwü¶ý�ö�ø�ü8ý�ò\ñ�ð)÷dõwÿÉð �jøÀð�ü^ý�þTù 0 üwõ8öÀð�ù
ú�óNö�öÀð�ú�÷Où�÷�ý=÷\ð �=ý�òXõ^ýA�Àüwð�ù �'ð�üwóNöÀñ3÷dó�÷dï�ð&ù\ý�ÿÉð�÷\ò\õ^ý=ü[7�
 �y2 � �Gõ8ö�ú�ò\ð�ý�ù\ð�ù�ô,ï�ð�öÉ÷\ïÀð,÷dõ8ÿ�ð��
øÀð�ü8ý�þ õ8ù�õwöÀú�òXð�ý�ùXð�ø*


�.õ8ñ�
���� � �Kûuð�ò\õwÿÉð�ö�÷dý�ü¶ùXð�÷ ��ûÌóA�*÷dïÀð3õwù\óNÿ�ð�÷\ò\õ8ú ��óNò\ú�ð"û�ò\óTø��Àú�÷\õ8óNö ð8�Kûuð�ò\õ8ÿ�ð�öZ÷�


�.õ8ñ�
=���U!Kú�ýG÷\÷dð�ò\ûÀüwó�÷�óA�.÷\ïÀð"ò\ð��yù\ú�ý�ü8ð�ø ù�÷�ý=÷\ð�ù)ø�ð�ù\ú�ò\õ��uð�ø �Zþ ÷dïÀð"ø�þTöpý�ÿ�õ8ú�ý�üêûpý�ò\ý�ÿ �
ð�÷\ð�ò\ù 1!� ý=öÀø 2 � ��ó��ÀöÀø�õ8ö ø�õ,�uð�ò\ð�öZ÷�÷\ò\õ8ý�ü8ùÈó��.õwù\óNÿ�ð�÷\ò\õ8ú ��óNò\ú�ð"û�ò\óTø��Àú�÷\õ8óNö.


�.õ8ñ�
 ��� �Oó�ÿÉûpý=ò\õ8ùXóNö óA�&ùX÷�ýG÷dð �=ý�ò\õ8ýA�Àü8ð�ùK2 � ��ó�òSøÀõ,�uð�òXð�öZ÷ ��óNò\ú�ð�üwð:��ð�ü8ùSó��)õwù\óNÿ�ð�÷$�
ò\õwú ��ó�ò\ú�ð�ûÀòXóKø���ú�÷dõwóNö 0 ü8õwöÀð�ù�ú�óNöÀöÀð�ú�÷�ùX÷�ýG÷dð ��ý=ò\õ^ý��Àü8ð�ù �uð�ü8óNöÀñ1÷dó1÷dï�ðÉù\ý�ÿÉð$÷dòXõ^ý�ü 7�

�y2 � ��õ8ö�ú�ò\ð�ý�ù\ð�ù�ô,ïÀð�ö�÷dïÀð ��óNòXú�ð3ü8ð��Nð�üêõwù�õ8öÀú�ò\ð�ý�ù\ð�ø*




τ1

2τ

b

unstable

stable

a

volume

pressure

T

T1

2

gas

fluid

� ­�ÊZÅêÖ�Å��*²Tªf¼j¯�¨�­�ª�Êf¬�ªf·3¼È´fµ.ª�«i­�·�¯d¸a¨Z¯k¹ºªk»f¯k¨ ¼j«j´N±�²�ªf¼i«i­�±3¼j»N¼j«j¯k· � ¹�¯�µ8«È½Tªf°Z¯k¹ �Eªf°�¨�ª�®�ªf°
¨Z¯�¬��1ªfªf¹�¼BÊ�ªf¼ � ¬�­�Ê�²=«
½Tªf°Z¯k¹ �XÅ



delay τ

target signal
feedback

� ­�ÊZÅGÜ�Å���Î�½À¯�¬�­º·�¯k°G«iªf¹N¼j¯�«iÂ�½3´fµK«i²�¯B«j¬�ªf±iÐN­�°ZÊ�«iªf¼iÐ)¯dÎN½À¯�¬�­�·�¯k°=«¶Ã�­�«i²�«i­�·3¯d¸a¨Z¯k¹�ªk»f¯k¨3®�­�¼�Â�ªf¹
µ8¯�¯k¨$	Tªf±�ÐKÅ



–1.4
–1.2

–1
–0.8
–0.6
–0.4
–0.2

0.2
0.4

b*

–0.4 –0.2 0.2 0.4 0.6 0.8 1

a*

� ­�ÊZÅÄÝ�Å'ØN±�ª�«j«j¯�¬i½T¹�´f«O´fµ «i²Z¯�¬i¯d¸a¼i±�ªf¹�¯k¨ ¼i«iª�«j¯k¼�Ê�­�®f¯k° ­�°É«j¯�¬�·3¼O´fµ*«i²�¯)½Kª�¬�ªf·�¯�«j¯�¬�¼�� � ªf°T¨
� � µw´�ÂT°�¨�­�° ¨T­¿¾�¯�¬�¯k°G«�«j¬�­�ªf¹º¼&´fµE«i²Z¯S«j¬�ªf±�Ð�­�°�Ê ¯dÎN½À¯�¬�­�·�¯k°=«�Å �*²�ªf¼i¯�«j¬Xªf°�¼i­�«i­�´�°�¹�­º°Z¯k¼&ª�¬�¯
±d´�·�½KÂZ«j¯k¨Sµ8¬i´�·��*Á�¼�Å � Ü&�Bªf°�¨ � Ý&�.µ8´f¬����©Ö�Å



b *

a *

τ0
cτ

cτ
stable

phase oscillations

slipping
phase

� ­�ÊZÅ�áZÅÀÆÇ¹�¹ºÂ�¼j«j¬�ª�«i­�´�°�´fµ�«aÃ.´�Ð�­º°�¨�¼E´fµ*­�°�¼j«iª*	K­�¹�­�«i­�¯k¼!«i²Tª�«È·"­�Ê�²G«O´N±�±�ÂZ¬�­�°$«j¬�ªf±�Ð�­º°ZÊ�«iªf¼jÐ�¼kÑ
½T²Tªf¼j¯3¼i¹�­�½T½T­�°ZÊ"­º°�¼j«iª*	T­�¹º­�«a» � Â�½�½À¯�¬9	K­�µ8Â�¬�±�ª�«i­�´�°�¹�­�°Z¯��Eªf°�¨�½K²�ªf¼j¯�´�¼i±�­�¹º¹�ª�«i­�´�°�­�°�¼j«iª*	K­�¹�­�«I»
� ¹�´�Ã ¯�¬ 	T­�µ^ÂZ¬�±�ª�«i­�´�°�¹�­º°Z¯��XÅ



–4

–3

–2

–1

0

b*

l hττ

� ­�ÊZÅÀà�Å(+.´�·�½Kª�¬�­�¼j´�°S´fµ�¼i«iª�«j¯&®�ª�¬�­�ª*	T¹�¯k¼ � � µ8´f¬E¼i·3ªf¹º¹Äªf°�¨�¹ºª�¬iÊf¯�«i­�·3¯d¸a¨Z¯k¹�ªk»N¼ � ¹�­�°Z¯k¼B±d´�°Z¸
°Z¯k±d«O¼j«iª�«j¯�®�ª�¬�­�ª*	K¹�¯k¼ 	À¯k¹�´�°ZÊ�«j´x«i²Z¯�¼iªf·�¯�«j¬�­�ªf¹ �XÅ�� � � �Z­º°�±d¬i¯kªf¼j¯k¼
ÃE²Z¯k°S«i²Z¯&«i­�·�¯d¸a¨Z¯k¹�ª�»S­�¼
­�°T±d¬i¯kªf¼j¯k¨pÅ



required force
feedback

forearm

force transducer

pad

� ­�ÊZÅ�%�Å��êÎN½À¯�¬�­�·�¯k°=«iªf¹À¼j¯�«iÂZ½$´fµ¶«i²Z¯,­º¼j´�·�¯�«j¬�­�±Èµ8´f¬�±d¯,½T¬i´�¨TÂ�±d«i­�´�°�¯dÎ�½À¯�¬�­º·�¯k°G«�Å



–1.4
–1.2

–1
–0.8
–0.6
–0.4
–0.2

0

0.2
0.4

b*

–1 –0.8 –0.4 0.2 0.4 0.6 0.8 1

a*

� ­�ÊZÅ Õ ÅZØN±�ª�«j«j¯�¬�½T¹�´f«*´fµp«i²�¯�¬i¯d¸a¼i±�ªf¹�¯k¨x¼j«iª�«j¯k¼!¨Z¯k¼�±d¬�­ 	À¯k¨ 	�»�«i²Z¯E¨Z»N°�ªf·3­º±�ªf¹Z½Tª�¬�ªf·�¯�«j¯�¬X¼ � �
ªf°�¨ � � µ8´�Â�°�¨S­º°S¨�­¿¾À¯�¬i¯k°G«
«j¬X­�ªf¹�¼!´fµ¶­�¼j´�·�¯�«j¬�­º±Èµw´f¬�±d¯�½�¬i´N¨�Â�±d«i­�´�°pÅ



–1

–0.8

–0.6

–0.4

–0.2

0

b*

0.2 0.4 0.6
f req

� ­�ÊZÅ Ô Å"+.´�·�½Tª�¬X­�¼j´�°É´fµ*¼j«iª�«j¯�®�ª�¬�­�ª*	T¹�¯k¼ � � µ8´f¬�¨�­¿¾À¯�¬i¯k°=«Eµ8´f¬�±d¯�¹�¯�®f¯k¹�¼O´fµ*­�¼i´�·�¯�«j¬�­�±&µw´f¬X±d¯
½�¬�´�¨�ÂT±d«i­�´�° � ¹º­�°Z¯k¼�±d´�°�°Z¯k±d«3¼j«iª�«j¯�®�ª�¬�­ºª*	T¹�¯k¼ 	�¯k¹�´�°ZÊ�«j´ «i²�¯$¼iªf·�¯�«j¬�­�ªf¹ �XÅ � � � �u­�°�±d¬i¯kªf¼i¯k¼
Ã�²�¯k°�«i²Z¯,µ8´f¬�±d¯�¹�¯�®f¯k¹Ä­º¼
­�°�±d¬i¯kªf¼j¯k¨ÄÅ


