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Abstract 

7KLV� ZRUN� VWXGLHV� VRIW� URERWV� LQ� WKHLU� GLIIHUHQW� DSSOLFDWLRQV� ILHOGV�� 6RIW� URERWLFV� LV� D�
UHODWLYHO\� QHZ� ILHOG� RI� URERWLFV� FKDUDFWHUL]HG� DERYH� DOO� E\� WKH� XVH� RI� VRIW� PDWHULDOV� WKDW�
DOORZ� REWDLQLQJ�PRUH� IOH[LEOH� URERWV� WKDW� DGDSW� EHWWHU� WR� WKHLU� HQYLURQPHQW� DQG� LQWHUDFW�
PRUH� VDIHO\� ZLWK� SHRSOH�� 'HVSLWH� KDYLQJ�PDQ\� DGYDQWDJHV�� WKHLU� IOH[LELOLW\� DQG� VRIWQHVV�
PDNH� WKHP�PXFK�PRUH� FRPSOLFDWHG� WR�PRGHO� DQG� FRQWURO� WKDQ� FRQYHQWLRQDO� URERWV�� 7KLV�
ZRUN�EHJLQV�E\�RIIHULQJ�DQ�XSGDWHG� VWDWH� RI� WKH�DUW� RQ� VRIW� URERWV��SURSRVLQJ�D�GHILQLWLRQ�
DQG� GLYLGLQJ� WKHP� LQWR� IRXU� ODUJH� JURXSV�� ELR�LQVSLUHG�� PDQLSXODWRUV�� JULSSHUV�� DQG�
ZHDUDEOH�� 7KH� GLIIHUHQW� SURWRW\SHV� UHDOL]HG� DUH� SUHVHQWHG� IRU� HDFK� JURXS�� VKRZLQJ� WKH�
GHVLJQ�DQG�FRQWURO�XVHG�LQ�HDFK�FDVH��,Q�VRPH�FDVHV��WKH�XVH�RI�PRUH�FRQYHQWLRQDO�DFWXDWRUV�
DV�PRWRUV� LV�FRPSDUHG�ZLWK�RWKHUV�EHWWHU�DGDSWHG� WR�VRIW�SURWRW\SHV�VXFK�DV�60$��6KDSH�
0HPRU\�$OOR\���7KH�XVH�RI�WKH�60$�LV�DQ�DGGHG�FKDOOHQJH�LQ�WKH�DOUHDG\�FRPSOLFDWHG�ZRUOG�
RI�VRIW�URERWLFV�GXH�WR�LWV�GLIILFXOW�FRQWURO��

&RQFHUQLQJ�ELR�LQVSLUHG�URERWV��WKH�GHYHORSPHQWV�RI�D�VWDUILVK�DQG�D�MHOO\ILVK�DFWXDWHG�ZLWK�
60$� DQG� D� SUHOLPLQDU\� VWXG\� RQ� SODQWV� DUH� SUHVHQWHG�� &RQFHUQLQJ�PDQLSXODWLYH� URERWV��
WZR� SURWRW\SHV� DUH� SUHVHQWHG�� ERWK� FRQWLQXRXV� DQG� VRIW�� EXW� DFWXDWHG� LQ� RQH� FDVH� ZLWK�
PRWRUV� DQG� WKH� RWKHU�ZLWK� 60$� VSULQJV��5HJDUGLQJ� WKH� JULSSHUV�� WKH� FRPSDULVRQ� RI� IRXU�
GLIIHUHQW�VRIW�JULSSHU�VROXWLRQV�LV�SUHVHQWHG��EHLQJ�DEOH�WR�VHH�WKH�DGYDQWDJHV�DQG�GHIHFWV�RI�
HDFK�RQH�DQG�KDYH�FKRVHQ��LQ�WKLV�FDVH��SQHXPDWLF�DFWXDWRUV�DQG�PRWRUV��)LQDOO\��GLIIHUHQW�
SURWRW\SHV� DUH� GHYHORSHG� FRQFHUQLQJ� ZHDUDEOH� GHYLFHV� GLYLGHG� LQWR� KDSWLF� GHYLFHV� DQG�
H[RVNHOHWRQV�� ,Q� DOO� FDVHV�� WKHVH� DUH� JORYHV� ZKRVH� SXUSRVH� LV� WR� UHKDELOLWDWH� WKH� KDQG��
7KHUHIRUH��WKH�PDLQ�REMHFWLYH�LV�WR�SURSRVH�SURWRW\SHV�WKDW�DUH�OLJKW�DQG�DGDSW�EHWWHU�WR�WKH�
KDQG��DQG�FRQVHTXHQWO\��60$�KDV�EHHQ�XVHG�WR�DFWXDWH�WKHP��7KHVH�GHYLFHV�KDYH�DOVR�EHHQ�
LQWHJUDWHG�LQWR�YLUWXDO�UHDOLW\�HQYLURQPHQWV�LQ�VRPH�FDVHV��

,Q� VXPPDU\��GLIIHUHQW�GHVLJQV��DFWXDWRUV��PDQXIDFWXULQJ� V\VWHPV��PRGHOLQJ��DQG� FRQWUROV�
KDYH�EHHQ�DQDO\]HG�LQ�VRIW�URERWLFV��SURSRVLQJ�LPSURYHPHQWV�DQG�QHZ�GHVLJQV�LQ�GLIIHUHQW�
FDVHV��
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Resumen 

(VWH� WUDEDMR� HVWXGLD� ORV� URERWV� EODQGRV� HQ� VXV� GLIHUHQWHV� FDPSRV� GH� DSOLFDFLRQHV�� /D�
UREyWLFD� VRIW� HV� XQ� FDPSR� UHODWLYDPHQWH� QXHYR� GH� OD� UREyWLFD� TXH� HV� FDUDFWHUL]DGR� VREUH�
WRGR� SRU� HO� XVR� GH�PDWHULDOHV� EODQGRV� TXH� SHUPLWHQ� REWHQHU� URERWV�PiV� IOH[LEOHV�� TXH� VH�
DGDSWDQ�PHMRU� D� VX� HQWRUQR� \� TXH� LQWHUDFW~DQ� GH� IRUPD�PiV� VHJXUD� FRQ� ODV� SHUVRQDV��$�
SHVDU�GH�SUHVHQWDU�PXFKDV�YHQWDMDV��VX�SURSLD�IOH[LELOLGDG�\�FDSDFLGDG�GH�GHIRUPDUVH�DQWHV�
HVIXHU]RV�H[WHUQRV�KDFHQ�TXH� VX�PRGHODGR�\� FRQWURO� VHD� FRQVLGHUDEOHPHQWH�PiV� FRPSOHMR�
TXH�HQ�HO�FDVR�GH�ORV�URERWV�FRQYHQFLRQDOHV��(VWH�WUDEDMR�HPSLH]D�RIUHFLHQGR�XQ�DFWXDOL]DGR�
HVWDGR� GHO� DUWH� VREUH� ORV� URERWV� EODQGRV�� SURSRQLHQGR� XQD� GHILQLFLyQ� GH� ORV� PLVPRV� \�
VXEGLYLGLpQGRORV� HQ� FXDWUR� JUDQGHV� JUXSRV�� ELR�LQVSLUDGRV�� PDQLSXODGRUHV�� JULSSHUV�� \�
ZHUHDEOH��3DUD�FDGD�XQR�GH�HVWRV�JUXSRV�VH�SUHVHQWDQ�ORV�GLIHUHQWHV�SURWRWLSRV�UHDOL]DGRV��
SUHVHQWDQGR�HO�GLVHxR�\�HO�FRQWURO�HPSOHDGRV�HQ�FDGD�RFDVLyQ��(Q�DOJXQRV�FDVRV�VH�FRPSDUD�
HO�XVR�GH�DFWXDGRUHV�PiV�FRQYHQFLRQDOHV�FRPR�PRWRUHV��FRQ�RWURV�TXH�VH�DGDSWDQ�PHMRU�D�
ORV�SURWRWLSRV�EODQGRV�FRPR�ODV�60$��6KDSH�0HPRU\�$OOR\���(O�XVR�GH�ODV�60$�VXSRQH�XQ�
UHWR�DxDGLGR�HQ�HO�\D�FRPSOHMR�PXQGR�GH�OD�UREyWLFD�EODQGD�SRU�VX�FRPSOLFDGR�FRQWURO���

&RQ�UHVSHFWR�D�ORV�URERWV�ELR�LQVSLUDGRV�VH�SUHVHQWDQ�ORV�GHVDUUROORV�GH�XQD�HVWUHOOD�GH�PDU�
\�GH�XQD�PHGXVD�DFWXDGRV�FRQ�60$�\�XQ�HVWXGLR�SUHOLPLQDU�VREUH�SODQWDV�UREyWLFDV��&RQ�
UHVSHFWR� D� ORV� URERWV� PDQLSXODGRUHV� VH� SUHVHQWDQ� GRV� SURWRWLSRV�� DPERV� FRQWLQXRV� \�
EODQGRV�� SHUR� DFWXDGRV� HQ� XQ� FDVR� FRQ� PRWRUHV� \� HQ� HO� RWUR� FRQ� PXHOOHV� GH� 60$�� &RQ�
UHVSHFWR�D�ODV�JDUUDV�VH�SUHVHQWD�OD�FRPSDUDFLyQ�GH�FXDWUR�GLIHUHQWHV�VROXFLRQHV�GH�JDUUDV�
EODQGDV�� DQDOL]DQGR� ODV� YHQWDMDV� \� GHIHFWRV� GH� FDGD�XQD� \� KDELHQGR� HOHJLGR� HQ� HVWH� FDVR�
DFWXDGRUHV� QHXPiWLFRV� \�PRWRUHV�� 3RU� ~OWLPR�� FRQ� UHVSHFWR� D� ORV� GLVSRVLWLYRV� YHVWLEOHV� VH�
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)LJXUH�����6FKHPH�RI�WKH�PDLQ�PDWHULDOV�DQG�DFWXDWRUV�XVHG�LQ�VRIW�URERWLFV��������������������������
)LJXUH�����6FKHPH�RI�WKH�PRGHOLQJ�VWUDWHJLHV�IRU�VRIW�URERWV�����������������������������������������������������
)LJXUH�����6FKHPH�RI�WKH�FRQWURO�VWUDWHJLHV�IRU�VRIW�URERWV���������������������������������������������������������
)LJXUH�����6FKHPH�RI�WKH�XVHV�RI�0/�WHFKQLTXHV�LQ�VRIW�URERWLFV�����������������������������������������������
)LJXUH�����1XPEHU�RI�DUWLFOHV�UHODWHG�WR�´VKDSH�PHPRU\�DOOR\Vµ�LQ�WKH�ODVW����\HDUV��6RXUFH��
:HE�RI�6FLHQFH��$FFHVV�'DWH�������������������������������������������������������������������������������������������������
)LJXUH�����'LDJUDP�RI�WKH�WRS�ILIWHHQ�FRXQWULHV�IRU�SXEOLFDWLRQV�LQ�60$�����&KLQD�����86$��
���-DSDQ�����*HUPDQ\�����5XVVLD�����)UDQFH�����,QGLD�����6SDLQ�����,WOD\������6RXWK�.RUHD������
,UDQ������&DQDGD������(QJODQG������3RODQG������$XVWUDOLD����������������������������������������������������������
)LJXUH� ���� 0DLQ� FDWHJRULHV� RI� SXEOLFDWLRQV�� 6RXUFH�� :HE� RI� 6FLHQFH� �$FFHVV� 'DWH��
������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����&U\VWDO�VWUXFWXUH�RI�PDUWHQVLWH��D��DQG�DXVWHQLWH��E��>���@��������������������������������������
)LJXUH�����7UDQVIRUPDWLRQ�WHPSHUDWXUHV�LQ�VKDSH�PHPRU\�DOOR\V��>���@���������������������������������
)LJXUH� ���� 5HSUHVHQWDWLRQ� RI� WKH� WKHUPR�PHFKDQLFDO� EHKDYLRU� RI� DQ� 60$�� VKRZLQJ� WKH�
GHSHQGHQF\� DPRQJ� WHPSHUDWXUH�� 7�� VWUHVV�� ǔ�� DQG� VWUDLQ�� ǆ�� DQG� WKH� UHODWHG� FU\VWDO�
VWUXFWXUHV�>���@������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����)DWLJXH�EHKDYLRU�>���@������������������������������������������������������������������������������������������������
)LJXUH�����&RPSDULVRQ�RI�GLIIHUHQW�DFWXDWRUV�WHFKQRORJLHV�>���@�����������������������������������������������
)LJXUH� ���� $GDSWHG� IURP� >���@� 7KH� SRZHU�ZHLJKW� UDWLR� YHUVXV� WKH� ZHLJKW� RI� GLIIHUHQW�
DFWXDWLRQ�WHFKQRORJLHV�������������������������������������������������������������������������������������������������������������������
)LJXUH������2QH�ZD\�VKDSH�PHPRU\�HIIHFW�LQ�D�1LWLQRO�VSULQJ��������������������������������������������������
)LJXUH������%LDV�VSULQJ�FRQFHSW����������������������������������������������������������������������������������������������������
)LJXUH������$�ORDG�GHIOHFWLRQ�GLDJUDP�IRU�WKH�60$�VSULQJ�DQG�ELDV�VSULQJ�LQ�WKH�WZR�ZD\�
60$�DFWXDWRU�>���@������������������������������������������������������������������������������������������������������������������������
)LJXUH������*HRPHWULF�SDUDPHWHUV�RI�60$�VSULQJ����������������������������������������������������������������������
)LJXUH������1LWLQRO�ZLUH�FRQVWUDLQ�LQ�D�VFUHZ�ZLWK�WZR�QXWV�����������������������������������������������������
)LJXUH������$LU�IXUQDFH�XVHG���������������������������������������������������������������������������������������������������������
)LJXUH������0RGHO�RI�WKH�60$�VSULQJ��D�� WKH�JHRPHWULFDO�PRGHO�DQG�ERXQGDU\�FRQGLWLRQV��
�E��ILQLWH�HOHPHQW�PRGHO��62/,'����HOHPHQWV����������������������������������������������������������������������������
)LJXUH������'HIRUPHG�VKDSH�FRPSDUHG�ZLWK�XQGHIRUPHG�VKDSH���D��VSULQJ�DW�WKH�LQLWLDO�VWHS�
����E��GHIRUPHG�VSULQJ�DIWHU�VWHS�����F��WKH�VSULQJ�UHFRYHUV�LWV�VKDSH�DIWHU�KHDWLQJ������������������
)LJXUH������60$�VSULQJ�DQDO\VLV���D��WKH�IRUFH�DSSOLHG�IRU�HDFK�VWHS���E��WKHUPDO�FRQGLWLRQV�
DSSOLHG�IRU�HDFK�VWHS���F��WRWDO�GHIRUPDWLRQ����������������������������������������������������������������������������������
)LJXUH� ���� �D�� 7KH�PXOWLJDLW� VRIW� URERW� >��@� �E��7KH�606V� VWDUILVK� >���@� �F�� 6WDUILVK�ZLWK�
60$�VSULQJV�>���@�DQG��G��WKH�TXDGUXSHGDO�VWDUILVK�URERW�>���@�����������������������������������������������
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)LJXUH����� �D��%HOO�VKDSHG�PHFKDQLVP�WKDW�JHQHUDWHV�D�FRQWUDFWLRQ�� �E��-HOO\ILVK�DFWXDWHG�
E\�VSULQJ�UHWUDFWLRQ���F��-HOO\ILVK�DFW�SQHXPDWLFDOO\���G��-HOO\ILVK�FDSDEOH�RI�SHUIRUPLQJ�RQO\�
YHUWLFDO�PRYHPHQWV�XVLQJ�D�VKDSH�PHPRU\�DOOR\��60$�������������������������������������������������������������
)LJXUH�����)URP�WKH�VWDUILVK�WR�$VIRUE���D��)RUEHV�6HDVWDU���E��$VIRUE�XQGHUVLGH���F��$VIRUE�
WRSVLGH���������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����0ROG���D��&$'�PRGHO�RI�WKH�PROG���E��WKH��'�SULQWHG�PROG��������������������������������������
)LJXUH�����6FKHPH�RI�WKH�SULPDU\�HOHFWULFDO�FLUFXLW��������������������������������������������������������������������
)LJXUH�����7KH�HOHFWULF�FLUFXLW�IRU�WKH�ILYH�OLPEV��������������������������������������������������������������������������
)LJXUH�����7KH�ILQDO�FLUFXLW������������������������������������������������������������������������������������������������������������
)LJXUH�����'HWDLO�RI� WKH�FRQQHFWLRQ�EHWZHHQ�WKH�60$�DQG� WKH�FDEOH�� �D��7RSVLGH�YLHZ�� �E��
8QGHUVLGH�YLHZ�������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����*UDSK�RI�WKH�YDULDWLRQ�RI�WKH�FRQWUDFWLRQ�VSHHG�ZLWK�WKH�DPSHUDJH�VXSSOLHG�WR�D�
����PP�VSULQJ��������������������������������������������������������������������������������������������������������������������������������
)LJXUH������6FKHPH�RI�WKH�WZR�SRVVLEOH�DFWLYDWLRQ�PRGHV����������������������������������������������������������
)LJXUH������0RYHPHQW�SDWWHUQV�UHDOL]HG�E\�$IRUE�IURP�6WHS����D��WR�6WHS����I�������������������������
)LJXUH������'UDJ�PRYHPHQW���D��7KH�WZR�OLPEV�FRQWUDFW�DQG��E��GUDJ�WKH�ERG\�����������������������
)LJXUH������([SHULPHQW�ZLWK�FRQVWDQW�SXOVHV�����������������������������������������������������������������������������
)LJXUH������3:0�VLJQDOV�VHQG�WR�HDFK�OLPE�GXULQJ�D�F\FOH�LQ�WKH�FDVH�RI�FRQVWDQW�SXOVHV������
)LJXUH������3:0�VLJQDOV�VHQG�LQ�HDFK�VWHS�WR�HDFK�OLPE�DQG�WKHLU�UHSHWLWLRQ�GXULQJ�D�F\FOH
���������������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH������3:0�VLJQDOV�VHQG�LQ�HDFK�VWHS�WR�HDFK�OLPE�GXULQJ�D�F\FOH�����������������������������������
)LJXUH������*UDSK�7LPH�3RVLWLRQ�RI�WZR�GLIIHUHQW�H[SHULPHQWV�������������������������������������������������
)LJXUH������3:0�VLJQDOV�VHQW�WR�HDFK�OLPE�GXULQJ�D�F\FOH�LQ�WKH�FDVH�RI�SDLUHG�SXOVHV����������
)LJXUH������*UDSK�7LPH�3RVLWLRQ�RI�WKH�H[SHULPHQW�UHDOL]HG�ZLWK�SDLUHG�SXOVHV��������������������
)LJXUH������&KU\VDRUD�MHOO\ILVK�PRYHPHQW�F\FOH���D�E��FRUUHVSRQG�WR�WKH�VWDWH�RI�UHOD[DWLRQ��
DQG��F�G��FRUUHVSRQG�WR�WKH�UDSLG�FRQWUDFWLRQ�SKDVH��������������������������������������������������������������������
)LJXUH������&RPSXWHU�DVVLVWHG�GHVLJQ��&$'��PRGHO� LPSOHPHQWHG�LQ�6ROLGZRUNV�� �D��FURVV�
VHFWLRQ� RI� WKH� &$'�PRGHO�� �E�� 5RERWLF� MHOO\ILVK� LPSOHPHQWHG� LQVLGH� WKH� WHVW� SRRO�� �F�� �'�
SULQWHG�PROG���G��([WHQGHG�ERG\���������������������������������������������������������������������������������������������������
)LJXUH� ����� �D�� 0DQXIDFWXULQJ� RI� WKH� 60$V�� �E�� 'HWDLOHG� VHFWLRQ� RI� HQFDSVXODWHG� ODWHUDO�
60$������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH� ����� 6LPXODWLRQ� RI� WKH� MHOO\ILVK� ERG\� GLVSODFHPHQW� ZKHQ� WKH� FHQWUDO� 60$�
FRQWUDFWLRQ� LV� DSSOLHG�� �D�� EHIRUH� FRQWUDFWLRQ�� �E�� DIWHU� WKH� FHQWUDO� FRQWUDFWLRQ�� �F�� DIWHU�
ODWHUDO�FRQWUDFWLRQ��������������������������������������������������������������������������������������������������������������������������
)LJXUH������5HVSRQVHV�WR�SDUDPHWULF�PRGHOLQJ�WR�D�UHIHUHQFH���D��&RQWUDFWLRQ�RI�WKH�MHOO\ILVK�
EHOO���E��)RUFH�SURGXFHG�E\�WKH�60$���������������������������������������������������������������������������������������������
)LJXUH������'LDPHWHU�RI�WKH�MHOO\ILVK�EHOO�YDULDWLRQ�FRPSDULVRQ������������������������������������������������
)LJXUH� ����� 5HSUHVHQWDWLRQ� RI� IOXLG� GLVSODFHPHQW� GXULQJ� MHOO\ILVK� FRQWUDFWLRQ� XVLQJ� WKH�
6ROLGZRUNV�)ORZ� 6LPXODWLRQ� SOXJ�LQ�� �D�� YHUWLFDO� GLVSODFHPHQW³VSHHG� �P�V��� �E�� ODWHUDO�
GLVSODFHPHQW³VSHHG��P�V����F��YHUWLFDO�$FFHOHUDWLRQ��FP�V�����G��ODWHUDO�DFFHOHUDWLRQ��������������
)LJXUH������&RPSDULVRQ�RI�WKH�YROXPH�HMHFWHG��XVLQJ�&)'�DQG�WKH�DQDO\WLFDO�PRGHO�������������
)LJXUH������([SHULPHQWDO�DVVHPEO\�RI�WKH�V\VWHP�IRU�WKH�H[HFXWLRQ�RI�WHVWV����������������������������
)LJXUH������,QWHUIDFH�IRU�FRQWURO�DQG�FRQILJXUDWLRQ�LQ�0$7/$%�����������������������������������������������
)LJXUH������)X]]\�&RQWURO�ORRS��WZR�LQSXWV��DQG�WKUHH�RXWSXWV�������������������������������������������������
)LJXUH� ����� 7KH� WKUHH� ILJXUHV� VKRZ� WKH� MHOO\ILVK� RYHUODS� GXULQJ� WKH�PRYHPHQW� DORQJ� WKH�
HQWLUH� WUDMHFWRU\� DQG� WKH� FHQWUDO� SRLQW� RI� WKH� MHOO\ILVK� LQ� HDFK� PRPHQW�� 0RYHPHQWV�
GHYHORSHG�� �D��YHUWLFDO�GLVSODFHPHQWV�� �E�� ODWHUDO�GLVSODFHPHQWV�� �F�� WUDMHFWRU\�FRPSRVHG�RI�
VHYHUDO�SRLQWV���������������������������������������������������������������������������������������������������������������������������������
)LJXUH������([SHULPHQWDO�NLQHPDWLF�SDUDPHWHUV�EDVHG�RQ�YHUWLFDO�GLVSODFHPHQW���$��6KRZV�
WKH� �'� WUDYHOHG� WUDMHFWRU\�� �%�� 6KRZV� WKH� MHOO\ILVK� SRVLWLRQV� DORQJ� WKH� SDWK�� �&�� 6KRZV� [�
SRVLWLRQ���'��6KRZV�\�SRVLWLRQ���(��&RUUHVSRQGV�WR�[�VSHHG���)��6KRZV�\�VSHHG������������������������
)LJXUH� ����� ([SHULPHQWDO� NLQHPDWLF� SDUDPHWHUV� EDVHG� RQ� KRUL]RQWDO� GLVSODFHPHQW�� �$��
6KRZV� WKH� �'� WUDYHOHG� WUDMHFWRU\�� �%�� 6KRZV� WKH� MHOO\ILVK� SRVLWLRQV� DORQJ� WKH� SDWK�� �&��

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'



L[�

6KRZV�[�SRVLWLRQ���'��6KRZV�\�SRVLWLRQ���(��&RUUHVSRQGV�WR�[�VSHHG�DQG�UHG�UHFWDQJOHV�DUH�
WKH�HOHFWULFDO�SXOVHV�JLYHQ���)��VKRZV�\�DFFHOHUDWLRQ�������������������������������������������������������������������
)LJXUH� ����� 7KHUPDO� PDSV� JHQHUDWHG� IURP� WKH� WKHUPLF� PHDVXUHPHQWV� ZLWK� WKH� URERWLF�
MHOO\ILVK���D��PDS�ZLWK�D�WKHUPDO�IRFXV�RQ�WKH�XSSHU�FHQWUDO�SDUW���E��PDS�ZLWK�WZR�WKHUPDO�
EXOEV�LQ�WKH�XSSHU�FRUQHUV�������������������������������������������������������������������������������������������������������������
)LJXUH� ����� �&ROXPQ� $�� &RPSDULVRQ� RI� PRYHPHQWV� DQG� YDULDEOHV� RI� URERWLF� MHOO\ILVK�
GHYHORSHG�� FRPSDUHG� WR� MHOO\ILVK� VSHFLHV�� �&ROXPQ� %�>���@� 6DUVLD� VS��� �&ROXPQ� &��
3URERVFLGDFW\OD�IODYLFLUUDWD���&ROXPQ�'��0LWURFRPD�FHOOXODULD�������������������������������������������������
)LJXUH������&RPSDULVRQ�RI�PRYHPHQWV�DQG�YDULDEOHV�RI�URERWLF�MHOO\ILVK�GHYHORSHG����������������
)LJXUH������7HQGULO�OLNH�VLIW�URERW�DEOH�WR�FOLPE�>���@�����������������������������������������������������������������
)LJXUH������)LUVW�GHVLJQ�SURSRVDO��7KH�EODFN�SDUWV�UHSUHVHQW�WKH�IXQFWLRQDO�PDWHULDO��ZKLOH�
WKH�JUHHQ�RQH�WKH�LQDFWLYH�VWUXFWXUH��,Q��D���WKH�IXQFWLRQDO�PDWHULDO�LV�SHUSHQGLFXODU�WR�WKH�
VWUXFWXUH��ZKLOH��E��LV�LQFOLQHG����������������������������������������������������������������������������������������������������
)LJXUH������'HVLJQ�EDVHG�RQ�RULJDPL��7KH�LQFRPSOHWH�FXWV�UHSUHVHQW�ZHDNQHVV�DORQJ�ZKLFK�
IROG�WKH�VWUXFWXUH���������������������������������������������������������������������������������������������������������������������������
)LJXUH������)LQDO�SURSRVDO�GHVLJQ������������������������������������������������������������������������������������������������
)LJXUH�����(OHSKDQW·V�WUXQN�E\�+DQQDQ�DQG�:DONHU�>���@��������������������������������������������������������
)LJXUH������D��7HQGULO��PDGH�E\�1$6$�WR�SHUIRUP�PLQLPDOO\�LQYDVLYH�WDVNV�LQ�VSDFH�>���@��
�E��(7�$50��DFWXDWHG�E\�DUWLILFLDO�PXVFOHV�>���@������������������������������������������������������������������������
)LJXUH�����5RERW�ZLWK����'R)�IRU�LQVSHFWLRQ�DQG�UHSDUDWLRQ�WDVNV�LQ�ZLQG�WXUELQHV�>���@�����
)LJXUH�����$LU�2FWRU��D�FRQWLQXRXV�PDQLSXODWRU�URERW�ZLWK�PXOWLSOH�VHFWLRQV�>��@������������������
)LJXUH�����2FWDUP�9��D�VRIW�URERW�LQVSLUHG�LQ�DQ�RFWRSXV�WHQWDFOH�>�@����������������������������������������
)LJXUH�����%LRQLF�+DQGOLQJ�$VVLVWDQW��%+$��LV�D�SQHXPDWLF�VRIW�URERW�ZLWK�KLJK�GH[WHULW\�
PDGH�E\�)HVWR�>��@�������������������������������������������������������������������������������������������������������������������������
)LJXUH� ���� �D�� 6RIW� URERW� LQVSLUHG� LQ� D� WHQWDFOH� >���@�� �E�� &RQWLQXRXV� DQG� VRIW� K\SHU�
UHGXQGDQW�URERW�FRPSRVHG�E\�D�EUDLGHG�FRYHU�DQG�DFWXDWHG�E\�60$V�>��@������������������������������
)LJXUH� ���� �D�� 0HFKDQLFDO� PRGHO� RI� WKH� VRIW� PDQLSXODWRU� .\PD�� FRPSRVHG� E\� IRXU�
HTXLVSDFHG�PRGXOHV�DFWXDWHG�E\� WHQGRQV�� �E��'HWDLO� VHFWLRQ�RI�RQH�PRGXOH��'LPHQVLRQV� LQ�
FHQWLPHWUHV�������������������������������������������������������������������������������������������������������������������������������������
)LJXUH������D��7KH�VRIW�EHOORZ�XVHG�WR�UHDOL]H�.\PD·V�VWUXFWXUH���E��7KH�&$'�EHOORZ�PRGHO�
XVHG�LQ�ODWHU�VLPXODWLRQV�DQG�PHFKDQLFDO�GHVLJQ������������������������������������������������������������������������
)LJXUH�������D��&$'�PRGHO�RI�WKH�ULQJ�FRQQHFWLRQ��E��'HWDLO�RI�WKH�FRQQHFWLRQ�EHWZHHQ�WZR�
EHOORZV��������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH�������D��)LUVW�GHVLJQ�RI�GLVFV��E��7KH�ILQDO�GHVLJQ�RI�GLVFV�����������������������������������������������
)LJXUH�������D��&XVWRP�GHVLJQHG�SXOOH\��E��7KH�DVVHPEO\�EHWZHHQ�WKH�SXOOH\�DQG�WKH�PRWRU�
�F��3XOOH\V�DVVHPEOHG�LQ�.\PD�VWUXFWXUH�������������������������������������������������������������������������������������
)LJXUH������'LIIHUHQW�FRQILJXUDWLRQV�WR�GLVWULEXWH�WKH�FDEOHV�LQ�D�VLQJOH�PRGXOH��7KH�VDPH�
FRORU�GRWV�UHSUHVHQW�WKH�PRYHPHQW�RI�D�PRWRU�DQG�D�FDEOH�LQ�WZR�GLUHFWLRQV��WKH�EODFN�D[LV�
UHSUHVHQWV� LQGHSHQGHQW� DFWXDWLRQ� URWDWLRQV�� DQG� WKH� RUDQJH�RQH� WKH� FRPELQDWLRQ� RI� DOO� RI�
WKHP������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH������7KH�DFWXDWLRQ�ER[�ZLWK�WKH����VWHSSHU�PRWRUV�GLYLGHG�LQ�WZR�OHYHOV���������������������
)LJXUH������)UDPHZRUN�RI�.\PD�PRGHOLQJ����������������������������������������������������������������������������������
)LJXUH� ����� �D�� )XOO�RUGHU� GHIRUPDWLRQ�PHVK�ZLWK� ������� WHWUDKHGUD�� LQIHDVLEOH� IRU� UHDO�
WLPH�DSSOLFDWLRQV�� �E��7KH�KHXULVWLF�PHWKRG�DGDSWV�D�PRGHO�ZLWK������HOHPHQWV� WR�PDWFK�
WKH� UHDO� URERW� EHKDYLRU�� �F�� 7KH� 0RGHO� 2UGHU� 5HGXFWLRQ� GHFUHDVHV� WKH� QXPEHU� RI� VWDWH�
YDULDEOHV�RI�WKH�PRGHO�WR������ZKLOH�UHWDLQLQJ�LWV�RULJLQDO�FKDUDFWHULVWLFV�������������������������������
)LJXUH������7KH�PXOWL�PRGHO�UHSUHVHQWDWLRQ�LQ�62)$���������������������������������������������������������������
)LJXUH������$FWXDWLRQ�V\VWHP�EDVHG�RQ�WKUHH�WHQGRQV�SHU�VHFWLRQ���D��1RW�DFWXDWHG���E��VLGH�
YLHZ�RI�WKH�OHIW�WHQGRQ�GLVSODFHPHQW�DQG��F��PXOWLSOH�WHQGRQ�GLVSODFHPHQW����������������������������
)LJXUH������7UDQVPLVVLRQ�V\VWHP�EDVHG�RQ��D��WHQGRQV�ZLWKRXW�JXLGDQFH�DQG��E��WKH�VDPH�
V\VWHP�UHVWULFWHG�WR�WKH�URERW�PRUSKRORJ\�����������������������������������������������������������������������������������
)LJXUH������'LIIHUHQFH�EHWZHHQ��D��WKH�UHDO�URERW�EHKDYLRU�ZLWK�SK\VLFDO�UHVWULFWLRQV���E��WKH�
XQGHVLUHG� PRGHO� ZLWKRXW� VHOI�FROOLVLRQ� UHVWULFWLRQV�� DQG� �F�� WKH� VLPSOLILHG� FROOLVLRQ� PRGHO�
EDVHG�RQ�WZR�GLIIHUHQW�VXEVHWV������������������������������������������������������������������������������������������������������
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)LJXUH������)URQW�DQG�SHUVSHFWLYH�YLHZ�RI�WKH�.\PD�PRGHO�LQWHUDFWLQJ�ZLWK�LWV�VXSSRUWLQJ�
VWUXFWXUH�LQ�D�]HUR�JUDYLW\�HQYLURQPHQW�DQG�ZLWK�DQ�REMHFW������������������������������������������������������ 
)LJXUH������7KUHH�RI�D�WRWDO�RI�WZHOYH�LQIUDUHG�VHQVLWLYH�SDVVLYH�PDUNHUV�XVHG�E\�WKH�PRWLRQ�
FDSWXUH�V\VWHP�WR�REWDLQ�WKH�URERW�SRVH��������������������������������������������������������������������������������������� 
)LJXUH������&RPSDULVRQ�RI�D�VLQJOH� WHVW�RI� WKH�UHDO�URERW� �OHIW��YHUVXV� WKH�REWDLQHG�PRGHO�
�ULJKW����������������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH� �����5HDO� URERW�ZRUNVSDFH� UHSUHVHQWDWLRQ� IRU� ���� LWHUDWLRQV� DQG� YDOLGDWLRQ� RI� WKH�
)(0�PRGHO�� 7KH� DEVROXWH� HUURU� LV� FRPSDUHG� WR� WKH�PD[LPXP�(XFOLGHDQ� GLVWDQFH� RI� WKH�
URERW�IURP�D�QRQ�DFWXDWHG�SRVH����������������������������������������������������������������������������������������������������� 
)LJXUH������%LODWHUDO�VFKHPH�IRU�WKH�URERW�WHOHRSHUDWLRQ����������������������������������������������������������� 
)LJXUH������.\PD�������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������&RQYHQWLRQDO�LQWHUIDFH���������������������������������������������������������������������������������������������� 
)LJXUH������,PPHUVLYH�LQWHUIDFH��������������������������������������������������������������������������������������������������� 
)LJXUH������&RQWUROOHU�VWUDWHJ\���������������������������������������������������������������������������������������������������� 
)LJXUH������0DVWHU�VODYH��������������������������������������������������������������������������������������������������������������� 
)LJXUH������/RFDO�JHVWXUHV�VWUDWHJLHV������������������������������������������������������������������������������������������� 
)LJXUH������5HPRWH�JHVWXUH�VWUDWHJLHV����������������������������������������������������������������������������������������� 
)LJXUH������9RLFH�FRPPDQGV�VWUDWHJ\������������������������������������������������������������������������������������������ 
)LJXUH������+\EULG�DSSURDFK�RI�JHVWXUHV�DQG�YRLFH�UHFRJQLWLRQ������������������������������������������������� 
)LJXUH������5HVXOWV�IRU�WKH�KXPDQ�URERW�LQWHUIDFHV�WHVW���D��(IILFLHQF\�LQ�WHUPV�RI�SUHFLVLRQ�
DQG� WLPH�� �E�� VLWXDWLRQDO� DZDUHQHVV�� �F�� VXEMHFWLYH� YLVXDO� IHHGEDFN�� DQG� �G�� VXEMHFWLYH�
SUHIHUHQFH�������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH� �����5HVXOWV� IRU� WKH� LQWHUDFWLRQ�WRROV� WHVW�� �D��(IILFLHQF\� LQ� WHUPV� RI� SUHFLVLRQ� DQG�
VSHHG�� �E�� ZRUNORDG�� �F�� VXEMHFWLYH� SUHIHUHQFH�� �G�� VXEMHFWLYH� LPSRUWDQFH� RI� YDULDEOHV� LQ�
ZRUNORDG���H��VXEMHFWLYH�DQG�REMHFWLYH�SHUIRUPDQFH�FRPSDULVRQ��DQG��I��SUHYLRXV�H[SHULHQFH�
LQIOXHQFH�LQ�SHUIRUPDQFH�������������������������������������������������������������������������������������������������������������� 
)LJXUH������ �3UHYLRXV�H[SHULHQFH� LQIOXHQFH�HIILFLHQF\�ERWK� IRU� WKH�KXPDQ²URERW� LQWHUIDFHV�
DQG�WKH�LQWHUDFWLRQ�WRROV�H[SHULPHQWV����������������������������������������������������������������������������������������� 
)LJXUH������5XᐻQ��������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������60$�VSULQJV�GLVSRVDO����������������������������������������������������������������������������������������������� 
)LJXUH������0RWLRQ�RI�UDQJH�RI�D�VHJPHQW����������������������������������������������������������������������������������� 
)LJXUH������0RWLRQ�UDQJH�RI�WKUHH�VHJPHQWV������������������������������������������������������������������������������ 
)LJXUH������'LVFV��������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������'LVF�ZLWK�PDJQHWV�DQG�VWRSV��D��&$'�PRGHO��E��5HDO�GLVF������������������������������������ 
)LJXUH������5RG�DQG�GLVF�VWUXFWXUH���������������������������������������������������������������������������������������������� 
)LJXUH������7KH�VLOLFRQH�VHJPHQW������������������������������������������������������������������������������������������������ 
)LJXUH������3RZHU�FDEOHV�FRQQHFWLRQ������������������������������������������������������������������������������������������� 
)LJXUH������6SULQJV�PDQXIDFWXUH������������������������������������������������������������������������������������������������ 
)LJXUH������7HVWV�VHJPHQW�OHQJWK������������������������������������������������������������������������������������������������ 
)LJXUH�������D��FRQWUROOHG�EHQGLQJ�RI�WKH�VHJPHQW�E��$SSHDUDQFH�RI�IROGV�DW�WKH�EDVH�RI�WKH�
VHJPHQW��F��)XOO\�EHQW�VHJPHQW�ZLWK�IROGV���������������������������������������������������������������������������������� 
)LJXUH������(OHFWULF�FLUFXLW����������������������������������������������������������������������������������������������������������� 
)LJXUH������9LVLRQ�V\VWHP�VHWXS�������������������������������������������������������������������������������������������������� 
)LJXUH������7HVWV�������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������)ROGV�LQ�WKH�VLOLFRQ�ERG\�GXULQJ�DFWXDWLRQ�������������������������������������������������������������� 
)LJXUH������)UHH�HQG�SRVLWLRQV����������������������������������������������������������������������������������������������������� 
)LJXUH������)LUVW�HQG�VHJPHQW�SRVLWLRQV������������������������������������������������������������������������������������� 
)LJXUH������8VHU�LQWHUIDFH������������������������������������������������������������������������������������������������������������ 
)LJXUH�������D��8VHU�DQG��E��GHYHORSPHQW�PHQXV����������������������������������������������������������������������� 
)LJXUH������0DSSLQJV�LQ�FRQVWDQW�FXUYDWXUH�NLQHPDWLFV�>���@������������������������������������������������� 
)LJXUH������.LQHPDWLF�PRGHOLQJ�XVLQJ�3&&�DSSURDFK�������������������������������������������������������������� 
)LJXUH������+\SRWKHWLFDO�ULJLG�OLQN�PRGHO�RI�D�IOH[LEOH�URERW�>���@������������������������������������������� 
)LJXUH�������'HVLJQ�DQG�NLQHPDWLF�PRGHOLQJ�IUDPHZRUN�IRU�VRIW�URERWLF�V\VWHPV������������������� 
)LJXUH������6LPSOLILHG�GHVLJQ�RI�WKH�GLVFV����������������������������������������������������������������������������������� 
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)LJXUH������6LPSOLILHG�VHFWLRQ�RI�WKH�ERG\����������������������������������������������������������������������������������
)LJXUH������7HQGRQV�LQVLGH�WKH�ERG\�������������������������������������������������������������������������������������������
)LJXUH������6HJPHQW�VLPXODWLRQ�ZLWK�IROGV��������������������������������������������������������������������������������
)LJXUH������'HVLUHG�EHKDYLRU�RI�WHQGRQV�������������������������������������������������������������������������������������
)LJXUH������7HQGRQV�SHQHWUDWLRQ�������������������������������������������������������������������������������������������������
)LJXUH� ����� 2Q� WKH� OHIW� ERXQGDU\� FRQGLWLRQ� LQ� VLPXODWLRQ�� 2Q� WKH� ULJKW�� MRLQWV� DQG�
GLVSODFHPHQWV�LQ�WKH�WKUHDGV�������������������������������������������������������������������������������������������������������
)LJXUH������'HIRUPDWLRQ�RI�WKH�VRIW�ERG\�RI�WKH�URERW�XQGHU�WKH�DFWLRQ�RI�WKH�WKUHDGV�����������
)LJXUH������3DWKV�RI�GHIRUPHG�QRGHV������������������������������������������������������������������������������������������
)LJXUH�����3QHXPDWLF�V\VWHP��D��&RQQHFWLRQ�GLDJUDP��E��:LULQJ�GLDJUDP�FRQWURO��6LJQDOV����
���DQG���DUH�WKH�FDEOHV�WKH�FRQQHFW�WR�WKH�85��IRU�FRQWURO���������������������������������������������������������
)LJXUH� ���� )LUVW� JULSSHU�� �D�� &$'� PRGHO�� �E�� *ULSSHU� GXULQJ� WKH� RSHUDWLRQ�� �F�� )LQJHUV�
IOH[HG���G��DQG�)LQJHUV�LQ�H[WHQVLRQ���������������������������������������������������������������������������������������������
)LJXUH� ����0ROG� IRU�PDQXIDFWXULQJ� VLOLFRQH� ILQJHUV�� �D��0ROG� IRU� LQQHU� VLGH�� �E��0ROG� IRU�
RXWHU�VLGH���F��0DOH�PROG���G��7KH�DVVHPEOHG�PROG���������������������������������������������������������������������
)LJXUH�����6HFRQG�JULSSHU���D��&$'�PRGHO�RI�WKH�JULSSHU���E��*ULSSHU�GXULQJ�WKH�RSHUDWLRQ�
��������������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����:LULQJ�GLDJUDP�RI�WKH�HOHFWURPHFKDQLFDO�V\VWHP����������������������������������������������������
)LJXUH�����7KLUG�JULSSHU���D��&$'�PRGHO�RI�WKH�JULSSHU���E��5HDO�*ULSSHU�������������������������������
)LJXUH�����)RXUWK�JULSSHU���D��&$'�PRGHO�RI�WKH�JULSSHU���E��*ULSSHU�GXULQJ�WKH�RSHUDWLRQ�
��������������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH�����7HVW�H[HFXWLRQ��WKH�JULSSHU�SLFNV�XS�RQH�RI�WKH�WZHOYH�REMHFWV�LQ�D�SUHGHWHUPLQHG�
SRVLWLRQ�DQG�SODFH�LW�LQ�WKH�GHVLUHG�ORFDWLRQ��������������������������������������������������������������������������������
)LJXUH� ���� 6HOHFWLRQ� RI� REMHFWV� IRU� H[SHULPHQWDWLRQ� ZLWK� LWV� LGHQWLILFDWLRQ� QXPEHU�� �D��
7HQQLV�EDOO������E��6FUHHQ�&OHDQHU������F��9DVHOLQH�&RQWDLQHU������G��0HWDOOLF�&RQWDLQHU�����
�H� 1XW������I��5RFN������J��7RPDWR������K��(JJ������L��*OXH�6WLFN������O��'LVK�6SRQJH�������P�
%URFFROL������DQG��Q��&DQG\�%R[�����������������������������������������������������������������������������������������������
)LJXUH������7HVW�H[HFXWLRQ�ZLWK�*ULSSHU����D�E���*ULSSHU����F�G���*ULSSHU����H�I���*ULSSHU���
�J�K�������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH������6XPPDU\�RI�WHVW�UHVXOWV�IRU�WKH�IRXU�JULSSHUV�LQ�WKH�WKUHH�HQYLURQPHQWV�����������
)LJXUH������*UDSKLFV�FRPSDULVRQ�EHWZHHQ��D��*ULSSHU���DQG�*ULSSHU����$V�FDQ�EH�VHHQ�IURP�
WKH�JUDSK��WKH�WZR�JULSSHUV�JHQHUDOO\�KDYH�VLPLODU�SHUIRUPDQFHV���E��*ULSSHU���DQG�*ULSSHU�
�� 7KHVH� DUH� WKH� WZR� JULSSHUV� ZLWK� WKH� ZRUVW� SHUIRUPDQFHV�� DQG� HDFK� RQH� SURYHG� WR� EH
VXLWDEOH� RQO\� IRU� D� VSHFLILF� W\SH� RI� REMHFW�� �F��*UDSKLF� FRPSDULVRQ� EHWZHHQ�*ULSSHU� �� DQG
*ULSSHU��� �WKH� WZR�SQHXPDWLF�JULSSHUV���$V�FDQ�EH�VHHQ� IURP�WKH�JUDSK��*ULSSHU���ZRUNV
VLJQLILFDQWO\�EHWWHU�WKDQ�*ULSSHU�����G��*UDSKLF�FRPSDULVRQ�EHWZHHQ�*ULSSHU���DQG�*ULSSHU
���WKH�WZR�PHFKDQLF�JULSSHUV���$V�FDQ�EH�VHHQ�IURP�WKH�JUDSK��*ULSSHU���ZRUNV�VLJQLILFDQWO\
EHWWHU�WKDQ�*ULSSHU����������������������������������������������������������������������������������������������������������������������
)LJXUH������D��>���@��E��>���@��F��>���@��G��>���@��H��>���@��I��>���@����������������������������������������������
)LJXUH�����7KH�WZR�SULQFLSDO�SDUWV�RI�WKH�KDSWLF�JORYH���D��*ORYH�PDGH�RI�HODVWLF�IDEULF���E��
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7DEOH�����9DOLGDWLRQ�UHVXOWV�RI�WKH�)(0�0RGHO�IRU�����UDQGRP�SRVH�LWHUDWLRQV����������������������� 
7DEOH�����7HQGRQV�GLVSODFHPHQWV��&RQILJXUDWLRQ�$������������������������������������������������������������������� 
7DEOH�����$OO�SRVVLEOH�DFWLYDWLRQ�FRPELQDWLRQV��������������������������������������������������������������������������� 
7DEOH� ���� &RPSDULVRQ� RI� WKH� GLVSODFHPHQW� UDQJHV� EHWZHHQ� WKH� VHFRQG� VHJPHQW� RI� WKH�
IOH[LEOH�URERW�DQG�WKH�VLPXODWLRQ������������������������������������������������������������������������������������������������� 
7DEOH�����7RWDO�GLVSODFHPHQW�RI�WKH�IUHH�HQG�RI�WKH�URERW���������������������������������������������������������� 
7DEOH�����&RPSDULVRQ�RI�QHXUDO�QHWZRUN�UHVXOWV�IRU�WKH�ILUVW�VHJPHQW������������������������������������ 
7DEOH������&RPSDULVRQ�RI�QHXUDO�QHWZRUN�UHVXOWV�IRU�WKH�VHFRQG�VHJPHQW������������������������������ 
7DEOH�����6HOHFWLRQ�RI�REMHFWV�IRU�H[SHULPHQWDWLRQ��(DFK�REMHFW�KDV�EHHQ�DVVLJQHG�D�QXPEHU�
WR� IDFLOLWDWH� WKH� VXEVHTXHQW� GLVSOD\� RI� UHVXOWV� �ILUVW� FROXPQ��� 7KH� ´'LPHQVLRQVµ� FROXPQ�
VKRZV�WKH�VLJQLILFDQW�GLPHQVLRQV�RI�HDFK�REMHFW��DQG�WKH�´:HLJKWµ�FROXPQ�VKRZV�WKH�ZHLJKW�

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'



[Y�

RI�WKH�REMHFWV�XVHG�LQ�WKH�H[SHULPHQWV��,Q�WKH�ODVW�FROXPQ��´5HOHYDQW�$VSHFWV�µ�WKH�DVSHFWV�
WKDW�GLIIHUHQWLDWH�HDFK�REMHFW�IURP�WKH�RWKHUV�DUH�KLJKOLJKWHG�������������������������������������������������� 
7DEOH�����([SHULPHQWV�ZLWK�*ULSSHU����2Q�WKH�OHIW��WKH�WDEOH�ZLWK�D�VXFFHVV�UDWH�IRU�HYHU\�
REMHFW��LQ�WKH�ODVW�FROXPQ��WKH�DYHUDJH�IRU�HYHU\�REMHFW�LV�FDOFXODWHG��DQG�DW�WKH�HQG�RI�WKH�
WDEOH�� WKH� DYHUDJH� VXFFHVV� UDWH� IRU� HYHU\� HQYLURQPHQW� LV� GHWHUPLQHG�� 2Q� WKH� ULJKW�� WKH�
JUDSKLF�UHSUHVHQWDWLRQ�RI�7DEOH���LV�UHSRUWHG����������������������������������������������������������������������������� 
7DEOH�����([SHULPHQWV�ZLWK�*ULSSHU����2Q�WKH�OHIW��WKH�WDEOH�ZLWK�WKH�VXFFHVV�UDWH�IRU�HYHU\�
REMHFW��LQ�WKH�ODVW�FROXPQ��WKH�DYHUDJH�IRU�HYHU\�REMHFW�LV�FDOFXODWHG��DQG�DW�WKH�HQG�RI�WKH�
WDEOH�� WKH� DYHUDJH� VXFFHVV� UDWH� IRU� HYHU\� HQYLURQPHQW� LV� GHWHUPLQHG�� 2Q� WKH� ULJKW�� WKH�
JUDSKLF�UHSUHVHQWDWLRQ�RI�7DEOH���LV�UHSRUWHG����������������������������������������������������������������������������� 
7DEOH�����([SHULPHQWV�ZLWK�*ULSSHU����2Q�WKH�OHIW��WKH�WDEOH�ZLWK�WKH�VXFFHVV�UDWH�IRU�HYHU\�
REMHFW��LQ�WKH�ODVW�FROXPQ��WKH�DYHUDJH�IRU�HYHU\�REMHFW�LV�FDOFXODWHG��DQG�DW�WKH�HQG�RI�WKH�
WDEOH�� WKH� DYHUDJH� VXFFHVV� UDWH� IRU� HYHU\� HQYLURQPHQW� LV� GHWHUPLQHG�� 2Q� WKH� ULJKW�� WKH�
JUDSKLF�UHSUHVHQWDWLRQ�RI�7DEOH���LV�UHSRUWHG����������������������������������������������������������������������������� 
7DEOH�����([SHULPHQWV�ZLWK�*ULSSHU����2Q�WKH�OHIW��WKH�WDEOH�ZLWK�WKH�VXFFHVV�UDWH�IRU�HYHU\�
REMHFW��LQ�WKH�ODVW�FROXPQ��WKH�DYHUDJH�IRU�HYHU\�REMHFW�LV�FDOFXODWHG��DQG�DW�WKH�HQG�RI�WKH�
WDEOH�� WKH� DYHUDJH� VXFFHVV� UDWH� IRU� HYHU\� HQYLURQPHQW� LV� GHWHUPLQHG�� 2Q� WKH� ULJKW�� WKH�
JUDSKLF�UHSUHVHQWDWLRQ�RI�7DEOH���LV�UHSRUWHG����������������������������������������������������������������������������� 
7DEOH�����5HVXOWV�RI�TXHVWLRQV�DERXW�JHQHUDO�DVSHFWV�LQ�D�VFDOH�RI���WR�����ZKHUH��� �ZRUVW��
��� �EHVW���������������������������������������������������������������������������������������������������������������������������������������� 
7DEOH�����5HVXOWV�RI�WHVWV�������������������������������������������������������������������������������������������������������������� 
7DEOH�����6LPXODWLRQ�YDOXHV��������������������������������������������������������������������������������������������������������� 
7DEOH�����'LPHQVLRQV�RI�LQGH[�ILQJHU�EDUV���������������������������������������������������������������������������������� 
7DEOH�����'LPHQVLRQV�RI�PLGGOH�ILQJHU�EDUV�������������������������������������������������������������������������������� 
7DEOH�����6FRUH�3LDQR�*DPH��������������������������������������������������������������������������������������������������������� 
7DEOH�����6FRUH�$LUSODQH�*DPH���������������������������������������������������������������������������������������������������� 
7DEOH�����5HVXOWV�FRQFHUQLQJ�JHQHUDO�DVSHFWV����/RZ�����+LJK������������������������������������������������ 
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Acronyms 
�'��'��'� 7ZR�7KUHH�)RXU�'LPHQVLRQDO�
�33� ��SKRWRQ�SRO\PHUL]DWLRQ
$%6� $FU\ORQLWULOH�EXWDGLHQH�VW\UHQH
$0� $GGLWLYH�0DQXIDFWXULQJ
$11� $UWLILFLDO�1HXUDO�1HWZRUN�
$5� $XJPHQWHG�5HDOLW\�
%+$� %LRQLF�+DQGOLQJ�$VVLVWDQW�
&$'� &RPSXWHU�$LGHG�'HVLJQ�
&$(� &RPSXWHU�DLGHG�HQJLQHHULQJ�
&)'� &RPSXWDWLRQDO�)OXLG�'\QDPLFV�
&/,3� &RQWLQXRXV�/LTXLG�,QWHUIDFH�3URGXFWLRQ�
&11� &RQYROXWLRQDO�QHXUDO�QHWZRUN�
'($� 'LHOHFWULF�(ODVWRPHU�$FWXDWRUV�
')7� 'HQVLW\�)XQFWLRQDO�7KHRU\�
',:� 'LUHFW�,QN�:ULWLQJ�
'/3� GLJLWDO�OLJKW�SURFHVVLQJ�
'R)� 'HJUHHV�RI�)UHHGRP�
($3� (OHFWURDFWLYH�3RO\PHUV�
(0*� (OHFWURP\RJUDSK\�
(50� (OHFWUR�UKHRORJLFDO�PDWHULDO�
)'0�)))� )XVHG�'HSRVLWLRQ�0RGHOLQJ�
)($� )LQLWH�(OHPHQW�$QDO\VLV�
)(0� )LQLWH�(OHPHQW�0HWKRG�
))� )HHGIRUZDUG�QHXUDO�QHWZRUN�
))$� )OH[LEOH�IOXLGLF�DFWXDWRUV�
+0'� +HDG�0RXQWHG�'LVSOD\�
,&3)� &RQGXFWLYH�LRQLF�SRO\PHU�ILOP�
,08� ,QHUWLDO�0HDVXUHPHQW�8QLW�
,30&� ������,RQLF�SRO\PHU�PHWDO�FRPSRXQGV�
N11� N�1HDUHVW�1HLJKERUV
/&(� /LTXLG�&U\VWDO�(ODVWRPHUV
/0� /HDS�0RWLRQ
0'� 0ROHFXODU�'\QDPLFV
0,6� 0LQLPDOO\�,QYDVLYH�6XUJHU\
0-�0-0� 0DWHULDO�,QMHFWLRQ�
0/� 0DFKLQH�/HDUQLQJ�
025� 0RGHO�2UGHU�5HGXFWLRQ�
050� 0DJQHWR�UKHRORJLFDO�PDWHULDO�
1L7L� 1LWLQRO�
2'(� 2UGLQDU\�'LIIHUHQWLDO�(TXDWLRQV�
3$0� 3QHXPDWLF�$UWLILFLDO�0XVFOH�
3%)� 3RZGHU�%HG�)XVLRQ�
3&%� 3ULQWHG�FLUFXLW�ERDUG�
3&&� 3LHFHZLVH�&RQVWDQW�&XUYDWXUH�
3'06� � � � 3RO\GLPHWK\OVLOR[DQH�
3(7*� � � 3RO\HWK\OHQH�WHUHSKWKDODWH�JO\FRO�
3,'� 3URSRUWLRQDO�,QWHJUDO�'HULYDWLYH�
3/$� 3RO\ODFWLF�DFLG�
32'� 3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ�
39&� 3RO\YLQ\O�&KORULGH�
3:0� ������3XOVH�ZLWK�0RGXODWLRQ�
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511� 5HFXUUHQW�1HXUDO�1HWZRUN�
6'0� 6KDSH�GHSRVLWLRQ�PRGHOLQJ�
6'0� 6KDSH�PRGHOLQJ�
V(0*� � � � 6XSHUILFLDO�HOHFWURP\RJUDSK\�
6/$� 6WHUHROLWKRJUDSK\�
6/6� 6HOHFWLYH�/DVHU�6LQWHULQJ�
60$� 6KDSH�0HPRU\�$OOR\�
603� 6KDSH�PHPRU\�SRO\PHUV�
606� 6PDUW�0RGXODU�6WUXFWXUH�
62)$� � � � 6LPXODWLRQ�2SHQ�)UDPHZRUN�$UFKLWHFWXUH�
690� 6XSSRUW�YHFWRU�PDFKLQH�
7&7� 7DVN�FRPSOHWLRQ�WLPH�
73(� 7KHUPRSODVWLF�(ODVWRPHUV�
738� 7KHUPRSODVWLF�SRO\XUHWKDQH�
8+0Z3(� 8OWUD�+LJK�0ROHFXODU�:HLJKW�3RO\HWK\OHQH�
95� 9LUWXDO�5HDOLW\�
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��Sometimes I lie awake at night, and I ask,�
µ:KHUH�KDYH�,�JRQH�ZURQJ"µ�

Then a voice says to me, 
µ7KLV�LV�JRLQJ�WR�WDNH�PRUH�WKDQ�RQH�QLJKW." 

&KDUOHV�0��6FKXO]�

7KLV� FKDSWHU� LQWURGXFHV� WKH� SUHVHQW� ZRUN� SURYLGLQJ� LQIRUPDWLRQ� DERXW� WKH� EDFNJURXQG�
FRQFHSWV�WR�XQGHUVWDQG�LWV�FRQWH[W�DQG�PRWLYDWLRQ��IROORZHG�E\�WKH�SXUVXHG�REMHFWLYHV�DQG�D�
EULHI�RUJDQL]DWLRQ�RI�WKH�UHVW�RI�WKH�FKDSWHUV�RI�WKLV�WKHVLV��

1. Introduction
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1.1 Background and motivation 
7KH� ILUVW� XVHV� RI� PRGHUQ� URERWV� ZHUH� LQ� IDFWRULHV� DV� LQGXVWULDO� URERWV�� 7KHVH� URERWV� DUH�
GHVLJQHG�WR�FDUU\�RXW�KHDY\�WDVNV�DQG�UHSODFH�PDQ��RIWHQ�LQ�GDQJHURXV�HQYLURQPHQWV��7KH\�
UHDOL]H�WDVNV�TXLFNO\��SUHFLVHO\��DQG�HIILFLHQWO\��ZLWK�D�KLJK�UHSHDWDELOLW\�UDWH��+RZHYHU��GXH�
WR� WKHLU� FRQVLGHUDEOH�GLPHQVLRQV�DQG�ZHLJKWV�� WKH\�XVXDOO\�RSHUDWH�ZLWKLQ� WKH� OLPLWV�RI�D�
FDJH� RU� RWKHU� HQFORVXUH�� EHLQJ� SRWHQWLDOO\� GDQJHURXV� ZKHQ� LQWHUDFWLQJ� ZLWK� KXPDQV��
0RUHRYHU��WKH\�RQO\�FDQ�ZRUN�LQ�FRQWUROOHG�HQYLURQPHQWV�DQG�FDQQRW�DGDSW� WKHLU�VKDSH�WR�
WKH�REMHFWV�WKH\�LQWHUDFW�ZLWK��

+HQFH��WKH�QHHG�IRU�URERWV�FDSDEOH�RI�LQWHUDFWLQJ�ZLWK�WKH�ZRUOG�DURXQG�WKHP�LQ�D�QHZ�ZD\�
WR� DSSO\� URERWV� LQ� RWKHU� ILHOGV� DQG� WDVNV� ZKHUH� KXPDQ� FRQWDFW�� DGDSWDELOLW\�� DQG� VDIH�
LQWHUDFWLRQV�DUH�WKH�PRVW�GHVLUHG�FKDUDFWHULVWLFV���

6RIW�URERWV�RZH�WKHLU�QDPH�EHFDXVH�WKH\�DUH�PDLQO\�FRPSRVHG�RI�LQWULQVLFDOO\�IOH[LEOH�DQG�
UHPDUNDEO\�VWUHWFKDEOH�VRIW�PDWHULDOV�FDSDEOH�RI�HDVLO\�DGDSWLQJ�WKHLU�FRQIRUPDWLRQ�WR�WKH�
HQYLURQPHQW� WKH\� LQWHUDFW� ZLWK�� 7KLV� FKDUDFWHULVWLF� DOORZV� WKHP� WR� IXQFWLRQ� LQ� OHVV�
VWUXFWXUHG�HQYLURQPHQWV�DQG�EH� OHVV�GDQJHURXV�IRU�SHRSOH�ZKR�XVH�WKHP��,W�LV�DOVR�RQH�RI�
WKH�PDLQ�UHDVRQV�WKDW�KDYH�DOORZHG�VRIW�URERWLFV�WR�EH�HVSHFLDOO\�LQWHUHVWLQJ�LQ�PHGLFLQH�WR�
GHYHORS�GHYLFHV�WKDW�GLUHFWO\�LQWHUDFW�ZLWK�SDWLHQWV��

7KH� SURFHVV� WKDW� EURXJKW� WKH� VRIW� URERWV� WR� WKHLU� FXUUHQW� QRWRULHW\� ZDV� TXLWH� JUDGXDO��
DOWKRXJK�VRPH�SURWRW\SHV�FDQ�EH�IRXQG�LQ�WKH�ODWH�����V�DQG�HDUO\�����V�>���@��,W�ZLOO�QRW�EH�
XQWLO������ZKHQ�WKH�ZRUGV��VRIW�URERW��DQG�´VRIW�URERWLFV��ZLOO�EHJLQ�WR�EH�XVHG�TXLWH�ZLGHO\��
VHHLQJ�LQ�WKH�IROORZLQJ�\HDUV��DQG�HVSHFLDOO\�IURP�������D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�QXPEHU�
RI�SXEOLFDWLRQV�UHODWHG�WR�WKLV�WHUP��DV�FDQ�EH�VHHQ�LQ�)LJXUH������7KLV�QXPEHU�ZLOO�LQFUHDVH�
GXH�WR�WKH�QHZ�WHFKQRORJLHV�DQG�PDWHULDOV�GHYHORSHG�LQ�WKH�FRPLQJ�\HDUV���

Figure 1.1  1XPEHU�RI�DUWLFOHV�UHODWHG�WR�´VRIW�URERWLFVµ�RU�´VRIW�URERWVµ�LQ�WKH�ODVW����\HDUV��6RXUFH��:HE�
of Science (Access Date: 03/08/2021). 

$V�LW� LV�SRVVLEOH�WR�VHH� LQ�)LJXUH������ WKLV�UHVHDUFK�ILHOG� LV�FRQVLGHUHG�TXLWH� LQWHUHVWLQJ�E\�
WKH�SULQFLSDO�HFRQRPLHV�LQ�WKH�ZRUOG��7KH�GLDJUDP�VKRZV�WKH�WRS�WHQ�FRXQWULHV�ZLWK�WKHLU�
UHVSHFWLYH�UHVHDUFK�FHQWHUV��7KH�WRS�WHQ�FRXQWULHV�SURGXFH�PRUH�WKDQ�����RI�VRIW�URERWLFV�
SXEOLFDWLRQV���

,Q�>�@��LW�LV�SRVVLEOH�WR�ILQG�DQ�LQWHUHVWLQJ�UHYLHZ�DERXW�VRIW�URERWLFV·�GHYHORSPHQW�IURP�WKH�
SRLQW�RI�YLHZ�RI�VFLHQWLILF�SXEOLFDWLRQV���

7KH�VWXG\�RI�VRIW�URERWV�ZDV�LQLWLDOO\�GHYHORSHG�PDLQO\�LQVSLUHG�E\�QDWXUH��0DQ\�DQLPDOV�
�HVSHFLDOO\�LQVHFWV�DQG�LQYHUWHEUDWHV��FDQ�UHDOL]H�YDULRXV�PRYHPHQWV��VZLPPLQJ��ZDONLQJ��
FOLPELQJ�� MXPSLQJ�� DQG� JUDVS� REMHFWV� ZLWK� UHOHYDQW� IRUFHV�� GHVSLWH� QRW� KDYLQJ� D� ERQH�
VWUXFWXUH�DQG�EHLQJ�FRPSRVHG�FKLHIO\�RI�VRIW�WLVVXHV��7KDW� LV�ZK\�DPRQJ�WKH�SURWRW\SHV�RI�
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VRIW� URERWV�� LW� LV� SRVVLEOH� WR� ILQG� PDQ\� H[DPSOHV� RI� ELR�LQVSLUHG� URERWV� H[SORUHG� LQ� WKH�
IROORZLQJ� FKDSWHU��2WKHU� DGYDQWDJHV� WKDW� VRIW� URERWV� WHQG� WR�KDYH� RYHU� WUDGLWLRQDO� URERWV�
DUH�OLJKWQHVV��VLPSOLFLW\�RI�FRQVWUXFWLRQ��DQG�ORZ�FRVW��'HVSLWH�SUHVHQWLQJ�VR�PDQ\�EHQHILWV��
WKHUH�DUH�VWLOO�PDQ\�XQVROYHG�SUREOHPV�UHJDUGLQJ�LWV�FRQWURO�DQG�PRGHOLQJ��7KH�IOH[LELOLW\�RI�
WKH� PDWHULDOV� WKDW� SURYLGH� VR� PDQ\� FDSDFLWLHV� DOVR� UHSUHVHQWV� D� FKDOOHQJH� LQ� PRGHOLQJ��
VLPXODWLRQ��DQG�FRQWURO��2Q�WKH�RWKHU�KDQG��LW�LV�FKDOOHQJLQJ�WR�LPLWDWH�QDWXUH��DQG�WKHUH�LV�
VWLOO� PXFK� WR� VWXG\� LQ� WHUPV� RI� PDWHULDOV�� DFWXDWRUV�� DQG� VHQVRUV�� ,Q� WKLV� VHQVH�� UDSLG�
SURWRW\SLQJ�WHFKQRORJLHV�SOD\�D�FUXFLDO�UROH�LQ�WKHLU�PDQXIDFWXUH��

Figure 1.2 Diagram of the top ten countries for publications in soft robotics and the top 20 research 
center. In the case of Germany and Canada, there are no research centers in the top 20. In the case of 

France, it appears at 11th position, and the Centre National de la Recherche Scientifique (CNRS) 
appears at 13th position in the top 20. 

7KLV�WKHVLV�KDV�EHHQ�GHYHORSHG�ZLWKLQ�WKLV�JOREDO�FRQWH[W��DQG�LW�LV�LQWHQGHG�WR�FRQWULEXWH�WR�
WKH�GHYHORSPHQW�RI�VRIW�GHYLFHV�WKDW�FDQ�EH�DSSOLHG�LQ�UHDO�WDVNV��1RZDGD\V��WKH�PDMRULW\�RI�
WKHP�DUH�UHDOL]HG�IRU�UHVHDUFK�SXUSRVHV�DQG�DUH�QRW�IDEULFDWHG�RU�HPSOR\HG�DV�FRQYHQWLRQDO�
URERWV�� EHLQJ� UHOHJDWHG� WR� XQLYHUVLWLHV� DQG� UHVHDUFK� FHQWHUV�� +RZHYHU�� VRIW� URERWV� FRXOG�
EHFRPH� WKH� VROXWLRQ� WR� PDQ\� WDVNV� WKDW� FRQYHQWLRQDO� URERWV� FDQQRW� UHDOL]H� VDIHO\� DQG�
HIILFLHQWO\�LQ�WKH�QHDU�IXWXUH���
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1.2 Objectives 
7KH�SXUVXHG�JRDOV�LQ�WKLV�WKHVLV�DUH�RUJDQL]HG�DV�IROORZV��

x 7KLV� ZRUN� DLPV� WR� VWXG\� VRIW� URERWLFV� IURP� D� JHQHUDOL]DEOH� SHUVSHFWLYH�� 7KXV�� D
FRPSOHWH� VWDWH�RI�WKH�DUW� LV� SUHVHQWHG� WR� FRQILJXUH� DQ� RXWORRN� RI� WKH� SUREOHPDWLFV
WKDW�KLQGHU�WKH�GHYHORSPHQW�RI�VRIW�URERWLFV�

x $OVR��LW�LV�HVVHQWLDO�WR�SUHFLVHO\�GHILQH�ZKDW�D�VRIW�URERW�LV��VR�WKH�GHILQLWLRQ�RI�VRIW
URERWLFV�DQG�FODVVLILFDWLRQV�QHHG�WR�EH�XSGDWHG��7KH�IROORZLQJ�REMHFWLYHV�ZLOO�DQDO\]H
DQG�SURSRVH�GHVLJQ�VROXWLRQV��DSSOLFDWLRQV��PRGHOLQJ��DQG�FRQWURO�IRU�HDFK�JURXS�RI
VRIW� URERWV� LGHQWLILHG�� 7KH� IRXU� JURXSV� DUH� ELR�LQVSLUHG� VRIW� URERWV�� VRIW
PDQLSXODWRUV��JULSSHUV�DQG��ZHDUDEOH�VRIW�URERWV�

x 7KH� SULQFLSDO� DFWXDWRUV� HPSOR\HG� LQ� WKH� SURWRW\SHV� SUHVHQW� LQ� WKLV� ZRUN� DUH
DFWXDWHG�ZLWK�60$��6KDSH�0HPRU\�$OOR\V��VSULQJV��7KXV��D�FRPSOHWH�VWDWH�RI�WKH
DUW�LV�SUHVHQWHG�WR�XQGHUVWDQG�WKH�FKDOOHQJHV�WKDW�WKLV�W\SH�RI�DFWXDWRU�LPSOLHV�DQG
KRZ� WKH\� UHSUHVHQW� DQ� DGGHG� GLIILFXOW\� LQ� WKH� DOUHDG\� FRPSOLFDWHG� ZRUOG� RI� VRIW
URERWLFV��+RZHYHU��LW�LV�FRQVLGHUHG�HVVHQWLDO�WR�DSSO\�QRQ�FRQYHQWLRQDO�DFWXDWRUV�WR
UHDOL]H�VRIW�URERWV�

x 'LIIHUHQW� SURWRW\SHV� KDYH� WR� EH� UHDOL]HG� WR� GHPRQVWUDWH� WKH� SRWHQWLDO� RI� 60$
DFWXDWRUV�LQ�VRIW�URERWLFV��SURSRVLQJ�VROXWLRQV�WR�WKHLU�FRQWURO�

x 3UHYLRXV�GHVLJQV�RI�VRIW�URERWV�KDYH�EHHQ�DQDO\]HG�WR�LPSURYH�WKHP�RU�SURSRVH�QHZ
DQG�PRUH�OLJKWZHLJKW�GHVLJQV��0DWHULDOV��VHQVRUV��DQG�PDQXIDFWXULQJ�SURFHVVHV�DLP
WR�UHDOL]H�ORZ�FRVW�SURWRW\SHV��HDV\�WR�DVVHPEOH�DQG�UHSURGXFH�

x 7KH� PRGHOLQJ� RI� VRIW� URERWLFV� LV� DSSURDFKHG� IURP� GLIIHUHQW� SHUVSHFWLYHV
LPSOHPHQWHG�IHDVLEO\�PRGHOLQJ�VWUDWHJLHV�

x )LQDOO\��WKH�LQWHJUDWLRQ�EHWZHHQ�VRIW�URERWLFV�DQG�YLUWXDO�UHDOLW\�LV�LPSOHPHQWHG�
,W�LV�HVVHQWLDO�WR�KLJKOLJKW�WKDW�WKLV�WKHVLV�LV�YHU\�WUDQVYHUVDO�VLQFH�LW�LV�LQWHQGHG�WR�VWXG\�
VRIW� URERWLFV� IURP�GLIIHUHQW�SRLQWV� RI� YLHZ�DQG�SURYLGHV� FRQWULEXWLRQV� WR�PXOWLSOH�DUHDV�RI�
NQRZOHGJH�LQ�WKLV�ILHOG���
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1.3 Organization of this work 
7KLV�ZRUN�LV�VWUXFWXUHG�DV�IROORZV��

x &KDSWHU���SUHVHQWV�D�FRPSOHWH�VWDWH�RI�WKH�DUW�VRIW�URERWLFV��SURYLGLQJ�D�GHILQLWLRQ��D
FODVVLILFDWLRQ��DQG�DQDO\]LQJ�WKH�WUHQGV�DQG�QHZ�VROXWLRQV�LQ�WKHLU�PDQXIDFWXULQJ�
0RUHRYHU�� WKH� FKDOOHQJHV� FRQVWLWXWHG� E\� WKHLU� GHVLJQ�� PRGHOLQJ�� DQG� FRQWURO� DUH
SUHVHQWHG�WR�FRPSULVH�EHWWHU�WKH�IROORZLQJ�SUREOHPV�DQG�VROXWLRQV�SURSRVHG�

x &KDSWHU� �� SUHVHQWV� D� VWDWH� RI� WKH� DUW� RI� WKH� 60$� DFWXDWRUV�� DQDO\]LQJ� WKHLU
DGYDQWDJHV�DQG�FKDOOHQJLQJ�DQG�PRWLYDWLQJ� WKHLU�FKRLFH� WR�GHYHORS� WKH�SURWRW\SHV
SUHVHQWHG�LQ�WKLV�ZRUN�

x &KDSWHU� �� SUHVHQWV� WKH� SURWRW\SHV� RI� WKH� ILUVW� JURXS�� WKH� ELR�LQVSLUHG� VRIW� URERWV�
+HUH�WKH�GHYHORSPHQWV�RI�D�VWDUILVK�DQG�D�MHOO\ILVK�DUH�SUHVHQWHG��$OVR��SUHOLPLQDU\
ZRUN�RQ�VRIW�URERWLFV�SODQWV�LV�SUHVHQWHG�

x &KDSWHU� �� SUHVHQWV� WKH� GHYHORSPHQW� RI� WZR� VRIW� PDQLSXODWRUV�� .\PD� DQG� 5XᐻQ�
0RUHRYHU��IRU�HDFK�RI�WKHP��GLIIHUHQW�PRGHOLQJ�VROXWLRQV�DUH�SURSRVHG�

x &KDSWHU���SUHVHQWV�WKH�GHYHORSPHQW�RI�IRXU�VRIW�JULSSHUV��,Q�WKLV�FDVH��WKH�DLP�LV�WR
DQDO\]H�ZKLFK�VROXWLRQ�GHVLJQ�UHDOL]HV�WKH�PRVW�UREXVW�DQG�YHUVDWLOH�JULSSHU�

x &KDSWHU���SUHVHQWV�WKH�GHYHORSPHQW�RI�VHYHUDO�ZHDUDEOH�SURWRW\SHV�GLYLGHG�EHWZHHQ
KDSWLF� GHYLFHV� DQG� H[RVNHOHWRQV��0RUHRYHU�� WKH� LQWHJUDWLRQ� RI� YLUWXDO� UHDOLW\�ZLWK
WKHVH�GHYLFHV�LV�SUHVHQWHG�

x &KDSWHU� �� VXPPDUL]HV� WKH� PDLQ� FRQWULEXWLRQV� RI� WKH� WKHVLV� DQG� IXWXUH� UHVHDUFK
GHULYHG�IURP�WKLV�ZRUN�

&KDSWHUV���WR���EHJLQ�ZLWK�D�VXPPDUL]HG�VWDWH�RI�WKH�DUW�DERXW�WKH�W\SH�RI�VRIW�URERWV�
SUHVHQWHG� LQ� WKH� FRUUHVSRQGLQJ� FKDSWHU� DQG� HQG� ZLWK� VRPH� FRQFOXVLRQV� DERXW� WKH�
UHVXOWV�REWDLQHG��,Q�DGGLWLRQ��ILQGLQJV�DUH�SUHVHQWHG�IRU�HDFK�SURWRW\SH�VKRZQ��
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��My definition of an expert in any field�
is a person who knows enough about 
ZKDW·V�UHDOO\�JRLQJ�RQ�WR�EH�VFDUHG." 

3�-��3ODXJHU�

7KLV� FKDSWHU� SUHVHQWV� D� FRPSOHWH� VWDWH� RI� WKH� DUW� RI� VRIW� URERWLFV�� 7KLV� UHVHDUFK� ILHOG� LV�
FRQVWDQWO\� HYROYLQJ�� $� GHILQLWLRQ� LV� SURSRVHG�� WRJHWKHU� ZLWK� D� FODVVLILFDWLRQ� LQ� IRXU�PDLQ�
JURXSV��1H[W��WKH�FKDOOHQJHV�LQ�PDWHULDOV��DFWXDWRUV��VHQVRUV��DQG�HOHFWURQLFV�DUH�DQDO\]HG��
DQG�WKH�UHVHDUFK�OLQHV�DUH�SUHVHQWHG�WR�XQGHUVWDQG�EHWWHU�KRZ�VRIW�URERWV�ZLOO�HYROYH�LQ�WKH�
QH[W� IXWXUH�� )LQDOO\�� DOO� WKH�PRGHO� DQG� FRQWURO� LVVXHV� DUH� UDLVHG� DORQJ� ZLWK� WKH� H[LVWLQJ�
VROXWLRQV��

2. State of the Art
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2.1 What is a soft robot? 

,Q�WKLV� ILUVW�VHFWLRQ��WKH�PHDQLQJ�RI�WKH�WHUP�´VRIW�URERWµ�ZLOO�EH�DQDO\]HG��SUHVHQWLQJ�WKH�
GLIIHUHQW�GHILQLWLRQV� WKDW�KDYH�EHHQ�GHYHORSHG� VLQFH� LW�EHJDQ� WR�EH�XVHG��DQG�SURSRVLQJ�D�
FODVVLILFDWLRQ�WKDW�WDNHV�IXWXUH�GHYHORSPHQWV�LQWR�DFFRXQW��7KHQ�WKH�PDLQ�DSSOLFDWLRQV�ZLOO�
EH�SUHVHQWHG��GLYLGLQJ�WKHP�LQWR�IRXU�JURXSV�DQG�SURYLGLQJ�VHYHUDO�SURWRW\SHV�IRXQG�LQ�WKH�
OLWHUDWXUH��

2.1.1 Definition of Soft Robot 
:KDW�LV�D�VRIW�URERW"�,I�RQH�ORRNV�DW�WKH�SXEOLVKHG�DUWLFOHV�WKDW�SUHVHQW�VRIW�SURWRW\SHV��LW�LV�
GLIILFXOW�WR�DQVZHU�VLQFH�LW�LV�SRVVLEOH�WR�ILQG�IURP�WKH�2FWDUP�>�@�WR�WKH�0HVKZRUP�>�@��7KDW�
LV�ZK\� LW� LV� ILUVW� RI� DOO� QHFHVVDU\� WR�PDNH�D�SUHPLVH�� WKH�GHILQLWLRQ� RI� D� VRIW� URERW� LV� VWLOO�
XQGHU�GHYHORSPHQW�VLQFH�WKH�WHFKQRORJLHV��PDWHULDOV��DFWXDWRUV��DQG�VR�RQ�WKDW�DUH�XVHG�WR�
PDNH�WKHVH�URERWV�DUH�EHLQJ�VXEMHFWHG�WR�D�JUHDW�SURFHVV�RI�LQQRYDWLRQ��VR�WKH�GHILQLWLRQ�KDV�
WR�EH�DGDSWHG�DFFRUGLQJ�WR�QHZ�GHYHORSPHQWV��

Table 2.1 Comparison of the characteristics, capabilities, realization process, and main application of 
the different groups of robots (Hard robots, Adaptable Robots, Mixed Soft Robots, Soft Robots). 

Adaptability and safe interaction increase from hard robots to soft ones, while the precision, speed, and 
ORDGLQJ�FDSDFLW\�GHFUHDVH��'HVLJQ��PRGHOLQJ��DQG�FRQWURO�DUH�GHILQHG�DV�´HDV\µ�IRU�KDUG�URERWV�DV�WKH�
problem is well-known. In the case of applications, only real or commercial products are considered 

applications, not the different prototypes developed. Moreover, only the principal application is cited as 
the most significant 

,W�VKRXOG�DOVR�EH�QRWHG�WKDW�WKHUH�DUH�GLIIHUHQW�FXUUHQWV�RI�WKRXJKW�DERXW�WKH�DVSHFWV�WDNHQ�
LQWR�DFFRXQW�WR�GHILQH�D�VRIW�URERW��

2QH� RI� WKH� ILUVW� GHILQLWLRQV� WKDW� FDQ� EH� IRXQG� RI� D� VRIW� URERW� LV� WKH� RQH� SUHVHQWHG� LQ� >�@��
DFFRUGLQJ� WR� ZKLFK� URERWV� WKDW� SUHVHQW� ´GLVWULEXWHG� GHIRUPDWLRQV� ZLWK� WKHRUHWLFDOO\� DQ�
LQILQLWH� QXPEHU� RI� GHJUHHV� RI� IUHHGRPµ� FDQ� EH� FRQVLGHUHG� VRIW�� 'XH� WR� WKH� VXEVHTXHQW�
GHYHORSPHQW� RI� PDQ\� ELR�LQVSLUHG� SURWRW\SHV�� DQRWKHU� GHILQLWLRQ� ZDV� SURSRVHG� LQ� >���@��
$FFRUGLQJ�WR�WKLV�VHFRQG�GHILQLWLRQ��WKH�ZRUG��VRIW��UHIHUV�WR�WKH�URERW
V�ERG\�DQG�WKHUHIRUH�
GLYLGHV�WKH�PDWHULDOV�LQWR�VRIW�DQG�QRW�VRIW�DFFRUGLQJ�WR�<RXQJ
V�0RGXOXV�WKDW�WKH\�SUHVHQW��
7KH� UDQJH� RI� YDOXHV�XVHG� WR� GHILQH� VRIW�PDWHULDOV� LV� WKDW� RI� WKH�PDWHULDOV� WKDW� FRQVWLWXWH�
QDWXUDO�RUJDQLVPV��VXFK�DV�WLVVXHV��ERQHV��DQG�SUHVHQW�<RXQJ
V�PRGXOXV�LQ�WKH�RUGHU�RI�����
����3D��,W� LV�WKH�VLPSOHVW�GHILQLWLRQ�WR�DSSO\�DQG�SHUKDSV�ZHOO�VXLWHG�WR�GHILQH�PRVW�HDUO\�
ELR�LQVSLUHG�SURWRW\SHV��+RZHYHU��LW�H[FOXGHV�PDQ\�RWKHUV�DQG�FRXOG�EH�VRPHZKDW�OLPLWHG��

6XFFHVVLYHO\� LQ� >�@�� D� GHILQLWLRQ� RI� VRIW�PDWHULDO� FRQVLGHULQJ� WKH�GHIRUPDWLRQ�EHWZHHQ� WKH�
REMHFW�DQG�LWV�HQYLURQPHQW�ZDV�SURSRVHG��+HQFH�DQRWKHU�GHILQLWLRQ�ZDV�SUHVHQWHG�LQ� >��@��
ZKLFK�HPSKDVL]HV�VWUHVV�DQG�WKH�SRVVLEOH�GDPDJH�WKH�URERW�FDQ�H[HUW�LQ�LWV�HQYLURQPHQW��,Q�
WKLV� FDVH�� WKH� HQYLURQPHQW� LV� SDUW� RI� WKH� GHILQLWLRQ�� $FFRUGLQJ� WR� WKH� DXWKRUV�� DQ� REMHFW�
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FRXOG�EH�VRIW�LQ�WHUPV�RI�GHIRUPDWLRQ��EXW�KDUG�IRU�DQRWKHU�REMHFW�ZLWK�ZKLFK�LW�FRPHV�LQWR�
FRQWDFW��

7KLV�ODVW�GHILQLWLRQ�LV�TXLWH�LQWHUHVWLQJ�VLQFH�PDQ\�RI�WKH�URERWV�WKDW�DUH�GHILQHG�DV�VRIW�VWLOO�
KDYH�ULJLG�SDUWV��HLWKHU�LQ�WKH�DFWXDWLRQ�SDUW�RU�LQ�WKHLU�LQWHUQDO�VWUXFWXUH��$V�ZLOO�EH�VHHQ�
LQ� WKH� IROORZLQJ� VHFWLRQV�� PDQ\� VWXGLHV� DUH� LQGHHG� EHLQJ� FDUULHG� RXW� WR� DFKLHYH� IOH[LEOH�
HOHFWURQLFV��0RUHRYHU�� GHVSLWH� KDYLQJ� ULJLG� HOHPHQWV�� WKHVH� URERWV� FDQ� EH� FRQVLGHUHG� VRIW�
VLQFH�WKH\�FDQ�DGDSW�WR�WKH�HQYLURQPHQW�DQG�LQWHUDFW�VDIHO\�ZLWK�SHRSOH��

,Q� WKLV� VDPH� OLQH�RI� WKRXJKW�� WKH�GHILQLWLRQ� LQ� >��@� FRQVLGHUV� WKDW�<RXQJ
V�0RGXOXV� LV�QRW�
HQRXJK� DV� WKH� RQO\� SDUDPHWHU�� ,WV� GHILQLWLRQ� �GHILQHG� IRU� SULVPDWLF� EDUV� RI� KRPRJHQHRXV�
PDWHULDO� VXEMHFW� WR�D[LDO� ORDG�DQG�VPDOO�GHIRUPDWLRQV��GRHV�QRW�FRUUHVSRQG�WR� WKH�XVXDOO\�
XVHG�VRIW�PDWHULDOV��LQKRPRJHQHRXV��DQLVRWURSLF��DQG�YLVFRHODVWLF���)XUWKHUPRUH��LW�GRHV�QRW�
FRQVLGHU�RQH�RI�WKH�FKDUDFWHULVWLFV�RI�WKLV�W\SH�RI�URERW��DGDSWDELOLW\��RU�FRPSOLDQFH���,I�WKLV�
LV�VXLWDEOH�IRU�WKH�HQYLURQPHQW�LQ�ZKLFK�WKH�URERW�ZLOO�KDYH�WR�ZRUN��LW�FDQ�EH�VDLG�WKDW�LW�LV�
VRIW���

7KLV� ODVW� GHILQLWLRQ� RSHQV� D� UDQJH� RI� SRVVLELOLWLHV� IRU� VRIW� URERWV� VLQFH� LW� EURDGHQV� WKH�
GHILQLWLRQ�DQG�DOORZV�PDQ\�W\SHV�RI�URERWV�WR�EH�LQFOXGHG��VXFK�DV�WKRVH�FRPSRVHG�SDUWO\�RI�
VRIW�PDWHULDOV�DQG�SDUWV�RI�PRUH�ULJLG�PDWHULDOV�WR�DFKLHYH�WKH�GHVLUHG�ULJLGLW\�LQ� WKLV�W\SH�
RI� VWUXFWXUH� >��@�� +RZHYHU�� RQ� WKH� RWKHU� KDQG�� LW� LQFOXGHV� DOO� WKRVH� URERWV� WKDW�� GHVSLWH�
SUHVHQWLQJ� D� KLJK� GHJUHH� RI� DGDSWDELOLW\��ZKHWKHU� DFKLHYHG� DFWLYHO\� RU� SDVVLYHO\�� DUH� QRW�
PDGH�RI�VRIW�PDWHULDOV��

Figure 2.1 Scheme of the classification of robots according to their flexibility and adaptability. From 
left to right: the Schunk LWA robotic arm [13], MACH I [14], the OctArm [4], a hybrid robot [15], the 

JellyRobcib [16], the starfish [17], and the tentacle [18]. 

)RU�WKLV�UHDVRQ��WKH�IROORZLQJ�GHILQLWLRQV�DUH�SURSRVHG�LQ�WKLV�DUWLFOH��$�URERW�ZLOO�EH�GHILQHG�
DV��VRIW��LI�PDGH�DOPRVW�HQWLUHO\�RI�PDWHULDOV�ZLWK�<RXQJ
V�PRGXOXV�FRPSULVHG�LQ�WKH�DQWH�
VSHFLILHG�LQWHUYDO�RI���������3D��7KLV�FKDUDFWHULVWLF�DORQH�HQVXUHV�WKDW�WKHVH�URERWV�FDQ�EH�
GHIRUPHG� �DQG� FRQVHTXHQWO\� DGDSW� WR� WKH� HQYLURQPHQW�� DQG� QRW� KDUP�� $� URERW� ZLOO� EH�
GHILQHG� DV� �PL[HG� VRIW�� LI� LW� SUHVHQWV� D� ULJLG� VWUXFWXUH� DQG� D� VRIW� ERG\�� $� URERW� ZLOO� EH�
GHILQHG�DV��DGDSWDEOH��LI�LW�LV�D�ULJLG�DQG�VHPL�ULJLG�URERW��ZKLFK�FDQ�DGDSW�YHU\�ZHOO�WR�WKH�
HQYLURQPHQW� WKDQNV� WR� LWV� FRQILJXUDWLRQ�DQG�GHJUHHV�RI� IUHHGRP� �DV� LQ� WKH� FDVH�RI�K\SHU�
UHGXQGDQW�URERWV��>��@��7KLV�GHILQLWLRQ�LV�FRQVLGHUHG�PRUH�VXLWDEOH�IRU�IXWXUH�GHYHORSPHQWV�
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LQ�VRIW�URERWLFV�WKDW�ZLOO�HPSOR\�IOH[LEOH�HOHFWURQLFV�DQG�QHZ�UDSLG�SURWRW\SLQJ�WHFKQLTXHV��
$V�VKRZQ�LQ�)LJXUH������PL[HG�URERWV�DUH�KDOIZD\�EHWZHHQ�VRIW�URERWV�DQG�DGDSWDEOH�URERWV��
VLQFH�GHSHQGLQJ�RQ�WKH�ULJLGLW\�SUHVHQWHG�� LW�ZLOO�EH�PRUH�RU� OHVV�HDV\� WR�FRQWURO�WKHP��,Q�
7DEOH������WKHVH�WKUHH�JURXSV�DUH�FRPSDUHG�ZLWK�KDUG�URERWV��DQG�WKHLU�FKDUDFWHULVWLFV�DQG�
DSSOLFDWLRQV�DUH�VXPPDUL]HG��

:LWK� WKH� LPSURYHPHQWV� LQ� DGGLWLYH�PDQXIDFWXULQJ� WHFKQLTXHV�� LQWHJUDWLQJ� ULJLG� DQG� VRIW�
PDWHULDOV� LQ� WKH� VDPH� VWUXFWXUH� ZLOO� EH� LPSURYHG�� WKH� FRQWURO� ZLOO� OLNHO\� EH� PRUH�
PDQDJHDEOH��&RQVHTXHQWO\�� WKH� OHYHO� RI� DGDSWDELOLW\�ZLOO� EH�KLJKHU� DQG� WKXV� WKH� VHFXULW\�
OHYHO�� 7KHUHIRUH�� DGDSWDELOLW\�ZLOO� EH� D� SUHSRQGHUDQW� FKDUDFWHULVWLF� RI� WKHVH� URERWV� LQ� WKH�
IXWXUH����

2.2. Classification according to applications 
6RIW� URERWV·� FODVVLILFDWLRQ� GHSHQGV� RQ� WKH� GHILQLWLRQ� RI� VRIW� URERWV� FRQVLGHUHG� VLQFH� VRPH�
URERWV�PD\� EH� H[FOXGHG�� ,Q� DGGLWLRQ�� EHLQJ� D� ILHOG� LQ� IXOO� GHYHORSPHQW��PDQ\� SURWRW\SHV�
PDGH� GR� QRW� KDYH� DQ\� VSHFLILF� DSSOLFDWLRQ� DQG� DUH� VLPSO\� H[SHULPHQWV� DQG� WHVWLQJ� RI�
PDWHULDOV�DQG�DFWXDWRUV��)RU�WKLV�UHDVRQ��IRXU�PDLQ�JURXSV�ZLOO�EH�FRQVLGHUHG�LQ�WKLV�DUWLFOH��
$OPRVW�DOO�RI�WKH�SURWRW\SHV�WKDW�FDQ�EH�IRXQG�LQ�WKH�OLWHUDWXUH�FDQ�EH�VXPPDUL]HG�LQ�WKHVH�
JURXSV��$�VFKHPH�RI�WKLV�FODVVLILFDWLRQ�LV�VKRZQ�LQ�)LJXUH�������

6LQFH� VWDWH� RI� WKH� DUW� LV� TXLWH� H[WHQVLYH� DQG�DQ�DUWLFOH� GHGLFDWHG� WR� HDFK� RI� WKH� IROORZLQJ�
JURXSV� ZRXOG� EH� QHFHVVDU\�� RQO\� VRPH� RI� WKH� PRVW� VLJQLILFDQW� SURWRW\SHV� ZLOO� EH� FLWHG��
LQGLFDWLQJ�UHIHUHQFHV�RI�SDSHUV�WKDW�WUHDW�WKHP�PRUH�ZLGHO\�IRU�HDFK�JURXS��

2.2.1 Bio-Inspired Robots and locomotion 
7KH�ILUVW�JURXS�WKDW�FDQ�EH�LGHQWLILHG�LV�WKDW�RI�ELR�LQVSLUHG�URERWV��7KLV�JURXS�LV�SUREDEO\�
WKH�PRVW� LPSRUWDQW� EHFDXVH� LW� LV� WKH� VWXG\�RI�QDWXUH� WKDW�KDV�GULYHQ� WKH�GHYHORSPHQW�RI�
WKLV�QHZ�ILHOG�RI�URERWLFV�VLQFH�LW�ZDV�WKH�LQFUHGLEOH�DELOLW\�RI�DQLPDOV�WR�WDNH�DGYDQWDJH�RI�
WKHLU� PRVWO\� VRIW� VWUXFWXUHV� WKDW� FDXJKW� WKH� DWWHQWLRQ� RI� UHVHDUFKHUV�� &RXQWOHVV� QDWXUDO�
RUJDQLVPV�KDYH�EHHQ�DWWHPSWHG�WR�UHSURGXFH��LQFOXGLQJ�HDUWKZRUPV� >��@��FDWHUSLOODUV�>��@��
WHQWDFOHV�>��@��VWDUILVK�>��@��DQG�MHOO\ILVK�>��@��7KDQNV�WR�WKHP��URWDU\�ORFRPRWLRQ�ZLWK�WKH�
*R4%RW� >��@�� SHULVWDOWLF� ORFRPRWLRQ�ZLWK� WKH�0HVKZRUP� >�@�� XQGHUZDWHU� ORFRPRWLRQ�ZLWK�
OHJV� ZLWK� WKH� 3RVHL'521(� >��@�� SRZHUHG� MHW� VZLPPLQJ� >��@�� KDYH� EHHQ� VWXGLHG�� MXVW� WR�
QDPH�D�IHZ�>��@��

6RPHWKLQJ�WKDW�MRLQV�DOO�WKH�SUHYLRXV�H[DPSOHV�LV�WKH�IDFW�WKDW�WKH�ODUJHVW�LQYHUWHEUDWHV�DUH�
IRXQG� HLWKHU� XQGHUZDWHU� �RFWRSXV�� MHOO\ILVK�� RU� XQGHUJURXQG� �JLDQW� ZRUPV��� ZKLFK� DUH�
HQYLURQPHQWV�WKDW�VXSSRUW�WKHP�>��@��7KDW�UHSUHVHQWV�D�OLPLWDWLRQ�DQG�LV�DOVR�UHODWHG�WR�WKH�
VWLIIQHVV� FRQWURO� SUREOHP��+RZHYHU�� LW� LV� WR� EH� H[SHFWHG� WKDW� LQ� WKH� FRPLQJ� \HDUV�� EHWWHU�
SURWRW\SHV�ZLOO�EH�GHYHORSHG�WKDQNV�WR�DGYDQFHV�LQ�DGGLWLYH�PDQXIDFWXULQJ�WHFKQLTXHV�DQG�
HIIRUWV� WR� SURYLGH� WKHVH� URERWV� ZLWK� SURSULRFHSWLRQ�� WKDW� LV�� WKH� DELOLW\� WR� SHUFHLYH� WKHLU�
VKDSH� DQG� SRVLWLRQ� LQ� WKH� VSDFH�� D� IXQGDPHQWDO� QRWLRQ� WR� EH� DEOH� WR� LQWHUDFW� ZLWK� WKH�
HQYLURQPHQW�>��@��

$�VXPPDU\�RI�WKHVH�URERWV
�FXUUHQW�VWDWH�RI�WKH�DUW�FDQ�EH�FRQVXOWHG�LQ�>��@��

2.2.2 The Manipulator Robots 
7KH�VHFRQG�JURXS�WKDW�FDQ�EH�LGHQWLILHG�LV�WKDW�RI�FRQWLQXRXV�URERWV��$OWKRXJK�WKHVH�URERWV�
DUH�PDUNHGO\�ELR�LQVSLUHG�E\�WHQWDFOHV�RU�WUXQNV��WKH\�DOUHDG\�FRQVWLWXWH�D�VHSDUDWH�JURXS�
LQ� VWDWH�RI�WKH�DUW� >�@��2QH� RI� WKH� ILUVW� GLIIHUHQFHV� IRU� WKH� ILUVW� JURXS� LV� WKDW� WKHVH� URERWV�
XVXDOO\�KDYH�D�VSHFLILF�DSSOLFDWLRQ�VXFK�DV�JUDEELQJ�REMHFWV��LQVSHFWLQJ�LQDFFHVVLEOH�SODFHV��
RU�LQWHUDFWLQJ�ZLWK�KXPDQV��,Q�WKLV�VHQVH��ELR�LQVSLUDWLRQ�LV�IRXQG�LQ�WKH�GHVLUH�WR�UHFUHDWH�
WKH�PRYHPHQW�RI�LWV�QDWXUDO�FRXQWHUSDUWV��
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1RW� DOO� WKH� SURWRW\SHV� LQ� WKLV� JURXS� FDQ� EH� FRQVLGHUHG� VRIW�� EXW� WKH\� DOO� KDYH� JUHDW�
DGDSWDELOLW\�WR�WKH�HQYLURQPHQW�WKDQNV� WR�WKHLU�QXPHURXV�GHJUHHV�RI� IUHHGRP��'2)���DQG�
WKDQNV�WR�WKLV��WKH\�FDQ�EH�FRQVLGHUHG�VDIH��

$PRQJ�WKH�PRVW�IDPRXV�SURWRW\SHV�DUH�WKH�2FWDUP�PHQWLRQHG�DERYH�>�@��DQ�DUP�PDGH�ZLWK�
DUWLILFLDO�SQHXPDWLF�PXVFOHV� FDSDEOH� RI� JUDVSLQJ�TXLWH� ODUJH�REMHFWV� VXFK�DV� WUDIILF� FRQHV��
WKH�$LU�2FWRU�>��@��ZKLFK�IHDWXUHG�D�GRXEOH�SQHXPDWLF�DQG�WHQGRQ�DFWXDWLRQ��DQG�WKH�%LRQLF�
+DQGOLQJ�$VVLVWDQW�>��@��

7KHVH� SURWRW\SHV� DUH� IRFXVHG� RQ� DGDSWDELOLW\�� 7KH� VXFFHVVLYH� RQHV� KDYH� IRFXVHG�PRUH� RQ�
XVLQJ�VRIW�PDWHULDOV�WKDW�DUH� LQWULQVLFDOO\�DGDSWDEOH��DV� LQ� WKH�FDVH�RI�WKH�WHQWDFOH� >��@�RU�
60$
V�VSULQJ�DFWXDWHG�URERWLF�DUP�>��@��

7KDQNV� WR� WKH�QHZ�PDWHULDOV� DQG�DFWXDWRUV�XVHG�� LW�KDV� EHHQ�SRVVLEOH� WR�XVH� WKLV� W\SH�RI�
URERW�IRU�PHGLFDO�DSSOLFDWLRQV�VXFK�DV�HQGRVFRSHV�>��@��

7ZR�H[WHQVLYH�VWDWHV�RI�WKH�DUW�RQ�WKLV�W\SH�RI�URERW�FDQ�EH�IRXQG�LQ�>�����@��

2.2.3 The Soft Grippers 
7KH�WKLUG�JURXS� LGHQWLILHG� LV� WKH�VRIW�JULSSHUV�� WKH�PRVW�DGYDQFHG�UHJDUGLQJ�GHYHORSPHQW�
VLQFH�PDQ\�RI�LWV�SURWRW\SHV�DUH�DOUHDG\�EHLQJ�XVHG�LQ�WKH�LQGXVWU\��7KH�QHHG�IRU�JULSSHUV�
WKDW�FRXOG�QRW�GDPDJH�WKH�REMHFWV� WKH\�ZHUH�KROGLQJ�ZDV�TXLWH�D� IHOW�SUREOHP� LQ� WKH� IRRG�
DQG� DJULFXOWXUH� VHFWRU�� 7KH� VRIW� JULSSHUV� DOORZ� WR� JUDVS� REMHFWV� GLVWULEXWLQJ� WKH� FRQWDFW�
IRUFHV�DQG�WKXV�DYRLG�OHDYLQJ�PDUNV��

7KH�WHFKQRORJLHV�WKDW�DOORZ�WKHVH�JULSSHUV�WR�DGDSW�WR�REMHFWV�DUH�YHU\�YDULHG��7KH�VLPSOHVW�
VROXWLRQ�LV�WR�FUHDWH�WKH�ILQJHUV�DV�SDVVLYH�VWUXFWXUHV�IRUPHG�E\�VHYHUDO�OLQNV��DFWXDWHG�ZLWK�
FDEOHV�DQG�H[WHUQDO�PRWRUV�>�����@��,Q�WKLV�FDVH��WKH�JULSSHU�LV�QRW�QHFHVVDULO\�VRIW�VLQFH�LWV�
DGDSWDELOLW\�GHSHQGV�QRW�RQ�WKH�PDWHULDO�EXW�WKH�FRQWLQXRXV�ILQJHUV��)RU�WKLV�UHDVRQ��LW�PD\�
QRW�EH�WKH�EHVW�RSWLRQ�IRU�KDQGOLQJ�SDUWLFXODUO\�GHIRUPDEOH�DQG�GHOLFDWH�REMHFWV��

$QRWKHU� SRVVLELOLW\� LV� WR� XVH�SDVVLYH� VWUXFWXUHV�� JHQHUDOO\� DFWXDWHG�ZLWK� H[WHUQDO�PRWRUV��
PDGH� ZLWK� VRIW� PDWHULDOV� WKDW� GHIRUP� ZKHQ� LQWHUDFWLQJ� ZLWK� REMHFWV�� 7KLV� VROXWLRQ� KDV�
SURYHQ�WR�EH�HVSHFLDOO\�YDOLG�DQG�XVHG�E\�)HVWR�IRU�LWV�0XOWL&KRLFH�*ULSSHU�>��@��

$QRWKHU� IDPLO\�RI�VRIW�JULSSHUV�XVHG�RQ�DQ� LQGXVWULDO� OHYHO� LV�SQHXPDWLF�JULSSHUV� >��@�� ,Q�
WKLV�FDVH��WKH�ILQJHUV�DUH�SQHXPDWLF�FKDPEHUV�GHVLJQHG�VR�WKDW�ZKHQ�WKH\�DUH�LQIODWHG��WKH\�
FDQ�DGDSW�WR�WKH�REMHFWV��7KH�ILQJHUV�DUH�JHQHUDOO\�PDGH�RI�PDWHULDOV�VXFK�DV�VLOLFRQH��ZKLFK�
JXDUDQWHHV�D�ORW�RI�IOH[LELOLW\�DQG�DGDSWDELOLW\��

2WKHU� WHFKQRORJLHV� XVHG� ZLWK� YHU\� VDWLVIDFWRU\� UHVXOWV� KDYH� EHHQ� HOHFWUR�DGKHVLRQ� >��@�
ZKLFK�LV�HVSHFLDOO\� LQGLFDWHG�IRU�WKH�PRVW� IUDJLOH�REMHFWV��DQG�ZKLFK�FDQ�HYHQ�EH�IRXQG�LQ�
FRPELQDWLRQ�ZLWK�SQHXPDWLF�DFWXDWLRQ�>��@��DQG�MDPPLQJ�>��@��ZKLFK�LV�EDVHG�RQ�WKH�DELOLW\�
RI� JUDQXODU� PDWHULDOV� WR� FKDQJH� WKHLU� ULJLGLW\� LI� VXEMHFWHG� WR� YDFXXP� DQG� HOHFWURDFWLYH�
SRO\PHUV� >��@�� ,Q� >��²��@�� LW� ZLOO� EH� SRVVLEOH� WR� ILQG� H[WHQVLYH� VWDWHV� RI� WKH� DUW� RI� VRIW�
JULSSHUV��

2.2.4 Medical and wearable robots 
7KH�ODVW�JURXS�WKDW�FDQ�EH�LGHQWLILHG�LV�PHGLFDO�DQG�ZHDUDEOH�URERWV��,W�KDV�EHHQ�GHFLGHG�WR�
MRLQ�WKHVH�WZR�JURXSV�VLQFH�WKH�SURWRW\SHV�DUH�GHVLJQHG�WR�LQWHUDFW�FORVHO\�ZLWK�WKH�KXPDQ�
ERG\� LQ� ERWK� FDVHV�� ,I� ELR�LQVSLUHG� URERWV� KDYH� EHHQ� WKH� DUHD� WKDW� LQLWLDOO\� GURYH� VRIW�
URERWLFV��PHGLFDO� URERWV�ZLOO� GULYH� LW� LQ� WKH� IXWXUH��7KH� LQWHUHVW� LQ� GHYHORSLQJ� VRIW� URERWV�
WKDW�FDQ�RSHUDWH��GLDJQRVH��DGPLQLVWHU�GUXJV��SHUIRUP�UHKDELOLWDWLRQ��EH�XVHG�DV�SURVWKHVHV��
DUWLILFLDO�RUJDQV��DQG�RUJDQ�VLPXODWRUV�LV�HQRUPRXV�>��@��7KH�SRVVLELOLWLHV�VHHP�HQGOHVV��DQG�
LW�PD\�EH�ZLWQHVVLQJ�D�SDUDGLJP� VKLIW� LQ�KHDOWKFDUH� VLQFH� WKH\�SURYLGH�KLJK� VDIHW\� �WKH\�
ZLOO�DEVRUE�PHFKDQLFDO� ORDGV�ZLWKRXW�SDVVLQJ�WKHP�RQ�WR�WKH�SDWLHQW���$OWKRXJK�WKH\�VWLOO�
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KDYH�D�ORQJ�ZD\�WR�JR�WR�EH�ZLGHO\�XVHG�LQ�KRVSLWDOV��VRPH�SURWRW\SHV�DUH�DOUHDG\�XVHG�IRU�
PLQLPDOO\�LQYDVLYH�VXUJHULHV��0,6��>��@��,Q�SDUWLFXODU��VRIW�URERWV�DOORZ�WKH�GHYHORSPHQW�RI�
EHWWHU�HQGRVFRSHV�VLQFH� WKH\�DUH� LQWULQVLFDOO\� VDIH�DQG�UHGXFH� WKH�SRVVLELOLW\�RI�GDPDJLQJ�
WKH�WLVVXHV�DQG�RUJDQV�RI�SDWLHQWV��,Q�DGGLWLRQ��WKH\�SUHVHQW�KLJKHU�PDQHXYHUDELOLW\�WKDQ�
WUDGLWLRQDO� VROXWLRQV�� D� IXQGDPHQWDO� FKDUDFWHULVWLF� LQ� WKLV� W\SH� RI� DSSOLFDWLRQ�� ,Q� >��@�� D�
UHODWLYHO\�DFWXDOL]HG�VWDWH�RI�WKH�DUW�RQ�VRIW�HQGRVFRSHV�LV�SUHVHQWHG��

7KH\�DUH�DOUHDG\�EHJLQQLQJ�WR�EH�XVHG�IRU�GUXJ�GHOLYHU\��ZKLFK�LV�HVSHFLDOO\�XVHIXO�ZKHQ�WKH�
PHGLFDWLRQ�QHHGV�WR�UHDFK�D�UHPRWH�SDUW�RI� WKH�ERG\��VXFK�DV�WKH�EUDLQ��VLQFH�LW�ZRXOG�QRW�
GDPDJH�WKH� WLVVXHV� >��@��+RZHYHU�� WKHUH�DUH�PDQ\�XQUHVROYHG� LVVXHV�UHJDUGLQJ�PDWHULDOV�
DQG�FRQWURO��

7KH� PRVW� LQWHUHVWLQJ� DSSOLFDWLRQV� DUH� FUHDWLQJ� DUWLILFLDO� RUJDQV� >��@� DQG� ERG\� SDUWV� IRU�
VLPXODWLRQV�DQG�UHVHDUFK�>��@��

:HDUDEOH� GHYLFHV� DUH� DOVR� DWWUDFWLQJ� VLJQLILFDQW� LQWHUHVW�� QRW� RQO\� UHKDELOLWDWLRQ� GHYLFHV�
VXFK� DV� H[RVNHOHWRQV� DQG� SURVWKHWLFV� >��²��@�� EXW� DOVR� KDSWLF� GHYLFHV� LQWHJUDWHG� ZLWK�
YLUWXDO�UHDOLW\�>��²��@��,W�LV�GXH��DPRQJ�RWKHU�WKLQJV��WR�WKH�OLJKWQHVV�DQG�SRUWDELOLW\�WKDW�
GLVWLQJXLVKHV� WKHVH� VRIW� GHYLFHV� IURP� WKRVH� SUHYLRXVO\� GHYHORSHG�� 7KHVH� FKDUDFWHULVWLFV�
JHQHUDWH�LQ�WKH�XVHU�PRUH�FRPIRUW�DQG�OHVV�SK\VLFDO�IDWLJXH��,Q�DGGLWLRQ��WKH\�DUH�HDVLHU�WR�
SXW�RQ�DQG�WDNH�RII�DQG�DUH�VDIHU�IRU�XVHUV���

,Q� VWDWH�RI�WKH�DUW�� LW� LV� SRVVLEOH� WR� ILQG� QXPHURXV� DUWLFOHV� WKDW� FROOHFW� LQIRUPDWLRQ��
SURWRW\SHV�� FKDOOHQJHV� RI� VRIW� PHGLFDO� URERWLFV� >�����²��@�� DQG� VRIW� ZHDUDEOH� SURWRW\SHV�
>�����@��

Figure 2.2 Scheme of the main applications of soft robots. Clockwise. Continuous and Soft 
Manipulators: Octopus Arm [65], OctAir [4], arm with PAM [66]. Medical and wearable: rehabilitation 

glove [67], endoscope [68], support valves heart [49]. Bio-inspired: Octopus [69], starfish [22], and 
caterpillar [23]. Grippers: jamming gripper [70], pneumatic gripper [38], soft gripper [71]. 

,Q� WKH� IROORZLQJ� WDEOHV� �7DEOH� IURP� ���� WR� 7DEOH� ������ VRPH� LQWHUHVWLQJ� SURWRW\SHV� DUH�
VXPPDUL]HG�IRU�HDFK�FDWHJRU\�RI�DSSOLFDWLRQV��
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Table 2.2 Summary of bio-inspired soft robots 
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Table 2.3 Summary of manipulators soft robots 
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Table 2.4  Summary of soft grippers. The following grippers subdivision is based on that shown in [44] F 
= force, W = weight, S = speed or gripping time 
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Table 2.5 Summary of medical and wearable soft robots. 

2.3. Design and manufacture of soft robots 
,Q�WKLV�VHFWLRQ��WKH�GLIIHUHQW�FRPSRQHQWV�WKDW�XVXDOO\�FRPSRVH�D�URERW��PDWHULDOV��DFWXDWRUV��
VHQVRUV�� HOHFWURQLFV�� DQG� SRZHU� VXSSOLHV�� ZLOO� EH� SUHVHQWHG� VHSDUDWHO\�� +RZHYHU�� WKHVH�
FRPSRQHQWV�PD\�QRW�EH� WKRURXJKO\�GLYLGHG� LQ�VRIW� URERWV� >��@��0RUHRYHU�� LQ� WKH� IXWXUH�� LW�
ZLOO� SUREDEO\� EH� FKDOOHQJLQJ� WR� GHWHUPLQH� ZKHUH� WKH� URERW
V� ERG\� HQGV� DQG� ZKHUH� LWV�
VHQVRUV� DQG� HOHFWURQLFV� EHJLQ� VLQFH� LW� LV� H[SHFWHG� WKDW�� IRU� H[DPSOH�� WKH� VHQVRUV� FDQ� EH�
SULQWHG�GLUHFWO\�RQ�WKH�URERW�>��@��

)LQDOO\�� �'� SURWRW\SLQJ� WHFKQLTXHV� DQG� WKH� QHZ� FRQFHSW� RI� �'�� ZKLFK� LV� HVVHQWLDO� WR�
XQGHUVWDQG�DQG�LPDJLQH�WKH�IXWXUH�RI�VRIW�URERWLFV��ZLOO�EH�DQDO\]HG��
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2.3.1. Materials 
7KH�SULPDU\�PDWHULDOV�XVHG�DUH�VRIW�SRO\PHUV�DQG�HODVWRPHUV�VXFK�DV�VLOLFRQH��$V�VHHQ�LQ�
WKH�GHILQLWLRQ�VHFWLRQ��<RXQJ
V�PRGXOXV�LV�XVHG�WR�FRPSDUH�WKH�GLIIHUHQW�HODVWRPHUV�DPRQJ�
WKHP� DQG�� LQ� WXUQ�� FRPSDUH� WKHP� ZLWK� ULJLG� PDWHULDOV�� 6RPH� RI� WKH� PRVW� FRPPRQ� DUH�
SRO\VLOR[DQHV� VXFK� DV� (FRIOH[� �(FRIOH[� ������ RU� (FRIOH[� ������� 6PRRWK�2Q� ,QF��� DQG� SRO\�
�GLPHWK\OVLOR[DQH�� �3'06�� �6\OJDUG� ����� 'RZ� &RUQLQJ�� >�����@�� VRIW� SRO\XUHWKDQHV� >��@��
SRO\DFU\ODWHV��DQG�EORFN�FRSRO\PHU�HODVWRPHUV�>�����@��

$OO�WKHVH�PDWHULDOV�DUH�LQVXODWLQJ�E\�WKHLU�QDWXUH��+RZHYHU��LW�LV�SRVVLEOH�WR�DGG�WKH�DELOLW\�
WR� FRQGXFW� HOHFWULFDOO\� RU� WKHUPDOO\� E\� DGGLQJ� QDQRSDUWLFOHV� RI� FRQGXFWLYH�PDWHULDOV� DQG�
WDNLQJ� DGYDQWDJH� RI� WKLV� QHZ�SURSHUW\� WR� FRQWURO� WKH� URERWV� WKXV�PDGH� >�����@�� ,W� LV� DOVR�
SRVVLEOH� WR� UHDOL]H� FRPSRVLWH� PDWHULDOV� DGGLQJ� OD\HUV� DQG� FUHDWLQJ� VWLPXOL�UHVSRQVLYH�
PDWHULDOV�>��@��

(ODVWRPHUV�DUH�DOVR�DW�WKH�EDVLV�RI�DUWLILFLDO�SQHXPDWLF�PXVFOHV��3$0��DV�WKH\�PDNH�XS�WKH�
VWUXFWXUH��ZKLFK�LV�WKHQ�OLQHG�ZLWK�D�EUDLGHG�IDEULF��>��@��

0DQ\�IOXLGV�SOD\�DQ�HVVHQWLDO�UROH�LQ�VRIW�URERWV�VR�WKDW�WKH\�FDQ�EH�FRQVLGHUHG�FRQVWLWXHQW�
PDWHULDO�� &RPSUHVVHG� DLU�� ZDWHU�� DQG� DTXHRXV� HOHFWURO\WH� VROXWLRQV� DUH� PRVW� FRPPRQO\�
XVHG��

$QRWKHU�TXLWH�SRSXODU�PDWHULDO�LV�K\GURJHOV��ZKLFK�DUH�VHPL�VROLG�PDWHULDOV�>��²��@��

6RPH�QRYHO�PDWHULDOV�FDQ�EH�IRXQG�LQ�>��²��@��:KLOH�LQ�>��@��D�VWDWH�RI�WKH�DUW�RI�PDJQHWLF�
HODVWRPHUV�DSSOLFDWLRQV�FDQ�EH�IRXQG��

$QRWKHU�VLJQLILFDQW�IDPLO\�RI�PDWHULDOV�LQFOXGHV�WKRVH�XVHG�LQ�DGGLWLYH�PDQXIDFWXULQJ��VXFK�
DV�)LOD)OH[�>��@��1LQMD)OH[�>��@��($$�>��@��1\ORQ���>��@��$8'�>��@��DQG�VLOLFRQH�>��@��DPRQJ�
RWKHUV��,Q�>��@��LW�LV�SRVVLEOH�WR�ILQG�DQ�XSGDWHG�VWDWH�RI�WKH�DUW�RQ�WKH�PDWHULDOV�XVHG�LQ�WKH�
�'�SULQWLQJ�RI�VRIW�URERWV��

)LQDOO\��LW�VKRXOG�EH�PHQWLRQHG�WKDW�QHZ�ELRGHJUDGDEOH�PDWHULDOV�DQG�SRO\PHUV�DUH�EHLQJ�
VWXGLHG��7KH\�ZLOO�EH�XVHIXO�ERWK�IRU�XVH�LQ�WKH�PHGLFDO�ILHOG��ZKHUH�WKH\�FDQ�EH�GLVVROYHG�
RQFH�WKHLU�WDVN�LV�ILQLVKHG�DV�LQ�URERWV�WKDW�VXSSO\�GUXJV� >��@��ERWK�IRU�WKH�HQYLURQPHQWDO�
SUREOHP��ZLWK�OHVVHU�SROOXWLQJ�URERWV�>��²��@��

6PDUW�PDWHULDOV�OLNH�HOHFWURDFWLYH�SRO\PHUV�DQG�VKDSH�PHPRU\�DOOR\V�ZLOO�EH�FRYHUHG�PRUH�
H[WHQVLYHO\�LQ�WKH�QH[W�DFWXDWRU�VHFWLRQ��,Q�>���²���@��LW�LV�SRVVLEOH�WR�ILQG�DFWXDOL]HG�VWDWH�
RI�WKH�DUW�DERXW�PDWHULDOV�XVHG�WR�PDQXIDFWXUH�VRIW�URERWV��

Figure 2.3 Scheme of the main materials and actuators used in soft robotics. 

2.3.2. Actuators 
7KH�W\SHV�RI�DFWXDWRUV�XVHG� LQ�VRIW� URERWV�YDU\� IURP�WKH�PRVW� WUDGLWLRQDO�� VXFK�DV�PRWRUV�
DQG�SQHXPDWLF�DFWXDWLRQ��WR�LQWHOOLJHQW�SRO\PHUV��$V�PHQWLRQHG�DERYH��WKHUH�LV�QRW�DOZD\V�
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D�FOHDU�GLVWLQFWLRQ�EHWZHHQ�ZKDW�WKH�DFWXDWRUV�DUH�DQG�ZKDW�WKH�URERW
V�ERG\�LV��DV�LQ�WKH�
2FWDUP�>�@��ZKRVH�VWUXFWXUH��PDGH�ZLWK�DUWLILFLDO�SQHXPDWLF�PXVFOHV��LV�DW�WKH�VDPH�WLPH�
LWV�DFWXDWRU��7KLV�FRQFHSW�LV�JUDSKLFDOO\�VXPPDUL]HG�LQ�)LJXUH������3ULQFLSDOV
�DFWXDWRUV�DUH�
RXWOLQHG�LQ�7DEOH������

&XUUHQW� DFWXDWRUV� LQFOXGH�PRWRUV�� VKDSH�PHPRU\� DOOR\V� �60$��� VKDSH�PHPRU\� SRO\PHUV�
�603���GLHOHFWULF��PDJQHWLF��SQHXPDWLF��K\GUDXOLF�HODVWRPHUV��SKRWRVHQVLWLYH��SLH]RHOHFWULF��
DQG�H[SORVLYHV��7KH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�DQG�VRPH�DSSOLFDWLRQV�ZLOO�EH�SUHVHQWHG�
RI�WKH�PDLQ�RQHV��

$PRQJ� WKH�SURWRW\SHV� RI� VRIW� DQG� FRQWLQXRXV� URERWV�� WKH�PRVW�ZLGHO\�XVHG�DFWXDWRU�ZHUH�
PRWRUV��JHQHUDOO\�FRQQHFWHG�WR�D�V\VWHP�RI�WHQGRQV��7KLV�W\SH�RI�DFWXDWLRQ�LV�WKH�HDVLHVW�WR�
XVH�EHFDXVH�LW�LV�ZHOO�NQRZQ�DQG�LV�YHU\�HDV\�WR�FRQWURO��,W�LV�QRW�WKH�PRVW�VXLWDEOH�IRU�WKLV�
W\SH�RI�URERW�VLQFH�WKH�PRWRUV�DUH�ULJLG�DQG�FDQ��LQ�VRPH�FDVHV��WDNH�XS�PXFK�VSDFH�DQG�EH�
TXLWH� KHDY\�� $OO� WKHVH� FKDUDFWHULVWLFV� DUH� LQFRPSDWLEOH� ZLWK� WKH� IOH[LELOLW\� DQG� OLJKWQHVV�
UHTXLUHG�� $PRQJ� WKH� SURWRW\SHV� WKDW� SUHVHQW� D�PRWRU� DQG� WHQGRQ� V\VWHP�� ZH� ILQG� >���²
���@��

2WKHU�DFWXDWRUV� WKDW�FDQ�EH�SDUWO\�DVVLPLODWHG� WR� WKLV�DFWXDWLRQ�FRQFHSW� WKURXJK�WHQGRQV�
DUH�VKDSH�PHPRU\�DOOR\V��60$���,WV�RSHUDWLRQ�LV�EDVHG�RQ�WZR�SULQFLSDO�FKDUDFWHULVWLFV��WKH�
PDWHULDO
V� WUDQVIRUPDWLRQV�DW� WKH� OHYHO� RI� FU\VWDOOLQH� VWUXFWXUH�EDVHG�RQ� WHPSHUDWXUH�DQG�
WKH�DELOLW\� WR�PHPRUL]H�D� VKDSH��DV� LWV�QDPH� LQGLFDWHV��$W� URRP� WHPSHUDWXUH�� LW� LV� LQ� WKH�
PDUWHQVLWLF�SKDVH�DQG�LV�HDVLO\�GHIRUPDEOH��$V�WKH�WHPSHUDWXUH�LQFUHDVHV��LW�SDVVHV�LQWR�WKH�
DXVWHQLWLF�SKDVH��LQ�ZKLFK�<RXQJ
V�PRGXOXV�LQFUHDVHV�DQG�WKH�PDWHULDO�UHWXUQV�WR�WKH�VKDSH�
LW� KDV�PHPRUL]HG��$OWKRXJK� WKHUH� DUH�PDQ\�GLIIHUHQW� W\SHV� RI� DOOR\V�� WKH�PRVW� IDPRXV� LV�
FDOOHG� 1LWLQRO�� FRPSRVHG� LQ� SUHYDOHQFH� E\� 1LFKHO� DQG� 7LWDQLXP�� 7KH\� DUH� XVXDOO\� XVHG�
PDLQO\�LQ�WKH�IRUP�RI�VSULQJ�VLQFH�WKH�UDQJH�RI�PRWLRQ�WKH\�FDQ�UHDOL]H�LV�JUHDWHU�>�������@��
EXW�LW�LV�DOVR�XVHG�LQ�WKH�IRUP�RI�D�WKUHDG� >���@�RU�SXWWLQJ�PRUH�WKUHDGV�LQ�SDUDOOHO� >���@��
$PRQJ� WKH� DGYDQWDJHV� WKDW� WKH� 60$� SUHVHQWV�� WKH� OLJKWQHVV�� WKH� RSWLPDO� SRZHU�ZHLJKW�
UDWLR��WKH�VLPSOLFLW\�RI�RSHUDWLRQ��DQG�WKH�ORZ�FRVW�VWDQG�RXW��DSDUW�IURP�WKH�KLJK�UHVLVWDQFH�
WR� FRUURVLRQ�� WKH� KLJK� ELRFRPSDWLELOLW\�� DQG� WKH� DEVHQFH� RI� PDJQHWLF� EHKDYLRUV�� DOO�
FKDUDFWHULVWLFV�WKDW�PDNH�LW�D�JRRG�FDQGLGDWH�IRU�PHGLFDO�SURWRW\SHV��+RZHYHU��WKH�FRQWURO�
LV�TXLWH�FRPSOH[��GXH�WR�WKH�WKHUPRPHFKDQLFDO�EHKDYLRU�RI�WKH�PDWHULDO���WKH�GHIRUPDWLRQ�LV�
XVXDOO\� OLPLWHG�� WKH� RSHUDWLQJ� VSHHG� LV� UHODWLYHO\� ORZ� �GXH� WR� WKH� FRROLQJ� WLPH� EHWZHHQ�
F\FOHV���DQG�KLJK�FXUUHQWV�DUH�QHHGHG�WR�UHDFK�WKH�WHPSHUDWXUH�DW�ZKLFK�LW�LV�FDUULHG�RXW�WKH�
SKDVH�VKLIW��

$QRWKHU� DFWXDWRU� LV� VKDSH�PHPRU\�SRO\PHUV� �603���ZKRVH� RSHUDWLQJ�SULQFLSOH� UHVHPEOHV�
WKH�60$��$OVR��LQ�WKLV�FDVH��WKH�PDWHULDO�FDQ�UHWXUQ�WR�D�PHPRUL]HG�IRUP�ZKHQ�DFWLYDWHG��
HLWKHU� WKHUPDOO\�� FKHPLFDOO\�� RU� WKURXJK� OLJKW� >�������@��7KLV� FDSDFLW\� LV� QRW� DQ� LQWULQVLF�
SURSHUW\� RI� WKH� PDWHULDO�� DV� LQ� WKH� FDVH� RI� 60$�� EXW� LV� WKH� UHVXOW� RI� D� SRO\PHU�
IXQFWLRQDOL]DWLRQ�� ,Q� WKLV� FDVH�� WKH� DGYDQWDJHV� DUH� OLJKWQHVV�� ORZ� FRVW�� JRRG�SRZHU�ZHLJKW�
UDWLR��WKH�SRVVLELOLW\�RI�PDQXIDFWXULQJ�ZLWK��'�SULQWLQJ�WHFKQRORJLHV�>�������@��DQG�D�PRUH�
VLJQLILFDQW� GHIRUPDWLRQ� WKDQ� WKH� 60$�� 7KH\� DUH� DOVR� ELRFRPSDWLEOH� DQG� VRPHWLPHV�
ELRGHJUDGDEOH�>���@��$PRQJ�WKH�GLVDGYDQWDJHV��WKHUH�DUH�DOVR��LQ�WKLV�FDVH��WKH�FRQWURO��WKH�
ORZ�VSHHG��DQG�WKH� OLPLWHG� IRUFH� LQ�FRPSDULVRQ�ZLWK�RWKHU�FRQYHQWLRQDO�DFWXDWRUV��)RU�DOO�
WKDW�KDV�EHHQ�VDLG��DOVR��LQ�WKLV�FDVH��WKLV�DFWXDWRU�LV�HVSHFLDOO\�LQWHUHVWLQJ�LQ�WKH�PHGLFDO�
ILHOG�>���@��2WKHU�W\SHV�RI�DSSOLFDWLRQV�FDQ�EH�VHHQ�LQ�>���²���@�

,Q�WKH�DFWXDWRUV�WKDW�FDQ�FKDQJH�WKHLU�VKDSH�XQGHU�HOHFWULFDO��WKHUPDO��RU�OLJKW�VWLPXODWLRQ��
OLTXLG�FU\VWDO�HODVWRPHUV��/&(��FRPELQH�WKH�IOH[LELOLW\�RI�HODVWRPHUV�ZLWK�FRUUHFWO\�RULHQWHG�
OLTXLG�FU\VWDOV��>���²���@�7KH�VKDSH�FKDQJH�RI�/&(V�FDQ�EH�SURJUDPPHG�GXULQJ�SURFHVVLQJ�
E\�RULHQWLQJ�WKH�OLTXLG�FU\VWDO�SKDVH�SULRU�WR�FURVVOLQNLQJ��>���@�

7KH�ODVW�W\SH�RI�DFWXDWRU�FDSDEOH�RI�FKDQJLQJ�LWV�VKDSH�LV�K\GURJHOV��7KH\�DUH�FRPSRVHG�RI�
K\GURSKLOLF�SRO\PHU�FKDLQV�DUUDQJHG�LQ�D�QHWZRUN�VWUXFWXUH�DQG�ZDWHU�� WKH�SHUFHQWDJH�RI�
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ZKLFK�FDQ�YDU\�ZLWK�H[SRVXUH�WR�WKHUPDO��HOHFWULFDO��RSWLFDO��RU�FKHPLFDO�VWLPXOL�DQG�WKXV�
JHQHUDWH� D� VLJQLILFDQW� FRQWUDFWLRQ�� 7KHVH� DFWXDWRUV
� PDLQ� DGYDQWDJHV� DUH� VWUHWFKDELOLW\��
WUDQVSDUHQF\�� DQG� ELRFRPSDWLELOLW\� >��@�� 'XH� WR� WKHLU� FKDUDFWHULVWLFV�� LW� LV� HDV\� WR�
XQGHUVWDQG� WKDW� WKH\� DUH� HVSHFLDOO\� LQWHUHVWLQJ� IRU�PHGLFDO� DSSOLFDWLRQV� >���@��PDLQO\� WR�
VXSSO\� GUXJV� >���@�� ,Q� >���@�� LW� LV� SRVVLEOH� WR� VHH� VRPH� DSSOLFDWLRQV� RI� K\GURJHOV� DV�
DFWXDWRUV��

2WKHUV�FRQYHQWLRQDO�DFWXDWRUV�ZLGHO\�XVHG�DUH�SQHXPDWLF�DQG�K\GUDXOLF�DFWXDWRUV��$PRQJ�
WKH�PRVW�IDPRXV�DFWXDWRUV�DUH�SQHXPDWLF�DUWLILFLDO�PXVFOHV��3$0���RU�0F.LEEHQ
V�PXVFOHV��
WKDW� FRQWUDFW� ZKHQ� VXEMHFWHG� WR� SUHVVXUH� DQG� ORRVHQ� DW� DPELHQW� SUHVVXUH�� $PRQJ� WKH�
SURWRW\SHV� GHYHORSHG� DUH� UHKDELOLWDWLRQ� GHYLFHV� >�������@� DQG� PDQLSXODWRUV� >������@�� ,Q�
PRVW�FDVHV��SQHXPDWLF�DFWXDWRUV�DUH�PDGH�WR�PHDVXUH�WKURXJK�FKDQQHOHG�PROGV� LQ�ZKLFK�
GLIIHUHQW� HODVWRPHUV� DUH� FXUHG�� 7KLV� WHFKQLTXH� JLYHV� ULVH� WR� WKH� VR�FDOOHG� IOXLG� HODVWRPHU�
DFWXDWRUV��)($��>���@��FRPSULVLQJ�WKH�3QHX)OH[�DFWXDWRUV�>���@��WKH�3QHX�1HWV�>���@��DQG�
WKH�))$��IOH[LEOH�IOXLGLF�DFWXDWRUV���7KH�PDLQ�DGYDQWDJH�RI�WKLV�VROXWLRQ�LV�WKDW�LW�LV�SRVVLEOH�
WR�JLYH�D�VSHFLILF�VKDSH� WR� WKH�DFWXDWRU�� IDYRULQJ�RQH�GLUHFWLRQ�RI�H[SDQVLRQ�WR� WKH�RWKHUV��
7KH�SURWRW\SHV�PDGH�DUH�YDULRXV��VXFK�DV�URERWV� WKDW�FDQ�JURZ� >���@�RU�ELR�LQVSLUHG�RQHV�
>������@��0DQ\�RWKHU�H[DPSOHV�FDQ�EH�VHHQ�LQ�>�������@�

$QRWKHU� VLJQLILFDQW� IDPLO\� RI� DFWXDWRUV� LV� WKDW� RI� HOHFWURDFWLYH� SRO\PHUV� �($3��� ZKLFK�
LQFOXGHV�GLHOHFWULF�HODVWRPHU�DFWXDWRUV��'($��>�������@�DQG�LRQLF�SRO\PHU�PHWDO�FRPSRXQGV�
�,30&�� >�������@�� 7KHVH� DFWXDWRUV� DUH� PDGH� XS� RI� WZR� HOHFWURGHV� DQG� DQ� HODVWRPHU�
LQWHUSRVHG�EHWZHHQ�WKHP��%\�DSSO\LQJ�D�YROWDJH��JHQHUDOO\�UHODWLYHO\�KLJK���WKH�DWWUDFWLYH�
HOHFWURVWDWLF� IRUFH� EHWZHHQ� WKH� HOHFWURGHV� LQGXFHV� D� FKDQJH� LQ� WKH� VL]H� RU� VKDSH� RI� WKH�
HODVWRPHU�� 7KH\� DUH� YHU\� IOH[LEOH�� KLJKO\� FRQILJXUDEOH�� FRPSDFW� DFWXDWRUV�� DQG� KDYH� DQ�
H[FHOOHQW� ZHLJKW�SRZHU� UDWLR�� 7KHLU� PDLQ� GLVDGYDQWDJH� LV� WKH� UHTXLUHG� KLJK� YROWDJHV��
PDNLQJ�WKHP�XQVXLWDEOH�IRU�PDQ\�DSSOLFDWLRQV��

7KH� ODVW� ODUJH� JURXS� RI� DFWXDWRUV� FRPSULVHV� HOHFWUR�UKHRORJLFDO� �(50�� DQG� PDJQHWR�
UKHRORJLFDO� �050�� PDWHULDOV�� 7KH\� DUH� FRPSRVHG� RI� HODVWRPHUV� FRQWDLQLQJ� DGGHG�
SRODUL]DEOH��(50��RU�IHUURPDJQHWLF��050��SDUWLFOHV��7KHVH�SDUWLFOHV�FDQ�EH�DFWLYDWHG�XVLQJ�
DQ�HOHFWULF� RU�PDJQHWLF� ILHOG�DQG� FRQVHTXHQWO\�GHIRUP�� VWUHWFK�DQG� FRQWUDFW� WKH�PDWHULDO��
7KH�DGYDQWDJHV�DUH�WKH�HDVH�RI�FRQWURO��WKH�ZLGH�UDQJH�RI�XVDEOH�PDWHULDOV��VLQFH�PDJQHWLF�
ILHOGV�FDQ�SHQHWUDWH�PDQ\�PDWHULDOV���DQG�UHVSRQVH�VSHHG�FRPSDUHG�WR�RWKHU�DFWXDWRUV�VXFK�
DV� WKH� 60$�� +RZHYHU�� LW� PXVW� EH� WDNHQ� LQWR� DFFRXQW� WKDW� H[WHUQDO� PDJQHWLF� FRLOV� DUH�
QHHGHG�� ZKLFK� FDQ� EH� EXON\� DQG� UHTXLUH�PXFK� HQHUJ\�� OLPLWLQJ� WKH� ILHOGV� RI� DSSOLFDWLRQ��
>�������@��,Q�>���@��\RX�FDQ�ILQG�D�VWDWH�RI�WKH�DUW�RI�VRIW�PDJQHWLF�URERWV��
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Table 2.6 The main actuators in soft robotics. The material (P = Polymers, E = Elastomers, F = Fluids), 
the advantages, the disadvantages, and some real applications are presented for each actuator. As in 

Table 2-5, only real applications are taken into account. 

)LQDOO\��D�VHULHV�RI�DFWXDWRUV�WKDW�DUH�QRW�ZLGHO\�XVHG�EXW�UHSUHVHQW�QRYHO�VROXWLRQV�LV�ZRUWK�
PHQWLRQLQJ�� $PRQJ� WKHP� DUH� SLH]RHOHFWULF� DFWXDWRUV�� SKRWRVHQVLWLYH�� DQG� H[SORVLYHV��
3LH]RHOHFWULFV�WDNH�DGYDQWDJH�RI�WKH�SURSHUW\�RI�VRPH�PDWHULDOV�WR�SURGXFH�D�YROWDJH�RU�DQ�
HOHFWULF� FKDUJH� ZKHQ� VXEMHFWHG� WR� PHFKDQLFDO� VWUHVV� RU� YLFH� YHUVD�� WR� GHIRUP� LI� WKH\� DUH�
VXEMHFWHG� WR� DQ� HOHFWULF� ILHOG� >���²���@�� 7KH� SKRWRVHQVLWLYH� RQHV� DUH� FRQVWLWXWHG� E\�
HODVWRPHUV�� IOXLGV�� RU� JHOV� DQG� PROHFXOHV� VHQVLWLYH� WR� OLJKW�� 7KH\� FDQ� EH� RSHUDWHG� ZLWK�
YLVLEOH� RU� LQIUDUHG� OLJKW� >���²���@�� ,W�ZRXOG� EH� D� VLPSOH� DFWLRQ� WHFKQLTXH� LQ� YLVLEOH� OLJKW��
HVSHFLDOO\� IRU� URERWV� RSHUDWLQJ�RXWGRRUV� DQG� WDNLQJ�DGYDQWDJH�RI� VXQOLJKW��+RZHYHU�� WKH\�
FRXOG�QRW�FDUU\�RXW�D�FRPSOHWH�RSHUDWLQJ�F\FOH�VLQFH�WKH\�ZRXOG�DOZD\V�EH�LQ�WKH�DFWLYDWLRQ�
VWDWH�� ,Q� WKH� FDVH� RI� LQIUDUHG� OLJKW�� DQ� LQWHUHVWLQJ� DGYDQWDJH� LV� LWV� DELOLW\� WR� SHQHWUDWH�
WKURXJK�ELRPDWHULDOV��ZKLFK�LV�ZK\�LW�KDV�EHHQ�XVHG�LQ�PHGLFDO�GHYLFHV� >���@��6RPH�URERWV�
KDYH� XVHG� H[SORVLYH� DFWXDWRUV� WR� JHQHUDWH� PRWLRQ� WKURXJK� H[SORVLYH� FKHPLFDO� UHDFWLRQV�
>���²���@��

6RPH�PRUH�ZLGHVSUHDG�VWDWH�RI�WKH�DUW�RQ�PHWKRGV�RI�DFWLRQ�LQ�VRIW�URERWV�FDQ� EH�VHHQ�LQ�
>���²���@��
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2.3.3. Sensors 
6HQVRUV�DUH�HVVHQWLDO�WR� IHHGEDFN�DQG�FRQWURO�D�URERW��DQG�LQ�WKH�FDVH�RI�VRIW�URERWV��WKHLU�
LPSRUWDQFH�LV�HYHQ�JUHDWHU��'XH�WR�LWV�LQILQLWH�GHJUHHV�RI�IUHHGRP��PRGHOLQJ�LV�FRPSOH[�DQG�
SUHYHQWV�FRUUHFWO\�SUHGLFWLQJ�KRZ�WKH�URERW�ZLOO�DFW�DQG�KRZ�LW�ZLOO�EH�DIIHFWHG�LQ�WHUPV�RI�
SRVLWLRQ� DQG� VKDSH� E\� H[WHUQDO� ORDGV� >��@�� 7KH� VHQVRUV� DUH� WKHQ� WKH� RQO\� WRRO� WR� REWDLQ�
LQIRUPDWLRQ�DERXW�WKH�HQYLURQPHQW�DQG�NQRZ�WKH�VWDWH�RI�GHIRUPDWLRQ�RI�WKH�URERW��WKDW�LV��
WR�SURYLGH�LW�ZLWK�SURSULRFHSWLRQ��7KHUH�DUH�WZR�PDLQ�SUREOHPV�ZLWK�VHQVRUV�IRU�VRIW�URERWV��
WKH�ILUVW�LV�WKDW�WKHUH�FDQQRW�EH�D�FOHDU�FRUUHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI�VHQVRUV�DQG�WKH�
QXPEHU� RI� '2)� DV� LQ� WKH� FDVH� RI� ULJLG� URERWV�� WKH� VHFRQG� LV� WKDW� WKH� VHQVRUV� VKRXOG� EH�
IOH[LEOH�DQG�VWUHWFKDEOH�OLNH�WKH�VWUXFWXUHV�WR�EH�PHDVXUHG��)RU�WKHVH�UHDVRQV��PRVW�RI�WKH�
VHQVRUV�WUDGLWLRQDOO\�XVHG�LQ�URERWLFV�GR�QRW�ZRUN�VLQFH�WKH\�DUH�XVXDOO\�ULJLG��

$PRQJ� WKH� VHQVRUV�XVHG�DUH� UHVLVWLYH� DQG�SLH]RUHVLVWLYH� VHQVRUV��/LNH� WKH� DFWXDWRUV� VHHQ�
DERYH�� WKHVH� VHQVRUV� EDVH� WKHLU� RSHUDWLQJ� SULQFLSOH� RQ� WKH� YDULDWLRQV� VXIIHUHG� E\� WKH�
PDWHULDO
V� UHVLVWDQFH� DFFRUGLQJ� WR� WKH� DSSOLHG� IRUFH��5HVLVWLYH� VHQVRUV�� LQ� JHQHUDO�� KDYH� D�
VWUXFWXUH� PDGH� RI� IOH[LEOH� PDWHULDOV�� VXFK� DV� HODVWRPHUV�� ZKLFK� KDYH� PLFURFKDQQHOV� LQ�
ZKLFK�D�FRQGXFWLYH�OLTXLG�LV�LQWURGXFHG��3RO\PHUV�DQG�K\GURJHOV�ZLWK�FRQGXFWLYH�SURSHUWLHV�
FDQ�DOVR�EH�XVHG�GLUHFWO\� >���²���@��:KLOH�SLH]RUHVLVWLYH�VHQVRUV�XVH�HODVWRPHUV� WR�ZKLFK�
QDQRSDUWLFOHV�DUH�DGGHG�>���²���@��7KH�PDQXIDFWXUH�RI�WKHVH�VHQVRUV�LV�UHODWLYHO\�VLPSOH��
DV� ZHOO� DV� WKHLU� XVH�� WKH\� DUH� DOVR� LQVHQVLWLYH� WR� HOHFWURPDJQHWLF� LQWHUIHUHQFH�� EXW� WKHLU�
SHUIRUPDQFH�DQG�EDQGZLGWK�DUH�OLPLWHG��>��@�

&DSDFLWLYH�VHQVRUV�WDNH�DGYDQWDJH�RI�WKH�DELOLW\�RI�VRPH�PDWHULDOV�WR�YDU\�WKHLU�FDSDFLWDQFH�
DV�WKH\�DUH�GHIRUPHG��7KHLU�RSHUDWLRQ�LV�XVXDOO\�OLQHDU��WKHLU�UHVSRQVH�LV�IDVW��DQG�WKH\�DUH�
TXLWH�VHQVLWLYH��+RZHYHU��WKH\�QHHG�WR�RSHUDWH�LQ�D�FOHDQ�HQYLURQPHQW��WKH�PHDVXUHPHQW�LV�
LQFRUUHFW� LQ� WKH�SUHVHQFH� RI�GXVW� RU� RWKHU� VXEVWDQFHV��DQG�ZKHUH� WKHUH� LV�QR�HOHFWURVWDWLF�
FKDUJH�� ZKLFK� ZRXOG� DOVR� DIIHFW� WKH� PHDVXUHPHQW� >���²���@�� 7KLV� VHQVRU� LV� EHLQJ� XVHG�
H[WHQVLYHO\�LQ�HOHFWURQLF�VNLQ�SURWRW\SHV�>�������@��

2SWLFDO�VHQVRUV�PHDVXUH�YDULDWLRQV�LQ�OLJKW�FDXVHG�E\�GHIRUPDWLRQ�RU�VWUHVV�DSSOLHG�WR�WKH�
ERG\��7KH\�DUH�YHU\�GHIRUPDEOH��DQG�WKH\�DUH�QRW�DIIHFWHG�E\�DQ\�LQWHUIHUHQFH�FRQWUDU\�WR�
WKH� FDSDFLWLYH� RQHV�� ,Q� DGGLWLRQ�� WKH\� QHHG� PLQLPDO� ZLULQJ� LQ� WKH� DUHD� WKH\� KDYH� WR�
PHDVXUH�� )LEHU� RSWLFV� DUH� PDLQO\� XVHG� WR� PDNH� WKLV� W\SH� RI� VHQVRU� >�������@� DQG�
HODVWRPHULF� VWUXFWXUHV� ZLWK� RSWLFDO� FRPSRQHQWV� GLUHFWO\� LQWHJUDWHG� GXULQJ� WKH�
PDQXIDFWXULQJ� SURFHVV� >���@�� $SSOLFDWLRQV� LQFOXGH� KDQG� SURVWKHVHV� >���@� DQG� VRIW�
PDQLSXODWRUV�IRU�VXUJHU\�>���@��

0DJQHWLF�VHQVRUV�GHWHFW�WKH�YDULDWLRQV�LQ�D�PDJQHWLF�ILHOG�E\�YDU\LQJ�WKH�JHRPHWU\�RI�WKH�
VRIW� ERG\� LQ�ZKLFK� D�+DOO� HIIHFW� VHQVRU� LV� ORFDWHG��7KH\� DUH� QRW� VXLWDEOH� LQ� DOO� VLWXDWLRQV�
ZKHUH�WKHUH�PD\�EH�H[WHUQDO�LQWHUIHUHQFH�DQG�IHUURPDJQHWLF�REMHFWV��+RZHYHU��WKH\�DUH�VWLOO�
D�YDOLG�DOWHUQDWLYH�VLQFH�WKH\�DUH�FRPSDFW��FKHDS��DQG�VLPSOH�>���²���@��

,QGXFWLYH�VHQVRUV�PHDVXUH�LQGXFWDQFH�YDULDWLRQV�GXH�WR�GHIRUPDWLRQ�RU�GLVSODFHPHQW��7KH\�
DUH�EHLQJ�XVHG�H[WHQVLYHO\�WR�SHUIRUP�WRXFK�VHQVRUV�>�������@�DQG�PHDVXUH�WKH�GHIRUPDWLRQ�
RI�SQHXPDWLF�DFWXDWRUV�>���@��

)LQDOO\�� LW� VKRXOG� EH�PHQWLRQHG� WKDW�PDQ\� W\SHV� RI� VHQVRUV� DUH� EHLQJ�GHYHORSHG�� VXFK�DV�
FRQGXFWLYH�WKHUPRSODVWLF�UHVLVWLYH�VWUDLQ�VHQVRUV�WKDW�LQFRUSRUDWH�FRQGXFWLYH�SDUWLFOHV�DQG�
DOVR�VWUDLQ�VHQVLWLYH�ILEHUV�DQG�IDEULFV�>��@��

$Q�XSGDWHG�VWDWH�RI�WKH�DUW�RQ�WKH�VHQVRUV�XVHG�LQ�VRIW�URERWLFV�FDQ�EH�IRXQG�LQ�>���@��

7R�GHYHORS�WKH�VHQVRUV�QHFHVVDU\�WR�LPSURYH�WKH�FRQWURO�RI�WKLV�W\SH�RI�URERW��WKH�VXEVHTXHQW�
DGYDQFHV� LQ��'�SULQWLQJ� WHFKQLTXHV� �VHQVRUV�FDQ�EH� LQFRUSRUDWHG�HPEHGGHG� LQ� WKH�URERWV��
DQG� WKH� GHYHORSPHQW� RI� IOH[LEOH� HOHFWURQLFV� �GLVFXVVHG� LQ� WKH� QH[W� VHFWLRQ�� ZLOO� EH�
VLJQLILFDQW��
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2.3.4. Electronics 
7KH�HOHFWURQLFV�WKDW�ZLOO�EH�SDUW�RI�WKH�VRIW�URERWV�ZLOO�KDYH�WR�DGDSW�WR�WKHLU�VKDSH��EHLQJ�
VWUHWFKDELOLW\�WKH�PRVW�GHVLUHG�FKDUDFWHULVWLF��7ZR�DSSURDFKHV�DUH�GLVWLQJXLVKHG�WR�DFKLHYH�
WKLV�� D� ILUVW� ZKHUH� XOWUD�WKLQ� PHWDO� ILOPV� DUH� PRGHOHG� LQ� ZDYHV� RU� QHWZRUNV� RQ� DQ�
HODVWRPHULF� VXEVWUDWH�� DQG� D� VHFRQG� ZKHUH� FRQGXFWLYH� SDUWLFOHV� DUH� GLVSHUVHG� ZLWKLQ� DQ�
HODVWRPHULF�PDWUL[�>���@��

7KH�WZR�WHFKQLTXHV�DUH�VWLOO�OLPLWHG�E\�ERWK�PD[LPXP�VWUDLQ�DQG�HIILFLHQF\��

$PRQJ� WKH�PRVW� SURPLVLQJ�PDWHULDOV� IRU� WKLV� ILHOG� RI� UHVHDUFK� LV� JUDSKHQH�� WKDQNV� WR� LWV�
SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV�DQG�WKH�SRVVLELOLW\�RI�XVLQJ�LW�LQ�YDULRXV�DSSOLFDWLRQV��
LQFOXGLQJ�WRXFK�SDQHOV��QDQRJHQHUDWRUV��RUJDQLF�VRODU�FHOOV��DFWXDWRUV��DQG�ELRVHQVRUV�>���@��

6RIW� HOHFWURQLFV� ZLOO� SURYH� WR� EH� D� IXQGDPHQWDO� SDUW� RI� PDQ\� PHGLFDO� GHYLFHV�� ZKHWKHU�
PRQLWRULQJ�SDWLHQWV�>���@�RU�GLDJQRVLQJ�GLVHDVHV�>���@��

�'� SULQWLQJ� LV� LQ� SDUW� KHOSLQJ� WR� UHDOL]H� WKHVH� QHZ� FLUFXLWV�� DQG� DGYDQFHV� LQ� SULQWLQJ�
WHFKQLTXHV�ZLOO�DOORZ�IRU�VLJQLILFDQW�DGYDQFHPHQWV�>���@QQQQQQQQ��

2.3.5. Power supplies 
/LNH� WKH� VHQVRUV� DQG� DFWXDWRUV�� WKH� SRZHU� VXSSOLHV� ZLOO� DOVR� EH� EDVHG� RQ� IOH[LEOH� DQG�
VWUHWFKDEOH� HOHFWURQLFV�� ,Q� >��@�� D� VRIW� HQHUJ\� JHQHUDWRU� LV� GHILQHG� DV� �D� GHYLFH� WKDW�
JHQHUDWHV�HQHUJ\�WKURXJK�WKH�GHIRUPDWLRQ�RI�PDWHULDOV�LQ�D�SDUWLFXODU�VWUXFWXUH���

7KLV� LVVXH� LV� TXLWH� LPSRUWDQW� VLQFH�� WRJHWKHU� ZLWK� WKH� DFWXDWRUV�� LW� UHSUHVHQWV� WKH� PRVW�
VLJQLILFDQW�UHVWULFWLRQ�RQ�WKH�SRWHQWLDO�URERW·V�FDSDELOLWLHV��HLWKHU�GXH�WR�WKH�LPSRVVLELOLW\�RI�
FKDUJLQJ�ZLWK�D�EDWWHU\�RU�GXH�WR�OLPLWDWLRQV�LQ�GLVSODFHPHQW���,Q�WKLV�UHJDUG��DQLPDOV�KDYH�
D�VLJQLILFDQW�DGYDQWDJH��DQG�LW�ZLOO�EH�LPSRVVLEOH�IRU�QRZ�WR�WKLQN�DERXW�ELR�LQVSLUDWLRQ�LQ�
WKHP�VLQFH�KRZ�ERWK�SODQWV�DQG�DQLPDOV�SURGXFH�HQHUJ\� LV�PXFK�PRUH�FRPSOH[� WKDQ� WKH�
VROXWLRQV�XVHG�LQ�WKH�SUHVHQW�WR�IHHG�WKH�URERWV��

6RPH� H[DPSOHV� RI� HQHUJ\� VWRUDJH� GHYLFHV� WKDW� SUHVHQW� D� FHUWDLQ� GHJUHH� RI� IOH[LELOLW\� FDQ�
DOUHDG\� EH� IRXQG� LQ� WKH� OLWHUDWXUH�� IRU� H[DPSOH�� VRODU� FHOOV� >���@�� IOH[LEOH� QDQRJHQHUDWRUV�
>���²���@�� VXSHUFDSDFLWRUV� >���@�� IOH[LEOH� EDWWHULHV� >�������@�� DQG� HYHQ� IOH[LEOH� DONDOLQH�
EDWWHULHV�>�������@��

6WLOO�� PDQ\� RI� WKHVH� V\VWHPV� DUH� IOH[LEOH� EXW� QRW� VWUHWFKDEOH�� SUHYHQWLQJ� WKH� FRUUHFW�
IXQFWLRQLQJ�RI�WKH�VRIW�SDUWV�WKH\�ZRXOG�EH�FRXSOHG��

$QRWKHU�DVSHFW�WR�FRQVLGHU�LV�WKH�ZHLJKW�SRZHU�UDWLR�WKDW�WKHVH�GHYLFHV�FDQ�SUHVHQW��VLQFH�
PDQ\�VRIW� URERWV��GHVSLWH�FDQ�UHTXLUH�PXFK�HQHUJ\� �DV� LQ� WKH�FDVH�RI� WKRVH�RSHUDWHG�ZLWK�
60$�RU�'($���FDQQRW�FDUU\�PXFK�ZHLJKW�EHFDXVH�WKHLU�VWUXFWXUH�GRHV�QRW�DOORZ�LW��,Q�WKLV�
FDVH�� WKH� EHVW� VROXWLRQV� XVH� ZLUHOHVV� WUDQVPLVVLRQ�� SKRWRYROWDLF� RU� SLH]RHOHFWULF� HQHUJ\�
>���@�� ,Q� WKLV� VHQVH�� SLH]RHOHFWULF� JHQHUDWRUV� FDQ� WUDQVIRUP� WKH� UHSHDWHG� PRYHPHQWV� RI�
URERWV�LQWR�HQHUJ\�>�������@��

2.3.6. Manufacturing 
1HZ�PDQXIDFWXULQJ� WHFKQLTXHV� DUH� DOVR� QHFHVVDU\� WR�PDNH� VXFK� LQQRYDWLYH� URERWV� VLQFH�
WUDGLWLRQDO� VXEWUDFWLYH� PDQXIDFWXULQJ� WHFKQLTXHV� FDQQRW� EH� DSSOLHG� WR� WKH� PDWHULDOV�
XVXDOO\�XVHG��0RVW�RI�WKH�SURWRW\SHV�KDYH�EHHQ�PDGH�ZLWK�DGGLWLYH�PDQXIDFWXULQJ��$0���,Q�
>���@��WKUHH�GLIIHUHQW�UROHV�RI�WKLV�WHFKQRORJ\�DUH�LGHQWLILHG�LQ�WKH�FRQVWUXFWLRQ�RI�VRIW�URERWV��
SDVVLYH��WKDW�LV�$0�XVHG�RQO\�WR�PDNH�WKH�PROGV�RI�WKH�URERWV��WRWDO�$0��ZKHQ�WKH�URERW�LV�
HQWLUHO\�PDQXIDFWXUHG�ZLWK�WKHVH�WHFKQLTXHV��DQG�K\EULG�$0��ZKHQ�WKH�URERW�LV�PDGH�XVLQJ�
GLIIHUHQW� WHFKQRORJLHV� DQG� WKH\�DUH�QRW� DOO�$0��DV�ZRXOG� EH� WKH� FDVH� RI� VKDSH�GHSRVLWLRQ�
PRGHOLQJ��6'0���
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�$0�LV��E\�GHILQLWLRQ���WKH�SURFHVV�RI�MRLQLQJ�PDWHULDOV�WR�PDNH�REMHFWV�IURP��'�PRGHO�GDWD��
JHQHUDOO\� OD\HU� XSRQ� OD\HU�� XQOLNH� VXEWUDFWLYH� PDQXIDFWXULQJ� PHWKRGRORJLHV�� VXFK� DV�
WUDGLWLRQDO�PDFKLQLQJ��>���@��7KH�PDLQ�DGYDQWDJHV�LW�SUHVHQWV�DUH�WKH�IUHHGRP�WR�PDNH�DQ\�
VKDSH� �LQFOXGLQJ� FRPSOH[� JHRPHWULHV�� ZLWKRXW� WKH� QHHG� IRU� PDQ\� VWHSV��� WKH� PLQLPXP�
DPRXQW�RI�ZDVWH�RI�PDWHULDOV�SURGXFHG��WKH�ORZ�FRVW��DQG�WKH�VSHHG��DOO�FKDUDFWHULVWLFV�WKDW�
PDNH�LW�WKH�SHUIHFW�WHFKQRORJ\�WR�WHVW�SURWRW\SHV��

7KH�PRVW�XVHG�WHFKQLTXH�LV�PROGLQJ��WKDW�LV�� WKH�XVH�RI��'�SULQWLQJ�WR�PDNH�WKH�PROGV�LQ�
ZKLFK�WKH�VLOLFRQH�WKDW�ZLOO�FRQVWLWXWH�WKH�URERW
V�ERG\�ZLOO�WKHQ�EH�SRXUHG��7KLV�WHFKQLTXH�
DOORZV� SURWRW\SHV� WR� EH� PDGH� FKHDSO\� DQG� TXLFNO\�� 7KH� GLVDGYDQWDJHV� PDLQO\� DIIHFW� WKH�
VLOLFRQH��ERWK�ZKHQ�SRXULQJ�LW�LQWR�WKH�PROG��GXH�WR�WKH�SRVVLELOLW\�RI�HQFRPSDVVLQJ�EXEEOHV�
WKDW�ZHDNHQ�WKH�ILQDO�VWUXFWXUH��DQG�GHPROGLQJ��ZKLFK�FDQ�EH�SUREOHPDWLF�LQ�WKH�SUHVHQFH�
RI�QRWFKHV��HYHQ�FDXVLQJ�UXSWXUHV���7KLV�VROXWLRQ�DOVR�DOORZV�LQVHUWLQJ�PRUH�ULJLG�SDUWV�LQWR�
WKH�PROG�WKDW�IRUP�SDUW�RI�WKH�URERW
V�ERG\�LWVHOI�>���@��,W�PD\�EH�WKDW�VRRQ�WKLV�VROXWLRQ�ZLOO�
EHFRPH�OHVV�SRSXODU�FRPSDUHG�WR�GLUHFW�VLOLFRQH�SULQWLQJ�>��@��

0RUHRYHU��PDQ\�$0� WHFKQLTXHV� DUH�XVHG� WR�PDNH� VRIW� URERWV� GLUHFWO\�� D� VXPPDU\� RI� WKH�
EHVW�NQRZQ�DQG�PDLQ�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�DUH�SUHVHQWHG�LQ�7DEOH������7KH�EHVW�
NQRZQ� LV� XQGRXEWHGO\� WKH� H[WUXVLRQ� RI� PDWHULDO�� ZKLFK� FRPSULVHV� )'0� �� )))� �)XVHG�
'HSRVLWLRQ�0RGHOLQJ��� XVHG� WR� SULQW� ILQJHU� SURVWKHVHV� >���@� RU� SQHXPDWLF� DFWXDWRUV� >���@�
DQG�',:��'LUHFW�,QN�:ULWLQJ��>���@��7KHQ�WKHUH�LV�SKRWRSRO\PHUL]DWLRQ�WKDW�LQFOXGHV�PDQ\�
WHFKQLTXHV��IURP�VWHUHROLWKRJUDSK\��6/$��WR���SKRWRQ�SRO\PHUL]DWLRQ���33���WKURXJK�'LJLWDO�
/LJKW� 3URFHVVLQJ� �'/3�� DQG� FRQWLQXRXV� OLTXLG� LQWHUIDFH� SURGXFWLRQ� �&/,3��� ([DPSOHV� RI�
WKHVH�WHFKQLTXHV�FDQ�EH�VHHQ�LQ�>���²���@��7KH�IROORZLQJ�FDQ�EH�FLWHG�WKH�0DWHULDO�,QMHFWLRQ�
�0-�RU�0-0��XVHG� LQ� >�������@� DQG� WKH�3RZGHU�%HG�)XVLRQ� �3%)��� EHWWHU� NQRZQ� LQ� WKLV�
FDVH�DV�6HOHFWLYH�6LQWHULQJ�ODVHU��6/6��XVHG�LQ�>���@��,W�FDQ�EH�VHHQ�WKDW�LQ�WKH�ODVW�URZ�RI�
WKH�WDEOH��WKH�WHFKQLTXH�RI�GHSRVLWLRQ�RI�VKDSH�PRGHOLQJ��6'0��LV�FLWHG��ZKLFK�LV�QRW�SXUHO\�
DQ�)$�WHFKQLTXH�VLQFH�LW�LQFOXGHV�ERWK�VXEWUDFWLYH�DQG�DGGLWLYH�SURFHVVHV�>���@��

0DQ\�DUH�WKH�PDWHULDOV�WKDW�FDQ�EH�XVHG�GHSHQGLQJ�RQ�WKH�VSHFLILF�W\SH�RI�)$�XVHG��DPRQJ�
WKHP�'(� �'LHOHFWULF� (ODVWRPHUV�� >���@�� 603� �6KDSH�0HPRU\� 3RO\PHUV�� >���@��+\GURJHOV�
>���@��)(� �)OXLG�(ODVWRPHUV�� >���@�� ,Q�DGGLWLRQ�� VHYHUDO�SURWRW\SHV� FDQ�EH� IRXQG� WKDW�XVH�
WKH�66&��VPDUW�VRIW�FRPSRVLWH��WHFKQLTXH�>���@��

$�UHDOO\�LQWHUHVWLQJ�DSSOLFDWLRQ�LV�WKDW�RI�SULQWLQJ�VRIW�ELRORJLFDO�URERWV��ZKLFK�FDQ�EH�RI�WZR�
W\SHV�� LQ�YLWUR� �URERWV� WKDW�RSHUDWH�RXWVLGH� WKH�ERG\�� >���@�RU� LQ�YLYR� �URERWV� WKDW�RSHUDWH�
LQVLGH�DQ�RUJDQLVP��>���@��

7KH�PDQXIDFWXULQJ�WHFKQLTXHV�XVHG�LQ�PLFURHOHFWURQLFV�WKDW�DOORZ�PDNLQJ�YHU\�WKLQ�ILOPV�
DUH�DOVR�EHLQJ� VWXGLHG� >���²���@��)LQDOO\��DQRWKHU� LQWHUHVWLQJ� FRQFHSW� LV�GHFRPSRVLQJ� WKH�
URERWV�LQWR�VHYHUDO�SDUWV�WR�MRLQ�WKHP�VXFFHVVLYHO\��HLWKHU�WKURXJK�WKH�PDWHULDOV�WKHPVHOYHV�
�DV�VLOLFRQH��ZKLFK�DOORZV�VHYHUDO�SLHFHV�WR�EH�MRLQHG�WRJHWKHU��RU�E\�XVLQJ�VRPH�JOXH�>���@��

7KH�PDLQ� LVVXHV� DUH�PXOWL�PDWHULDO� SULQWLQJ� DQG� LQWHU�PDWHULDO� DGKHVLRQ�� 7KH�KRSH� LV� WR�
SULQW� VWUXFWXUHV�ZLWK� ULJLG� SDUWV� DQG� OHVV� ULJLG� SDUWV� �VLPLODU� WR� OLYLQJ� RUJDQLVPV�ZLWK� D�
VNHOHWRQ�DQG�VRIW�WLVVXHV��WR�FRQWURO�WKHLU�PRYHPHQW�EHWWHU��

7KH� IROORZLQJ� VWDWHV� RI� WKH� DUW� FDQ� EH� YLHZHG� WR� GHHSHQ� WKH� VWDWH�RI�WKH�DUW� RI� VRIW� URERW�
PDQXIDFWXULQJ�WHFKQLTXHV�>��@>��������������@��

)LQDOO\�� D� UHODWLYHO\� UHFHQW� FRQFHSW� UHSUHVHQWLQJ� DQ� DGYDQFH� LQ� �'� SULQWLQJ� LV� ZRUWK�
PHQWLRQLQJ��WKDW� LV���'�SULQWLQJ��7KLV�FRQFHSW�DSSOLHV�WR�DOO��'�SULQWHG�REMHFWV�FDSDEOH�RI�
PRGLI\LQJ� WKHLU� VWUXFWXUH� RYHU� WLPH� LQ� UHVSRQVH� WR� H[WHUQDO� VWLPXOL� VXFK� DV� SUHVVXUH��
WHPSHUDWXUH��ZLQG��ZDWHU��DQG�OLJKW�>���²���@��
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Table 2.7 Principal 3D printing technology with the operation principle and the advantages and 
disadvantages. 

7KH�IXWXUH�OLQHV�LQ�WKH�PDQXIDFWXUH�RI�VRIW�URERWV�DUH������WKH�SULQWLQJ�RI�VLOLFRQH��VRPHWKLQJ�
DOUHDG\�WHVWHG�EXW� WKDW�QHHGV� LPSURYHPHQWV� >���@��� ���� WKH�SULQWLQJ�RI�VHQVRUV�GLUHFWO\�RQ�
WKH� VWUXFWXUH� WR� VKRUWHQ� WKH�PDQXIDFWXULQJ� SURFHVV� DQG� LPSURYH� WKH� SHUFHSWLRQ� RI� WKHVH�
URERWV�>��@������WKH�SRVVLELOLW\�RI�LQFOXGLQJ�GLIIHUHQW�PDWHULDOV�LQ�WKH�VDPH�$0�SURFHVV�>���@�
DQG�����WKH�XVH�RI�QHZ�VPDUW�PDWHULDOV�>���@�RU�ELRFRPSDWLEOH�HODVWRPHUV�>���@��

2.4. Design, Modeling, and Control 
7KLV� VHFWLRQ�ZLOO� DQDO\]H� WKH� H[LVWLQJ� VROXWLRQV� IRU� WKH�GHVLJQ��PRGHOLQJ�� VLPXODWLRQ�� DQG�
FRQWURO�RI�VRIW�URERWV��FRQVLGHULQJ�HDFK�DUHD
V�SUREOHPV��

2.4.1 Design 
7KH�GHVLJQ�RI�VRIW�URERWV�WRGD\�LV�PDLQO\�FDUULHG�RXW�ZLWK�SURJUDPV�GHVLJQHG�WR�GHVLJQ�ULJLG�
URERWV��DQG�WKDW�LV�ZK\�WKH\�DUH�QRW�WKH�PRVW�DSSURSULDWH�RSWLRQ�WR�FDUU\�RXW�WKH�FRPSOH[�
LQKRPRJHQHRXV��'�GHVLJQV�WKDW�PD\�EH�QHFHVVDU\�WR�PDNH�VRIW�URERWV�>�@���

7KH�GHVLJQ�RI�VRIW�URERWV�LV�D�FUXFLDO�PRPHQW�RI�WKHLU�FUHDWLRQ�VLQFH�WKH�GHVLJQHG�VKDSH�ZLOO�
LPSDFW� WKH� URERW
V� FDSDELOLWLHV� ZKHQ� LW� LV� EXLOW�� $Q� LPSRUWDQW� DVSHFW� WR� FRQVLGHU� LV� WKH�
ULJLGLW\�SURYLGHG�WR�WKH�URERW�WKURXJK�D�FRUUHFW�GHVLJQ��IRU�H[DPSOH��SQHXPDWLF�DFWXDWRUV���

5LJLGLW\� LV� D� FHQWUDO� LVVXH�ZKHQ� WDONLQJ� DERXW� VRIW� URERWLFV� VLQFH� LW� LV� SURYLQJ� WR� EH� YHU\�
GLIILFXOW�WR�UHSURGXFH�LQ�ELR�LQVSLUHG�SURWRW\SHV��DQG�WKDW�SOD\V�DQ�LPSRUWDQW�UROH�ZKHQ�LW�
FRPHV�WR�EHLQJ�DEOH�WR�FRQWURO�WKH�URERW�SUHFLVHO\��,I��IRU�H[DPSOH��WKH�URERWLF�DUP�LQVSLUHG�
E\�DQ�RFWRSXV�SXEOLVKHG�LQ� >��@�LV�FRQVLGHUHG��LW�LV�VHHQ�WKDW��GHVSLWH�KDYLQJ�UHSURGXFHG�D�
WHQWDFOH�ZLWK�LWV�FKDUDFWHULVWLFV�RI�VL]H��HODVWLFLW\��DGDSWDELOLW\��LW�GRHV�QRW�SUHVHQW�HYHQ�WKH�
VDPH� VWUHQJWK�� QRW� WKH� VDPH� VSHHG�� 6LQFH� LW� LV� FKDOOHQJLQJ� WR� UHSURGXFH� LQ� D� URERW�� WKH�
FRPSOH[�V\VWHP�WKDW�DOORZV�WKH�RFWRSXV�WR�WLJKWHQ�DQG�PRYH�LWV�WHQWDFOHV��FRQVLGHULQJ�WKDW�
WKHUH�LV�QR�ULJLG�VWUXFWXUH�OLNH�D�VNHOHWRQ�LQ�WKH�RFWRSXV��WKLV�SUREOHP�FDQ�EH�VROYHG�LQ�SDUW�
DW�GHVLJQ�WLPH�E\�PRGLI\LQJ�WKH�JHRPHWU\��DGGLQJ�ULEV��DQG�PRGXODWLQJ�WKH�WKLFNQHVV�RI�WKH�
PDWHULDO�>��@��,Q�WKLV�ZD\��LW�LV�SRVVLEOH�WR�LQFUHDVH�WKH�ULJLGLW\�RU�GHFUHDVH�WKH�IOH[LELOLW\��
ZKHUH�QHFHVVDU\��WR�REWDLQ�WKH�GHVLUHG�PRYHPHQW��7KHVH�PRGLILFDWLRQV�WR�WKH�GUDZLQJV�DUH�
HDVLHU� WR� LPSOHPHQW� LQ� SQHXPDWLFDOO\� DFWXDWHG� URERWV� E\� FKDQJLQJ� WKH� VKDSH� RI� WKH�
FKDPEHUV��2WKHU�VROXWLRQV�IRUHVHH�FRPELQLQJ�GLIIHUHQW�PDWHULDOV��DV�DOUHDG\�PHQWLRQHG�LQ�
WKH�VHFWLRQ�RQ�PDQXIDFWXULQJ��

$�VWDWH�RI�WKH�DUW�ZLWK�PDQ\�VROXWLRQV� WR�DFKLHYH�FHUWDLQ�ULJLGLW\� LV�SUHVHQWHG�LQ� >���@��DV�
WKH�DFWXDWRUV·�DUUDQJHPHQW�RU�DFWXDWRUV�ZLWK�YDULDEOH�ULJLGLW\��OLNH�SURWRW\SHV�EDVHG�RQ�WKH�
MDPPLQJ� SULQFLSOH� >���@��� +RZHYHU�� WKHUH� DUH� VWLOO� QR� JXLGHOLQHV� WR� DFKLHYH� WKH� H[SHFWHG�
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UHVXOW�LQ�WHUPV�RI�VWLIIQHVV��,W�LV�TXLWH�SUREDEOH�WKDW�WKH�ILUVW�VROXWLRQ�WR�WKH�SUREOHP�FRPHV�
IURP� WKH� QHZ� UDSLG� SURWRW\SLQJ� WHFKQLTXHV� WKDW� KRSH� WR� DOORZ� MRLQLQJ� PDWHULDOV� ZLWK�
GLIIHUHQW�PHFKDQLFDO�FKDUDFWHULVWLFV�DQG�GLIIHUHQW�VWLIIQHVV�LQ�WKH�VDPH�VWUXFWXUH��

6WLIIQHVV� LV�QRW� WKH�RQO\�SUREOHP� LQ�REWDLQLQJ�SURWRW\SHV� IURP�ZKLFK� FRPSOH[�PHFKDQLFDO�
EHKDYLRUV� FDQ� EH� SUHGLFWHG��2SWLPL]DWLRQ� DOJRULWKPV�ZRXOG� EH� HVVHQWLDO� WR� DXWRPDWH� WKH�
SURWRW\SH�GHVLJQ�SURFHVV�>���@��$FFRUGLQJ�WR�WKH�DXWKRUV��WKH�DOJRULWKP�VKRXOG�VWDUW�WDNLQJ�
LQWR�DFFRXQW�WKH�WDVNV�WKDW�WKH�URERW�LV�GHVLUHG�WR�SHUIRUP��GLYLGH�WKHP�LQWR�D�VHTXHQFH�RI�
EDVLF�PRYHPHQWV��OLNH�VWUHWFKLQJ��EHQGLQJ��FRLOLQJ��HORQJDWLRQ���DQG�WKDW�WKLV�LQIRUPDWLRQ�LV�
WKHQ� XVHG� E\� IRUPXODWLQJ� DQ� LQYHUVH� GHVLJQ� SUREOHP� WKDW� ZLOO� EH� VROYHG� HPSOR\LQJ� D�
PDWKHPDWLFDO� DOJRULWKP�� 7KLV� DOJRULWKP� QHHGV� WKUHH� W\SHV� RI� LQIRUPDWLRQ�� WKH� URERW
V�
REMHFWLYH� �PDWKHPDWLFDO� H[SUHVVLRQ� RI� GLVSODFHPHQWV� DQG� IRUFHV� LQ� WKH� WLPH��� LWV� GHVLJQ�
FRQFHSW��JHRPHWU\��PDWHULDO��DQG�W\SH�RI�DFWXDWLRQ���DQG�WKH�SRVVLEOH�FRQVWUDLQWV�UHJDUGLQJ�
PDVV�� VL]H�� PDQXIDFWXULQJ�� RU� VWUHVV�� $OO� WKLV� LQIRUPDWLRQ� LV� WKHQ� SURFHVVHG� WR� UHDOL]H� D�
GHVLJQ��$Q�DQDO\VLV��NLQHPDWLFV��G\QDPLFV��RU�LQWHUDFWLRQV��LV�UHDOL]HG��DQG�DQ�RSWLPL]DWLRQ�
PHWKRG� LV�XVHG� WR� UHDFK� WKH�EHVW�GHVLJQ��7KLV�SURFHVV� LV� LWHUDWLYH��$Q�H[DPSOH�RI�D� URERW�
GHVLJQHG�WKURXJK�DOJRULWKPV�FDQ�EH�VHHQ�LQ�>���@���

7KHVH� DOJRULWKPV� DUH� HVVHQWLDO� ZKHQ� VRIW� URERWV� DUH� UHDOL]HG� ZLWK� PDWHULDOV� WKDW� FDQ�
VLJQLILFDQWO\�FKDQJH�WKHLU�EHKDYLRU��RQO\�FKDQJLQJ�WKHLU�WKLFNQHVV�IRU�D�IHZ�PLOOLPHWHUV��,Q�
WKLV�FDVH��LW�LV�PRUH�H[SHQVLYH�WR�UHDOL]H�GLIIHUHQW�SURWRW\SHV��DQG�LW�LV�EHWWHU�WR�VLPXODWH�WKH�
GHVLJQ��,W�LV��IRU�H[DPSOH��WKH�FDVH�RI�PDWHULDOV�FRPSRVHG�RI�GLIIHUHQW�OD\HUV��VRPH�RI�WKHP�
VWLPXOL�UHVSRQVLYH�� LQ�ZKLFK�GHWHUPLQH�WKH� WKLFNQHVV�RI�HDFK�PDWHULDO�DQG�WKH�VKDSH�LW� LV�
FKDOOHQJLQJ�DQG�FDQ�FKDQJH�WKH�PDWHULDO�UHVSRQVH�GUDPDWLFDOO\���

'XULQJ� WKH� GHVLJQ� SURFHVV�� VHQVRUV� DQG� HOHFWURQLFV� PXVW� DOVR� EH� FRQVLGHUHG� WR� DYRLG�
PRYHPHQW� OLPLWDWLRQV�� H[FHVVLYH�ZHLJKW�� RU�DQ�XQGHVLUHG� ULJLGLW\� LQ� VRPH�SDUWV�� ,Q�PDQ\�
ELR�LQVSLUHG�URERWV��HOHFWURQLFV�DUH� ORFDWHG�H[WHUQDOO\�QRW� WR�DGG�ZHLJKW� WR� WKH�SURWRW\SHV��
)RU�WKH�VDPH�UHDVRQ��LW�LV�FRPSOLFDWHG�WR�UHDOL]H�DXWRQRPRXV�VRIW�URERWV��URERWV�FDUU\LQJ�D�
EDWWHU\�� GXH� WR� WKH� EDWWHU\�ZHLJKW��$OO� WKHVH� DVSHFWV� UHSUHVHQW� D� OLPLW� LQ� WKH�GHVLJQ�� EXW�
SUREDEO\�LQ�WKH�QH[W�IXWXUH��LW�ZLOO�EH�HDVLHU�WR�LQWHJUDWH�DOO�WKHVH�FRPSRQHQWV���

)RU�DOO�WKH�SUREOHPV�PHQWLRQHG���7KH�6RIW�5RERWLFV�7RRONLW��>���@�ZDV�LPSOHPHQWHG��D�VHW�RI�
UHVRXUFHV�WR�KHOS�UHVHDUFKHUV�GHYHORS�VRIW�URERWV��

$V�FDQ�EH�VHHQ��WKH�GHVLJQ�SURFHVV�FDQQRW�EH�HQWLUHO\�VHSDUDWHG�IURP�WKH�PRGHOLQJ�SUREOHP��
DQG�DW�DQ\�WLPH��WKH�G\QDPLFV�DQG�NLQHPDWLFV�KDYH�WR�EH�FRQVLGHUHG��HVSHFLDOO\�ZKHQ�WKH�
DFWXDWLRQ�V\VWHP�FRLQFLGHV�ZLWK�WKH�ERG\�RI�D�VRIW�URERW���

2.4.2. Modeling and simulation 
2QFH�WKH�GHVLJQ�LV�GRQH��WKH�QH[W�VWHS�FRQVLVWV�RI�PRGHOLQJ�DQG�VLPXODWLQJ�LW��$V�ZH�KDYH�
VDLG��WKHVH�WZR�VWHSV�DUH�QRW�VHSDUDWHG�DW�DOO��,Q�PDQ\�FDVHV��WKH�GHVLJQ�KDV�WR�EH�FKDQJHG�
DIWHU�WKH�PRGHOLQJ�DQG�VLPXODWLRQ�DQG�EHIRUH�WKH�SK\VLFDO�UHDOL]DWLRQ��7KLV�VWHS�UHSUHVHQWV�
WKH� EULGJH� EHWZHHQ� WKH� SURWRW\SH� DQG� LWV� FRQWURO�� 7KH� SULQFLSDO� DLP� RI� PRGHOLQJ� DQG�
VLPXODWLRQ� LV� WKH� SUHGLFWLRQ� RI� URERW�PRYHPHQW� XQGHU� GLIIHUHQW� FRQGLWLRQV�� 7KH�PRGHOLQJ�
VWHS� LV� QRW� PDQGDWRU\�� DQG� LW� LV� DOVR� SRVVLEOH� WR� E\SDVV� LW�� SURYLGLQJ� WKH� URERW� ZLWK� DQ�
DGHTXDWH�QXPEHU�RI�VHQVRUV�WKDW�FDQ�PHDVXUH�LWV�H[DFW�SRVLWLRQ�DW�HDFK�PRPHQW��

1HYHUWKHOHVV��WKLV�VROXWLRQ�SUHVHQWV�VRPH�SUREOHPV��7UDGLWLRQDO�VHQVRUV�GR�QRW�SURYLGH�DOO�
WKH� LQIRUPDWLRQ� UHTXLUHG�� DQG� WKHLU� DFFXUDF\� LV�QRW� VXIILFLHQW� WR� GHVFULEH� WKH�SRVH� RI� WKLV�
W\SH� RI� URERW� GXH� WR� WKHLU� GHIRUPDELOLW\� DQG� '2)V�� $� KLJK�SUHFLVLRQ� H[WHUQDO� WUDFNLQJ�
V\VWHP� FRXOG� DOVR� EH� D� VROXWLRQ�� EXW� LQ� WKLV� FDVH�� LW� OLPLWV� WKH� PRYHPHQWV� RQO\� LQ� D�
FRQWUROOHG�HQYLURQPHQW��)RU�DOO�WKHVH�UHDVRQV�PRGHOLQJ�VRIW�URERWV�LV�XVXDOO\�WKH�EHVW�FKRLFH�
DQG�LV�WKH�RQO\�RQH�WKDW�DYRLGV�XQGHVLUHG�RU�GDQJHURXV�EHKDYLRUV���
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$�FRQWLQXRXV�IXQFWLRQ�FDQ�GHVFULEH�D�VRIW�URERW�VLQFH�LWV�GHIRUPDWLRQ�LV�FRQWLQXRXV�DQG�LWV�
GHJUHHV� RI� IUHHGRP� DUH� WKHRUHWLFDOO\� LQILQLWH�� $OO� WKLV� LPSOLHV� WKDW� LW� LV� FRPSOLFDWHG� WR�
UHSURGXFH� DQ� H[DFW� PRGHO� RI� WKH� URERW� DQG� WKDW� LW� FDQ� EH� GRQH� DVVXPLQJ� D� ULJLG� ERG\�
K\SRWKHVLV� VR� WKDW� WKH�HTXDWLRQV� DUH�HDVLHU� WR�KDQGOH��0DQ\�K\SRWKHVHV� DUH�QHFHVVDU\� WR�
VLPSOLI\�WKH�SUREOHP��DQG��GHSHQGLQJ�RQ�WKH�SURWRW\SHV��D�GLIIHUHQW�PRGHO�ZLOO�EH�FKRVHQ�WR�
UHSUHVHQW�WKH�SUREOHP�EHWWHU��,Q�>���@��WKH�WHFKQLTXHV�IRU�PRGHOLQJ�VRIW�URERWV�DUH�GLYLGHG�
LQWR�WZR�PDLQ�FDWHJRULHV�� WHFKQLTXHV�EDVHG�RQ�WKH�PRGHO�DQG�WKRVH�EDVHG�RQ�WKH� OHDUQLQJ�
�SOXV�D�K\EULG�WHFKQLTXH�EHWZHHQ�WKHVH�WZR���$OPRVW�WKH�VDPH�FDWHJRUL]DWLRQ��ZLWK�GLIIHUHQW�
QDPHV�� LV� SUHVHQWHG� LQ� >���@�� $OO� WKHVH�PRGHOV� DUH� SULPDULO\� VWXGLHG� IRU� FRQWLQXRXV� VRIW�
URERWV� DQG� K\SHU�UHGXQGDQW� URERWV�� VR�� LQ� WKH� OLWHUDWXUH�� WKH\� DUH� VSHFLDOO\� HPSOR\HG� WR�
PRGHO�WKLV�IDPLO\�RI�VRIW�URERWV��$�VFKHPH�RI�WKHVH�WHFKQLTXHV�LV�VKRZQ�LQ�)LJXUH�������

7KH�ILUVW�FDWHJRU\�RU�DSSURDFK�LV�WKH�WHFKQLTXHV�EDVHG�RQ�WKH�PRGHO��7KH\�FRQVLVW�RI�D�XVHU
V�
PRGHO� WKDW� WULHV� WR� UHSUHVHQW� WKH� URERW� DFFHSWLQJ� GLIIHUHQW� DVVXPSWLRQV� DQG� SUHVHQWLQJ�
GLIIHUHQW� OHYHOV� RI� DSSUR[LPDWLRQ�� 6RPH� DUH� HDVLHU� WKDQ� RWKHUV�� DQG� RWKHUV� FDQ� SUHVHQW� D�
KLJKHU� FRPSXWDWLRQDO� FRVW� VLQFH� WKH\� FDQ� EH� DQDO\WLFDO� RU� QXPHULFDO�� 7KH� WZR� PDLQ�
VXEFDWHJRULHV� LQ� ZKLFK�PRGHO�EDVHG� WHFKQLTXHV� FDQ� EH� GLYLGHG� DUH� NLQHPDWLF� PRGHOV� �RU�
JHRPHWULF�PRGHOV��DQG�G\QDPLF�PRGHOV��RU�PHFKDQLFDO�PRGHOV����

.LQHPDWLF� �RU� JHRPHWULF�� PRGHOV� ZHUH� WKH� ILUVW� FUHDWHG� ZKHQ� WKH� ILUVW� K\SHU�UHGXQGDQW�
URERWV�VWDUWHG�WR�HPHUJH��$V�WKH�QDPH�LQGLFDWHV��WKH\�IRFXV�RQ�JHRPHWU\��HVSHFLDOO\�LQ�WKH�
URERW
V�FXUYDWXUH�GXULQJ�WKH�RSHUDWLRQ��,Q�WKLV�FDVH��IRUFHV�DUH�QRW�FRQVLGHUHG�WR�VLPSOLI\�WKH�
SUREOHP��7KH�ILUVW�NLQHPDWLF�PRGHO�ZDV�WKH�VR�FDOOHG�´EDFNERQH�FXUYHVµ�SURSRVHG�E\�>���@��
,W� LV� DOVR� NQRZQ� DV� WKH� QRQ�FRQVWDQW� FXUYDWXUH� DSSURDFK� DQG� UHDOL]HV� D� FXUYH�
SDUDPHWUL]DWLRQ��7KLV� ILUVW�PRGHO�ZDV� UHSODFHG�E\� WKH�PRGHO� RI�3&&� �3LHFHZLVH�&RQVWDQW�
&XUYDWXUH��SUHVHQWHG�E\�>���@��,Q�WKLV�FDVH��WKH�FHQWUDO�DVVXPSWLRQ�LV�WKDW�WKH�EDFNERQH�RI�
WKH�URERW�FDQ�EH�UHSUHVHQWHG�ZLWK�D�SLHFHZLVH�FRQVWDQW�FXUYDWXUH��,W�LV�SRVVLEOH�WR�FDOFXODWH�
WKH� NLQHPDWLF� PRGHO� WKURXJK� WKH� 'HQDYLW�+DUWHQEHUJ�PDWUL[�� FRQVLGHULQJ� WKH� FXUYDWXUH�
UHVXOWLQJ� IURP� WKUHH� GLVFUHWH� WUDQVIRUPDWLRQV� LQ� WKH� SODQH�� ,W� LV� DOVR� SRVVLEOH� WR� XVH� WKLV�
PRGHO�LQ�WKH�VSDFH�ZLWK�IHZ�PRGLILFDWLRQV�WR�WKH�PDWUL[��)URP�WKH�ILUVW�WLPH�LQ�ZKLFK�WKH�
DFFXUDF\�RI�WKH�PRGHO�ZDV�SURYHG��WKH�(OHSKDQW·V�7UXQN�>���@���PDQ\�RWKHUV�VWDUWHG�WR�XVH�
WKLV�DSSURDFK�IRU�LWV�VLPSOLFLW\�>�������@�VLQFH��LQ�WKH�FDVH�RI�WKH�VRIW�FRQWLQXRXV�URERW��LW�LV�
RQO\�QHFHVVDU\�WR�DVVXPH�WKH�FRQWLQXRXV�ERG\�DV�D�ILQLWH�VHULHV�RI�FXUYHG�HOHPHQWV���

$OWKRXJK�WKHVH�PRGHOV�KDYH�EHHQ�D�JRRG�RSWLRQ�LQ�VRPH�FDVHV��WKH\�DUH�QRW�UHDOLVWLF�VLQFH�
WKH\� GR� QRW� FRQVLGHU� JUDYLW\�� QRQ�FRQVHUYDWLYH� IRUFHV� �IULFWLRQ�� UHVLVWLYH� IRUFHV��� RU� PDQ\�
RWKHUV� PDWHULDOV
� SURSHUWLHV�� $OVR�� WKH� ZHLJKW� RI� WKH� URERW� DQG� H[WHUQDO� ORDGV� DUH� QRW�
FRQVLGHUHG��:KHQ� WKHVH� YDULDEOHV� FDQQRW� EH� QHJOHFWHG�� LW� LV� QHFHVVDU\� WR� XVH� WKH� VHFRQG�
DSSURDFK��WKH�G\QDPLF�RQH��ZKLFK�DGGV�SK\VLFDO�SURSHUWLHV�WR�WKH�JHRPHWULF�FKDUDFWHULVWLFV���

3UREDEO\�RQH�RI�WKH�PRVW�LPSRUWDQW�DSSURDFKHV�LQ�WKLV�VHFRQG�FDWHJRU\�LV�WKH�&RVVHUDW�URG�
PRGHO��7KLV�WKHRU\�FRQVLGHUV�WKH�URERW�DV�DQ�LQILQLWH�QXPEHU�RI�LQILQLWHVLPDO�ULJLG�SDUWV�WR�
FRQVLGHU� DOO� WKH� PHFKDQLFDO� FKDUDFWHULVWLFV�� 0RUHRYHU�� WR� XVH� LW�� WKUHH� DVVXPSWLRQV� DUH�
UHTXLUHG�� ���� OHQJWK�PXFK� ODUJHU� WKDQ� WKH� UDGLXV�� ����PDWHULDO� LQFRPSUHVVLELOLW\�� DQG� ����
OLQHDU�HODVWLFLW\�>���@��7KLV�PHWKRG�LV�SUREDEO\�WKH�PRVW�UHDOLVWLF�VLQFH�LW�FRQVLGHUV�DOO�QRQ�
OLQHDU�HIIHFWV�WKDW�DIIHFW�WKH�FXUYDWXUH��EXW�DW�WKH�VDPH�WLPH��LW�LV�PRUH�FRPSOH[�WKDQ�WKH�
SUHYLRXV� RQHV� EHFDXVH� LW� XVHV� QRQ�OLQHDU� SDUWLDO� GLIIHUHQWLDO� HTXDWLRQV�� >�������@� $�
VLPSOLILFDWLRQ� RI� WKLV�PHWKRG� XVHV�(XOHU²%HUQRXOOL� EHDP� WKHRU\�ZKLFK� LV� HTXLYDOHQW� WR� D�
VKHDU�IUHH�� WRUVLRQ�IUHH�� SODQDU� &RVVHUDW� URG�� >���@� $QRWKHU� DSSURDFK� LV� WKH� VSULQJ�PDVV�
PRGHO� WKDW� FRQFHQWUDWHV� WKH� URERW·V� PDVV� LQ� GLVFUHWH� SRLQWV� ZKLOH� WKH� DFWXDWLRQ� LV�
UHSUHVHQWHG� E\� GDPSHG� VSULQJV�� ,W� LV� SUREDEO\� WKH� OHVV� XVHG� GXH� WR� LWV� LQFDSDFLW\� RI�
UHSURGXFLQJ�PDQ\�DFWXDWLRQ�SULQFLSOHV� DQG� LWV� LQHIILFLHQF\� IURP�D� FRPSXWDWLRQDO� SRLQW� RI�
YLHZ��+RZHYHU��LW�ZDV�VDWLVIDFWRULO\�DSSOLHG�LQ�>���@��
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7KHVH�WHFKQLTXHV�PHQWLRQHG�DERYH�FDQ�EH�XVHIXO��EXW�WKH\�FDQQRW�UHSUHVHQW�WKH�URERW
V�UHDO�
PRYHPHQWV� GHSHQGLQJ� RQ� LUUHJXODULW\� DQG� QRQOLQHDU� GHIRUPDWLRQV�� )RU� WKLV� UHDVRQ�� WKH�
PRVW� ZLGHO\� XVHG� WHFKQLTXH� FXUUHQWO\� LV� WKDW� RI� ILQLWH� HOHPHQWV� �)(��� ZKLFK� DOORZV�
UHDVRQDEO\�DFFXUDWH�PRGHOV��DOWKRXJK�WKH�FRPSXWDWLRQDO�FRVW�LV�KLJK�DQG�FDQQRW�EH�XVHG�LQ�
UHDO�WLPH� >���@�� ,W� LV� EHFDXVH� WR� UHSUHVHQW� WKH� URERW� DFFXUDWHO\�� D� FRQVLGHUDEOH�QXPEHU� RI�
HOHPHQWV� DQG� QRGHV� DUH� QHFHVVDU\�� 7KH� PRGHO� RUGHU� UHGXFWLRQ� WHFKQLTXH� �025�0RGHO�
2UGHU�5HGXFWLRQ�� >�������@�ZDV�SURSRVHG� WR� UHGXFH� WKH� FRPSXWDWLRQDO� FRVW��7KLV� VROXWLRQ�
UHSUHVHQWV�D�JRRG� FRPSURPLVH�EHWZHHQ� WKH�PRGHO�DQG� WKH� VLPXODWLRQ� WLPH��ZKLFK� FDQ�EH�
UHDO�WLPH��7KLV�WHFKQLTXH�FDQ�DOVR�EH�DSSOLHG�IRU�FRQWDFW�IRUFHV�WR�UHDOL]H�WKH�FRQWURO�RI�VRIW�
URERWV� LQ� VHOI�FROOLVLRQV�� $OVR�� LQ� WKLV� FDVH�� LW� DOORZV� UHGXFLQJ� FRPSXWDWLRQDO� WLPH�
GUDPDWLFDOO\� >���@�� $PRQJ� WKH� PRVW� XVHG� VRIWZDUH� VLPXODWRUV� IRU� VRIW� URERWV�� WKHUH� DUH�
$QV\V��&2062/��$EDTXV��DQG�62)$�>���@��

,Q�VRPH�FDVHV��PRUH�WHFKQLTXHV�DUH�PHUJHG�>���@��ZKHUH�)(0�FRPELQHV�ZLWK�3&&��

7KH� VHFRQG� FDWHJRU\� FRQVLVWV� RI� OHDUQLQJ�EDVHG� PRGHOV� EDVHG� RQ� PDFKLQH� OHDUQLQJ� DQG�
DUWLILFLDO� QHXUDO� QHWZRUNV� �DOVR� IX]]\� PRGHOV� DUH� XVHG� >���@��� 7KLV� DSSURDFK� LV� TXLWH�
LQWHUHVWLQJ�EHFDXVH�LW�DOORZV�WR�SUHGLFW�WKH�URERW·V�EHKDYLRU�ZLWKRXW�SUHYLRXV�PRGHOLQJ�DQG�
WR� XVH� RQO\� D� GDWDEDVH�ZLWK� H[SHULPHQWDO� GDWD�� ,W� LV� WKH� EHVW� RSWLRQ�ZKHQ� WKH�PRGHOLQJ�
SURFHVV�LV�PRUH�FRPSOLFDWHG�WKDQ�UHDO�H[SHULPHQWV�ZKHQ�WKH�HQYLURQPHQWV�DUH�VLJQLILFDQWO\�
FRPSOH[��DQG�LW�LV�LPSRVVLEOH�WR�QHJOHFW�DQ\�YDULDEOH��DQG�ZKHQ�LQWULQVLF�QRQOLQHDULWLHV�DUH�
SUHGRPLQDQW�� ,W� LV� DOVR� KHOSIXO� WR� VROYH� WKH� LQYHUVH� NLQHPDWLFV� SUREOHPV� DV� LQ� >���@��
1HYHUWKHOHVV��LW�LV�QRW�DOZD\V�WKH�EHVW�RSWLRQ�VLQFH�LW�SUHVHQWV�D�VLJQLILFDQW�OLPLW��WKH�GDWD�
QHHGHG� WR� IHHG� WKH� PRGHO� FKDQJH� ZKHQ� WKH� RSHUDWLQJ� FRQGLWLRQV� RU� WKH� HQYLURQPHQWV�
FKDQJH��$�VLJQLILFDQW�DPRXQW�RI�GDWD�LV�XVXDOO\�QHFHVVDU\�WR�REWDLQ�D�FRUUHFW�SUHGLFWLRQ��,Q�
WKLV�FDVH��LW�LV�EHWWHU�WR�RSW�IRU�D�PRGHO�EDVHG�DSSURDFK���

,W� LV�DOVR�ZRUWK�PHQWLRQLQJ�WKH�XVH�RI�GLIIHUHQWLDEOH�VLPXODWLRQ�WR�GHVLJQ�DQG�FRQWURO�VRIW�
URERWV�� 'LIIHUHQWLDEOH� VLPXODWLRQ� LV� ´D� SRZHUIXO� IDPLO\� RI� QHZ� WHFKQLTXHV� WKDW� DSSOLHV�
JUDGLHQW�EDVHG�PHWKRGV�WR�OHDUQLQJ�DQG�FRQWURO�RI�SK\VLFDO�V\VWHPVµ� >���@��7KHVH�SK\VLFDO�
VLPXODWRUV� DUH� ZHOO�NQRZQ� IRU� KDUG� URERW� SODQQLQJ� DQG� FRQWURO�� EXW� WKHLU� XVH� LV� PRUH�
FKDOOHQJLQJ� WKDQ� VRIW� URERWV� GXH� WR� WKHLU� GHIRUPDELOLW\� DQG� FRPSOH[� SK\VLF� ODZV�� 2QH�
H[DPSOH�RI�WKLV�WHFKQLTXH�DSSOLHG�WR�D�VRIW�URERW�LV�VKRZQ�LQ�>���@��7KH�XVH�RI�WKLV�WHFKQLTXH�
IRU�VRIW�URERWLFV�LV�DQDO\]HG��DQG�YDULRXV�H[DPSOHV�DUH�SURYLGHG��>���@�

,W� LV� QRW� HDV\� WR� FKRRVH� WKH� EHWWHU�PRGHO� WHFKQLTXH� DPRQJ� DV�PDQ\� DSSURDFKHV��$� QRYHO�
VROXWLRQ� WR� IDFLOLWDWH� WKLV� FKRLFH� LV� WKH� XVH� RI� WKH� VRIWQHVV� GLVWULEXWLRQ� LQGH[� �6',��� D�
GLPHQVLRQOHVV�TXDQWLW\�WKDW�IRU�D�JLYHQ�VRIW�URERW�LV�FRPSXWHG�EDVHG�RQ�WKH�GLVWULEXWLRQ�RI�
LWV�VWUXFWXUDO�SURSHUWLHV��>���@��
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Figure 2.4 Scheme of the modeling strategies for soft robots. 

2.4.3. Control 
7KH� LQIRUPDWLRQ� REWDLQHG� WKURXJK� WKH� VLPXODWLRQV� LV� ILQDOO\� XVHG� WR� FRQWURO� WKH� URERW��
7UDGLWLRQDO�FRQWURO�WHFKQLTXHV�DUH�QRW�VXLWDEOH�IRU�WKLV�W\SH�RI�URERWLFV��,W�LV�PDLQO\�GXH�WR�
WKH� LQILQLWH� VWDWHV� RI� GHIRUPDWLRQ� WKDW� WKHVH� URERWV� SUHVHQW�� ZKLFK� FRUUHVSRQG� WR� WKHLU�
WKHRUHWLFDOO\� LQILQLWH� QXPEHU� RI�'2)V��ZKLFK� FRUUHVSRQG� WR� SRVVLEOH� VWDWHV� RI� WKH� V\VWHP�
WKDW�DUH�XOWLPDWHO\�QRW�DOO�REVHUYDEOH�DQG�FRQWUROODEOH��,Q�DGGLWLRQ��WKH�FRQWURO�DOJRULWKPV�
PXVW� FRQVLGHU� WKH� URERW
V� LQWHUDFWLRQV� ZLWK� LWV� HQYLURQPHQW� DQG� KRZ� LWV� VKDSH� DQG�
JHRPHWU\�FDQ�FKDQJH�DFFRUGLQJO\��&RQWURO�PHWKRGV�HPSKDVL]H�PRGHOLQJ�WHFKQLTXHV�DQG�FDQ�
EH�GLYLGHG� LQWR� WZR�PDLQ� FDWHJRULHV��PRGHO�EDVHG� FRQWUROOHUV�DQG�PRGHO�IUHH� �RU� OHDUQLQJ�
EDVHG�� FRQWUROOHUV�� HDFK� RI� ZKLFK� FDQ� EH� VWDWLF� RU� G\QDPLF� >���@�� 0RUHRYHU�� LW� LV� DOVR�
LPSRUWDQW� WR�GLVWLQJXLVK�EHWZHHQ�RSHQ�ORRS�DQG�FORVHG�ORRS�PHWKRGV��$�VFKHPH�RI� FRQWURO�
VWUDWHJLHV�IRU�VRIW�URERWV�LV�VKRZQ�LQ�)LJXUH�������

2SHQ�ORRS� FRQWUROOHUV� DOORZ� VWXG\LQJ� URERW� FRQWUROODELOLW\�� RSWLPL]LQJ� WKH� SODFHPHQW� RI�
VHQVRUV��DQG�VLPXODWLQJ�WKH�URERW�>���@��7KLV�PHWKRG�KDV�EHHQ�HPSOR\HG�IRU�PDQLSXODWRUV�
>���@��+RZHYHU��RSHQ�ORRS�FRQWURO�LV�QRW�VR�XVHG�GXH�WR�LWV�OLPLWDWLRQV�DV�ORZ�UREXVWQHVV�DQG�
XQUHOLDELOLW\��VLQFH�ZLWKRXW�D�IHHGEDFN�V\VWHP�LV�LPSRVVLEOH�WR�FRUUHFW�DXWRPDWLFDOO\�HUURUV�
UHVXOWLQJ� IURP� H[WHUQDO� SHUWXUEDWLRQV�� )RU� WKHVH� UHDVRQV�� FORVHG�ORRS� FRQWUROOHUV� DUH�
SUHIHUUHG��'HSHQGLQJ�RQ�WKH�DSSOLFDWLRQ��DQG�HVSHFLDOO\�RQ�IRUFHV�DQG�VSHHG���NLQHPDWLFV�RU�
G\QDPLFV�VWUDWHJLHV�KDYH�WR�EHHQ�HPSOR\HG��,Q�HLWKHU�FDVH��VWUDWHJLHV�DUH�DOVR�PRGHO�EDVHG�
RU�PRGHO�IUHH��

7KH� PRGHO�EDVHG� FRQWUROOHUV� DUH� EDVHG�� DV� WKHLU� QDPH� LQGLFDWHV�� RQ� WKH� NLQHPDWLF� DQG�
G\QDPLF�PRGHOV� VHHQ� LQ� WKH� SUHYLRXV� VHFWLRQ�� ,Q�PRVW� FDVHV�� WKH� 3&&� DSSURDFK� LV� XVHG��
ZKLFK�� DV� LW� GRHV�QRW� WDNH�G\QDPLFV� LQWR� DFFRXQW�� LV� WKH� EHVW� RSWLRQ�� HVSHFLDOO\�ZKHQ� WKH�
DFWXDWLRQ� LV� G\QDPLF� RU� K\GUDXOLF�� ,Q� WKH� FDVH� RI� XVLQJ� G\QDPLF� PRGHOV�� PRUH� SUHFLVH�
FRQWURO�FDQ�EH�FDUULHG�RXW�VLQFH�PXOWLGLPHQVLRQDO�G\QDPLFV�DUH�FRQVLGHUHG��EXW�DW�WKH�VDPH�
WLPH��D�ORW�RI�SURSULRFHSWLYH�IHHGEDFN�LQIRUPDWLRQ�LV�QHHGHG��>�������@�

0RGHO�IUHH� FRQWUROOHUV� XVH� 0DFKLQH� /HDUQLQJ� �0/�� PRGHO�EDVHG� FRQWURO� WHFKQLTXHV�
>�������@�� 7KHVH� WHFKQLTXHV� KDYH� WKH� DGYDQWDJH� WKDW� LW� LV� QRW� QHFHVVDU\� WR� NQRZ� DOO� WKH�
SDUDPHWHUV�RI�WKH�FRQILJXUDWLRQ�VSDFH�DQG�GR�QRW�GHSHQG�RQ�WKH�VSHFLILF�FRQILJXUDWLRQ�RI�WKH�
URERW�>���@��,Q�DGGLWLRQ��WKH\�DOORZ�SULRU�NQRZOHGJH�RI�WKH�V\VWHP�DQG�WHVW�WKH�WUDMHFWRULHV�
WKDW�WKH�URERW�ZLOO�FDUU\�RXW��VDYLQJ�WLPH�DQG�HQHUJ\��DOWKRXJK�WKH�PRGHO�FDQ�HDVLO\�EHFRPH�
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XVHOHVV�LI�DQ\�FRQGLWLRQ�LQ�LWV�HQYLURQPHQW�FKDQJHV��%HVLGHV��WKH\�QHHG�D�ODUJH�DPRXQW�RI�
GDWD� WR� WUDLQ� WKH� DOJRULWKP� WKDW� ZLOO� SHUIRUP� WKH� FRQWURO�� 7KDW� LV� ZK\� WKH\� DUH� XVXDOO\�
LQWHJUDWHG�ZLWK� WKH� EHVW�PRGHOLQJ� WHFKQLTXH� WRGD\�� WKH� )(0�� WR� VLPXODWH�PDQ\� SRVVLEOH�
VFHQDULRV��,Q�WKLV�HQWLUH�WUDLQLQJ�SURFHVV��WKH�LQIRUPDWLRQ�SURYLGHG�E\�WKH�VHQVRUV�SOD\V�D�
IXQGDPHQWDO�UROH��ZLWK�ZKLFK�LW�LV�OLNHO\�WKDW�ZKHQ�WKH\�DUH�LQWHJUDWHG�LQWR�WKH�URERWV��WKH\�
ZLOO�EH�DEOH�WR�UHVWRUH�EHWWHU�SURSULRFHSWLYH�IHHGEDFN��$PRQJ�WKH�0/�WHFKQLTXHV�XVHG��ZH�
ILQG�UHLQIRUFHPHQW�OHDUQLQJ��ZKLFK�FDQ�GLVSHQVH�ZLWK�WKH�VSHFLILF�SURSHUWLHV�RI�WKH�PDWHULDO�
DQG�SDUWLDOO\�LWV�VWUXFWXUDO�FKDUDFWHULVWLFV� >���@�DQG�DOORZ�FRQWUROV�LQ�D�FORVHG�F\FOH� >���@��
7KH� FRQWURO� WHFKQLTXHV� XVHG� DOVR� GHSHQG� RQ� WKH� W\SH� RI� DFWXDWRUV� XVHG�� ,Q� >���@�� LW� LV�
SRVVLEOH�WR�VHH�D�GLDJUDP�RI�WKH�GLIIHUHQW�FRQWUROOHUV�IRU�GLIIHUHQW�GULYLQJ�V\VWHPV�DQG�WKH�
DGYDQWDJHV�DQG�GLVDGYDQWDJHV�WKH\�SUHVHQW��

Figure 2.5 Scheme of the control strategies for soft robots. 

0/� WHFKQLTXHV� LQ� VRIW� URERWLFV� FDQ� EH� HPSOR\HG� IRU� GLIIHUHQW� DLPV�� ,Q� >���@�� WKH\� DUH�
FDWHJRUL]HG�LQWR�PDLQ�VHFWLRQV��VHQVRUV�DQG�DFWXDWRUV��$�VFKHPH�RI�WKH�VWXG\�LV�SUHVHQWHG�LQ�
)LJXUH� ����� 8VXDOO\�� WKH� H[SUHVVLRQ� VRIW� URERW� FRQWURO� WKURXJK� 0/� UHIHUV� WR� DFWXDWRUV
�
FRQWURO� VWUDWHJLHV�� +RZHYHU�� LQ� PDQ\� FDVHV�� 0/� LV� KHOSIXO� WR� H[WUDFW� LQIRUPDWLRQ� IURP�
VHQVRU�GDWD�RU�FKDUDFWHUL]H�RU�FDOLEUDWH�WKH�V\VWHP�IURP�D�SK\VLFDO�VWLPXOXV��7KH�PRVW�XVHG�
WHFKQLTXHV� LQ�VRIW�URERWLFV��DFFRUGLQJ�WR�WKLV�VWXG\��DUH�))��)HHGIRUZDUG�QHXUDO�QHWZRUN���
511� �5HFXUUHQW� 1HXUDO� 1HWZRUN��� &11� �&RQYROXWLRQDO� QHXUDO� QHWZRUN��� DQG� N11� �N�
1HDUHVW� 1HLJKERUV��� DPRQJ� RWKHUV�� ,Q� DGGLWLRQ�� LQ� WKH� FDVH� RI� DFWXDWRUV� FRQWURO��
UHLQIRUFHPHQW� OHDUQLQJ� LV� DOVR� TXLWH� XVHG��ZKLOH� IRU� VHQVRUV�� VRPH�XQVXSHUYLVHG� OHDUQLQJ�
WHFKQLTXHV�DUH�SUHIHUUHG���

Figure 2.6 Scheme of the uses of ML techniques in soft robotics. 
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,W� LV� DOVR� ZRUWK� PHQWLRQLQJ� D� FRQWLQXXP�EDVHG� DSSURDFK� IRU� VLPXOWDQHRXVO\� FRQWUROOLQJ�
ERWK�WKH�PRWLRQ�DQG�VKDSH�RI�VRIW�URERWV�DQG�PDWHULDOV��650��WR�DYRLG�XQGHVLUDEOH�FRQWDFWV��
>���@��

,W� LV�SRVVLEOH� WR� ILQG�D�GHWDLOHG� VXPPDU\�RI� WKH� FRQWURO� IRU� URERWV�SULQWHG� LQ��'� LQ� >���@��
:KLOH�>���@�GHOYHV�LQWR�WKH�SUREOHPV�RI�IHHGEDFN�LQ�VRIW�URERWV��

2.5 Conclusions 
6RIW� URERWV� UHSUHVHQW� WKH� QHZ� IURQWLHU� RI� URERWLFV� DV� WKH\�ZLOO� DOORZ� URERWV� WR� EH� XVHG� LQ�
ILHOGV�DQG�DSSOLFDWLRQV�XQWKLQNDEOH�XQWLO�QRZ��7KH\�ZLOO�DOORZ�VDIHU�LQWHUDFWLRQV�DQG�ZLOO�EH�
DEOH�WR�SHUIRUP�WDVNV�LPSRVVLEOH�IRU�WUDGLWLRQDO�URERWV��'HVSLWH�DOO�WKHVH�DGYDQWDJHV��WKHVH�
URERWV�ZLOO�UHSUHVHQW�D�QHZ�LQGXVWULDO�UHYROXWLRQ�DV�SURSRVHG�LQ� >���@��RQO\�VROYLQJ�DOO�WKH�
SUREOHPV�DQG�WKH�QHHG�IRU�DGYDQFHV�LQ�GLIIHUHQW�DVSHFWV�SUHVHQWHG�LQ�WKH�SUHYLRXV�VHFWLRQV��
)RU�VRIW�URERWV�WR�WDNH�WKH�VWHS�DQG�VWRS�EHLQJ�DOPRVW�RQO\�LQYHVWLJDWLRQ
V�SURWRW\SHV��LW�ZLOO�
EH�QHFHVVDU\������QHZ�PDWHULDOV�DQG�PDQXIDFWXULQJ�WHFKQLTXHV�WKDW�DOORZ�WKH�VHQVRUV�WR�EH�
HPEHGGHG�GLUHFWO\� LQVLGH�WKH�URERWV� ����HOHFWURQLFV�DQG�VWUHWFKDEOH�SRZHU�VXSSOLHV�VR�WKDW�
WKH\�GR�QRW�OLPLW�WKH�FDSDELOLWLHV�RI�VRIW�URERWV�����GHVLJQ�DQG�VLPXODWLRQ�WRROV�VXLWDEOH�IRU�
VRIW�URERWV�DQG�����QHZ�FRQWURO�VWUDWHJLHV�EDVHG�RQ�WKHVH�DGYDQFHV��

$PRQJ�WKH�HPHUJLQJ� OLQHV�RI�VRIW� URERWLFV�� VXVWDLQDEOH�URERWV�DUH�ZRUWK�PHQWLRQLQJ��ERWK�
IURP�PDWHULDOV�DQG�WKHLU�VXSSO\�>���@�DQG�ELR�K\EULG�URERWV�>���@��

)LQDOO\�� PDQ\� DGYDQFHV� PD\� EH� DFKLHYHG� ZLWK� WKH� XQLRQ� RI� �'� SULQWLQJ� DQG� )(0� DQG�
PDFKLQH�OHDUQLQJ�WHFKQLTXHV�>���@��
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��Research is what I'm doing when�
,�GRQ·W�NQRZ�ZKDW�,·P�GRLQJ." 

:HUQKHU�YRQ�%UDXQ�

7KLV� FKDSWHU� SUHVHQWV� VWDWH�RI�WKH�DUW� 6KDSH� 0HPRU\� $OOR\V� DFWXDWRUV�� WKH� SULQFLSDO�
DFWXDWRUV�VWXGLHG�DQG�HPSOR\HG�LQ�WKLV�ZRUN��7RJHWKHU�ZLWK�WKH�KLVWRU\�RI�WKLV�PDWHULDO��WKH�
DGYDQWDJHV� DQG� FKDOOHQJHV� DUH� H[SODLQHG� WR� XQGHUVWDQG� EHWWHU� WKHLU� IXQFWLRQLQJ� DQG� WKH�
GHFLVLRQV�WDNHQ�LQ�WKH�IROORZLQJ�FKDSWHUV�FRQFHUQLQJ�WKH�YDULRXV�VSULQJ�HPSOR\HG���

3.Shape Memory Alloys
actuators

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'
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3.1 Shape Memory Alloys 
6KDSH�0HPRU\�$OOR\V� �60$V��DUH�DOOR\V�EDVHG�RQ�WKH�VKDSH�PHPRU\�WUDQVIRUPDWLRQ� ILUVW�
UHSRUWHG�LQ�WKH�����V�ZKHQ�WKLV�UHYHUVLEOH�SURFHVV�ZDV�REVHUYHG��+RZHYHU��LW�ZDV�QRW�XQWLO�
����� WKDW� WKLV� HIIHFW� ZDV� GHPRQVWUDWHG�� /DWHU�� LQ� ����� WKH� 1DYDO� RUGQDQFH� /DERUDWRU\�
GHYHORSHG�WKH�PRVW�IDPRXV�VKDSH�PHPRU\�DOOR\V��WKH�1LWLQRO�DOOR\V��7KLV�QDPH�LV�WKH�XQLRQ�
EHWZHHQ�NiFNHO��TiWDQLXP��DQG�NOL��1DYDO�2UGQDQFH�/DERUDWRU\����

7KHLU�HPSOR\PHQW�LV�JURZLQJ�VLQFH�LW�LV�SRVVLEOH�WR�XVH�WKHVH�DOOR\V�ERWK�DV�VHQVRUV�DQG�DV�
DFWXDWRUV��$OVR��WKH�GHYHORSPHQW�RI�VRIW�URERWLFV�WKDW�QHHGV�PRUH�DGDSWDEOH�DQG�OLJKWZHLJKW�
DFWXDWRUV�KDV�LQFUHDVHG�WKH�UHVHDUFK�LQWHUHVW�DQG�DSSOLFDWLRQ�LQ�YDULRXV�VRIW�URERWV���

$V�LW�LV�SRVVLEOH�WR�VHH�IURP�)LJXUH������WKH�QXPEHU�RI�SXEOLFDWLRQV�LV�FRQVWDQWO\�LQFUHDVLQJ��
GHPRQVWUDWLQJ� KRZ� LQWHUHVW� LQ� WKHVH� DOOR\V� LV� JURZLQJ� GHVSLWH� EHLQJ� NQRZQ� DQG� XVHG� IRU�
PDQ\�\HDUV��)LJXUH�����VKRZV�ZKLFK�FRXQWULHV�DUH�PDLQO\�LQYHVWLJDWHG�60$�DSSOLFDWLRQV���

Figure 3.1 1XPEHU�RI�DUWLFOHV�UHODWHG�WR�´shape memory alloysµ�LQ�WKH�ODVW�32 years. Source: Web of 
Science (Access Date: 30/11/2021). 

Figure 3.2 Diagram of the top fifteen countries for publications in SMA (1º China, 2º USA, 3º Japan, 4º 
Germany, 5º Russia, 6º France, 7º India, 8º Spain, 9º Itlay, 10º South Korea, 11º Iran, 12º Canada, 13º 

England, 14º Poland, 15º Australia) 

Total Publications: 
28.343 
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60$V�KDYH�EHHQ�XVHG�LQ�PDQ\�GLIIHUHQW�DSSOLFDWLRQV�GXH�WR�WKHLU�FKDUDFWHULVWLFV��,Q�)LJXUH�
�����WKH�PDLQ�FDWHJRULHV�RI�SXEOLFDWLRQV�LQ�:HE�6FLHQFH�DUH�SUHVHQWHG��7KLV�GLDJUDP�VKRZV�
KRZ�VWXGLHV�UHODWHG� WR� WKHVH�DOOR\V�DUH�UHJDUGHG��HVSHFLDOO\�PDWHULDOV�VFLHQFH�� IROORZHG�E\�
WKH� DXWRPDWLRQ� FRQWURO� V\VWHP� DQG� URERWLFV�� RSWLFV�� FRQVWUXFWLRQ� EXLOGLQJ�� ELRPHGLFDO�
DSSOLFDWLRQV� �'HQWLVWU\� 2UDO� 6XUJHU\� 0HGLFLQH�� 6XUJHU\�� 2UWKRSHGLFV�� &DUGLRORJ\��� DQG�
DFRXVWLFV��

Figure 3.3 Main categories of publications. Source: Web of Science (Access Date: 30/11/2021). 

2WKHU�DSSOLFDWLRQV�ILHOGV�DUH�DXWRPRWLYH�DQG�DHURVSDFH��,Q�URERWLFV�WKH\�KDYH�EHHQ�DSSOLHG�
LQ�ELR�LQVSLUHG� URERWV� >���@��PLQLDWXUH� URERWV� >���@��ZHDUDEOH� URERWV� >���@�� RULJDPL� URERWV�
>���@�� UHFRQILJXUDEOH� URERWLF� HQG�HIIHFWRUV� >�������@�� VHOI�UHFRQILJXUDEOH� PRGXODU� URERWV�
>���@�� PHGLFDO� DSSOLFDWLRQV� >�������@�� EHWZHHQ� PDQ\� RWKHUV�� ,Q� >���@�� D� UHYLHZ� RI� VKDSH�
PHPRU\�DOOR\�DSSOLFDWLRQV�LV�DYDLODEOH���

6KDSH�PHPRU\�DOOR\V�KDYH�WKH�DELOLW\�WR�UHPHPEHU�D�VKDSH�DQG�UHWXUQ�WR�WKLV�VKDSH�DIWHU�
GHIRUPDWLRQ�� 60$V� FDQ� EH� ´SODVWLFDOO\µ� GHIRUPHG� DW� ORZ� WHPSHUDWXUHV�� EXW� WKLV� ´SODVWLFµ�
VWUDLQ�FDQ�EH�UHFRYHUHG�E\�KHDWLQJ�WKH�DOOR\V��7KLV�LV�FDOOHG�WKH�VKDSH�PHPRU\�HIIHFW��60(����

7KLV� HIIHFW� LV� EDVHG� RQ� WKH� SUHVHQFH� RI� WZR� VWDEOH� FU\VWDOOLQH� SKDVHV�� PDUWHQVLWH� �RU� ǂ�
SKDVH��� ZKLFK� LV� WKHUPRG\QDPLFDOO\� VWDEOH� DW� D� ORZHU� WHPSHUDWXUH�� DQG� DXVWHQLWH� �RU� ǃ�
SKDVH��� ZKLFK� LV� WKH� SDUHQW� SKDVH� VWDEOH� DW� KLJKHU� WHPSHUDWXUHV��0DUWHQVLWH� SUHVHQWV� D�
FU\VWDO�VWUXFWXUH�ZLWK� ORZ�V\PPHWU\��ZKLFK�W\SH�GHSHQGV�RQ�WKH�FRPSRVLWLRQ�RI�WKH�DOOR\��
ZKLOH�DXVWHQLWH�KDV�D�KLJKHU�V\PPHWU\�XVXDOO\�EDVHG�RQ�D�FXELF�ODWWLFH��>���@��)LJXUH������

Figure 3.4 Crystal structure of martensite (a) and austenite (b).[284] 

$W�ORZ�WHPSHUDWXUH��WKH�DOOR\�LV�LQ�WKH�PDUWHQVLWH�SKDVH��ܯሻ�DQG�LW� LV�UHODWLYHO\�VRIW�DQG�
HDVLO\� GHIRUPDEOH�� 7KH�PROHFXODU� VWUXFWXUH� LQ� WKLV� SKDVH� LV� WZLQQHG�� DV� VKRZQ� LQ� )LJXUH�
����� $SSO\LQJ� D� IRUFH�� WKLV� SKDVH� FKDQJHV� LQ� GHWZLQQHG�� 7KXV�� WR� UHFRYHU� WKH�PHPRUL]HG�
VKDSH� LV� QHFHVVDU\� WR� KHDW� WKH� DOOR\�� WKH� WHPSHUDWXUH� �௦ܣ �$XVWHQLWH� VWDUW�� PDUNV� WKH�
EHJLQQLQJ�RI�WKH�DXVWHQLWLF�WUDQVIRUPDWLRQ�XQWLOܣ�� �$XVWHQLWH� ILQLVK��� WKDW�FRUUHVSRQGV�WR�
WKH�FRPSOHWH�UHFRYHU\�RI�WKH�VKDSH�DQG�WKH�PRPHQW� LQ�ZKLFK�60$�FDQ�UHDOL]H� IRUFH��7KH�
DOOR\� VWDUWV� WR� FRRO� DQG� �௦ܯ �0DUWHQVLWH� VWDUW�� PDUNV� WKH� EHJLQQLQJ� RI� PDUWHQVLWLF�

(a) (b) 
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WUDQVIRUPDWLRQ�XQWLOܯ�� �0DUWHQVLWH� ILQLVK���7KHVH� WHPSHUDWXUHV�DUH�VKRZQ�LQ�)LJXUH������
ο ுܶ� UHSUHVHQWV� WKH� WUDQVIRUPDWLRQ� WHPSHUDWXUH�K\VWHUHVLV�� DQG� LW� LV� WKH�GLIIHUHQFH� LQ� WKH�
WUDQVIRUPDWLRQ� WHPSHUDWXUHV� �IURP� PDUWHQVLWH� WR� DXVWHQLWH�� DQG� IURP� DXVWHQLWH� WR�
PDUWHQVLWH��� 7KH� WUDQVIRUPDWLRQ� K\VWHUHVLV� FDQ� EH� GHILQHG� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH�
WHPSHUDWXUHV�DW�ZKLFK�WKH�PDWHULDO�LV�����WUDQVIRUPHG�WR�DXVWHQLWH�XSRQ�KHDWLQJ�DQG�����
WUDQVIRUPHG�WR�PDUWHQVLWH�XSRQ�FRROLQJ��7\SLFDO�YDOXHV�IRU�ELQDU\�1L7L�DOOR\V�DUH�DERXW����
WR����Ő&��>���@�

Figure 3.5 Transformation temperatures in shape memory alloys. [286] 

$V�LW�LV�SRVVLEOH�WR�VHH�LQ�)LJXUH������WKH�WUDQVIRUPDWLRQ�IURP�DXVWHQLWH�WR�PDUWHQVLWH�QHHGV�
D�UHDUUDQJHPHQW�RI�WKH�DOOR\�PLFURVWUXFWXUH��0DUWHQVLWH�SUHVHQWV�WZR�VWUXFWXUHV��RQH�ZKHQ�
XQGHIRUPHG� DQG� QRW� VXEMHFWHG� WR� IRUFHV� �7ZLQQHG� 0DUWHQVLWH�� SRLQW� ���� DQG� RQH� ZKHQ�
GHIRUPHG�DQG�VXEMHFWHG� WR�D� IRUFH� �'HWZLQQHG�0DUWHQVLWH��SRLQW� ����7KH�GHIRUPDWLRQ�DOVR�
UHPDLQV�ZKHQ�WKH�ORDG�LV�UHPRYHG��������7KH�WHPSHUDWXUH�SURJUHVVLYHO\�LQFUHDVHV�WR�UHFRYHU�
WKH�VKDSH�XQWLO� WKH�DXVWHQLWLF�SKDVH�� WKH�VKDSH� LV�PDLQWDLQHG�ZKHQ�WKH�DOOR\�FRROV�GRZQ��
>���@�

Figure 3.6 Representation of the thermo-mechanical behavior of an SMA, showing the dependency 
DPRQJ�WHPSHUDWXUH��7��VWUHVV��ǔ��DQG�VWUDLQ��ǆ��DQG�WKH�UHODWHG�FU\VWDO�VWUXFWures.[287] 

6,/9,$�7(55,/(

62)7�52%27,&6��$33/,&$7,216��'(6,*1�$1'�&21752/



���

0DQ\� SURSHUWLHV� FKDQJH� GXULQJ� WKH� SKDVH� WUDQVIRUPDWLRQ�� DV� H[SODLQHG� LQ� >���@�� OLNH�
HOHFWULFDO� UHVLVWLYLW\�� WKHUPRHOHFWULF� SRZHU�� HOHFWURPRWLYH� IRUFH�� <LHOG� VWUHQJWK�� <RXQJ·V�
PRGXOXV��GDPSLQJ��LQWHUQDO�IULFWLRQ��WKHUPDO�FRQGXFWLYLW\��KHDW�FDSDFLW\��DQG�ODWHQW�KHDW��

60$V� DOOR\V� GR� QRW� VKRZ� DOO� WKH� VDPH� EHKDYLRU�� EXW� WKH\� FDQ� SUHVHQW� WKH� IROORZLQJ�
SURSHUWLHV�GHSHQGLQJ�RQ�WKH�PDUWHQVLWLF�WUDQVIRUPDWLRQ�WKH\�UHDOL]H�>���@���

��� One-way shape memory effect��,W�LV�WKH�PRVW�FRPPRQ�60$�DOOR\�DEOH�WR�UHFRYHU�WKH
KLJK�WHPSHUDWXUH�DXVWHQLWLF�VKDSH�XSRQ�KHDWLQJ��+RZHYHU��WR�REVHUYH�WKLV�WUDQVIRUPDWLRQ�
LW�LV�QHFHVVDU\�WR�GHIRUP�WKH�PDWHULDO�LQ�WKH�ORZ�WHPSHUDWXUH�PDUWHQVLWLF�VWDWH�

��� Two-way shape memory effect��RU�UHYHUVLEOH�VKDSH�PHPRU\�HIIHFW���7KHVH�DOOR\V�FDQ
UHFRYHU�D�SUHVHW�VKDSH�XSRQ�KHDWLQJ�DERYH�WKH�WUDQVIRUPDWLRQ�WHPSHUDWXUHV�DQG�UHWXUQ�WR
DQRWKHU�VKDSH�XSRQ�FRROLQJ�

��� All-round shape memory effect��,W�LV�D�SDUWLFXODU�FDVH�RI�SUHYLRXV�DQG�GLIIHUV�IURP�LW
IRU� D� PRUH� VLJQLILFDQW� DPRXQW� RI� VKDSH� DQG� V\PPHWU\� EHWZHHQ� WKH� KLJK� DQG� ORZ�
WHPSHUDWXUH�VKDSHV�

��� Hysteresis behavior��7KH�0DUWHQVLWH� WR�DXVWHQLWH� RFFXUV�RYHU�D�KLJKHU� WHPSHUDWXUH
UDQJH�WKDQ�WKH�DXVWHQLWH�WR�PDUWHQVLWH�WUDQVIRUPDWLRQ��7KH�FRQVLGHUHG�WHPSHUDWXUH�LV�WKDW
DW�ZKLFK�WKH�KDOI�WUDQVIRUPDWLRQ�KDV�DOUHDG\�KDSSHQHG�

��� Superelasticity��7KHVH�DOOR\V�FDQ�UHWXUQ�WR�WKHLU�RULJLQDO�VKDSH�XSRQ�XQORDGLQJ�DIWHU
VXEVWDQWLDO�GHIRUPDWLRQ�

��� Vibration damping capacity�� 60$V� H[KLELW� DOO�PHWDO� PDWHULDOV
� KLJKHVW� YLEUDWLRQ
GDPSLQJ�SURSHUWLHV�>���@�

2WKHU�HVVHQWLDO�DVSHFWV�RI�60$�DUH�WKH�OLIH�F\FOHV��7KH\�GHSHQG�RQ�D�VWUHVV�VWUDLQ�WUDGH�RII��
$V� LW� LV� SRVVLEOH� WR� VHH� LQ� )LJXUH� ����� ZKHQ� VWUDLQ� LQFUHDVHV�� VWUHVV� KDV� WR� GHFUHDVH� WR�
DFKLHYH�D�JRRG�IDWLJXH�SHUIRUPDQFH�

Figure 3.7 Fatigue behavior [291] 

$V�DOUHDG\�VDLG��WKH�WZR�SULQFLSOHV�FRQILJXUDWLRQ�RI�60$�DUH�ZLUHV�DQG�VSULQJV��7KH�JUDSKV�
EHORZ� �)LJXUH� ���� DQG� )LJXUH� ����� VKRZ� WKDW� 60$�DFWXDWRUV� SUHVHQW� D� YHU\� KLJK� VSHFLILF�
ZRUNLQJ�RXWSXW�FRQIURQWLQJ�RWKHU�DFWXDWRUV
�WHFKQRORJLHV��,W�LV�DOVR�LQWHUHVWLQJ�WKDW�VSULQJV�
H[HUW�OHVVHU�IRUFH�WKDQ�ZLUHV�ZLWK�WKH�VDPH�GLDPHWHUV��+RZHYHU��ZLUHV�FDQ�RQO\�SUHVHQW�D�
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FRQWUDFWLRQ� HTXDO� WR� ������ RI� WKHLU� RULJLQDO� OHQJWK��ZKLOH� VSULQJV� FDQ� EH� GHIRUPHG�PRUH�
VLJQLILFDQWO\��DOORZLQJ�D�JUHDWHU�GLVSODFHPHQW�� 7KLV�H[SODLQV�ZK\� LQ� WKLV�ZRUN��RQO\�60$�
VSULQJV�KDYH�EHHQ�HPSOR\HG���

Figure 3.8 Comparison of different actuators technologies [291] 

Figure 3.9 Adapted from [292] The power/weight ratio versus the weight of different actuation 
technologies. 

$V� DOUHDG\� PHQWLRQHG�� WKH� 60$V
� VSHHG� IXQFWLRQLQJ� LV� KLJKO\� DIIHFWHG� E\� WKH� FRROLQJ�
SURFHVV�� ZKLFK� LV� JUHDWO\� DIIHFWHG� E\� KHDW� VLQNLQJ� DQG� GHVLJQ� IHDWXUHV�� $V� '\QDOOR\�
LQGLFDWHV� >���@�� RQH� RI� WKH� VLPSOHVW� ZD\V� WR� LPSURYH� FRROLQJ� VSHHG� LV� WR� XVH� D� VPDOOHU�
GLDPHWHU�ZLUH�VLQFH�WKH�PRUH�VXUIDFH�WR�PDVV�WKH�ZLUH�KDV�DQG�WKH�IDVWHU� LW�FDQ�FRRO��)RU�
WKLV�UHDVRQ��LW�LV�EHWWHU�WR�XVH�PXOWLSOH�ZLUHV�LQ�SDUDOOHO�WR�H[HUW�WKH�VDPH�IRUFH�RI�D�VLQJOH�
ZLUH�ZLWK�D�JUHDWHU�GLDPHWHU��$�KLJKHU�WHPSHUDWXUH�ZLUH�DOVR�LPSURYHV�WKH�FROOLQJ�WLPH�GXH�
WR� WKH� KLJKHU� WHPSHUDWXUH� GLIIHUHQWLDO� EHWZHHQ� URRP� WHPSHUDWXUH� DQG� WKH� ZLUH�
WHPSHUDWXUH��FDXVLQJ�D�IDVWHU�UDWH�RI�KHDW�ORVV��

,W� LV� DOVR� SRVVLEOH� WR� LPSURYH� FRROLQJ� ZLWK� H[WHUQDO� PHWKRGV� DV� IRUFHG� DLU�� KHDW� VLQNV��
LQFUHDVHG�VWUHVV��WR�UDLVH�WKH�WUDQVLWLRQ�WHPSHUDWXUH���DQG�OLTXLG�FRRODQWV��&RPELQDWLRQV�RI�
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WKHVH�PHWKRGV� DUH� DOVR� HIIHFWLYH�� &RQVLGHULQJ� DOO� WKH� DERYH�� FRROLQJ� WLPH� FDQ� UDQJH� IURP�
VHYHUDO�PLQXWHV�WR�IUDFWLRQV�RI�PLOOLVHFRQGV�E\�HIIHFWLYH�DQG�SURSHU�KHDW�VLQNLQJ��

)LJXUH� ����� VKRZV� KRZ� VSULQJ� VKDSH� FKDQJHV� GXULQJ� SKDVH� WUDQVIRUPDWLRQ�� ,QLWLDOO\�� WKH�
VSULQJ� LV� VWUHWFKHG� ����� ZKHQ� WHPSHUDWXUH� LQFUHDVH�� LW� VWDUWV� WR� UHFRYHU� WKH� VKDSH� ����
SDUWLDOO\��XQWLO������ZKHQ�VSULQJV�FDQQRW�FRQWUDFW�PRUH��)URP�WKLV�PRPHQW��VSULQJ�EHJLQV�WR�
FRRO�GRZQ�����XQWLO�URRP�WHPSHUDWXUH������EXW�LW�PDLQWDLQV�WKH�PHPRUL]HG�VKDSH��7R�VWDUW�D�
QHZ�F\FOH��LW�LV�QHFHVVDU\�WR�GHIRUP�WKH�VSULQJ�DJDLQ���

Figure 3.10 One-way shape memory effect in a Nitinol spring. 

7KH�60$�VSULQJ�FDQ�RSHUDWH�DV�D� WZR�ZD\�DFWXDWRU��DV�H[SODLQHG� LQ� >���@��SODFLQJ�D�ELDV�
VSULQJ�ZLWK�D�IL[HG�JULS�RQ�RQH�VLGH�RI�WKH�60$�IDYRUV�WKH�UHFRYHU\�RI�WKH�VSULQJ�VLQFH��DV�LW�
FRROV�DQG�JLYHV�ZD\��WKH�V\VWHP�ZLOO�UHWXUQ�WR�LWV�LQLWLDO�GLVSRVLWLRQ��RU�DW�OHDVW�FORVH�WR�LW��
�)LJXUH��������

Figure 3.11 Bias spring concept 
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)LJXUH������VKRZV�ORDG�GHIOHFWLRQ�FXUYHV�RI�DQ�60$�VSULQJ�DQG�ELDV�VSULQJ��7KH�VORSHV�RI�
WKH� 60$� VSULQJ� DQG� ELDV� VSULQJ
V� ORDG�GHIOHFWLRQ� FXUYHV� DUH� VSULQJ� FRQVWDQWV� DQG� KDYH�
RSSRVLWH�VLJQV�VLQFH�WKH\�PRYH�LQ�RSSRVLWH�GLUHFWLRQV��)RU�LQVWDQFH�� LI�WKHUH� LV�DQ�H[WHUQDO�
IRUFH��WKH�VWURNH�LV�VKRUWHQHG�WR�6WĻ��IRU�H[DPSOH��,W�DOVR�VKRZV�WKDW�D�ODUJHU�VWURNH�FDQ�EH�
REWDLQHG�ZKHQ�WKH�VSULQJ�FRQVWDQW�LV�VPDOO�>���@�

Figure 3.12 A load-deflection diagram for the SMA spring and bias spring in the two-way SMA 
actuator.[295] 

3.2 Fabrication of SMA springs 
60$�FDQ�EH�IDEULFDWHG�XVLQJ�GLIIHUHQW�WHFKQLTXHV��DV�VKRZQ�LQ�>���@��7KH�PRVW�XVHG�DUH�WKH�
PHOWLQJ� WHFKQLTXHV� �YDFXXP�PHOWLQJ�� HOHFWURQ� EHDP�PHOWLQJ� DQG� SODVPD�PHOWLQJ��� 2WKHU�
WHFKQLTXHV�DUH�SRZGHU�PHWDOOXUJ\��WKHUPDO�VSUD\��WKLQ�ILOP�IDEULFDWLRQ��DQG�KHDW�WUHDWLQJ��
60$V�FDQ�XVXDOO\�EH�DFTXLUHG�DV�WKUHDGV�RU�VSULQJV��7KUHDGV�WKURXJK�D�WKHUPDO�WUHDWPHQW�
FDQ�PHPRUL]H�D�QHZ�VKDSH�GHSHQGLQJ�RQ�WKH�DSSOLFDWLRQ��,Q�VRPH�SURWRW\SHV�VKRZQ�LQ�WKH�
IROORZLQJ� FKDSWHUV�� OLNH� WKH� VWDUILVK� $VIRUE�� WKH� MHOO\ILVK� -HOO\5REFLE�� RU� WKH� VRIW�
PDQLSXODWRUV� 5XᐻQ�� WKH� VSULQJV� XVHG� ZHUH� PDQXIDFWXUHG� IURP� WKUHDGV� XQGHUJRLQJ� KHDW�
WUHDWPHQW���

7KH� IRUFH� WKDW� D� VSULQJ�SURGXFHV� DW� D� JLYHQ�GHIOHFWLRQ�GHSHQGV� OLQHDUO\� RQ� WKH�PDWHULDO
V�
VKHDU�PRGXOXV��60$V�H[KLELW�D�VLJQLILFDQW�WHPSHUDWXUH�GHSHQGHQFH�RQ�WKH�PDWHULDO�VKHDU�
PRGXOXV��7KH�UHODWLRQVKLS�EHWZHHQ�VKHDU�PRGXOXV�DQG�WHPSHUDWXUH�IRU�60$V�LV�JLYHQ�E\�
�(TXDWLRQ������>���@��

ܩ ൌ �ቐ
ܶ�݄݊݁ݓ�ெܩ ൏ �ܽ݊݀�ܶܯ� ൏ ௦ܣ�
ǡߛሺܩ ܶሻܯ�݄݊݁ݓ� � ܶ�  �ܣ�
ܶ�݄݊݁ݓ�ܩ  �ܽ݊݀�ܶܣ  ௦ܯ�

������

:KHUHܩ��LV�WKH�VKHDU�PRGXOXV�RI�60$V��

:KHQ�WKH�60$�ZLUH�LV�KHDWHG�RU�FRROHG��WKH�KHDW�EDODQFH�HTXDWLRQ�LV�

ଵܸܿߩ
݀ܶ
ݐ݀

ൌ �െ݄ܣሺܶ െ ܶሻ ������

ZKHUHߩ�ଵ�LV�WKH�PDVV�GHQVLW\�RI�60$��ܿ�LV�WKH�VSHFLILF�KHDW��ܸ�LV�WKH�YROXPH�RI�60$H[SRVHG�
LQ�DLUݐ���LV�WKH�WLPH��႙�LV�WKH�KHDW�H[FKDQJH�FRHIILFLHQWܣ���LV�WKH�VXSHUILFLDO�DUHD�RI�60$��DQG�
ܶ �LV�WKH�WHPSHUDWXUH�RI�DLUIORZ��
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,Q�D�W\SLFDO�VWHHO�FRLO�VSULQJ��WKH�UHODWLRQVKLS�EHWZHHQ�WKH�D[LDO�IRUFH�)�DQG�WKH�GHIOHFWLRQ�ǅ�
FDQ�EH�GHVFULEHG�FRQVLGHULQJ�WKH�WRUVLRQDO�PRPHQW�>���@��

ܨ ൌ �
ସ݀ܩ

ͺܦଷ݊
ߜ ������

:KHUH�'�LV�WKH�VSULQJ�GLDPHWHU��G�LV�WKH�ZLUH�GLDPHWHU��Q�LV�WKH�QXPEHU�RI�DFWLYH�FRLOV��DQG�
*�LV�WKH�VKHDU�PRGXOXV��)LJXUH���������

Figure 3.13 Geometric parameters of SMA spring 

)RU�D�ODUJH�GHIRUPDWLRQ�RI�WKH�60$�FRLO�VSULQJ�DFWXDWRU��WKH�WRUTXH��EHQGLQJ�PRPHQW��FRLO�
VSULQJ�SLWFK�DQJOH��DQG�VSULQJ�GLDPHWHU�UHGXFWLRQ�DUH�DOO�DVVXPHG�WR�EH�QRQ]HUR��7KH�VKHDU�
IRUFH��D[LDO�IRUFH��DQG�FRLO�VSULQJ�FXUYDWXUH�HIIHFW�DUH�LJQRUHG�VLQFH�WKH\�DUH�VPDOO�FRPSDUHG�
WR�WKH�WRUVLRQDO�DQG�EHQGLQJ�PRPHQWV�>���@�

7KH�VKHDU�VWUHVV�LV�GHVFULEHG�DV��

߬ ൌ �݇
ͺܦܨ
ଷ݀ߨ

ൌ ݇
ͺܥܨ
ଶ݀ߨ

������

:KHUH�&�LV�WKH�VSULQJ�LQGH[ܥ� ൌ ܦ ݀Τ �DQG�N�LV�WKH�:DKO�FRUUHFWLRQ�IDFWRU�

݇ ൌ �
Ͷܥ െ ͳ
Ͷܥ െ Ͷ


ͲǤͳͷ
ܥ

������

߬�DQG�*�DUH�UHODWHG�DV�IROORZLQJ�ZLWK�WKH�VKHDU�VWUDLQߛ��

߬ ൌ ߛ�ܩ ������

7KH�VWUHWFK�RI�VSULQJ�XQGHU�WKH�ORDG�)�LV��

ߜ ൌ �
ͺܦܨଷ݊
݀ସܩ�

������

7KH�UHODWLRQVKLS�EHWZHHQ�FRPSUHVVHG�OHQJWKߜ��DQG�VKHDU�VWUDLQߛ��IRU�60$�VSULQJ�LV�JLYHQ�
E\�

ߜ ൌ �
ଶܦߨ݊

݀
ߛ ������

7KH�ZLUH� GLDPHWHU� IRU� WKH� DFWXDWRU� FDQ� EH� REWDLQHG� IURP� ������ IRU� DFFHSWDEOH� YDOXHV� RIܥ��
UDQJLQJ�IURP���WR�����

݀ ൌ �ඨ݇
ͺܥܨ
߬ߨ

������

7KH�QXPEHU�RI�WXUQV�LQ�WKH�VSULQJ�FDQ�EH�REWDLQHG�IURP��������

݊ ൌ �
ο݀ߜ
ଶܦߛοߨ

�������
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2QFH� JHRPHWULFDO� SDUDPHWHUV� KDYH� EHHQ� VHOHFWHG�� LW� LV� QHFHVVDU\� WR� PDQXIDFWXUH� 60$�
VSULQJV��7KH�SURFHVV�UHFRPPHQGHG�FRQVLVWV�RI�WKUHH�VWHSV�>���@��

�� &RQVWUDLQ�WKH�1LWLQRO�LQ�D�PHWDO�IL[WXUH�LQ�WKH�GHVLUHG�ILQDO�VKDSH��LQ�WKLV�FDVH�� LW
ZDV�D�VFUHZ��DV�VKRZQ�LQ�)LJXUH������

�� +HDW� WKH� SDUW� DQG� IL[WXUH� IRU� ��� PLQXWHV� LQ� DQ� DLU� IXUQDFH� �)LJXUH� ������ DW� D
WHPSHUDWXUH� RI� ���� �&� �LW� LV� LPSRUWDQW� WR� UHPHPEHU� WKDW� WLPH� GHSHQGV� RQ� ZLUH
GLDPHWHU��DQG

�� 4XHQFK�WKH�SDUW�DQG�IL[WXUH�LQ�URRP�WHPSHUDWXUH�ZDWHU�WR�GHILQH�WKH�KHDWLQJ�WLPH
DQG�DYRLG�DJLQJ�HIIHFWV�VKDUSO\�

Figure 3.14 Nitinol wire constrain in a screw with two nuts. 

Figure 3.15 Air furnace used. 

&XVWRP�VSULQJV�SUHVHQW�PDQ\�DGYDQWDJHV��7KH�ILUVW�LV�WKDW�WKH�FRPPHUFLDO�VXSSO\�RI�ZLUHV�
LV� JUHDWHU� WKDQ� WKDW� RI� VSULQJV�� VR� WKH� UDQJH� RI� DYDLODEOH� GLDPHWHUV�PDNHV� LW� SRVVLEOH� WR�
FKRRVH� WKH� RQH� WKDW� EHVW� VXLWV� WKH� DSSOLFDWLRQ� GHYHORSHG�� 6SULQJV·� OHQJWK� FDQ� DOVR� EH�
VHOHFWHG��7KH�ZLUH�LV�DOVR�FKHDSHU��DQG�LW�LV�SRVVLEOH�WR�IDEULFDWH�PXOWLSOH�DFWXDWRUV�IURP�LW��
+RZHYHU�� LW� LV� QRW� HDV\� WR� NQRZ� SUHFLVHO\� WKH� SDUDPHWHUV� WR� FDUU\� RXW� WKH�PHPRUL]DWLRQ�
SURFHVV� FRUUHFWO\�� DQG� DOWKRXJK� WKH� VSULQJV� WKXV� PDQXIDFWXUHG� KDYH� SURYHQ� WR� ZRUN�
SURSHUO\��WKH\�ORVW�VKDSH�PHPRU\�TXLWH�TXLFNO\��

0RUHRYHU�� LW� ZDV� QRW� SRVVLEOH� WR� SHUIRUP� UHOLDEOH� VLPXODWLRQV� VLQFH� EHWZHHQ� VSULQJV�
SHUIRUPHG� DW� GLIIHUHQW� WLPHV�� HYHQ� ZLWK� WKH� VDPH� SURFHGXUH�� LW� ZDV� QRWHG� WKDW� QRW� DOO�
VKRZHG� SUHFLVHO\� WKH� VDPH� EHKDYLRU� �VRPH� UHFRYHUHG� WKHLU� VKDSH� PRUH� TXLFNO\� XSRQ�
UHDFKLQJ� WKH� WUDQVIRUPDWLRQ� WHPSHUDWXUH� WKDQ� RWKHUV��� )RU� WKHVH� UHDVRQV�� DOO� ZHDUDEOH�
SURWRW\SHV� KDYH� EHHQ� IDEULFDWHG� ZLWK� 60$� VSULQJV� LQGXVWULDO� PDQXIDFWXUHG� WR� REWDLQ� D�
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PRUH�KRPRJHQRXV�EHKDYLRU��)(0�DQDO\VLV�KDV�EHHQ�UHDOL]HG�WR�YHULI\�LI�WKH\�FDQ�UHDOL]H�WKH�
QHFHVVDU\�VWUHQJWK�WR�FKRRVH�WKHVH�VSULQJV���

3.3 Finite Element Analysis of SMA springs 
6KDSH� PHPRU\� DOOR\V� FDQ� EH� PRGHOHG� GLIIHUHQWO\�� DV� H[SODLQHG� LQ� >���@�� VLQFH� DQ\�
IUDPHZRUN� FDQ� FRQVLGHU� WKH�PXOWLVFDOH� SK\VLFDO� SKHQRPHQD� RI� 60$� GHIRUPDWLRQV� WRGD\��
7KXV�� IRXU� FDWHJRULHV�KDYH� EHHQ� LQGLYLGXDWHG�� ���� WKH�PDFUR�SKHQRPHQRORJLFDO� �)(0��� ����
PLFURPHFKDQLFDO�� ���� PROHFXODU� G\QDPLFV� �0'��� DQG� ���� ILUVW� SULQFLSOHV� PRGHOV� �'HQVLW\�
)XQFWLRQDO�7KHRU\��')7����

7KHVH�PRGHOV�SUHVHQW�GLIIHUHQFHV� LQ� WKH� OHQJWKVFDOH�ZLVH� FRQVLGHUHG�JRYHUQLQJ�SULQFLSOHV��
PRGHOLQJ�HPSKDVLV��DQG�FRUH�DVVXPSWLRQV��,Q�WKLV�ZRUN��WKH�ILUVW�FDWHJRU\�ZDV�HPSOR\HG�WR�
PRGHO�WKH�VSULQJV�XVHG�VLQFH�ILQLWH�HOHPHQW�DQDO\VLV�KDYH�EHHQ�SHUIRUPHG��7KHVH�DQDO\VHV�
FRQVLGHU�PDFURVFDOH�DWWULEXWHV�OLNH�VWUHVV��VWUDLQ��WHPSHUDWXUH�WUDQVIRUPDWLRQ��DQG�IDWLJXH�
SURSHUWLHV�� 7KH� PDWKHPDWLFDO� IRUPXODWLRQ� LV� EDVHG� RQ� SKDVH� WUDQVIRUPDWLRQ�� PHWDO�
SODVWLFLW\��DQG�WKHUPRG\QDPLFV��7KH�HPSLULFDO�YDOXHV�RI�WKH�VSHFLILF�60$�DUH�QHFHVVDU\�WR�
UXQ� D� SURSHU� VLPXODWLRQ� �H�J��� <RXQJ
V� PRGXOL�� WUDQVIRUPDWLRQ� VWUHVV� DQG� WHPSHUDWXUH��
VWUDLQ��� $V� LQ� PDQ\� RWKHU� FDVHV�� )(0� VLPXODWLRQV� DOORZ� UHGXFLQJ� FRVWV� DVVRFLDWHG� ZLWK�
WULDO�DQG�HUURUV�H[SHULPHQWV�DQG�DOORZ�FKRRVLQJ�WKH�FRUUHFW�VSULQJ�IRU�WKH�DSSOLFDWLRQ��,W�LV�
LPSRUWDQW� WR� KLJKOLJKW� WKDW� WKLV� W\SH� RI� VLPXODWLRQ� GRHV� QRW� FRQVLGHU� PLFURVFRSLF�
GHIRUPDWLRQ�SKHQRPHQD�OLNH�WKH�JUDLQ�OHYHO�GHIRUPDWLRQ�SKHQRPHQD���

)(0� DQDO\VLV� ZDV� UHDOL]HG� ZLWK� $QV\V� VRIWZDUH� >���@�� 7KH� VHFRQG�RUGHU� WHQVRU�� ��ܧ LV�
GHILQHG� DV� WUDQVIRUPDWLRQ� VWUDLQ� WR� PHDVXUH� WKH� VWUDLQ� DVVRFLDWHG� ZLWK� WKH� SKDVH�
WUDQVIRUPDWLRQ���

Ͳ�  � ԡܧԡ  ߝ �������

ZKHUH� �ߝ LV� D� PD[LPXP� YDOXH� QRUP� RI� �ܧ LQ� WKH� SKDVH� WUDQVIRUPDWLRQ� DIWHU� IXOO\�
WUDQVIRUPHG��

7KH�VWUHVVߪ����LV�WKHUHIRUH�H[SUHVVHG�LQ�WHUPV�RI�VWUDLQ��

ߪ ൌ ǣܮ ሺܧ െܧ�ሻ� �������

'XULQJ�WKH�WUDQVIRUPDWLRQ��WKH�WUDQVIRUPDWLRQ�VWUHVV�LV�GHILQHG�DV��

ܺ௧ ൌ ߪ െ ሾ߬ெሺܶሻ  ݄ԡܧԡ  ሿߛ
ܧ
ԡܧԡ

�������

:KHUH� ߬ெሺܶሻ ൌ ሺܶߚ െ ܶሻ� LV� D� SRVLWLYH� DQG�PRQRWRQLFDOO\� LQFUHDVLQJ� IXQFWLRQ� RI� WKH� URRP
WHPSHUDWXUH�� 7�� DQG� WKH� PDWHULDO�GHSHQGHQW� WHPSHUDWXUH�� ܶ�� EHORZ� ZKLFK� QR� WZLQQHG�
PDUWHQVLWH�RFFXUV��ǃ�LV�D�PDWHULDO�SDUDPHWHU��7KH�PDWHULDO�SDUDPHWHU�h�LV�DVVRFLDWHG�ZLWK�
WKH�KDUGHQLQJ�RI�WKH�PDWHULDO�LQ�WKH�SKDVH�WUDQVIRUPDWLRQ��
�\�LV�GHILQHG�Eߛ�

�ߛ ൜ߛ ൌ Ͳ�݂݅�Ͳ�  � ԡܧԡ  ߝ
ߛ  Ͳ�݂݅�ԡܧԡ ൌ ߝ

�������

7KH�HYROXWLRQDU\�HTXDWLRQ�IRUܧ�KDV�WKH�IROORZLQJ�IRUP��

ܧ ൌ ሺ݊ሻܧ� �οߦ�
ܨ߲
ߪ߲

�������

ZKHUH�WKH�OLPLW�IXQFWLRQ�)�LV�JLYHQ�LQ�WHUPV�RI�WKH�WUDQVIRUPDWLRQ�VWUHVV�ܺ௧�DQG�WKH�HODVWLF�
GRPDLQ�UDGLXV�5�LQ�WKH�IRUP�RI�WKH�3UDJHU�W\SH�OLPLW�IXQFWLRQ��
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:KHUH��
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ଶܬ ൌ

ͳ
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ଷܬ ൌ
ͳ
͵
ሺܺ௧ଷ ǣ ͳሻ
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,Q�DGGLWLRQ� WR�<RXQJ·V�PRGXOXV�DQG�3RLVVRQ·V�UDWLR�RI�PDUWHQVLWH�DQG�DXVWHQLWH��VL[�RWKHU�
SDUDPHWHUV�DUH�GHILQHG��0��5��K��7���ǃ��DQGߝ��

1LWLQRO�VSULQJ�FKDUDFWHULVWLFV�DUH�VKRZQ�LQ�7DEOH������

Table 3.1 1LWLQRO�VSULQJV·�FKDUDFWHULVWLFV� 

Nitinol Springs Dimensions 
Total length including eyelets 25 mm 
Outer diameter 6 mm 

Cable diameter 0.75 
mm 

Number of coils 21 
Activation temperature 65 ºC 

$�ILUVW�HVWLPDWH�RI�WKH�VSULQJ�IRUFH�KDV�EHHQ�FDOFXODWHG�ZLWK�(TXDWLRQ�������>���@��

ܨ ൌ � ఛೌ�గ�ௗ
య

଼
>1@� �������

7KH�PD[LPXP�IRUFH�WKDW�WKH�VSULQJ�FRXOG�FDUU\�RXW�ZDV�DERXW����1��EHLQJ�ǕD�WKH�PD[LPXP�
VKHDU�VWUHVV��G�WKH�ZLUH�GLDPHWHU��DQG�'�WKH�VSULQJ�GLDPHWHU��8QIRUWXQDWHO\��WKH�VHOOHU�GLG�
QRW�SURYLGH�WKH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�PDWHULDO��6R��WKH�PD[LPXP�VKHDU�VWUHVV��ǕD� �
����03D�� SURYLGHG� E\� DQRWKHU� VHOOHU� �LQ� WKLV� FDVH� E\� WKH� 6$(6� JHWWHUV� JURXS� >���@��ZDV�
XVHG��

)LQLWH� HOHPHQW� VLPXODWLRQV�ZHUH� UHDOL]HG� WR� YDOLGDWH� WKLV� YDOXH�� )RU� WKH� VDPH� UHDVRQ� DV�
EHIRUH�� WKH� YDOXHV� UHFRPPHQGHG�E\�$QV\V� LQ� WKHLU� JXLGH� >���@�KDYH� EHHQ�XVHG��7KH\�DUH�
VKRZQ�LQ�7DEOH������

Table 3.2 Material parameters used for simulation of SMA helical spring. 

Material Properties for a Spring Actuator Values 
'HQVLW\��NJ�P��� �����
(ODVWLF�PRGXOXV�IRU�DXVWHQLWH�SKDVH��03D�� ������
(ODVWLF�PRGXOXV�IRU�PDUWHQVLWH�SKDVH��03D�� ������
3RLVVRQ·V�UDWLR� �����
+��+DUGHQLQJ�3DUDPHWHU���03D�� �����
5��(ODVWLF�/LPLW���03D�� ����
%��7HPSHUDWXUH�6FDOLQJ�3DUDPHWHU���03D�.���� ����
7����5HIHUHQFH�7HPSHUDWXUH���.�� ����
0� ��
0D[LPXP�7UDQVIRUPDWLRQ�6WUDLQ��PP�PP���� �����

7KH�IRUFH�H[HUWHG�E\�WKH�VSULQJ�GRHV�QRW�GHSHQG�GLUHFWO\�RQ�WKH�QXPEHU�RI�WXUQV��DV�VKRZQ�
LQ�WKH�IRUPXOD������7KHUHIRUH��WKH�VLPXODWHG�VSULQJ��VKRZQ�LQ�)LJXUH�������SUHVHQWHG�D�ORZHU�
QXPEHU�RI�WXUQV����LQVWHDG�RI�����WR�UHGXFH�WKH�FRPSXWDWLRQDO�FRVW�DQG�VLPXODWLRQ�WLPH��7KH�
VSULQJ�KDG�IL[HG�VXSSRUW�DW�RQH�HQG��ZKLOH�LW�SUHVHQWHG�D�IRUFH�WKDW�DFWHG�E\�VWUHWFKLQJ�WKH�
VSULQJ�DW�WKH�RWKHU��)LJXUH�����D���
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$� QRQOLQHDU� VWDWLF� DQDO\VLV� LV� SHUIRUPHG� XVLQJ� ODUJH�GHIRUPDWLRQ� �1/*(20�� 21�� DQG�
XQV\PPHWULF� PDWULFHV� IRU� WKH� IXOO� 1HZWRQ�5DSKVRQ� PHWKRG� �15237�� 816<0��� 7KH�
VLPXODWLRQ�FRQVLVWV�RI���PDLQ�VWHSV�� ���� WKH�VSULQJ�LV�GHIRUPHG�E\�DSSO\LQJ�DERXW����1�RI�
IRUFH�DW�URRP�WHPSHUDWXUH������WKH�IRUFH�DSSOLHG�LV�UHPRYHG��DQG�WKH�VSULQJ�GRHV�QRW�UHFRYHU�
LWV� VKDSH� DQG�PDLQWDLQV� WKH� SODVWLF� GHIRUPDWLRQ�� ���� QR� IRUFH� RU� KHDW�ZDV� DSSOLHG� WR� WKH�
VSULQJ��WKXV�VLPXODWLQJ�LWV�QRUPDO�RSHUDWLQJ�FRQGLWLRQ�RQFH�PRXQWHG�RQ�WKH�JORYH��DQG�����
WKH�DFWLYDWLRQ�WHPSHUDWXUH�SURYLGHG�E\�WKH�VHOOHU�ZDV�DSSOLHG�DQG��WKH�VSULQJ�IXOO\�UHFRYHUV�
LWV� VKDSH�� OHDYLQJ� ]HUR� LQLWLDO� GHIRUPDWLRQ�� )LJXUH� ����� VKRZV� KRZ� WR� FKDQJH� WKH� VSULQJ�
VKDSH�GXULQJ�VLPXODWLRQ��)LJXUH������VKRZV�WKH�IRUFH�DQG�WKHUPDO�FRQGLWLRQV�DSSOLHG�DQG�
WKH�UHVXOWDQW�GHIRUPDWLRQ���

Figure 3.16 Model of the SMA spring (a) the geometrical model and boundary conditions, (b) finite 
element model (SOLID185 elements). 

Figure 3.17 Deformed shape compared with undeformed shape. (a) spring at the initial step 0, (b) 
deformed spring after step 1, (c) the spring recovers its shape after heating. 

$IWHU�DSSO\LQJ�DQ�LQLWLDO�IRUFH�RI����1��WKH�VSULQJ�GRHV�QRW�IXOO\�UHFRYHU�LWV�VKDSH��7KHUHIRUH��
WKH�ILUVW�HVWLPDWH�RI�WKH�IRUFH�ZDV�TXLWH�FRUUHFW��

6HYHUDO�VLPXODWLRQV�KDYH�EHHQ�SHUIRUPHG��YDU\LQJ�WKH�LQLWLDO�ORDG�WR�ZKLFK�ZH�VXEMHFWHG�WKH�
VSULQJ��DQG�WKHUHIRUH�YDU\LQJ�LWV�LQLWLDO�GHIRUPDWLRQ�DQG�NHHSLQJ�WKH�WKHUPDO�H[FLWDWLRQ�WKH�
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VDPH��ZH�REVHUYHG� WKDW� WKH� FRQWUDFWLRQ�YDULHG�� ,W� JDYH� ULVH� WR�YDULDWLRQV� LQ� WKH� UHVXOWDQW�
IRUFH�DV�D�IXQFWLRQ�RI�WKH�LQLWLDO�GHIRUPDWLRQ��YHULILHG�H[SHULPHQWDOO\�ODWHU��6LPXODWLRQV�DOVR�
VKRZHG�D�KLJKHU�GHIRUPDWLRQ�LQ� WKH�DUHDV�IXUWKHVW� IURP�WKH�DQFKRU��DV�ZH�ZLOO�VHH� LQ�WKH�
WHVWV��

Figure 3.18 SMA spring analysis. (a) the force applied for each step, (b) thermal conditions applied for 
each step, (c) total deformation. 
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��Science may set limits to knowledge,�
but should not set limits to imagination." 

%HUWUDQG�5XVVHOO�

%LR�LQVSLUHG�VRIW�URERWV�DUH�WKH�ILUVW�JURXS�RI�VRIW�URERWV�GLVFXVVHG�DV�ELR�LQVSLUDWLRQ�LV�WKH�
VWDUWLQJ�SRLQW�RI�WKLV�ILHOG��+HUH�WKH�GHYHORSPHQW�RI�VRIW�VWDUILVK�DQG�MHOO\ILVK�DUH�SUHVHQWHG��
7KH�GHVLJQ��DFWXDWLRQ��DQG�FRQWURO�DUH�SUHVHQWHG�IRU�HDFK�RI�WKHP���

)XUWKHU�LQIRUPDWLRQ�RQ�WKLV�VHFWLRQ�FDQ�EH�IRXQG�LQ�RULJLQDO�VFLHQWLILF�SXEOLFDWLRQV�>��@��

$OVR�� DQ� H[SODQDWRU\� YLGHR� RI� VRPH� RI� WKHVH� URERWV� FDQ� EH� IRXQG� LQ� WKH� (OHFWURQLF�
6XSSOHPHQWDU\�0DWHULDO��9LGHR�6������

4.Bio-inspired soft robots

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'
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4.1 State of the art 
0DQ\�DQLPDOV�OLNH�RFWRSXVHV��ZRUPV��RU�FDWHUSLOODUV��KDYH�EHHQ�VWXGLHG�WR�OHDUQ�KRZ�WKHLU�
ERG\�FDQ�EH�VR�VRIW�DQG�KDUG�DW�WKH�VDPH�WLPH�DQG�KRZ�WR�UHSURGXFH�LW�LQ�D�URERWLF�YHUVLRQ���

6RIW�PDWHULDOV�DOORZ�VRIW�ELRLQVSLUHG�URERWV�WR�UHSOLFDWH� WKH�PRYHPHQWV�RI�DQLPDOV�LQ�ERWK�
WHUUHVWULDO�DQG�PDULQH�KDELWDWV��,Q�WKH�FDVH�RI�WKH�XQGHUJURXQG�HQYLURQPHQW��VRPH�RI�WKH�
PRVW� VLJQLILFDQW� SURWRW\SHV� DUH� ZRUP�OLNH� URERWV� >���²���@�� FDWHUSLOODUV� >��@�� VQDNHV�
>�������@�� LQVHFWV� >���@�� DQG� EDW� ZLQJV� >�������@�� ,Q� WKH� FDVH� RI� WKH� XQGHUZDWHU�
HQYLURQPHQW�� UHVHDUFK� IRFXVHV� RQ� WKH� GHYHORSPHQW� RI� SURWRW\SHV� WKDW� UHSOLFDWH� WKH�
PRYHPHQW� RI� ILVKHV� >���²���@�� RFWRSXVHV� >����������@�� DQG� MHOO\ILVKHV� >���²���@�� 2WKHU�
LQWHUHVWLQJ� SURWRW\SHV� DUH� WKH� TXDGUXSHG� URERW� WKDW�ZDONV� XQGHUZDWHU� >���@�� WKH�0DQWD�
VZLPPLQJ� URERW� >���@V�� ELRPLPHWLF� XQGHUZDWHU� URERWV� EDVHG� RQ� GLHOHFWULF� HODVWRPHU�
DFWXDWRUV�>���@��RU�UDMLIRUP�VZLPPLQJ�URERW�>���@��7KHVH�URERWV�SUHVHQW�GLIIHUHQW�DFWXDWLRQ�
V\VWHPV�WKDW�FDQ�EH�VXPPDUL]HG�LQWR�WKUHH�PDLQ�FDWHJRULHV��YDULDEOH�OHQJWK�WHQGRQ��IOXLGLF�
DFWXDWLRQ�� DQG� HOHFWURDFWLYH� SRO\PHU� �($3�� >���@�� 7KH� ILUVW� FDWHJRU\� �YDULDEOH� OHQJWK�
WHQGRQ�� FRPSULVHV� URERWV� DFWXDWHG� ZLWK� WUDGLWLRQDO� WHQGRQV� DQG� PRWRUV� >���@DQG� URERWV�
DFWXDWHG�ZLWK�VKDSH�PHPRU\�DOOR\��60$��>�������@���

2QH� RI� WKH� PRVW� IDPRXV� URERWLF� VWDUILVK� LV� WKH� SQHXPDWLF� VWDUILVK� UHDOL]HG� E\� +DUYDUG�
8QLYHUVLW\�� ,W� ZDV� D� OLJKWZHLJKW� URERW� WKDW� FRXOG� SHUIRUP� IDVW� PRYHPHQWV� ��� FP� SHU�
VHTXHQFH�� >��@�� ,W� SUHVHQWHG� IRXU� OLPEV�� HDFK� RI� WKHVH� OHJV� ZDV� DFWXDWHG� LQGHSHQGHQWO\��
5RERWLF�VWDUILVKHV�WKDW�HPSOR\�60$V�DFWXDWRUV� WU\�WR�LPLWDWH�WKH�PRYHPHQWV�RI�D�VWDUILVK�
E\�PRYLQJ�LWV�WHQWDFOHV��,Q�>���@�ZDV�SUHVHQWHG�D�VWDUILVK�PDGH�XS�RI�606V��LQGHSHQGHQW�
PRGXODU�XQLWV�IRU�VRIW�URERWV��FDSDEOH�RI�JHQHUDWLQJ�D�SODQDU��IDVW��DQG�KLJK�EHQGLQJ�UDQJH�
PRYHPHQW�YLD� WKH�60$�ZLUHV�HPEHGGHG� LQ� WKHLU�PXOWLOD\HU�VWUXFWXUH�� 60$�VSULQJV�KDYH�
EHHQ� HPSOR\HG� >��@� RU� >���@� LQ� RWKHU� FDVHV�� 7KLV� ODVW� VWDUILVK� VWDQGV� RXW� IRU� LWV� H[FHOOHQW�
UHVXOWV��,W�LV�FDSDEOH�RI�JRLQJ�LQ�GLIIHUHQW�VRLOV�ZLWK�JRRG�SHUIRUPDQFH�LQ�VDQG\�VRLOV��([LVWV�
DOVR�D�VWDUILVK�DFWXDWHG�E\�PRWRUV��,W�FDQ�PRYH�WKH� OLPEV�LQGHSHQGHQWO\��DOORZ�PRYHPHQW�
E\�SHUIRUPLQJ�ZDYH�VHTXHQFHV��DQG�VXSSRUW�ORDGV�RI�XS�WR�����JUDPV�>���@��

�D�� �E�� �F�� �G��

Figure 4.1 (a) The multigait soft robot [75] (b) The SMSs starfish [110] (c) Starfish with SMA springs 
[328] and (d) the quadrupedal starfish robot [105]

2QH�RI�WKH�ILUVW�MHOO\ILVK�SURWRW\SHV��GHYHORSHG�E\�WKH�8QLYHUVLW\�RI�.DJDZD��)LJXUH����D���
XVHG� WKH� FRQGXFWLYH� LRQLF�SRO\PHU� ILOP� �,&3)��DV� DQ�DFWXDWLRQ� V\VWHP� >���@�� ,W� JHQHUDWHV�
FRQWUDFWLRQV�XVLQJ�DQ�DUWLFXODWHG�PHFKDQLVP��7KH�9LUJLQLD�&HQWHU�RI�,QYHVWLJDWLRQ�UHDOL]HG�
WKH� VXEVHTXHQW� UHSUHVHQWDWLYH� GHYHORSPHQW� WKDW� FUHDWHG� D� MHOO\ILVK� XVLQJ� 60$� QDPHG�
´5RERMHOO\µ� �������� ,W�KDV�D�SRO\HWK\OHQH�FRYHUDJH�� LQVSLUHG� E\� WKH�$XULWD�$XUHOLD�VSHFLHV��
:KHQ�WKH�60$�LV�DFWLYDWHG��LW�SURGXFHV�D�UHDFWLRQ�ZLWK�WKH�ZDWHU�WKDW�JHQHUDWHV�K\GURJHQ�
WKDW� KHOSV� WKH� GLVSODFHPHQW� >���@�� $� MHOO\ILVK� URERW� ZDV� LPSOHPHQWHG� EDVHG� RQ� D� VSULQJ�
UHWUDFWLRQ� PHFKDQLVP� �)LJXUH� ���E�� >���@�� ,W� ZDV� FRQWUROOHG� E\� VHUYRPRWRUV� DQG� KDG� D�
VLOLFRQH�ERG\�FDSDEOH�RI�JHQHUDWLQJ�D�XQLODWHUDO�FRQWUDFWLRQ��$QRWKHU�SURWRW\SH�EDVHG�RQ�WKH�
VDPH�RSHUDWLRQ�SULQFLSOH��EXW�DFWXDWHG�E\�HODVWRPHUV�SURGXFLQJ�DQ�H[SDQVLRQ�WR�H[SHO�WKH�
ZDWHU��LV�SUHVHQWHG�LQ�>���@��:LWKLQ�WKH�PRVW�UHFHQW�GHYHORSPHQWV�LQ�������WKH�8QLYHUVLW\�
RI� $WODQWLF� )ORULGD� LPSOHPHQWHG� D� MHOO\ILVK� RSHUDWHG� E\� DLU� PLFURYDOYHV�� FDSDEOH� RI�
JHQHUDWLQJ�D� ODWHUDO�PRYHPHQW� OLPLWLQJ�DLUIORZ�WR� IRXU�RI�WKH�HLJKW�WHQWDFOHV� �)LJXUH����F��
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>���@�� ,Q� ������ D� MHOO\ILVK� RSHUDWHG� E\� 60$� FDSDEOH� RI� PRYLQJ� YHUWLFDOO\� ZDV� GHYHORSHG�
WKDQNV� WR� D� FHQWUDO� 60$� �)LJXUH� ���G�� >���@�� 2QH� RI� WKH� ODVW� ZRUNV� GHYHORSHG� LV� D� VRIW�
MHOO\ILVK�ZLWK�D�GLDPHWHU�RI���PP�DFWXDWHG�WKURXJK�DQ�H[WHUQDO�RVFLOODWLQJ�PDJQHWLF�ILHOG��
FDSDEOH�RI�JHQHUDWLQJ�PRYHPHQWV�ZLWK�D�GHJUHH�RI�YHUWLFDO�LQFOLQDWLRQ�RI�WKH�ERG\�

Figure 4.2 (a) Bell-shaped mechanism that generates a contraction. (b) Jellyfish actuated by spring 
retraction. (c) Jellyfish act pneumatically. (d) Jellyfish capable of performing only vertical movements 

using a shape-memory alloy (SMA). 

'HVSLWH� YDULRXV� GHYHORSPHQWV� IRFXVHG� RQ� MHOO\ILVK� ZLWK� GLIIHUHQW� SHUIRUPDQFHV�� QR�
VLJQLILFDQW� SURJUHVV� ZDV� PDGH� LQ� REWDLQLQJ� ODWHUDO� PRYHPHQWV�� HVSHFLDOO\� LQ� WKH� FRQWURO�
DOJRULWKPV�� )XUWKHUPRUH�� LPSOHPHQWLQJ� FRQWURO� V\VWHPV� WR� JHQHUDWH� FRRUGLQDWHG�
PRYHPHQWV� WKURXJK� GHILQHG� WUDMHFWRULHV�� HVSHFLDOO\� 60$�� KDV� QRW� EHHQ� HPSKDVL]HG��
$GGLWLRQDOO\��SUHYLRXV�ZRUNV�KDYH�QRW�IRFXVHG�RQ�VSHFLILF�DSSOLFDWLRQV�IRU�WKLV�NLQG�RI�URERW���
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4.2 Asforb, a bio-inspired soft robotic starfish 
Asforb� LV� LQVSLUHG�E\� WKH�)RUEHV�6HDVWDU� �RU�$VWHULDV�)RUEHVL�� D� VSHFLHV� RI� VWDUILVK� LQ� WKH�
IDPLO\� $VWHULLGDH��� ,W� XVXDOO\� SUHVHQWV� ILYH� DUPV� �VRPHWLPHV� �� RU� ��� DQG� JURZV� WR� DERXW�
��FP� LQ� GLDPHWHU� ZLWK� DQ� DUP� OHQJWK� RI� DERXW� �� FHQWLPHWHUV�� 6WDUILVK� GLPHQVLRQV� DUH�
JHQHUDOO\�UDQJLQJ�EHWZHHQ����DQG����FP���

6WDUILVK� SUHVHQW� RQ� WKH� ORZHU� SDUW� VRPH� WLQ\� WHQWDFOHV�� DV� FDQ� EH� VHHQ� LQ� WKH� IROORZLQJ�
ILJXUH�ZLWK�ZKLFK�WKH\�UHDOL]H�WKH�GLVSODFHPHQW��,W�KDV�VHUYHG�DV�LQVSLUDWLRQ�IRU�WKH�VSULQJ�
SODFHPHQW��)LJXUH���������

Figure 4.3 From the starfish to Asforb. (a) Forbes Seastar. (b) Asforb underside. (c) Asforb topside. 

7KH� VRIW� URERW� GHVLJQHG� �$VIRUE�� SUHVHQWV� ILYH� OLPEV�� 7KH� QXPEHU� RI� OLPEV� ZDV� FKRVHQ�
DFFRUGLQJ� WR� WKH� UHVXOWV� VKRZQ� LQ� >���@�� ,Q� WKDW�ZRUN�� VWDUILVK�ZLWK�GLIIHUHQW�QXPEHUV� RI�
OLPEV�ZHUH�UHDOL]HG��IURP���OLPE�XS�WR���OLPEV���7KH�FRQFOXVLRQ�VKRZV�WKDW�WKH�DGGLWLRQ�RI�
OLPEV� LPSURYHV�SHUIRUPDQFH�DQG�WKDW� WKH� VRIW� URERW�ZLWK� ILYH� OLPEV�FDQ�PRYH� IDVWHU� WKDQ�
WKH�RWKHU�SURWRW\SHV���

6LOLFRQH�ZDV�WKH�PDWHULDO�VHOHFWHG�WR�UHDOL]H�WKH�ERG\�RI�WKH�VWDUILVK�GXH�WR�LWV�VRIWQHVV�DQG�
HODVWLFLW\�� 7ZR� GLIIHUHQW� W\SHV� RI� VLOLFRQH� ZHUH� FRQVLGHUHG�� WKH� (FRIOH[�� ������ DQG� WKH�
6LODVWLF��������7KH\�DUH� WZR� RI� WKH�PRVW�XVHG� VLOLFRQHV� LQ� VRIW� URERWLFV�� ,Q� WKH� IROORZLQJ�
WDEOH��7DEOH�������WKH�PDLQ�FKDUDFWHULVWLFV�RI�WKH�WZR�PDWHULDOV�DUH�FRPSDUHG���

Table 4.1 Comparison of material properties between Ecoflex 00-30 and Silastic 3483 

Properties Ecoflex� 00-30 Silastic� 3483
Colour 7UDQVOXFLG� :KLWH�

Mixed viscosity [mPa s] ����� �������
Curing time [hours] �� ���
Hardness (Shore A) ���� ���

Tensile strength [MPa] ��� ����
Elongation at break [%] ��� ����

Tear strength [kN/m] �� ���
Relative density at 25°C ����� �����

Linear shrinkage [%] ������ ��������

7KH�ILQDO�GHFLVLRQ�IHOO�RQ�WKH�6LODVWLF������VLQFH�WKH�ERG\�QHHGHG�QRW�WR�EH�DV�VRIW�DV�XVLQJ�
WKH�(FRIOH[�������ZLWKRXW�ORVLQJ�LWV�VRIWQHVV�RU�WKH�DELOLW\�WR�EHQG�WKH�OLPEV�HIIRUWOHVVO\��,Q�
DOO�FDVHV�LQ�ZKLFK�WKH�ERG\�RI�WKH�VRIW�URERW�LV�PDGH�XS�DOPRVW�HQWLUHO\�RI�VRIW�PDWHULDO��LW�LV�
QHFHVVDU\�WR�ILQG�WKH�PDWHULDO�WKDW�JLYHV�WKH�EHVW�FRPSURPLVH�EHWZHHQ�ULJLGLW\�DQG�VRIWQHVV�
DQG�DOORZV�WKH�ERG\�WR�VXSSRUW�LWVHOI��

7R� FRQILUP� WKDW� WKLV� FKRLFH�ZDV� FRUUHFW�� LW� ZDV� GHFLGHG� WR� UHDOL]H� WZR�$VIRUEV�ZLWK� ERWK�
PDWHULDOV��7KHUHIRUH��D�PROG�LQ�ZKLFK�SRXUHG�VLOLFRQH�ZDV�GHVLJQHG�ZLWK�WKH�&$'�VRIWZDUH�
$XWRGHVN�,QYHQWRU��

�D�� �E�� �F�
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7KH�GHVLJQ�FRQVLVWV�RI�DQ�LQWHUQDO����FP�FLUFXODU�FRQFHQWULF�SDWWHUQ��,W�UHSUHVHQWV�WKH�ILQDO�
VWDUILVK� GLPHQVLRQ�� 5HJDUGLQJ� WKLFNQHVV�� ZKLFK� LV� WKH� GHSWK� RI� WKH� PROG�� LW� LV� ���� FP��
DOWKRXJK�ODWHU� LW�ZDV�UHGXFHG�WR�����FP��7KH�OHQJWK�RI�HDFK�OLPE�WDNHQ�IURP�WKH�YHUWH[�WR�
WKH�FHQWHU�KDYH�D�YDOXH�RI���FP��/LPE·V�ZLGWK�YDULHV�DORQJ� LWV� OHQJWK�� ,Q� WKH�FHQWHU�� LW� LV�
DOPRVW���FP��7KH�PROG�ZDV��'�SULQWHG�LQ�$%6��

,Q�WKH�IROORZLQJ�ILJXUHV��)LJXUH�������WKH�SULQWHG�PROG�DQG�LWV�&$'�PRGHO�DUH�VKRZQ��

Figure 4.4 Mold. (a) CAD model of the mold. (b) the 3D printed mold 

7KH� DFWXDWRUV� FKRVHQ� IRU� WKH� VWDU� DUH� 60$V� VSULQJV�� 7KH� FKRLFH� RI� DFWXDWRUV� KDV� EHHQ�
H[SODLQHG�LQ�FKDSWHU����7KHUHIRUH��RQO\�WKH�GHVLJQ�DQG�XVH�RI�WKHP�LQ�WKLV�SURWRW\SH�ZLOO�EH�
H[SODLQHG�LQ�WKLV�FKDSWHU��

([SHULPHQWV�ZLWK�RQH�OLPE�DUH�FDUULHG�RXW�ZLWK�VSULQJV�RI�WZR�FDEOH�GLDPHWHUV�����PP�DQG�
���PP�LQ�GLDPHWHU��7KH\�OHG�WR�WKH�FRQFOXVLRQ�WKDW�D�����PP�GLDPHWHU�KDG�HQRXJK�IRUFH�WR�
FRPSUHVV� WKH� OHJ� EXW� QHHGHG�PRUH� YROWDJH��2Q� WKH� RWKHU� KDQG�� WKH� FDEOH�ZLWK� D� VPDOOHU�
GLDPHWHU�GLG�QRW�KDYH�HQRXJK�IRUFH�WR�UHDOL]H�WKH�FRPSUHVVLRQ�RI�WKH�OHJ��

7KH� HOHFWURQLF� V\VWHP� LV� DFWXDWHG� E\� DQ� $UGXLQR� 812� ERDUG� WKDW� VXSSOLHV� ILYH� 3:0�
RXWSXWV�ZLWK�ZKLFK�WKH�ILYH� OLPEV�RI�WKH�URERW�DUH�DFWLYDWHG��'XH�WR� LWV� ORZ�YROWDJH��60$�
VSULQJV�FDQQRW�EH�DFWLYDWHG�E\�$UGXLQR��VR�DQ�DGGLWLRQDO�SRZHU�VRXUFH�����9�DQG����$�� LV�
QHHGHG���

7KH� SULPDU\� HOHFWULFDO� FLUFXLW� LV� RXWOLQHG� LQ� )LJXUH� ����� ,W� SUHVHQWV� D� ���1� 026)(7�
WUDQVLVWRU��D�UHVLVWDQFH��DQ�$UGXLQR��DQG�D�SRZHU�VRXUFH��7KH�026)(7�LV�XVHG� WR�VZLWFK�
WKH�VLJQDOV�DQG�WKXV�FRQWURO�WKH�YROWDJH�WKDW�HQWHUV�WKH�1LWLQRO��

Figure 4.5 Scheme of the primary electrical circuit 

$V� VKRZQ� LQ�)LJXUH� ����� ILYH� FLUFXLWV� VLPLODU� WR� WKH�SUHYLRXV� RQH� DUH� UHDOL]HG� IRU� WKH� ILYH�
OLPEV�VLQFH�HDFK�DFWXDWRU�LV�LQGHSHQGHQW�RI�WKH�RWKHUV��7KH�JOREDO�FLUFXLW�SUHVHQW�DOVR�D�OHG�
�DQG�LWV�UHVLVWDQFH��FRQQHFWHG�WR�HDFK�0RVIHW�WR�YHULI\�WKH�SURSHU�IXQFWLRQLQJ�RI�WKH�FLUFXLW��
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Figure 4.6 The electric circuit for the five limbs 

7KHQ�WKH�FLUFXLW�KDV�EHHQ�UHDOL]HG�ZLWK�D�3&%�ZLWK� WKH�QHFHVVDU\�FRPSRQHQWV��7KH� ILQDO�
UHVXOW�LV�VKRZQ�LQ�)LJXUH�������

Figure 4.7 The final circuit 

7KH�FRQQHFWLRQ�EHWZHHQ�WKH�60$�DQG�WKH�ZLUH�LV�UHDOL]HG�ZLWK�D�VWDSOH�WKDW�FDWFKHV�WKHP�
WRJHWKHU��,Q�)LJXUH�)LJXUH������LW�LV�SRVVLEOH�WR�VHH�ZLWK�PRUH�GHWDLO�WKLV�FRQQHFWLRQ��

Figure 4.8 Detail of the connection between the SMA and the cable. (a) Topside view. (b) Underside 
view. 

7KH� FRQWURO� RI� WKH� URERW�� DV� H[SODLQHG� DERYH��ZLOO� EH� FDUULHG� RXW� WKURXJK� WKH� HPLVVLRQ� RI�
3:0� VLJQDOV� E\� DQ� $UGXLQR� 812� ERDUG�� 7KH� FRGH� LV� ZULWWHQ� LQ� WKH� GHIDXOW� $UGXLQR�
DSSOLFDWLRQ��$UGXLQR�,'(��7KH�3:0�VLJQDO�LV�WUDQVODWHG�LQWR�WKH�1LWLQRO�UHDFWLRQ�VSHHG�GXH�

�D�� �E��
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WR�SURSRUWLRQDWH�FXUUHQW�LQWHQVLW\��7KH�REMHFWLYH�LV�WKDW�DURXQG�����$�FLUFXODWHV�WKURXJK�WKH�
1LWLQRO�DFWXDWRU��DOWKRXJK�LW�ZLOO�EH�VHHQ�WKDW� LW�FRXOG�EH�QHFHVVDU\�WR�ZRUN�ZLWK�PRUH�RU�
OHVV� DPSHUDJH�� $OVR�� WKLV� YDOXH� GHSHQGV� RQ� WKH� W\SH� RI� VSULQJ�� 7KH� IROORZLQJ� )LJXUH� ����
VKRZV� WKH� YDULDWLRQ� RI� WKH� FRQWUDFWLRQ� VSHHG� ZLWK� WKH� DPSHUDJH� VXSSOLHG� WR� D� ���� PP�
VSULQJ��

Figure 4.9 Graph of the variation of the contraction speed with the amperage supplied to a 0.3 mm 
spring. 

4.2.1 Choice of movement patterns 
)RU�WKH�FKRLFH�RI�PRYHPHQW�SDWWHUQV��SUHYLRXV�SURMHFWV�KDYH�EHHQ�WDNHQ�LQWR�DFFRXQW��DQG�
WZR�W\SHV�RI�PRYHPHQW�SDWWHUQV��DV�VKRZQ�LQ�WKH�IROORZLQJ�)LJXUH�������KDYH�EHHQ�WHVWHG���

Figure 4.10 Scheme of the two possible activation modes 

,Q� PRGH� ��� H[WUHPLWLHV� �� DQG� �� LQLWLDOO\� PRYH�� DQG� RQFH� WKH\� DUH� FRQWUDFWHG�� WKH� VDPH�
SURFHVV�LV�FDUULHG�RXW�IRU���DQG����DQG�ILQDOO\��WKH�FRQWUDFWLRQ�RI�OLPE����7KHRUHWLFDOO\��WKH�
SURFHVV�LV�VLPSOH��+RZHYHU��WKH�KHDWLQJ�DQG�FRROLQJ�WLPHV�KDYH�WR�EH�FRQVLGHUHG��'XULQJ�WKH�
DFWLYDWLRQ�RI���DQG������DQG���KDYH�WR�FRQWLQXH�WR�EH�DFWLYDWHG��,Q�WKH�VDPH�ZD\��SURFHHG�WR�
OLIW� OHJ�QXPEHU����VLQFH����������DQG���PXVW�EH�DFWLYDWHG��7KH�DFWXDWRUV
�FRROLQJ�SURFHVV� LV�
UHDOL]HG� IROORZLQJ� WKH� VDPH� RUGHU�� 7KH� RQO\� GLIIHUHQFH� LV� WKDW� WKH� FRROLQJ� VSHHG� RI� 60$�
FDQQRW� EH� FRQWUROOHG�� )RU� WKLV�� FXUUHQWV� NHHS� DOO� WKH� H[WUHPLWLHV� DFWLYH� H[FHSW� WKRVH� WKDW�
QHHG�WR�EH�ORZHUHG��$Q�H[DPSOH�RI�WKLV�LV�WKH�IORZ�RI�FXUUHQW�WKURXJK�������DQG���ZKLOH���DQG�
��DUH�FRROHG�E\�QDWXUDO�FRQYHFWLRQ��

2Q� WKH� RWKHU� KDQG�� 0RGH� �� LV� SHUIRUPHG� DQDORJRXVO\� E\� YDU\LQJ� WKH� RUGHU� RI� OLPEV
�
PRYHPHQW��7KLV�SURFHVV�LV�PRUH�EHQHILFLDO�IRU�RWKHU�SURWRW\SHV�RI�VWDUV�H[SODLQHG�DERYH��,Q�
WKLV� URERW�� WKH� UHVXOWV�ZHUH�QXOO� RU� HYHQ�QHJDWLYH�ZKHQ�PRYHPHQWV�ZHUH� UHDOL]HG� LQ� WKLV�
ZD\��7KHUHIRUH��WKLV�VHFRQG�RSWLRQ�ZDV�UHMHFWHG��

3DWWHUQ����VKRZQ�LQ�)LJXUH�������DOORZV�DGYDQFH�LQ�WKH�GHVLUHG�GLUHFWLRQ��REWDLQLQJ�D�XVHIXO�
FOHDUDQFH�EHWZHHQ�IULFWLRQ�DQG�WKH�FHQWHU�RI�PDVV��'XULQJ�WKH�ILUVW�WZR�VWDJHV�RI�WKH�KHDWLQJ�
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SURFHVV�� LW� LV� GHVLUHG� WR� PRYH� WKH� FHQWHU� RI� PDVV� ZKLOH� UHGXFLQJ� IULFWLRQ� VR� WKDW� WKH�
H[WUHPLW\� WKDW�PDNHV� WKH� ODVW�PRYHPHQW�FDQ�GUDJ� WKH�VWDU� LQ� LWV�SDWK�� ,Q� WKH�VDPH�ZD\��
GXULQJ�FRROLQJ����DQG���JR�GRZQ�LQ�SDLUV�WR�IL[�KLJKHU�IULFWLRQ�DQG�HQVXUH�WKDW�WKH�URERW�GRHV�
QRW�PRYH�EDFNZDUG�ZKHQ�WKH�QH[W�OHJV�UHOD[��

Figure 4.11 Movement patterns realized by Aforb from Step 1 (a) to Step 5 (f) 

�$QRWKHU�SRVVLELOLW\�FRQVLVWHG�RI�DFWLYDWLQJ�DOO�WKH�OLPEV�WRJHWKHU�DW�WKH�VDPH�WLPH��7KH�VWDU�
FDQ�VWDQG�XSULJKW�E\�IRUFH�H[HUWHG�RQ�DOO�WKH�VSULQJV�VLPXOWDQHRXVO\�DQG�WKHUHIRUH�SHUIRUP�
WKH�PRYHPHQW��)RU�WKLV��WLQ\�LPSXOVHV�KDYH�EHHQ�VHQW�VHTXHQWLDOO\�WR�DFWLYDWH�DOO�WKH�OHJV�
VLPXOWDQHRXVO\�� 2QFH� WKH\� DUH� DOO� UDLVHG�� D� VPDOO� FXUUHQW� PDLQWDLQV� WKH� WHPSHUDWXUH� RI�
WKHVH�VSULQJV��,Q�RWKHU�VLPLODU�SURMHFWV��LW�LV�XVHG��IRU�H[DPSOH��WR�DYRLG�REVWDFOHV��

)LQDOO\�� LW� LV� SRVVLEOH� WR� WDNH� DGYDQWDJH� RI� WKH� VPDOO� DGYDQFH� WKDW� WKH� FRQWUDFWLRQ� RI�
LQGHSHQGHQW�OLPEV�VXSSRVHV��DV�VHHQ�ZLWK�RWKHU�PRGHOV��,Q�)LJXUH�������$VIRUE�GUDJV�LWVHOI��
PRYLQJ�RQO\�WZR�OLPEV���

Figure 4.12 Drag movement. (a) The two limbs contract and (b) drag the body 

�,W�LV�LQWHUHVWLQJ�WR�KLJKOLJKW�WKH�LPSRUWDQFH�RI�WKH�ZHLJKW�RI�WKH�ZLULQJ��$V�LW�VXSSRUWV�VR�
PXFK�DPSHUDJH��W\SLFDO�$5'8,12�FDEOHV�FDQQRW�EH�XVHG�VLQFH�WKH\�GR�QRW�ZLWKVWDQG�PXFK�
WHPSHUDWXUH� DQG� PHOW�� 7KHUHIRUH�� D� �PP� FDEOH� KDV� WR� EH� HPSOR\HG� WR� ZLWKVWDQG�
WHPSHUDWXUHV�RI�DURXQG����&��,W�LPSOLHV�PRUH�ZHLJKW�WKDW�WKH�VWDU�KDV�WR�GUDJ�DSDUW�IURP�
LWVHOI��

4.2.2 First method: constant pulses 
3DWWHUQ� �� ZDV� UHDOL]HG� E\� VHQGLQJ� LQGHSHQGHQW� LPSXOVHV� DQG� HPSLULFDOO\� VHHLQJ� WKH�
GHYHORSPHQW�DQG�SURJUHVV� �)LJXUH�������� ,Q�DGGLWLRQ�� WR�DGG�VSHHG�DQG�WDNH�DGYDQWDJH�RI�
WKH�SRVVLELOLW\� WKDW� WKH�FKRVHQ�SRZHU�VXSSO\��ZLWK�D�PD[LPXP�DPSHUDJH�RI���$�� WULHG� WR�
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VHQG�VLPXOWDQHRXV�LPSXOVHV��:LWK�WKLV��D�PRUH�XQLIRUP�DQG�IDVWHU�PRYHPHQW�LV�DFKLHYHG�E\�
QRW�KDYLQJ�ZDLWLQJ�WLPHV�EHWZHHQ�LPSXOVHV��WKDW� LV��ZKLOH�OLPE�WZR�LV�DFWLYDWHG��OLPE�RQH�
KDV�EHFRPH�GHDFWLYDWHG��VR�LW�LV�WKHQ�QHFHVVDU\�WR�UHKHDW�LW�D�OLWWOH�WR�QRW�GHFD\�LQ�WRWDOLW\��

:LWK� WKLV� PHWKRG�� D� FRQVLGHUDEO\� UDSLG� GLVSODFHPHQW� ZDV� REVHUYHG� FRQFHUQLQJ� RWKHU�
SURMHFWV�� KRZHYHU�� WKLV�ZDV� YHU\� LUUHJXODU��'XULQJ� D� F\FOH� RI� DERXW� ��V�� LW� FRXOG� DGYDQFH�
DERXW��FP�LQ�WKH�EHVW�FRQGLWLRQV��

Figure 4.13 Experiment with constant pulses 

7KH� DGYDQWDJHV� DUH� WKH� VSHHG� RI� WKLV� DQG� WKH� VLPSOLFLW\� RI� SURJUDPPLQJ�� $V� IRU�
GLVDGYDQWDJHV�� LW� LV�QHFHVVDU\� WR� FRQVLGHU� WKH�YDULDELOLW\� RI� UHVXOWV� WKDW� VRPHWLPHV�DUULYH�
GXH� WR� WHPSHUDWXUHV� RU� H[WHUQDO� DLU� FXUUHQWV�� ,W� LV� DOVR�ZRUWK� QRWLQJ� WKH� IUDJLOLW\� RI� WKH�
FLUFXLW� ZKHQ� RSHUDWLQJ� IRU� D� ORQJ� WLPH� GXH� WR� WKH� KLJK� FXUUHQWV� WKDW� DUH� RYHUKHDWLQJ�
026)(7V��)XUWKHUPRUH��LW�KDV�DOVR�FRPH�WR�VFUHZ�XS�$UGXLQRV��

,Q� VKRUW�� WKH� FRQVWDQW� DSSHDUDQFH� RI� SUREOHPV� PDNHV� WKH� GLVDGYDQWDJHV� RXWZHLJK� WKH�
VLJQLILFDQW�DGYDQWDJHV�WKLV�V\VWHP�KDV��

8VLQJ� D� ODUJHU� 60$� VSULQJ� GLDPHWHU� DQG� D� VSULQJ� RI� WKH� VDPH� GLDPHWHU� EXW� ZLWK� DQ�
DFWLYDWLRQ�WHPSHUDWXUH�RI����&�ZHUH�HYDOXDWHG��

7KH�ODUJHU�GLDPHWHU�VSULQJ�DOORZHG�D�YHU\�KLJK�FRPSUHVVLRQ�IRUFH�DQG�VSHHG��KRZHYHU��WKH�
VLOLFRQH�FRXOG�QRW�H[HUW� WKH�QHFHVVDU\� IRUFH� IRU�VWUHWFKLQJ��6R� WKH�VSULQJ�DOZD\V�VWD\HG� LQ�
WKH�FRPSUHVVHG�IRUP��ZKLFK�PDGH�LW�LPSRVVLEOH�WR�ZRUN�ZLWK�LW��

7KH�VSULQJ�ZLWK�D�ORZHU�DFWLYDWLRQ�WHPSHUDWXUH�LQVWHDG�GLG�QRW�KDYH�HQRXJK�FRPSUHVVLRQ�
IRUFH�WR�FRPSUHVV�WKH�HQG�RI�WKH�VWDU��

7KH�SURSRVHG�VROXWLRQ�ZDV�WR�DSSO\�WZR�VSULQJV�SHU�OLPE�WR�LQFUHDVH�WKH�FRPSUHVVLRQ�IRUFH��
,Q� WKLV� FDVH�� WKH� DFWXDWRUV� H[HUWHG� PRUH� IRUFH�� EXW� DW� WKH� VDPH� WLPH�� WKH� VLOLFRQH� ZDV�
FDSDEOH�RI�VWUHWFKLQJ�ZKHQ�WKH�VSULQJV�ZHUH�QRW�DFWLYDWHG��

,QLWLDOO\�� WKH� 3:0� VLJQDO� LV� VHQW� VLPXOWDQHRXVO\� WR� ERWK� OHJV�� EXW� DV� KDV� DOUHDG\� EHHQ�
H[SODLQHG�� RYHUKHDWLQJ� SUREOHPV� KDYH�PHDQW� WKLV� LV� QRW� D� YLDEOH� RSWLRQ�� 7HVWV� KDYH� DOVR�
EHHQ�GHYHORSHG�WR�DVVHVV�WKLV�PHWKRG
V�YLUWXHV�GHVSLWH�WKH�GUDZEDFNV���

)RU� WKLV�� WKH� VLJQDO� IURP� WKH� $UGXLQR� VHULDO� ZDV� XVHG�� DQG� ZH� DVVRFLDWHG� D� NH\� WR� D�
PRYHPHQW�F\FOH��,Q�WKLV�ZD\��WKH�WKHRUHWLFDO�PRYHPHQW�SDWWHUQ�ZRXOG�EH�PDGH��DFWLYDWLQJ�
ILYH�VLPXOWDQHRXVO\��)LJXUH������VKRZV�D�VFKHPDWLF�RI�WKH�3:0�VLJQDOV�VHQG�WR�HDFK�OLPE�
GXULQJ�D�F\FOH��2QO\�OLPEV���DQG���DUH�DFWLYDWHG�GXULQJ�WKH�ILUVW�VWHS��DQG�WKHLU�DFWLYDWLRQ�LV�
VLPXOWDQHRXV��7KHQ��LQ�VWHS����WKH�3:0�VHQGV�WR�OLPEV������GHFUHDVHV��ZKLOH�OLPE���VWDUWV�
WR�EH�KHDWHG��DQG�VR�IRUWK���
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Figure 4.14 PWM signals send to each limb during a cycle in the case of constant pulses 

+RZHYHU�� WKH�UHVXOWV�DUH�QRW�DSSURSULDWH�GXH� WR� WKH�GLIIHUHQFHV� LQ� WHPSHUDWXUHV� WR�ZKLFK�
WKH\�DUH�ILQDOO\�VXEMHFWHG�DQG�WKH�RYHUORDGLQJ�RI�WKH�FDEOHV��7KH\�HQG�XS�UHGXFLQJ�WKH�OLIH�RI�
WKH� VSULQJV� DQG� GDPDJLQJ� WKH� HOHFWURQLF� SRZHU� V\VWHP�� 7KH� GLVSODFHPHQW� LV� QXOO� E\� QRW�
PDNLQJ�WKH�UHDO�SDWWHUQ�ZHOO��

$IWHU�WKLV�WHVW��WKH�QH[W�SRVVLELOLW\�FRQVLVWV�RI�VHQGLQJ�WKH�FRQWURO�VLJQDOV�XVLQJ�SXOVHV�WKDW�
DYRLG�RYHUKHDWLQJ�DQG�WKXV�UHGXFH�D�SUREOHP��)RU�WKLV��WZR�RSWLRQV�DUH�DQDO\]HG��LPSXOVH�
VHQGLQJ�LQ�SDLUV�RU�WR�LQGLYLGXDO�OLPEV��,Q�WKLV�SURMHFW��WKH�VHFRQG�RSWLRQ�ZDV�LPSOHPHQWHG��

4.2.3 Second method: impulses sent to individual limbs. 
7KH� IROORZLQJ� )LJXUH� ����� VKRZV� D� VLPSOH� GLDJUDP� ZLWK� WKH� VWHSV� RI� WKLV� SUHYLRXVO\�
H[SODLQHG�SDWWHUQ��,W�FDQ�EH�VHHQ�KRZ�GXULQJ�����VHFRQGV��WKH�ILUVW�VLJQDO�LV�VHQW�WR�WKH�ILUVW�
WZR�OHJV��ZKLFK�DUH�UHLQWURGXFHG�LQ�D�ORRS�WKDW�PDNHV�LW�UHSHDW����WLPHV��7KH�HTXDO�SURFHVV�
LV�FDUULHG�RXW�VXFFHVVLYHO\�IRU�OLPEV���DQG����ZLWK�ORQJHU�SXOVHV�WR�FRPSHQVDWH�IRU�WKH�PRUH�
LGOH� WLPH��7KLV� WLPH� WKDW� GRHV�QRW� HPLW� LQWHQVLW\� WR� WKHVH�H[WUHPLWLHV� LV� H[SODLQHG�E\� WKH�
QHHG�WR�NHHS�WKH�DQWHULRU�VSULQJV���DQG���FRQWUDFWHG��DQG�WKHUHIRUH� LPSXOVHV�DUH�VHQW� IRU�
VKRUW� SHULRGV��%\�PHDQV� RI� WKLV� V\VWHP�� WKH� VDPH� LV� FRQWLQXHG� IRU� WKH� ODVW� OLPE�� VHQGLQJ�
VPDOO�VLJQDOV��LQ�WKLV�FDVH��WR�WKH�RWKHU����
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Figure 4.15 PWM signals send in each step to each limb and their repetition during a cycle 

Figure 4.16 PWM signals send in each step to each limb during a cycle 

7KH� FRPELQDWLRQ� VKRZQ� LQ� )LJXUH� ����� LV� WKH� RSWLPDO� RQH�� 'LIIHUHQW� H[SHULPHQWDO�
FRPELQDWLRQV�KDYH�EHHQ�GHYHORSHG�WR�REWDLQ�LW��YDU\LQJ�WKH�QXPEHU�RI�WKH�ORRSV��Q��RI�HDFK�
KHDWLQJ�VWHS��WKH�GHOD\�WLPHV�DQG��WKH�LQWHQVLWLHV�WUDQVPLWWHG��,Q�WKH�IROORZLQJ�WDEOHV��WKHVH�
H[SHULPHQWDO�DWWHPSWV�DUH�VXPPDUL]HG��

,Q�WKH�ILUVW�DWWHPSW��2SWLRQ����7DEOH������WKH�YDOXHV�SURYLGHG�LQ�WKH�ZKLOH�ORRS�DUH�DOO�WKH�
VDPH�� 5HJDUGLQJ� WKH� WLPH� YDOXHV�� WKH\� DUH� DSSUR[LPDWLRQV� RI� WHVWV� GRQH� LQGHSHQGHQWO\��
7LPH���UHSUHVHQWV� WKH�ILUVW�VWHS�RI�WKH�SDWWHUQ��KHDWLQJ� OLPEV���DQG����� WLPH���UHSUHVHQWV�
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WKH�VHFRQG�VWHS�RI�WKH�SDWWHUQ��KHDWLQJ�OLPEV���DQG�����DQG�WLPH���UHSUHVHQWV�WKH�WKLUG�VWHS�
RI�WKH�SDWWHUQ��KHDWLQJ�OLPE�����

Table 4.2 First attempt to implement the control by impulses sent to individual limbs 

Option 1 

n loops PWM Time 1 [s] Time 2 [s] Time 3 [s] Total time [s] 

Step 1 ��� ��� ���� �� �� ��
Step 2 ��� ��� ���� ���� �� ���
Step 3 ��� ��� ���� ���� ������ �����
Step 4 ��� ��� �� ���� ������ ����
Step 5 ��� ��� �� �� ���� ��

43 

)DYRUDEOH�UHVXOWV�KDYH�EHHQ�REWDLQHG��UHGXFLQJ� WKH�YDOXH�RI� WKH�3:0�WR�����DV�VKRZQ� LQ�
7DEOH�������

Table 4.3 Second attempt to implement the control by impulses sent to individual limbs 

Option 2 

n loops PWM Time 1 [s] Time 2 [s] Time 3 [s] Total time [s] 

Step 1 ��� ��� ���� �� �� ��
Step 2 ��� ��� ���� ���� �� ���
Step 3 ��� ��� ���� ���� ������ �����
Step 4 ��� ��� �� ���� ������ ����
Step 5 ��� ��� �� �� ���� ��

���

7KHUHIRUH�� WKH�QH[W�VWHS�ZDV� WR�UHGXFH� WKH�QXPEHU�RI� ORRSV� WR�REWDLQ� WKH� VDPH�UHVXOWV� LQ�
OHVV�WLPH��6R��WKH�YDOXH�RI�WKH�ORRSV�RI�WKH�KHDWLQJ�SKDVH�RI�OLPEV���DQG���ZDV�UHGXFHG�IURP�
���F\FOHV�WR�����,Q�WKLV�ZD\��WZR�VHFRQGV�DUH�VDYHG��DV�LV�VKRZQ�LQ�7DEOH������

Table 4.4 Third attempt to implement the control by impulses sent to individual limbs 

Option 3 
n loops PWM Time 1 [s] Time 2 [s] Time 3 [s] Total time [s] 

Step 1 15 ��� ���� �� �� ��
Step 2 ��� ��� ���� ���� �� ���
Step 3 ��� ��� ���� ���� ������ �����
Step 4 ��� ��� �� ���� ������ ����
Step 5 ��� ��� �� �� ���� ��

41 

,Q�WKH�IRXUWK�DWWHPSW��7DEOH������� WKH�QXPEHU�RI�ORRSV�RI�VWHSV���DQG���ZDV�UHGXFHG��7KLV�
UHGXFWLRQ�LQ�WKH�QXPEHU�RI�F\FOHV�DOORZV�WKH�UHGXFWLRQ�RI�PRUH�WKDQ����VHFRQGV�RI�WKH�WRWDO�
WLPH���

7KH�VHOHFWLRQ�RI�WKH�QXPEHU�RI�ORRSV�LV�HPSLULFDO��'LIIHUHQW�YDOXHV�DUH�GXH�WR�WKH�GLIIHUHQW�
UHVSRQVHV�RI�60$�VSULQJ�GXULQJ�WKH�KHDWLQJ�SKDVH��6R��IRU�H[DPSOH��VSULQJV�LQ�OLPEV���DQG�
��QHHGV�IHZHU�ORRSV�WR�KHDW�WKDQ�WKH�VSULQJV�LQ�OLPEV���DQG����7KLV�GLIIHUHQFH�FDQ�EH�GXH�WR�
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PDQ\�UHDVRQV��IRU�H[DPSOH��WKHLU�FUHDWLRQ�SURFHVV��WLPH�DQG�VKDSH��RU�WKHLU�FRQQHFWLRQ�ZLWK�
WKH�ZLULQJ���

Table 4.5 Fourth attempt to implement the control by impulses sent to individual limbs 

Option 4 

n loops PWM Time 1 [s] Time 2 [s] Time 3 [s] Total time [s] 

Step 1 15 ��� ���� �� �� ��
Step 2 10 ��� ���� ���� �� ��
Step 3 15 ��� ���� ���� ������ ������
Step 4 ��� ��� �� ���� ������ ����
Step 5 ��� ��� �� �� ���� ��

30,125 

7KH�ILQDO�YHUVLRQ�PDGH�LW�SRVVLEOH�WR�UHGXFH�WKH�WRWDO�WLPH�WR������V��7DEOH�������(YHU\�VWHS�
KDSSHQV�DV�SUHFLVHO\�DV�SRVVLEOH� VR� WKDW� WKHUH�DUH�QR�GHDG� VSRWV� EHWZHHQ� WKHP��DYRLGLQJ�
ORVW�WLPH��,W�LV�LPSRUWDQW�WR�UHPHPEHU�WKDW�WKH�WLPH�LV�GHSHQGHQW�RQ�WKH�URRP�WHPSHUDWXUH�
VLQFH�WKH�FRROLQJ�SURFHVV�LV�QRW�FRQWUROODEOH�E\�FRGH��)RU�WKLV�UHDVRQ��VWHSV�IRXU�DQG�ILYH�DUH�
UHPDUNDEO\�ORQJHU�WR�DOORZ�ILUVW�VSULQJV�WR�UHOD[�DQG�VWUHWFK���

Table 4.6 Last attempt to implement the control by impulses sent to individual limbs 

Option 5 
n loops PWM Time 1 [s] Time 2 [s] Time 3 [s] Total time [s]

Step 1 ��� ��� ���� �� �� ��
Step 2 �� ��� ���� ���� �� ����
Step 3 ��� ��� ���� ���� ������ ������
Step 4 ��� ��� �� ���� ������ ����
Step 5 ��� ��� �� �� ���� ��

28,525
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4.2.4 Results 
7KH� UHVXOWV� WKDW� ZLOO� EH� SUHVHQWHG� LQ� WKH� JUDSK� LQ� )LJXUH� ����� DUH� WKH� RXWFRPH� RI� WKH�
GLIIHUHQW�WHVWV�GLVFXVVHG�DERYH��7KH�JUDSK�VKRZV�RQO\�WKH�UHVXOWV�IURP�WKH�LPSOHPHQWDWLRQ�
RI�RSWLRQ�ILYH�DUH�VKRZQ�KHUH��

Figure 4.17 Graph Time-Position of two different experiments. 

7KH�GLVSODFHPHQW�GDWD�LV�WDNHQ�E\�UHIHUULQJ�WR�WKH�DGYDQFHPHQW�RI�WKH�IRUHOLPE��'DWD�DUH�
UHFROOHFWHG� HYHU\� �� VHFRQGV�� 7KH� RSHUDWLQJ� SHULRG� LV� YDULDEOH�� FORVH� WR� WKUHH� PLQXWHV� WR�
FRPSOHWH� IRXU� IXOO� F\FOHV�� 7KH� IROORZLQJ� JUDSK� VKRZV� WZR� GLIIHUHQW� WHVWV� UHDOL]HG� LQ� WZR�
GLIIHUHQW�PRPHQWV��WKH�GLIIHUHQFHV�DUH�GXH�WR�WKH�RWKHU�IDFWRUV�H[SODLQHG��DPRQJ�ZKLFK�WKH�
WHPSHUDWXUH�DQG�WKH�VXUURXQGLQJ�DLU�FXUUHQWV�VKRXOG�EH�KLJKOLJKWHG��

7KH�PRPHQW�WKH�PRVW�VLJQLILFDQW�GLVSODFHPHQW�LV�PDGH�LV�YHU\�ORFDOL]HG��LW�RFFXUV�ZKHQ�WKH�
OLPE� LV� VWUHWFKHG��'XULQJ� WKH� KHDWLQJ� RI� WKLV� VSULQJ�� WKH� GLVSODFHPHQW� LV� XVXDOO\� ]HUR� RU�
HYHQ�QHJDWLYH�VLQFH� WKH�RWKHU� OHJV�H[HUW� IRUFH�RQ� WKH�VXUIDFH��ZKLFK�PHDQV� WKDW� LW� FDQQRW�
PRYH�EDFN�ZKHQ�FRQWUDFWHG��+RZHYHU�� WKH�DGYDQFH�FDQ�EH�VHHQ�KHUH�ZKHQ�WKH� ODVW� OHJ� LV�
VWUHWFKHG��DV�WKH�RWKHUV�DUH�UHOD[HG��LQGXFLQJ�PRUH�FRQWDFW�DQG��WKHUHIRUH��JUHDWHU�IULFWLRQ��

7KHUH�LV�D�VLJQLILFDQW�GLIIHUHQFH�WR�WKH�WKHRUHWLFDO�RQH�UHJDUGLQJ�WKH�WLPH�SHU�F\FOH�GXH�WR�
WKH�XQFRQWUROOHG�FRROLQJ��,W�KDV�JRQH�IURP�WDNLQJ�DERXW����VHFRQGV�WR�YDOXHV�DURXQG������

/RJLFDOO\�� LW� LV� XQGHUVWRRG� WKDW� WKLV� GLVSODFHPHQW� LV� QRW� WKH� VDPH� LQ� HDFK� OLPE�� DV� LW�
FRQWUDFWV�DQG�VWUHWFKHV�DW�GLIIHUHQW�WLPHV�LQ�WKH�F\FOH��7KHUHIRUH��LQ�WKH�VDPH�ZD\��D�WHVW�LV�
FDUULHG�RXW�ZLWK�RQH�RI�WKH�H[WUHPLWLHV�WKDW�SHUIRUP�WKH�ILUVW�FRQWUDFWLRQ��7KH�DYHUDJH�VSHHG�
RI�$VIRUE�LV�����FP�PLQ���

$�ILQDO� WHVW�HPSOR\LQJ�SDLUHG�SXOVHV�ZDV�UHDOL]HG�WR�YHULI\� LI� LW�DOORZV�EHWWHU�UHVXOWV�WKDQ�
XQLW�SXOVHV��,Q�WKLV�FDVH�� OLPEV�����DUH�DFWLYDWHG�DQG�GHDFWLYDWHG�VLPXOWDQHRXVO\��DQG�WKH�
VDPH�LV�GRQH�ZLWK�OLPEV������7KHVH�SXOVHV�DUH�VKRZQ�LQ�)LJXUH�������

���7HVW�

���7HVW�
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Figure 4.18 PWM signals sent to each limb during a cycle in the case of paired pulses 

Figure 4.19 Graph Time-Position of the experiment realized with paired pulses 

:LWK� WKLV� PHWKRG� RI� SDLUHG� SXOVHV�� VOLJKWO\� EHWWHU� UHVXOWV� FDQ� EH� DFKLHYHG� WKDQ� ZLWK�
LQGLYLGXDO�SXOVHV��)LJXUH��������7KH�UHVXOW�RI�WKLV�FRPSDULVRQ�EHWZHHQ�WKH�WZR�PHWKRGV�LV�D�
PXFK� KLJKHU� KHDWLQJ� UDWH� RI� WKH� VSULQJV� ZKHQ� VLPXOWDQHRXVO\� H[SRVHG� WR� KLJK�
WHPSHUDWXUHV�� ,W� VXSSRVHV� D� PRUH� VLJQLILFDQW� FRQWULEXWLRQ� RI� SRZHU� E\� WKH� EDWWHU\� DQG�
RYHUORDGLQJ�RI�WKH�WUDQVLVWRUV��2Q�WKH�RWKHU�KDQG��PLQRU�EXUQV�EHJLQ�WR�RFFXU�E\�KDYLQJ�OHVV�
FRROLQJ� WLPH� LQ� HDFK� F\FOH�� 7KH� HIIHFWLYH� GLVSODFHPHQW� LV� VLPLODU�� DOWKRXJK� LQ� WKH� VHFRQG�
FDVH�� LW� FDXVHV� PRUH� SUREOHPV� GXULQJ� LWV� H[HFXWLRQ�� DQG� WKH� WLPH� LV� UHGXFHG� E\� DERXW� ��
VHFRQGV�FRPSDUHG�WR�WKH�SUHYLRXV�V\VWHP��DQG�LW�UHSUHVHQWV�WKH�RQO\�SUDFWLFDO�DGYDQWDJH��
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4.3 JellyRobcib, a soft jellyfish 
-HOO\5REFLE�LV�D�VRIW�XQGHUZDWHU�URERW�EDVHG�RQ�WKH�PRYHPHQW�DQG�DQDWRPLFDO�VWXG\�RI�WKH�
MHOO\ILVK�VSHFLHV� ´&KU\VDRUD�K\VRVFHOOD�µ�7KH�ERG\�PHDVXUHPHQWV�ZHUH� WDNHQ�EDVHG�RQ�DQ�
DGXOW� VWDJH� MHOO\ILVK� ���²��� FP��� 7KH� WRWDO� ZHLJKW�� LQFOXGLQJ� WKH� DFWXDWLRQ� V\VWHPV�
FRQVLVWLQJ� RI� 60$� VSULQJV�� LV� ���� J�� ,WV� VSHHG� LV� LQ� WKH� UDQJH� RI� ���²���� FP�V�� ,W� DOVR�
SUHVHQWV�D�WHPSHUDWXUH�VHQVRU�IRU�PRQLWRULQJ�SXUSRVHV���

4.3.1 Design 
7KH�&$'�PRGHO�GHYHORSHG�IRU�DQDO\VLV�DQG�VLPXODWLRQV�ZDV�JHQHUDWHG�LQ�6ROLGZRUNV�EDVHG�
RQ�D�EHKDYLRU�VWXG\�IRU�MHOO\ILVK�VSHFLHV�&KU\VDRUD�K\VRVFHOOD��W\SLFDO�RI�WKH�0HGLWHUUDQHDQ�
6HD� DQG� KDV� VHYHUDO� UHSUHVHQWDWLYH� FKDUDFWHULVWLFV� RI� PRVW� MHOO\ILVK� �EHOO� GHOLPLWHG� DQG�
SURQRXQFHG�WHQWDFOHV�� >���@��)LJXUH������ VKRZV�WKH�DQDO\VLV�FDUULHG�RXW�RQ�DQ�DGXOW�VL]HG�
&KU\VDRUD�MHOO\ILVK��GLDPHWHU�RI�DSSUR[LPDWHO\����FP���IRU�ZKLFK�WHQ�XQLIRUPO\�GLVWULEXWHG�
SRLQWV� ZHUH� HVWDEOLVKHG� DORQJ� LWV� EHOO� WR� DQDO\]H� WKH� HYROXWLRQ� RI� WKH� H[WUHPH� DUHDV� ���
SRLQWV��DQG�PLGGOH�]RQH����SRLQWV��GXULQJ�WKH�SURFHVV�RI�UHOD[DWLRQ�DQG�FRQWUDFWLRQ��

7KH�GHVFULEHG�PRYHPHQW�FRQVLVWV�PDLQO\�RI�WZR�VWDJHV��WKH�ILUVW�RQH�RI�UHOD[DWLRQ�� )LJXUH�
�����D�E���DW�ZKLFK�VWDJH�WKH�FHQWUDO�EHOO�LV�H[WHQGHG��DQG�WKH�VHFRQG�SKDVH�RI�FRQWUDFWLRQ��
ZKLFK� KDSSHQV� LQ� D� UDQJH� RI� UHGXFHG� WLPH� FRQFHUQLQJ� UHOD[DWLRQ� �DURXQG� ���� RI� WKH�
UHOD[DWLRQ�WLPH���WKH�FRQWUDFWLRQ�SKDVH�LV�IURP�WKH�VWDWH�VKRZQ�LQ�)LJXUH������F�G���ZKLFK�LV�
LQ� WKH�UDQJH�RI�����V�DQG�DOORZV� LW� WR�H[SHO� WKH� IOXLG� LQVLGH� WKH�EHOO��DFKLHYLQJ�PRYHPHQW��
7KH� SRLQWV� LQ� )LJXUH� ����� >3�²3��@� UHSUHVHQW� GLVWULEXWHG� SRLQWV� RQ� WKH� VXUIDFH� RI� WKH�
MHOO\ILVK� ERG\�� 7KH\� KDYH� EHHQ� SODFHG� WR� YLVXDOO\� UHIHUHQFH� WKH� ERG\� VWDWHV� GXULQJ� WKH�
FRQWUDFWLRQ�DQG�UHOD[DWLRQ�SKDVHV��

$GGLWLRQDOO\�� LW� KDV� EHHQ� LGHQWLILHG� WKDW� WKH� WHQWDFOHV� FRQWULEXWH�ZLWK� DQ�DGGLWLRQDO� IOXLG�
GLVSODFHPHQW�WKDW�JHQHUDWHV�YHUWLFDO�PRYHPHQW��

Figure 4.20 Chrysaora jellyfish movement cycle. (a,b) correspond to the state of relaxation, and (c,d) 
correspond to the rapid contraction phase. 

7KH�URERW�ERG\�KDV�EHHQ�PDGH�ZLWK�D�KLJKO\�IOH[LEOH�(FRIOH[��VLOLFRQH�EDVH��DQG�LW�KDV�DQ�
DYHUDJH�GLDPHWHU�RI����FP��)LJXUH�����D�VKRZV�D�FHQWUDO�FURVV�VHFWLRQ��DQG�)LJXUH�����E�LV�
D� SKRWRJUDSK� RI� WKH� ILQDO� SURWRW\SH�� $� �'� SULQWHG�PROG� �)LJXUH� ����F�� LQ�$%6� JHQHUDWHG�
IURP�WKH�MHOO\ILVK�&$'�PRGHO�ZDV�PDGH�WR�FXUH�WKH�VLOLFRQ�IRU�WKH�ERG\�RI�WKH�LPSOHPHQWHG�
URERW� �)LJXUH� ����G��� 7KH� FHQWUDO� 60$� DQG� WKH� WHQWDFOHV� ZHUH� DGGHG� GXULQJ� WKLV� FXULQJ�
SURFHVV���

7KH�URERW�FRQVLVWV�RI���60$�VSULQJ�DFWXDWRUV�SODFHG�VR�WKDW�RQH�60$�LV�LQ�WKH�FHQWHU�RI�WKH�
ERG\� �����PLFURQV��ZLWK� D� ULQJ� VKDSH�RI�DQ����PP�GLDPHWHU�DQG� IRXU� ODWHUDO�60$V� �����
PLFURQV��RI����PP�OHQJWK�DUH�ORFDWHG�UDGLDOO\��DQFKRUHG�LQ�WKH�FHQWHU�DQG�RQ�WKH�SHULSKHU\�
ZLWK����GHJUHHV�RI�VHSDUDWLRQ��DV�UHIOHFWHG�LQ�WKH�FURVV�VHFWLRQ�RI�)LJXUH�����D��,Q�WKLV�ZD\��
WKH�FRQWUROOHU�FDQ�GHWHUPLQH�WKH�GHJUHH�DQG�FRQWUDFWLRQ�WLPH�WR�SURGXFH�WKH�UHOD[DWLRQ�DQG�
FRQWUDFWLRQ�WR�H[SHO�ZDWHU���
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7KH�LPSOHPHQWHG�DFWXDWRUV�KDYH�EHHQ�VHOHFWHG�EDVHG�RQ�WKHLU�GHVLUDEOH�FKDUDFWHULVWLFV�IRU�
WKH�PRYHPHQW��VSHFLILFDOO\�WR�JHQHUDWH�UDSLG�FRQWUDFWLRQV��ZKLFK�DUH�WKHLU�UHGXFHG�VL]H�DQG�
WKHLU�ZHLJKW�ZKLFK�GRHV�QRW� UHSUHVHQW� D� VLJQLILFDQW� ORDG��7KHLU� DFWLYDWLRQ� WHPSHUDWXUH� LV�
��²����&���ï���&��

Figure 4.21 Computer-assisted design (CAD) model implemented in Solidworks: (a) cross-section of the 
CAD model. (b) Robotic jellyfish implemented inside the test pool. (c) 3D-printed mold. (d) Extended 

body. 

7KH�60$�VSULQJV�HPSOR\HG�KDYH�EHHQ�PDQXIDFWXUHG��7KH�PDQXIDFWXULQJ�SURFHVV�LV�EDVHG�
RQ� ZLQGLQJ� WKH� 60$�ZLUH� LQ� D� VFUHZ� DQG� IDVWHQLQJ� LW� ZLWK� QXWV� DW� WKH� HQGV�� WKHQ� LW� LV�
LQWURGXFHG�LQWR�WKH�RYHQ�ZKHUH�LW�UHDFKHV������&�� IRU����PLQ��EHIRUH�D�VXEVHTXHQW�FRROLQJ�
SURFHVV��)LJXUH�����D���WKXV�REWDLQLQJ�WKH�60$�ZLWK�WKH�VSULQJ�PHPRU\��7KH�VXEMHFWLRQ�RI�
WKH�IRXU�ODWHUDO�60$V�ZDV�FDUULHG�RXW�H[WHUQDOO\��60$V�KDG�EHHQ�SUHYLRXVO\�HQFDSVXODWHG�
�)LJXUH� ����E��ZLWK� D� WKLQ� OD\HU� RI�(FRIOH[� 6LOLFRQH�� OHDYLQJ� WKHP� FRPSOHWHO\� VHDOHG�� DQG�
ZLWK� WKH� FDEOHV� IRU� WKH� FRQWURO� ERDUG�� WKHLU� DQFKRUDJH� WR� WKH� MHOO\ILVK� ERG\� ZDV� PDGH�
HPSOR\LQJ�WKLQ�PHWDOOLF�MRLQWV�WKDW�FURVV�WKH�60$�FRYHU�OD\HU�DQG�WKH�ERG\��EHLQJ�IL[HG�E\�
SUHVVXUH��2Q� WKH� RWKHU� KDQG�� WKH� FHQWUDO� 60$�ZDV� IXVHG� WR� WKH� ERG\�� SODFHG� GXULQJ� WKH�
GU\LQJ�SURFHVV��OD\LQJ�WKH�FDEOHV�IRU�FRQWURO�RQ�WKH�RXWVLGH��

Figure 4.22 (a) Manufacturing of the SMAs. (b) Detailed section of encapsulated lateral SMA 
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4.3.2 Modeling 
7KUHH� W\SHV� RI� DQDO\VLV� ZHUH� FDUULHG� RXW� WR� YHULI\� URERW� IXQFWLRQDOLW\� EHIRUH� LWV�
LPSOHPHQWDWLRQ��7KHVH�DQDO\VHV�DOORZHG�WKH�HYDOXDWLRQ�RI�����WKH�PDWHULDO�EHKDYLRU�DJDLQVW�
WKH�60$V·�FRQWUDFWLRQ������WKH�YROXPH�GLVSODFHG�E\�WKH�MHOO\ILVK�GXULQJ�WKH�FRQWUDFWLRQ��DQG�
��� WKH�SUHVVXUH�JHQHUDWHG�GXULQJ� WKH�FRQWUDFWLRQ� LQVLGH� WKH� MHOO\ILVK�EHOO� DQG� WKH�QHHGHG
SUHVVXUH�IRU�D�SRVLWLYH�GLVSODFHPHQW�

$� VLPXODWLRQ� RI� WKH� MHOO\ILVK� ERG\� PDWHULDO� EHKDYLRU� ZDV� FDUULHG� RXW� �)LJXUH� ������ WR�
HYDOXDWH�WKH�GLVSODFHPHQW�JHQHUDWHG�DQG�WKH�DPRXQW�RI�ZDWHU�WKDW�FDQ�EH�HYDFXDWHG�ZLWK�
HDFK� FRQWUDFWLRQ��7KH�DPRXQW�RI�ZDWHU�GLVSODFHG�ZDV�XVHG�DV�GDWD� IRU� WKH�&)'�DQDO\VLV��
7KH�60$�VSULQJ
V�UHWXUQ�WR�LWV�H[WHQGHG�IRUP�LV�GXH�WR�WKH�GHVLJQ�RI�WKH�WHQVLRQHG�VLOLFRQH�
ERG\��$IWHU� WKH� FRQWUDFWLRQ� LV� JHQHUDWHG�DQG� WKH� WHPSHUDWXUH� LQ� WKH�60$� LV� UHGXFHG�� LWV�
VWDWH�EHFRPHV�PDOOHDEOH�VR�WKDW�WKH�VLOLFRQH�ERG\�LWVHOI�H[WHQGV�LW��

Figure 4.23 Simulation of the jellyfish body displacement when the central SMA contraction is applied: 
(a) before contraction; (b) after the central contraction; (c) after lateral contraction

8VLQJ�(TXDWLRQ������>�������@�WKDW�UHODWHV�WKH�VKHDU�PRGXOXV�RI�WKH�60$�PDWHULDO��ܩ��> ே
�మ�

@��
60$�GLDPHWHU� �݀�� >݉@��YDULDWLRQ�RI�GLVSODFHPHQW�GXULQJ�FRQWUDFWLRQ� ��ݔ� >݉@�� VSULQJV·� WXUQ�
GLDPHWHU� ��ܦ� >݉@� DQG� WKH� QXPEHU� RI� VSULQJ� WXUQV� �ܰ��� LW� LV� SRVVLEOH� WR� FDOFXODWH� WKH�
PD[LPXP�IRUFH�WKDW�WKH�FHQWUDO�60$�ZLOO�PDNH�GXULQJ�WKH�DSSOLFDWLRQ�RI�FRQWUDFWLRQ��

ܨ ൌ �
�ܩ ή �݀ସ � ή ݔ
ͺ� ή ଷܦ� � ή ܰ

������

7KH�HTXDWLRQ�RQO\�DOORZV�´HVWLPDWLQJµ�WKH�IRUFH�GXH�WR�WKH�FRPSOH[LW\�RI�PRGHOLQJ�WKH�HQWLUH�
DFWXDWLRQ� V\VWHP��$OWKRXJK� WKH� VWUHVV�VWUDLQ�SURGXFHG� LV� GLUHFWO\� FRQVLGHUHG�� WKH� WHUP� LQ�
WKH�HTXDWLRQ�´*µ�UHODWHV�WR�ERWK�W\SHV�RI�VWUHVV�VLQFH�ERWK�DUH�LQ�IXQFWLRQ�RI�WKH�<��<RXQJ·V�
PRGXOXV��DV� HVWDEOLVKHG�E\�3RQV� >���@��:KHQ�ZRUNLQJ�ZLWK�1LWLQRO�� WKHUH� LV� VKHDU� VWUHVV�
DQG� QRUPDO� VWUHVV�� EXW� VLQFH� ERWK� HIIRUWV� DUH� SDUWLDOO\� SUHVHQW� VLPXOWDQHRXVO\�� LW� LV�
FRQVLGHUHG�WKDW�*� �<���

7KH�SUHYLRXVO\�FDOFXODWHG�IRUFH�LV�UHSUHVHQWHG�E\�D�F\FOLF�IRUFH�H[HUWHG�E\�WKH�FHQWUDO�60$�
DQG�ZDV�DSSOLHG�WR�WKH�&$'�PRGHO��WKH�IRUFH�LV�UHSUHVHQWHG�E\�WKH�EURZQ�DUURZV�IRU�WKH�WZR�
FDVHV�LQ�FHQWUDO�)LJXUH�����E�DQG�ODWHUDO�)LJXUH�����F���ZKLFK�LV�DVVLJQHG�WKH�SDUDPHWHUV�RI�
WKH� PDWHULDO� �(FRIOH[� 6LOLFRQH� �������� YLVFRVLW\� ���� FSV�� VKRUH� KDUGQHVV� ��²���� EUHDNLQJ�
VWUHQJWK�RI������� WHDU�UHVLVWDQFH�RI���� ������1P�P���6KRUH�KDUGQHVV������ VSHFLILF�YROXPH�
����FX�LQ�OE���PD[LPXP�WHPSHUDWXUH������)�������&���6LPXODWLRQ�UHVXOWV�VKRZ�D�PD[LPXP�
GLVSODFHPHQW� RI� ��� PP� LQ� WKH� FHQWUDO� EHOO� DIWHU� FRQWUDFWLRQ�� UHSUHVHQWLQJ� D� YROXPH� RI�
GLVSODFHG� ZDWHU� HTXDO� WR� ���� FP��� 7KH� ]RQHV� ZLWK� D� UHG� FRORU� UDQJH� UHSUHVHQW� JUHDWHU�
GLVSODFHPHQW�SURGXFHG�LQ�WKH�EHOO�E\�WKH�FHQWUDO�60$��
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Figure 4.24 Responses to parametric modeling to a reference. (a) Contraction of the jellyfish bell. (b) 
Force produced by the SMA. 

)LJXUH������VKRZV�WKH�EHKDYLRU�RI�MHOO\ILVK�PRGHOLQJ��)LJXUH�����D�VKRZV�WKH�FRQWUDFWLRQ�RI�
WKH� MHOO\ILVK� EHOO� IRU� D� UHIHUHQFH� RI� ��� FP�� ZKHUH� WKH� V\VWHP� UHVSRQVH� LV� H[WUHPHO\� IDVW��
DFKLHYLQJ� WKH� UHIHUHQFH� LQ� WKH� ILUVW� �� V�� DQG� NHHSLQJ� LW� FRQVWDQW� EHFDXVH� RI� WKH� IX]]\�
FRQWUROOHU��)RU�LWV�SDUW��)LJXUH�����E�VKRZV�WKH�UHVSRQVH�RI�WKH�IRUFH�JHQHUDWHG�E\�WKH�60$�
WR� D� �� 1� UHIHUHQFH� VLJQDO�� KHUH�� WKH� VXGGHQ� LQFUHDVH� RI� WKH� IRUFH� LV� GXH� WR� WKH� VXGGHQ�
FRQWUDFWLRQ�RI�WKH�60$��

)LJXUH������VKRZV�D�FRPSDULVRQ�RI�WKH�GLDPHWHU�YDULDWLRQ�IRU�WZR�FRQWUDFWLRQV��'XULQJ�WKH�
ILUVW� ���� V�� LW� TXLFNO\� VKULQNV� LQ� VL]H� GXH� WR� WKH� IRUFH� RI� FRQWUDFWLRQ� H[HUWHG� E\� WKH� 60$��
$IWHU�WKDW��LW�UHWXUQV�WR�LWV�UHOD[HG�VWDWH�DJDLQ�ZKLOH�WKH�60$�LV�FRROHG��7KH�FXUYH�VKRZQ�LQ�
EOXH� GLIIHUV� VOLJKWO\� IURP� WKH� \HOORZ� RQH�� PDLQO\� GXH� WR� WKH� GDWD� FDSWXUH� DQG� ILOWHUV�
DSSOLHG�LQ�WKH�YLVLRQ�V\VWHP��

Figure 4.25 Diameter of the jellyfish bell variation comparison. 
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,WV�SURSXOVLRQ�V\VWHP�JHQHUDWHG�E\�FRQWUDFWLRQV�SURGXFHV�WKH�-HOO\ILVK�GLVSODFHPHQW��:KHQ�
WKHVH� KDSSHQ�� WKHLU� ERG\� JHQHUDWHV� D� YRUWH[�� ZKLFK� LV� IRUFHIXOO\� H[SHOOHG� DQG� WKUXVW�
IRUZDUG�� 7R� NHHS� WKH� PRYHPHQW� FRQVWDQW�� D� VHULHV� RI� SXOVDWLRQV� PXVW� EH� JHQHUDWHG�� 7R�
YDOLGDWH�WKH�JHRPHWU\�PRGHO��DOO�IRUFHV�LQYROYHG�LQ�WKH�GLVSODFHPHQW�RI�D�ERG\�LQ�WKH�ZDWHU��
VXFK�DV�GUDJ�FRHIILFLHQW��DGGHG�PDVV�FRHIILFLHQW��DQG�5H\QROGV�QXPEHU��DUH�DQDO\]HG�>���@��
7RJHWKHU�ZLWK�WKH�GDWD�REWDLQHG�IURP�WKH�&)'��WKH\�DOORZ�HYDOXDWLRQ�RI�WKH�LQVWDQWDQHRXV�
DFFHOHUDWLRQ�SURGXFHG�E\�WKH�FRQWUDFWLRQ�DQG�GHWHUPLQH�LI�MHOO\ILVK�FDQ�DGYDQFH�>���@��

'XULQJ� WKH� VLPXODWLRQ� GHYHORSPHQW�� JUDYLW\� KDV� EHHQ� XVHG� DV� DQ� RSHUDWLRQDO� SDUDPHWHU�
EHFDXVH� LWV� XVH� LPSOLHV� WKH� DFWLRQ� RI� EXR\DQF\�� )LJXUH� �����D�E�� VKRZV� WKH� IOXLG�
GLVSODFHPHQW� �ZDWHU��GXULQJ� WKH�YHUWLFDO�DQG� ODWHUDO� FRQWUDFWLRQ�� UHVSHFWLYHO\� UHSUHVHQWHG�
E\� VSKHUHV�� 7KHUH� LV� D� YDULDWLRQ� LQ� WKH� VSKHUH� FRORU� DFFRUGLQJ� WR� WKH� YHORFLW\� JHQHUDWHG�
GXULQJ� WKH� SURFHVV�� WKH� VSKHUHV� EHLQJ� UHG� IRU� KLJK�VSHHG� DUHDV� DQG� EOXH� IRU� QHJDWLYH�
YHORFLW\�DUHDV��7KH�DFFHOHUDWLRQV�DUH�VKRZQ�ZLWK� OLQHV� LQ�)LJXUH������F�G�� IRU�YHUWLFDO�DQG�
ODWHUDO�FRQWUDFWLRQ��UHVSHFWLYHO\��

Figure 4.26 Representation of fluid displacement during jellyfish contraction using the Solidworks-
Flow Simulation plug-in: (a) vertical displacement³speed (m/s); (b) lateral displacement³speed (m/s); 

(c) vertical Acceleration (cm/s2); (d) lateral acceleration.

7KH�VLPXODWLRQ�YHULILFDWLRQ�LV�SHUIRUPHG�EDVHG�RQ�(TXDWLRQ�������>���@��ZKLFK�HYDOXDWHV�WKH�
DYHUDJH�DFFHOHUDWLRQ�WR�GHWHUPLQH�LI�D�SRVLWLYH�GLVSODFHPHQW�LV�JHQHUDWHG��7KLV�H[SUHVVLRQ�
LQYROYHV�WKH�ZDWHU�MHW�WKUXVW�XQGHU�WKH�KRRG�� ܶ��>JăFP�V�@��WKH�GUDJ�IRUFH��ܦ��>JăFP�V�@��WKH�
ZHLJKW� �:�� >1@� DQG� WKH� HIIHFWLYH� PDVV� RI� WKH� MHOO\ILVK� �ܧ� �� >J@�� 7KLV� HTXDWLRQ� GRHV� QRW�
FRQVLGHU� WKH� SUHVHQFH� RI� WHQWDFOHV� EHFDXVH� RI� WKHLU� FRPSOH[LW\�� )RU� WKDW� UHDVRQ�� D� NQRZQ�
PRGHO� ZDV� FRQVLGHUHG� WR� UHSUHVHQW� WKH� PRVW� UHOHYDQW� SDUW� RI� WKH� ERG\� �DURXQG� ���� LV�
PRGHOHG�DV�D�EHOO�VKDSH���7KH�FDOFXODWLRQ�ZLWKRXW�LQFOXGLQJ�WKH�WHQWDFOHV�VKRZV�WKDW�WKHUH�
ZLOO�EH�D�SRVLWLYH�GLVSODFHPHQW��ZKLOH� WKH�VLPXODWLRQ�FRUURERUDWHV� WKDW� WHQWDFOHV�JHQHUDWH�
DQ� DGGLWLRQDO� LPSXOVH� EHFDXVH� RI� WKH� SRVLWLYH� YRUWLFHV� JHQHUDWHG� DW� WKH� HQGV� DIWHU� HDFK�
FRQWUDFWLRQ��,Q�WKLV�VWXG\��WKH�URERW�SUHVHQWV�D�VORZ�PRWLRQ��DQG�WKH�SRVLWLYH� IHHGEDFN�RQ�
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WKUXVW�DVVRFLDWHG�ZLWK� ´DGGHG�PDVV�YDULDWLRQµ� LV�YHU\� VPDOO�DQG�KDV�QRW�EHHQ� FRQVLGHUHG�
>���@��

ܣ ൌ � ܶ � ή ሺܦ� ܹሻ
ܧ

������

ZKLFK�DUH�FDOFXODWHG��UHVSHFWLYHO\�� IURP�WKH�H[SUHVVLRQV��(TXDWLRQ������� IRU� �� ܶ���(TXDWLRQ�
������IRU��ܦ����(TXDWLRQ�������IRU��ܧ���DQG�(TXDWLRQ�������IRU��ߙ���>�������²���@��

ܶ ൌ ௩ܣ� ή ߙ ή ݆ଶ ������

ܦ ൌ �
ͳ
ʹ
ή ߩ ή ଶݑ ή ߨ ή ݄ ή
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ܧ ൌ � ܸǡ ή ߩ ή ሾͳ  ሿߙ ������

ߙ ൌ �ͲǤͷ�
݀
݄ଵǤସ

������

7KH�YDULDEOHV�LQYROYHG�DUH�EHOO�KROH�DUHD��ܣ௩��>FP�@��ZDWHU�GHQVLW\�DW�����&��ߩ��>J�FP�@��IOXLG�
YHORFLW\� �݆�� >FP�V@� LQVWDQW� MHOO\ILVK�VSHHG� ��ݑ� >FP�V@� MHOO\ILVK�EHOO�KHLJKW� �݄�� >FP@�� MHOO\ILVK�
GLDPHWHU��݀��>FP@��GUDJ�FRHIILFLHQW��ܥ�ǡ���WKH�YROXPH�LQVLGH�WKH�MHOO\ILVK�EHOO��� ܸǡ��>FP�@�DQG�
WKH�DGGHG�PDVV��ǂ���(TXDWLRQV������²������ZHUH�XVHG�WR�FDOFXODWH�WKH�SUHYLRXV�YDOXHV��

݆ ൌ �
ͳ
௩ܣ

� ή
݀ ௦ܸǡ

ݐ݀ ������

)RU�(TXDWLRQ��������ZKHUH�>FP�V@��LV�WKH�MHW�VSHHG�DW�WKH�WLPH�L��>FP�@�LV�WKH�XPEUHOOD·V�ZKROH�
DUHD��DQG�>FP�@�LV�WKH�LQVWDQWDQHRXV�YROXPH�XQGHU�WKH�XPEUHOOD��

ݑ ൌ �
ሺݔାଵ െ ିଵሻݔ

ݐʹ
������

,Q� (TXDWLRQ� ������� ZKHUH� >FP�V@�� LV� WKH� VSHHG� DW� WLPH� L�� [� >FP@� LV� WKH� SRVLWLRQ� IRU� WKH�
UHVSHFWLYH�WLPH�DQG�W�>V@��WLPH��

ǡܥ ൌ �
ʹͶ
ܴ݁

������

)RU�(TXDWLRQ������ܥ��ǡ�LV�WKH�GUDJ�FRHIILFLHQW��WKH�5H\QROGV�QXPEHU��DQG�´Qµ�GHSHQGV�RQ�WKH�
YDOXH�RI�ܴ݁��ZLWK�Q� ���LI�OHVV�WKDQ���DQG�Q� �����LI�����ܴ݁��������

%DVHG� RQ� WKHVH� H[SUHVVLRQV�� DQ� DFFHOHUDWLRQ� HTXDO� WR� ����� FP�V�� KDV� EHHQ� GHWHUPLQHG��
VLPLODU�WR�WKH�&)'�UHVXOW�RI�����FP�V���)LJXUH�����F���7KHUHIRUH��WKH�GLVSODFHG�IOXLG�UHVXOWLQJ�
IURP�WKH�FRQWUDFWLRQ�ZLOO�JHQHUDWH�DQ�DFFHOHUDWLRQ�JUHDWHU�WKDQ�]HUR��DQG�FRQVHTXHQWO\��WKH�
GLVSODFHPHQW�ZLOO�FUHDWH�SURJUHVV�DQG�QRW�UHJUHVVLRQ��

)LJXUH� ����� VKRZV� D� FRPSDULVRQ� EHWZHHQ� WKH� GLVSODFHPHQW� RI� WKH� JLYHQ� YROXPH� IRU� WKH�
TXDVL�DQDO\WLFDO�VLPXODWLRQ��PRGHOHG�RQ�(TXDWLRQV������²�������DQG�WKH�&)'�RXWSXW�YROXPH�
IRU�D�FRQWUDFWLRQ��ZKHUH�WKH�DFFXPXODWHG�YROXPH�ZDV�LQFOXGHG�DV�D�UHIHUHQFH�WR�VHH�KRZ�LW�
FKDQJHV�GXULQJ� WKH� FRQWUDFWLRQ��)LJXUH������ VKRZV� WKH�GLVSODFHG�YROXPH�DW� HDFK�PRPHQW�
DQG� WKH� WRWDO� DFFXPXODWHG� YROXPH� IRU� HDFK� GHILQHG� FDVH�� 7KUXVW� PRGHOHG� ZLWK� &)'� LV�
KLJKHU� IURP� WKH� DQDO\WLFDO�PRGHO� EHFDXVH� YLVFRXV� HIIHFWV� DVVRFLDWHG�ZLWK� WKH� YRUWH[� ULQJ�
IRUPDWLRQ�DQG�DGGHG�PDVV�YDULDWLRQ�HIIHFWV�DUH�QHJOHFWHG�LQ�WKH�DQDO\WLFDO�PRGHO��
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Figure 4.27 Comparison of the volume ejected, using CFD and the analytical model. 

4.3.3 Control 
7KH�H[SHULPHQWDO�V\VWHP�VKRZQ�LQ�)LJXUH������DOORZV�URERW�PRYHPHQWV��DFTXLULQJ�ORFDWLRQ�
GDWD��DQG�PRQLWRULQJ�WKHUPDO�GDWD��,W�FRQVLVWV�RI���VWHSV���

x Step 1� LV� UHVSRQVLEOH� IRU� DFTXLULQJ� WKH� LPDJHV� RI� WKH� URERW� WKURXJK� D� ZLUHOHVV
FDPHUD�DQG�VHQGLQJ�WKHP�WR�WKH�FHQWUDO�FRPSXWHU��D�YLVLRQ�V\VWHP�ZDV�GHYHORSHG
DQG�WHVWHG�E\�0%$5,�LQ�D�UHDO�VLWXDWLRQ�LQ�GHHS�ZDWHUV�>���@��

x Step 2� FRUUHVSRQGV� WR� WKH� FRQWURO� LQWHUIDFH� IRU� PRYHPHQW� FRQWURO� DQG� WKH
HVWDEOLVKPHQW�RI�YLUWXDO�SRLQWV��'DWD�PRQLWRULQJ�LV�FDUULHG�RXW�ZLWK�D�WHPSHUDWXUH
VHQVRU��,W�ZDV�SODFHG�RQ�WKH�URERW·V�WRS�DFFRUGLQJ�WR�WKH�&)'��7KH�GLVSODFHPHQW�RI
IOXLGV� LQ� WKLV� DUHD� LV� OHVV� WKDQ� LQ� DQ\�SDUW� RI� WKH� ERG\�� DFTXLULQJ� D�PRUH� UHOLDEOH
PHDVXUHPHQW�

x ,Q�Step 3,� WKH�URERW� LV� ORFDWHG� LQVLGH� WKH�DTXDWLF�HQYLURQPHQW��7KH�YLVLRQ�V\VWHP
DSSOLHV�REMHFW�VHJPHQWDWLRQ�DQG�GLJLWDO�LPDJH�SURFHVVLQJ�WHFKQLTXHV�

x ,Q�Step 4��HUURUV�DUH�FDOFXODWHG�DQG�SURYLGHG�WR�WKH�IX]]\�FRQWUROOHU�EDVHG�RQ�WKH
FXUUHQW�SRVLWLRQ�DQG�YLUWXDO�SDWK�SRLQWV�

x Step 5� �SRZHU� VWDJH�� VXSSOLHV� WKH� FXUUHQW� LQ� D� FRQWUROOHG�PDQQHU� WR� FRQWUDFW� WKH
60$V�GHSHQGLQJ� RQ� WKH�HUURUV� FDOFXODWHG� LQ� WKH�SUHYLRXV� VWHS�� �7KH�SRWHQF\� FDUG
VKRZQ�KDV�EHHQ�GHVLJQHG�DQG�LPSOHPHQWHG�EDVHG�RQ�WKH�SRZHU�UHTXLUHG�WR�KDQGOH
FXUUHQWV�RI�XS�WR���$PSV�ZLWK����9ROWV��

x )LQDOO\��Step 6� FRUUHVSRQGV� WR� WKH� URERW� ZLWKLQ� WKH� DTXDWLF� WHVWLQJ� HQYLURQPHQW
DQG�WKH�H[HFXWLRQ�RI�PRYHPHQWV�
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Figure 4.28 Experimental assembly of the system for the execution of tests. 

)RU�WKH�GHYHORSPHQW�RI�PRYHPHQWV��D�0$7/$%�LQWHUIDFH�ZDV�GHYHORSHG�WKURXJK�ZKLFK�WKH�
URERW�LV�PRQLWRUHG��DQG�GLIIHUHQW�SDUDPHWHUV�DUH�FDOLEUDWHG��)LJXUH���������

Figure 4.29 Interface for control and configuration in MATLAB 

,W�KDV�WZR�PRGHV�RI�RSHUDWLRQ��7KH�ILUVW�RQH�LV�D�PDQXDO�PHWKRG�DQG�DOORZV�WKH�URERW�WR�EH�
WHOHRSHUDWHG�WKURXJK�WKH�WKUHVKROG�FRQILJXUDWLRQ�IRU�3:0�YDOXH�DQG�LPDJH�WKUHVKROG��

7KH� RSHUDWRU� H[HFXWHG� WKH� LQGHSHQGHQW� PRYHPHQWV� XVLQJ� WKH� EXWWRQV� RQ� WKH� SDQHO�
�IRUZDUG�� EDFNZDUG�� ULJKW�� OHIW�� DVFHQW��� DQG� WKH� WHPSHUDWXUH� YDOXHV� ZHUH� DFTXLUHG� DV�
UHTXLUHG�E\�WKH�XVHU��WKH�UHVXOWV�RI�WKH�PDQXDO�PRYHPHQW�ZHUH�FDSWXUHG�RQ�YLGHR�H[DPLQHG�
LQ�0$7/$%��

7KH�VHFRQG�PRGH�LV�DXWRQRPRXV�DQG�UHTXLUHV�WKH�HVWDEOLVKPHQW�RI�YLUWXDO�SRLQWV�WR�IRUP�D�
PRQLWRULQJ�SDWK��)LJXUH������VKRZV�WKH�ORFDWLRQ�RI�IRXU�YLUWXDO�GHVWLQDWLRQ�SRLQWV��3���3���
3���3���VR�WKDW�WKH�URERW�IRUPV�D�VTXDUH�WUDMHFWRU\�DQG�SHUIRUPV�WKHUPDO�PRQLWRULQJ�LQ�WKDW�
DUHD��ZLWK�DQ�HVWDEOLVKHG�XQLIRUP�VDPSOLQJ�WLPH�RI�����PLOOLVHFRQGV��
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$�IX]]\�FRQWURO�V\VWHP�ZDV�LPSOHPHQWHG�EHFDXVH�D�FRQWURO��3,'��LV�QRW�IHDVLEOH�GXH�WR�WKH�
ODFN�RI�D�SUHFLVH�PRGHO��$IWHU�DOO��WKH�ERG\�GRHV�QRW�KDYH�D�ULJLG�VWUXFWXUH�DQG�WKH�QRQOLQHDU�
DQG�GLVFUHWH�UHODWLRQVKLS�EHWZHHQ�60$�FRQWURO�DQG�UHVXOWLQJ�FRQWUDFWLRQ��

7KH�FRQWURO� ORRS��)LJXUH�������KDV�DV� LQSXW� WKH�YLUWXDO�GHVWLQDWLRQ�SRLQW�FRQVLVWLQJ�RI�WZR�
FRRUGLQDWHV� ���ݕ �ݔ� 7KHVH� YDOXHV� �JLYHQ� LQ� PLOOLPHWHUV� DFFRUGLQJ� WR� WKH� SUHYLRXVO\�
SHUIRUPHG�FDOLEUDWLRQ��DUH�VXEWUDFWHG�IURP�WKH�FXUUHQW�YDOXHV�RI�WKH�URERW�SRVLWLRQ�JLYHQ�E\�
WKH�YLVLRQ�V\VWHP��GHWHUPLQLQJ�DQ�݁ݎݎݎ௫��DQG�DQ�݁ݎݎݎ௬��UHVSHFWLYHO\��7KHVH�YDOXHV�DUH�VHQW�
WR�D�IX]]\�FRQWUROOHU�ZLWK�WZR�LQSXWV�DQG�JHQHUDWH�WKUHH�RXWSXWV��ZKRVH�UXOHV�DUH�GHWDLOHG�
LQ�7DEOH������7KH�YDULDEOHV� LQ�WKH� WDEOH�DUH�GHILQHG�DV� �݁ ��SRVLWLYH�HUURU�� ��݁ െ��QHJDWLYH�
HUURU���ݖ��]HUR���ܵܣܯோିି����ULJKW��FHQWHU��DQG�OHIW�60$�DFWXDWRU��UHVSHFWLYHO\��

Figure 4.30 Fuzzy Control loop, two inputs, and three outputs 

Table 4.7. Rules for the fuzzy controller, with two inputs (errors) and tree outputs ࡾࡹࡿെെࡸ�

(UURU�´[µ 
e-Big e-Small z e+Small e+Big 

�ோܣܯܵ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݀݁ܯ �ௐெ݄݃݅ܪ
�ோܣܯܵ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊
�ோܣܯܵ �ௐெ݄݃݅ܪ �ௐெ݀݁ܯ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊

(UURU�´\µ 
�ோܣܯܵ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊
�ோܣܯܵ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݀݁ܯ �ௐெ݄݃݅ܪ
�ோܣܯܵ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊ �ௐெ݈݈ݑ݊

7KH� 3:0� RXWSXW� YDOXHV� KDYH� EHHQ� UDLVHG� EDVHG� RQ� WKH� REVHUYDWLRQ� DQG� DQDO\VLV� RI� WKH�
URERW·V�EHKDYLRU�WKURXJK�PDQXDO�RSHUDWLRQ��GHWHUPLQLQJ�WKDW�3:0�YDOXHV�JUHDWHU�WKDQ�����
�����RI�WKH�F\FOH��JHQHUDWH�D�TXLFN�FRQWUDFWLRQ�UHVSRQVH�LQ�WKH�60$��ZKHUH�FRUUHVSRQGV�WR�
�����LV�����DQG�LV����LQ�D�UDQJH�RI�>�²���@�RI�WKH�GXW\�F\FOH��

%DVHG�RQ�WKH�IX]]\�FRQFOXVLRQ�JHQHUDWHG�IURP�WKH�UXOHV��WKH�UHVSHFWLYH�RXWSXW�RI�WKH�3:0�
LV�JHQHUDWHG�WRZDUG�RQH�RI�WKH�0RVIHW�LQ�SRWHQF\�FDUG���0RVIHW����IRU�GLVSODFHPHQWV�WR�WKH�
ULJKW��ZKLFK�DFWV�RQ�WKH�UHVSHFWLYH�ODWHUDO�60$��0RVIHW����IRU�YHUWLFDO�GLVSODFHPHQWV��ZKLFK�
DFWV�RQ�WKH�FHQWUDO�60$�LQ�WKH�IRUP�RI�D�ULQJ�DQG��0RVIHW����IRU�GLVSODFHPHQWV�WR�WKH�OHIW��
XVLQJ�WKH�UHVSHFWLYH�ODWHUDO�60$��

7KH�PD[LPXP�SHDN�FXUUHQW�RSHUDWHG�E\�WKH�SRWHQF\�FDUG�LV�XS�WR���$PSV��ZKLFK�LV�DSSOLHG�
IRU� D� PD[LPXP� WLPH� RI� ���� PLOOLVHFRQGV³HQRXJK� WLPH� WR� SURGXFH� WKH� PROHFXODU� VWDWH�
FKDQJH� LQ� WKH� 60$�� UHWXUQLQJ� WR� LWV� LQLWLDO� IRUP� RI� FRQWUDFWHG� VSULQJ�� JHQHUDWLQJ� WKH�
GLVSODFHPHQW�RI�ZDWHU�E\�FRPSUHVVLQJ�WKH�UHVSHFWLYH�DUHD�LQ�WKH�MHOO\ILVK�ERG\��

$IWHU� WKDW�� WKHUH� LV� D� UHFRYHU\� WLPH� RI� �� V�� LQ� ZKLFK� WKH� MHOO\ILVK� SDVVHV� WR� WKH� VWDWH� RI�
UHOD[DWLRQ��'XULQJ�WKLV�WLPH��WKH�60$��ZLWK�WKH�KHOS�RI�WKH�ORZ�ZDWHU�WHPSHUDWXUH������&���
UHGXFHV�LWV�WHPSHUDWXUH�DQG�FKDQJHV�LWV�VWDWH�DJDLQ�EHIRUH�H[HFXWLQJ�WKH�FORVHG�ORRS�FRQWURO�
DJDLQ��
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7KH�FRQWUROOHU�LV�FRQGLWLRQHG�E\�H[WHUQDO�SURJUDPPLQJ�WR�FRUUHFW�WKH�HUURUV�´[µ�RU�´\µ�RQH�E\�
RQH� VLQFH�� DFFRUGLQJ� WR� WKH� &)'� DQDO\VLV�� WKH� LPSXOVH� JHQHUDWHG� DIWHU� HDFK� FRQWUDFWLRQ�
ZRXOG�EH�ORVW�LI� LW�LV�SHUIRUPHG�LQ�D�FRPELQHG�ODWHUDO�ZD\�DQG�YHUWLFDO�RU�ILUVW�ODWHUDO�DQG�
WKHQ�YHUWLFDO��7KHUHIRUH��WKH�EHVW�RSWLRQ�ZDV�WR�FRUUHFW�ILUVW�LQ�´[µ�WKHQ�LQ�´\µ�RU�FRQYHUVHO\��

7KH� SURSRVHG� H[SHULPHQWV� FRQVLVW� RI� HVWDEOLVKLQJ� WUDMHFWRULHV� WKURXJK� YLUWXDO� SRLQWV�
WKURXJK�WKH�GHYHORSHG�LQWHUIDFH��7KH�URERW�FDQ�IROORZ�WKHP�GXH�WR�WKH�PRWLRQ�FRQWUROOHU�DQG�
SHUIRUP� SHULRGLF� WHPSHUDWXUH�PHDVXUHPHQWV� WR� JHQHUDWH� WKHUPDO� PDSV� DQG� DQDO\]H� WKH�
SDUDPHWHUV�RI�WKH�MHOO\ILVK�PRYHPHQW���

7KH�HQYLURQPHQW�RI�WHVWV�WR�FDUU\�RXW�WKH�H[SHULPHQWV�ZDV�D�SRRO�ZLWK�PHDVXUHV�RI������ð�
����� ð� ����� P�� 7DEOH� ���� VKRZV� LQ� LWV� WKUHH� VHFWLRQV� WKH� UHVXOWV� RI� WKH� WKUHH� W\SHV� RI�
PRYHPHQWV� FDUULHG� RXW� DQG� WKH� PDLQ� YDULDEOHV� PHDVXUHG� GXULQJ� WKH� H[HFXWLRQ� RI� WKH�
PRQLWRULQJ�PRYHPHQWV��

Table 4.8 Variables measured from a data set of experimental tests of Figure 4.29 movements.(No CT = 
Number of Contractions) 

Distance 
Traveled 

[cm] 
SMA_L 
Nº CT 

SMA_C 
Nº CT 

SMA_R 
Nº CT 

Time 
[s] 

Peak speed 
medium [cm/s] 

Peak 
acceleration 

[cm/s2] 
D� ���� �� ��� �� ����� ����� �����
D� ���� �� ��� �� ����� ����� ����
D� ���� �� ��� �� ����� ����� �����
D� ���� �� ��� �� ����� ����� �����
E� ��� �� �� ��� ����� ����� �����
E� ��� �� �� ��� ����� ����� �����
E� ��� ��� �� �� ����� ����� �����
E� ��� ��� �� �� ����� ����� �����
F� ���� �� ��� �� ������ ����� �����
F� ���� �� ��� �� ������ ����� �����
F� ���� �� ��� �� ������ ����� �����
F� ���� �� ��� �� ������ ����� �����

Figure 4.31 The three figures show the jellyfish overlap during the movement along the entire trajectory 
and the central point of the jellyfish in each moment. Movements developed: (a) vertical displacements; 

(b) lateral displacements; (c) trajectory composed of several points.

)LJXUH������VKRZV�WKH�YLVXDO�V\VWHP�ORFDWLRQ�UHVXOW��ZKHUH�WKH�UHG�SRLQWV�VKRZ�WKH�MHOO\ILVK�
FHQWURLG�IRU�HDFK�PRPHQW��ZKLOH�WKH�EODQN�DUHDV�FRUUHVSRQG�WR�WKH�MHOO\ILVK�VHJPHQWHG�DQG�
VXSHULPSRVHG�IRU�HDFK�PRPHQW�VR�WKDW�WKH�SDWK�RI�SDVVDJH�LV�GHILQHG��

2YHU�WKH�WUDMHFWRU\� LQ�)LJXUH������D²F��� WKH�SRLQWV�HVWDEOLVKHG�IRU�WKH�SDWK�DUH�VKRZQ��DOO�
VWDUWLQJ� IURP�3��� ,Q�)LJXUH�����D��DQ�DVFHQW�PRYHPHQW�KDV�EHHQ�PDGH�VWDUWLQJ� IURP� WKH�
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SRRO�ERWWRP�DQG�D�GHVWLQDWLRQ�SRLQW�DW�WKH� WRS��)LJXUH�����E�KDV� LWV�VWDUWLQJ�SRLQW�RQ�WKH�
OHIW� VLGH� DQG� FRQFOXGHV� LQ� WKH� ULJKW� DUHD�� DQG�)LJXUH� ����F� VKRZV� WKH� ORZHU� ULJKW� FHQWUDO�
DUHD�RI�WKH�SRRO�DQG�EHJLQV�LWV�WUDMHFWRU\�WRZDUGV�WKH�HVWDEOLVKHG�WUDMHFWRU\�SRLQWV�WKDW�HQG�
LQ�WKH�XSSHU�ULJKW��

,Q�WKLV�ZD\��VHYHUDO�LQGLYLGXDO�WHVWV�ZHUH�FDUULHG�RXW�ZLWK�GLIIHUHQW�GHVWLQDWLRQ�SRLQWV�IRU�
HDFK�FDVH��

4.3.4 Experiments 
7KH�UHVXOWV�RI�WKH�NLQHPDWLF�SDUDPHWHUV�RI�H[SHULPHQWV�GHYHORSHG�WR�YDOLGDWH�WKH�FRQWUROOHU�
DQG�PRYHPHQW� RI� WKH� MHOO\ILVK� DUH� VKRZQ��'DWD� FRQFHUQLQJ� VSHHG�ZHUH� ILOWHUHG� XVLQJ� WKH�
6DYLW]N\²*ROD\�PHWKRG��,Q�)LJXUH������DQG�)LJXUH�������UHG�SRLQWV�UHSUHVHQW�GDWD�FDSWXUHG�
E\�WKH�YLVLRQ�V\VWHP�DW�HDFK�PRPHQW��DQG�WKH�EOXH�FXUYHV�ZHUH�XVHG�WR�UHSUHVHQW�WKH�SHDNV�
RI�GDWD�ZLWK�D�KLJKHU�YDOXH�SURGXFHG�E\�FRQWUDFWLRQV���

Figure 4.32 Experimental kinematic parameters based on vertical displacement. (A) Shows the 3D 
traveled trajectory; (B) Shows the jellyfish positions along the path; (C) Shows x position; (D) Shows y 

position; (E) Corresponds to x speed; (F) Shows y speed 

)LJXUH������VKRZV�YHUWLFDO�PRYHPHQW�GHYHORSHG�WR�WUDYHO�D�GLVWDQFH�RI�DSSUR[LPDWHO\���P��
)LJXUH� ����)� VKRZV� WKH� VSHHG� SHDNV� JHQHUDWHG� ZLWK� HDFK� FRQWUDFWLRQ� ���� LQ� WRWDO��� DQG�
)LJXUH� ����'� VKRZV� WKH� DVFHQW� SDWK�� LQ� ZKLFK� DIWHU� HDFK� FRQWUDFWLRQ� WKHUH� LV� D� VOLJKW�
LQFUHDVH�LQ�WKH�DVFHQW��ZKLFK�LV�GXH�WR�WKH�SURSXOVLRQ�JHQHUDWHG�DIWHU�WKH�H[SXOVLRQ�RI�WKH�
ZDWHU��)LJXUH�����(�VKRZV�D�VOLJKW�YDULDWLRQ�RI�WKH�[�VSHHG�DIWHU�HDFK�FRQWUDFWLRQ���

)LJXUH������VKRZV�KRUL]RQWDO�PRYHPHQW�WR�WUDYHO�D�GLVWDQFH�RI�DSSUR[LPDWHO\����FP��)LJXUH�
����(�VKRZV�DV�UHG�UHFWDQJOHV�WKH�HOHFWULFDO�SXOVHV�WR�SURGXFH�WKH�FRQWUDFWLRQV����LQ�WRWDO��
DQG�DV�EOXH�FXUYHV�� WKH�VSHHG�SHDNV��DQG�)LJXUH�����)�VKRZV�WKH�DFFHOHUDWLRQ��ZKHUH� WKH�
SHDNV�FRLQFLGH�WR�WKH�LQVWDQWV�ZKHUH�WKH�FRQWUDFWLRQV�ZHUH�H[HFXWHG��
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Figure 4.33 Experimental kinematic parameters based on horizontal displacement. (A) Shows the 3D 
traveled trajectory; (B) Shows the jellyfish positions along the path; (C) Shows x position; (D) Shows y 

position; (E) Corresponds to x speed and red rectangles are the electrical pulses given; (F) shows y 
acceleration. 

4.3.5 Thermal Maps Generated through Path Tracking 
2QH�RI�WKH�SRVVLEOH�DSSOLFDWLRQV�IRU�WKH�6RIW�-HOO\ILVK�5RERW�SURSRVHG�LV�WR�PRQLWRU�QRW�RQO\�
WHPSHUDWXUH� EXW� DOVR� RWKHU� HQYLURQPHQWDO� YDULDEOHV� �S+�� FRQWDPLQDWLRQ� �WXUELGLW\���� 7KH�
WHPSHUDWXUH�ZDV�FKRVHQ�WR�GHPRQVWUDWH�WKLV�LGHD���

'XULQJ�WKH�WUDMHFWRU\�MRXUQH\��WKURXJK�WKH�YLUWXDO�SRLQWV�JLYHQ�WKURXJK�WKH�LQWHUIDFH�VKRZQ�
LQ�)LJXUH������� WHPSHUDWXUH�PHDVXUHPHQWV�ZHUH� FDUULHG�RXW�DW�GLIIHUHQW�SRLQWV�DORQJ� WKH�
SDWK�WKDW�WUDYHOHG�ZLWK�D�VDPSOLQJ�LQWHUYDO�RI�����PLOOLVHFRQGV�WR�VXEVHTXHQWO\�JHQHUDWH�D�
WKHUPDO�PDS� RI� WKH� DUHD�� EDVHG� RQ� WKH� WHPSHUDWXUH� JUDGLHQW� DQG� WKH� IRFXVHG�SRVLWLRQ� RI�
HDFK� PHDVXUHPHQW� LQ� DQ� LQVWDQW�� 7R� FDUU\� RXW� WKHVH� WHVWV�� ERLOHG� ZDWHU� �DURXQG� ��� �&��
SRXUHG�IURP�WKH�WHVW�SRRO�WRS�ZDV�XVHG�WR�JHQHUDWH�D�KHDW�VRXUFH�WKDW�GLVSHUVHV�DQG�DOORZV�
WKH�ZDWHU�WHPSHUDWXUH�WR�EH�PRGLILHG�XQLIRUPO\��

7KH�DYHUDJH� WLPH� UHTXLUHG� WR� WUDYHO� D� WUDMHFWRU\� DW� DQ�DYHUDJH� VSHHG� RI� �� FP�V� LV� ����� V��
GXULQJ� WKLV� WLPH��D�FRQVWDQW� IORZ�RI�ZDWHU�ZDV�PDLQWDLQHG� IURP� WKH� WRS�ZLWK�D�PDQXDOO\�
UHGXFHG�IORZ��ZKLFK�LV�ZK\�LW�UHDFKHV�WKH�ORZHU�SDUW�ZLWK�D�WHPSHUDWXUH�RI�DURXQG�����&�LQ�
WKH�ORZHU�DUHDV��

-HOO\ILVK� EHOO�PRYHPHQW� DIIHFWV� WKH�XQLIRUP�GLVWULEXWLRQ� RI� WKH�ZDWHU�� EXW� WKH� VHQVRU�KDV�
EHHQ�SODFHG�RQ�WRS��MXVW�ZKHUH�WKH�PRYHPHQW�RI�WKH�ZDWHU�LV�JUHDWO\�DIIHFWHG��

7KXV�� )LJXUH� ����D� UHIHUV� WR� D� PDS� JHQHUDWHG� IURP� UHDO� PHDVXUHV� WDNHQ� E\� 5RERWLF�
-HOO\ILVK��ZKLOH�)LJXUH�����E�WR�D�PDS�JHQHUDWHG�IURP�WZR�WKHUPDO�VRXUFHV�RI�GLVSHUVLRQ�LQ�
WKH�XSSHU�FRUQHUV��:DWHU�ZDV�SRXUHG�LQ�HDFK�VSRW�ZLWK�D�KLJK�WHPSHUDWXUH�DW�����&��DQG�
WKH� JUDSK� VKRZV� WKH� WHPSHUDWXUH� WUDQVIHU� WHQGHQF\� WR� WKH� ORZHU� WHPSHUDWXUH� ]RQHV��
UHDFKLQJ�D�PD[LPXP�RI����GHJUHHV�DQG�D�PLQLPXP�RI����LQ�WKH�DUHDV�ZKHUH�WKHUH�ZDV�QR�
WHPSHUDWXUH�WUDQVIHU��
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Figure 4.34 Thermal maps generated from the thermic measurements with the robotic jellyfish: (a) map 
with a thermal focus on the upper central part; (b) map with two thermal bulbs in the upper corners. 

4.3.6 Results 
7KH�YHUWLFDO�MHOO\ILVK�GLVSODFHPHQW�KDV�EHHQ�WDNHQ�DV�D�UHIHUHQFH�VLQFH�LW�LV�WKH�PRYHPHQW�
W\SLFDOO\� SHUIRUPHG� E\� WKH� VSHFLHV�� ZLWK� ZKLFK� ZH� FDQ� PDNH� D� FRPSDULVRQ�� )LJXUH� �����
VKRZV� LQ� WKH� ILUVW� FROXPQ� WKH� UHVXOWV� RI� YHORFLW\�� GLVSODFHPHQW�� DQG� DFFHOHUDWLRQ� RI� WKH�
GHYHORSHG� MHOO\ILVK� DFWXDWHG�ZLWK� 60$��ZKLOH� WKH� RWKHU� WKUHH� FROXPQV� FRUUHVSRQG� WR� WKH�
UHVHDUFK� GHYHORSHG� E\� 6HDQ� &ROLQ� LQ� WKH� VWXG\� RI� PRUSKRORJ\� WR� GHYHORS� D� PRGHO� RI�
SURSXOVLRQ�FDOOHG�´K\GURPHGXVDµ�>���@��

Figure 4.35 (Column A) Comparison of movements and variables of robotic jellyfish developed, 
compared to jellyfish species: (Column B)[139] Sarsia sp.; (Column C) Proboscidactyla flavicirrata; 

(Column D) Mitrocoma cellularia. 

7KH� GLVSODFHPHQW�PDGH� E\� WKH� URERWLF� MHOO\ILVK� SUHVHQWV� RVFLOODWLRQV� IRU� WKH� ULVH� DQG� IDOO�
ZLWK� HDFK� FRQWUDFWLRQ�� 7KH� VOLJKW� GRZQZDUG� GLVSODFHPHQWV� DUH�PDLQO\� JHQHUDWHG� E\� WKH�
ZHLJKW�DQG�UHFRYHU\�WLPH�RI�WKH�60$V�DIWHU�KHDWLQJ�WR�JHQHUDWH�WKH�FRQWUDFWLRQ��ZKLOH�WKH�
DVFHQGLQJ�FXUYHV�RI�WKH�UHDO�MHOO\ILVK�VKRZ�VLJQLILFDQW�VLPLODULW\��VKRZLQJ�D�VLPLODU�GHFUHDVH�
DIWHU� FRQWUDFWLRQ�� 7KH� YHORFLW\� FXUYHV� DUH� KLJKO\� VLPLODU� LQ� DOO� IRXU� FDVHV�� WKH� VRIW� URERW�
UHDFKHV�DQ�DYHUDJH�SHDN�YHORFLW\�RI������FP�V��ZKLOH�WKH�VHFRQG��WKLUG�DQG�IRXUWK�UHDFK�������
������ DQG� ����� FP�V�� UHVSHFWLYHO\�� DFFHOHUDWLRQ� EHKDYLRU� LQ� WKH� VDPH� ZD\� LQ� DOO� FDVHV�
SUHVHQWV�D�UHPDUNDEOH�VLPLODULW\��

2Q�WKH�RWKHU�KDQG��WKH�XVH�RI�HTXDWLRQV�IRU�&)'�DQG�PRGHO�RI�EHOO�VHOHFWHG�JDYH�VDWLVIDFWRU\�
UHVXOWV�� VKRZLQJ� VLPLODU� YDOXHV� IRU� WKH� DFFHOHUDWLRQ� YDOXH� WKDW� LV� UHIOHFWHG� ZLWK� DQ�
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DFFHOHUDWLRQ� RI� ���� FP�V�� XVLQJ� WKH� &)'� DQG� ����� FP�V�� LQ� WKH� FDOFXODWHG� YDOXHV�� 7KLV�
GLIIHUHQFH�LV�GXH�WR�WKH�WHQWDFOH�SUHVHQFH�EHFDXVH�&)'�VKRZV�WKDW�WKH�WHQWDFOHV�JHQHUDWH�DQ�
DGGLWLRQDO�LPSXOVH�DIWHU�HDFK�FRQWUDFWLRQ�EHFDXVH�RI�WKH�SRVLWLYH�YRUWLFHV�JHQHUDWHG�DW�WKH�
HQGV��7KLV�PHDQV�WKDW�WHQWDFOHV�FRQWULEXWH��������RI�WKH�WRWDO�DFFHOHUDWLRQ��

2QH� RI� WKH� PHWKRGV� DSSOLHG� WR� PLQLPL]H� WKH� FDEOHV
� LQIOXHQFH� FRQVLVWHG� RI� LQWURGXFLQJ�
HOHPHQWV� WR� LPSURYH� EXR\DQF\�� KRZHYHU�� WKH� UHVXOWV� ZHUH� QRW� JRRG� VLQFH� WKH\� JHQHUDWHG�
LQVWDELOLW\�DIWHU� HDFK�PRYHPHQW��)RU� WKLV� UHDVRQ�� WKHUH� LV�QR�EXR\DQF\� FRPSHQVDWRU�� LW� LV�
DOVR�LPSRUWDQW�WR�LQGLFDWH�WKDW�WKH�FRQVXPSWLRQ�RI�WKH�URERW�LV�������:�IRU�WKH�WUDMHFWRU\�LQ�
)LJXUH�����$��

%DVHG�RQ� WKH� UHVXOWV� LQ�7DEOH����DQ� DQDO\VLV� RI� DFFXUDF\�DQG� FRQWUROOHU� UHSHDWDELOLW\�ZDV�
SHUIRUPHG��$FFXUDF\�DQG�UHSHDWDELOLW\�IRU�YHUWLFDO��ODWHUDO��PRYHPHQWV�DUH�HTXDOV�WR��������
��������FP�DQG����������������UHVSHFWLYHO\��

)LJXUH����VKRZV�D�FRPSHQGLXP�RI�UHVXOWV����WHVWV�RI�WKH�ZKROH�GDWDVHW�IURP�7DEOH�����DUH�
VKRZQ���WKH�UHVXOWV�RI�WKH�DQDO\VLV�PDGH�E\�0$7/$%�DUH�VKRZQ�ZKHQ�HVWDEOLVKLQJ�D�WDUJHW�
SRLQW� �LQ�EOXH�� IRU�DOO�FDVHV��WR�HYDOXDWH�WKH�UHVXOWV�DQG�REWDLQ�WKH�YDOXHV�RI�DFFXUDF\�DQG�
UHSHDWDELOLW\��

Figure 4.36 Comparison of movements and variables of robotic jellyfish developed. 

7KH� 60$V� DUH� HQFDSVXODWHG� LQ� D� VLOLFRQH� OD\HU� VR� WKDW� H[WHUQDO� WHPSHUDWXUH� KDV� OLWWOH�
LQIOXHQFH�RQ�WKH�DOWHUDWLRQV�LQ�WKH�60$V·�VWDWH���

$PRQJ�WKH�DGYDQWDJHV�RI�XVLQJ�URERWLF� MHOO\ILVK�DV�D�PHDQV�RI�PRQLWRULQJ�DUH�PDLQO\� WKH�
TXLFN�FRQWUDFWLRQ� IRU�SURSXOVLRQ�� LWV� ORZ�ZHLJKW��DQG�WKH�FRVW�RI� LPSOHPHQWDWLRQ��ZKLFK� LV�
KLJKO\� UHGXFHG� FRPSDUHG� WR� WKDW� RI� DQ� XQGHUZDWHU� H[SORUDWLRQ� VWUXFWXUH� RU� WKH� KLULQJ� RI�
GLYLQJ�HTXLSPHQW��ZLWK�FRQVWDQW�DQG�UHOLDEOH�PRQLWRULQJ��

$� FRPSDULVRQ� KDV� EHHQ�PDGH� EHWZHHQ� WKH� GLVSODFHG� ZDWHU� YROXPHV�� ZLWK� GDWD� REWDLQHG�
ZLWK� &)'� DQG� TXDVL�DQDO\WLFDO� PRGHOLQJ�� REWDLQLQJ� DV� PDLQ� UHVXOWV� WKDW� WKHUH� LV� D�
GLIIHUHQFH�EHWZHHQ�WKHP��DOWKRXJK�ERWK�IROORZ�WKH�VDPH�WUHQG�VKRZQ�LQ�)LJXUH����,Q�&)'��
HMHFWHG�YROXPH�LV�KLJKHU�WKDQ�WKH�DQDO\WLFDO�PRGHO�EHFDXVH�YLVFRXV�HIIHFWV�DVVRFLDWHG�ZLWK�
WKH�YRUWH[�ULQJ�IRUPDWLRQ�DQG�DGGHG�PDVV�YDULDWLRQ�HIIHFWV�DUH�QHJOHFWHG�LQ�WKH�DQDO\WLFDO�
PRGHO��$�VLPLODU�VLWXDWLRQ�RFFXUV�ZLWK�RWKHU�SDUDPHWHUV��VXFK�DV�WKH�5H\QROGV�QXPEHU��
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4.3.7. Conclusions 
7KLV�ZRUN� VKRZV� WKH�GHVLJQ�DQG� LPSOHPHQWDWLRQ�RI�D� VRIW�� DXWRQRPRXV� URERW�DFWXDWHG�E\�
60$��FDSDEOH�RI�SHUIRUPLQJ�YHUWLFDO�DQG�KRUL]RQWDO�PRYHPHQWV�WR�WUDYHO�DORQJ�JLYHQ�SDWKV�
LQ� WKH�ZDWHU�� WKLV� URERW� LV� FRQWUROOHG� E\� D� IX]]\� YLVXDO� FRQWURO� DQG� LV� DSSOLHG� LQ� WKHUPDO�
PRQLWRULQJ��UHSUHVHQWLQJ�PHDVXUHG�GDWD�DV�WKHUPDO�PDSV��

5RERW� GHYHORSPHQW� KDV� DQ� DQDO\WLFDO� EDFNJURXQG�� EHJLQQLQJ� ZLWK� WKH� DQDO\VLV� RI� WKH�
MHOO\ILVK�&KU\VDRUD�K\VRVFHOOD�� IURP�ZKLFK�D�&$'�PRGHO�ZDV� REWDLQHG�� WKH� EDVLV� IRU� WKLV�
PRGHO�� $� &$(� DQG� &)'� DQDO\VLV� ZHUH� GRQH�� YDOLGDWLQJ� WKH� GHVLJQ�� DQG� &)'� HTXDWLRQV�
VKRZLQJ� VLPLODU� YDOXHV� IRU� WKH� DFFHOHUDWLRQ� WKDW� DUH� UHIOHFWHG� ZLWK� D� YDOXH� RI� ���� FP�V��
XVLQJ�WKH�&)'�DQG������FP�V��LQ�WKH�FDOFXODWHG�YDOXHV��7KH�MHOO\ILVK�ERG\�LPSOHPHQWHG�ZDV�
PDGH� ZLWK� IOH[LEOH� VLOLFRQH� DQG� FRQVLVWV� RI� ILYH� VSULQJ�VKDSHG� 60$V�� D� FHQWUDO� RQH� LQ� D�
FLUFXODU� VKDSH� DQG� IRXU� ODWHUDO� VSULQJV� UDGLDOO\� VHSDUDWHG� ��� GHJUHHV� DQFKRUHG� IURP� WKH�
FHQWHU�WR�RQH�HQG�RI�WKH�EHOO��

$� IX]]\� FRQWUROOHU�ZDV� LPSOHPHQWHG� WR� FRQWURO� WKH� URERW�PRYHPHQWV�EHFDXVH� WKH� MHOO\ILVK�
ERG\� LV� PDGH� RI� VRIW� PDWHULDO�� ,Q� DGGLWLRQ�� WKH� EHKDYLRU� RI� WKH� 60$� KDV� ELGLUHFWLRQDO�
K\VWHUHVLV�ZKHQ�FKDQJLQJ�SKDVH��VR�ILQGLQJ�DQ�H[DFW�PRGHO�LV�KLJKO\�FRPSOH[��DQG�WKH�IX]]\�
FRQWUROOHU� LPSOHPHQWHG�JHQHUDWHG�D� ORZ�HUURU�UDQJH��JHQHUDWLQJ�DQ�DFFXUDF\�RI��������FP�
DQG� UHSHDWDELOLW\� RI� ������ IRU� YHUWLFDO� PRYHPHQWV� DQG� DQ� DFFXUDF\� RI� ������� FP� DQG�
UHSHDWDELOLW\� RI� ������ IRU� ODWHUDO� PRYHPHQWV�� DIWHU� WHVWV� ZHUH� DSSOLHG�� 'DWD� IURP� WKH�
FRQWUROOHU��3:0�RXWSXW��²�����ZHUH�XVHG�DV�LQSXW�IRU�WKH�FRQWURO�ERDUG�DQG�SRZHU�FRQWURO�
ERDUG� �VSHFLILFDOO\� WKH� 0RVIHWV� ,5)����1�� WKDW� UHJXODWH� WKH� FXUUHQW� VXSSOLHG� WR� WKH�
UHVSHFWLYH�60$��JHQHUDWLQJ�WKH�PRYHPHQW��

7KH�NLQHPDWLF�SDUDPHWHUV�SURGXFHG�GXULQJ�WKH�PRYHPHQW�RI�WKH� MHOO\ILVK�VKRZ�WKDW�DIWHU�
HDFK�FRQWUDFWLRQ��WKHUH�DUH�SHDNV�RI�YHORFLW\��LQFUHDVHV�LQ�PRYHPHQW��DQG�DFFHOHUDWLRQ��7KH�
MHOO\ILVK�EHOO�GLDPHWHU�VKRZV�D�IDVW�YDULDWLRQ�GXULQJ�WKH�ILUVW�����RI� WKH�WRWDO�FRQWUDFWLRQ�
WLPH��&RPSDULQJ�WKH�GLVSODFHPHQW�GDWD��YHUWLFDO�PRYHPHQWV��RI�WKH�URERWLF�MHOO\ILVK�DJDLQVW�
MHOO\ILVK�RI�WKH�VSHFLHV�6DUVLD�VS��DQG�3URERVFLGDFW\OD�IODYLFLUUDWD��LW�FDQ�EH�HPSKDVL]HG�WKDW�
LQ� WKH� FXUYHV� JHQHUDWHG� ZLWK� WKH� UHVXOWV� IRU� GLVSODFHPHQW�� VSHHG� KDV� KLJKO\� VLPLODU�
EHKDYLRU��DFKLHYLQJ�VSHHGV�RI�XS�WR�����FP�V��5RERWLF�-HOO\ILVK���FRPSDUHG�WR�����FP�V�RI�WKH�
PHQWLRQHG�VSHFLHV��

7KH�XVH�RI�0$7/$%�DV�DQ�LQWHUIDFH�DOORZHG�WHPSHUDWXUH�GDWD�DFTXLVLWLRQ��URERW�ORFDWLRQ��
FRQWURO�RI�DXWRQRPRXV�PRYHPHQWV��JHQHUDWLRQ�RI�WKHUPDO�PDSV��DQG�LGHQWLI\LQJ�WKH�MHOO\ILVK�
VWDWH�DQG�PRQLWRULQJ�LWV�WHPSHUDWXUH�VWDWXV��

7KH� -HOO\ILVK� URERW� LV� SURSRVHG� WR� PRQLWRU� QRW� RQO\� WHPSHUDWXUH� EXW� DOVR� RWKHU�
HQYLURQPHQWDO� YDULDEOHV� �3K�� FRQWDPLQDWLRQ� �WXUELGLW\���� 7KH� WHPSHUDWXUH� ZDV� FKRVHQ� WR�
GHPRQVWUDWH� LW� GXH� WR� LWV� HDVH� RI� PDQDJHPHQW� DQG� WKH� IDFW� WKDW� LW� LV� UHYHUVLEOH�� QRW�
FRQWDPLQDWLQJ�WKH�ZDWHU�DQG�WKXV�DOORZLQJ�WKH�RSSRUWXQLW\�WR�UHSHDW�H[SHULPHQWV�ZLWKRXW�
FKDQJLQJ�LW��
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4.4 Plant-inspired design for explorative soft robots 
3ODQWV�KDYH�EHHQ�UDUHO\�FRQVLGHUHG�LQ�URERWLFV�DV�D�PRGHO�RI�LQVSLUDWLRQ�IRU�GHVLJQLQJ�DQG�
GHYHORSLQJ� URERWV��7KLV� LV�SUREDEO\�GXH� WR� ´WKHLU� UDGLFDOO\�GLIIHUHQW� RSHUDWLRQDO�SULQFLSOHV�
FRPSDUHG�WR�DQLPDOV�DQG�WKHLU�GLIILFXOW\�VWXG\LQJ�WKHLU�PRYHPHQWV�DQG�IHDWXUHV�µ�>���@�

+RZHYHU�� SODQWV� SUHVHQW� DQ� LQFUHGLEOH� DELOLW\� WR� UHVSRQG� WR� YDULRXV� VLJQDOV� RU� H[WHUQDO�
VWLPXOL� DQG� DGDSW� WR� FKDQJLQJ� HQYLURQPHQWDO� FRQGLWLRQV�� )RU� WKLV� UHDVRQ�� WKH\� UHDOL]H�
PRYHPHQWV� FKDUDFWHUL]HG� E\� HQHUJ\� HIILFLHQF\� DQG� KLJK� GHQVLW\� WR� UHGXFH� HQHUJ\�
FRQVXPSWLRQ�GXULQJ�PRWLRQ���

1HZ�PDWHULDOV� DUH� QHFHVVDU\� WR� UHDOL]H� URERWV� LQVSLUHG� LQ� SODQWV�� 1DWXUDO� PDWHULDOV� DUH�
EDVHG� RQ� D� OLPLWHG� QXPEHU� RI� EDVLF� FRPSRQHQWV� �L�H��� FHOOXORVH�� KHPLFHOOXORVH�� OLJQLQ�� DQG�
SHFWLQ�� WKDW� SURYLGH� DOO� WKH� SURSHUWLHV� PHQWLRQHG� DERYH� GXH� WR� WKHLU� KLHUDUFKLFDO�
RUJDQL]DWLRQ�� 2QH� IDPRXV� PDWHULDO� LQVSLUHG� E\� SODQWV� LV� 9HOFUR� >���@�� 0DQ\� RWKHU�
LQWHUHVWLQJ� LQGXVWULDO� VROXWLRQV� UHVXOWLQJ� IURP� WKH� VWXG\� RI� SODQWV� OLNH� EDPERR�� ORWXV� RU�
SRPHOR��DUH�VXPPDUL]HG�LQ�>���@���

0DFURVFRSLF� SODQW� PRYHPHQW� UHVXOWV� IURP� D� FRRUGLQDWHG� DQG� UHYHUVLEOH� PRGXODWLRQ� RI�
LQWUDFHOOXODU�WXUJRU��SUHVVXUH��WR�WXQH�WKHLU�VWLIIQHVV��7KXV��LQ�>���@��D�VRIW�URERW�SODQW�ZDV�
SURSRVHG��LW�SUHVHQWV�D�UHYHUVLEOH�RVPRWLF�DFWXDWLRQ�EDVHG�RQ�WKH�HOHFWURVRUSWLRQ�RI�LRQV�RQ�
IOH[LEOH�SRURXV�FDUERQ�HOHFWURGHV�GULYHQ�DW�ORZ�LQSXW�YROWDJHV���

Figure 4.37 Tendril-like sift robot able to climb [340] 

7KLV�ZRUN�KDV�UHDOL]HG�DQ�LQLWLDO�VWXG\�DERXW�WKH�SRVVLELOLW\�RI�GHVLJQLQJ�DQ�H[SORUDWLYH�VRIW�
URERW�WDNLQJ�LQVSLUDWLRQ�IURP�WKH�PRUSKRORJ\�DQG�PRYHPHQWV�RI�FOLPELQJ�SODQWV�WKDW�IROORZ�
HQYLURQPHQWDO� VWLPXOL� WR� RULHQW� WKHPVHOYHV�� ILQG� VXSSRUWLQJ� VWUXFWXUHV�� DQG� GLUHFW� WKHLU�
JURZWK�IRU�HQKDQFLQJ�OLJKW�H[SRVLWLRQ�DQG�VXUYLYDO��

7KH�DSLFDO�H[WUHPLWLHV�RI�FOLPEHUV��HVSHFLDOO\�LQ�WZLQHUV��DUH�WKH�PRVW�DFWLYH�LQ�H[SORUDWLRQ�
DQG� JURZWK�� 7KH\� VKRZ� WKH� VSHFLILF� DUFKLWHFWXUH� RI� WLVVXHV� ZLWK� ILEHUV� WKDW� UH�RULHQW� WR�
FRQYH\� WZLQLQJ�� FRLOLQJ��DQG�QXWDWLRQ�PRYHPHQWV��:DWHU� IORZ� LV� WKH�PRWRU�SXPS� LQ� WKHVH�
DHULDO�SDUWV��ZLWK�JURZWK�PRWLRQV�GULYHQ�E\�HQYLURQPHQWDO�OLJKW��

7KH�DLP�LV�WR�LQYHVWLJDWH�D�ELRPLPHWLF�GHVLJQ�IRU�WKH�JHQHUDWLRQ�RI�HQYLURQPHQWDOO\�GULYHQ�
EHKDYLRUV� LQ� D� VRIW� SODQW�LQVSLUHG� URERWLF� DUP�� DQG� PLPLF� HORQJDWLRQ� DQG� EHQGLQJ�
FDSDELOLWLHV�RI�WKH�DSLFDO�UHJLRQV�RI�WZLQHUV��WDNLQJ�DGYDQWDJH�RI�D�FXVWRP�PDGH�IXQFWLRQDO�
PDWHULDO��DOUHDG\�DYDLODEOH�LQ�WKH�%LRLQVSLUHG�6RIW�5RERWLFV�ODERUDWRU\�RI�,VWLWXWR�,WDOLDQR�GL�
7HFQRORJLD��,WDO\��DEOH�WR�UHVSRQG�WR�KXPLGLW\�DQG�OLJKW��

7KH�PDWHULDO� FDQ� EH� FRPELQHG� ZLWK�� H�J��� 60$� WR� WUDQVGXFH� WKH� HQHUJ\� FROOHFWHG� E\� WKH�
PDWHULDO� LQWR� D� �'�PRWLRQ�� ,Q� WKLV� FDVH��60$�VKRZV�DGYDQWDJHV� DQG�GLVDGYDQWDJHV�� H�J���
ORQJ� FRROLQJ� WLPH��ZKLFK� QHHGV� WR� EH� H[SORLWHG� DQG� DGGUHVVHG� WR� FRQIHU� WKH�PRWLRQ
V� IDVW�
�UDQJH� RI� IHZ� PLQXWHV� RU� VHFRQGV�� UHYHUVLELOLW\�� 2WKHU� SRVVLELOLWLHV� FDQ� EH� H[SORLWHG��
LQFOXGLQJ�PLFURIOXLGLF��RULJDPL�OLNH�FRQILJXUDWLRQV��RU�WHQVHJULW\�V\VWHPV��
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,Q� WKH� IROORZLQJ� ILJXUHV�� WKH� ILUVW� GHVLJQ�SURSRVDOV� DUH� VKRZQ��$W� ILUVW�� LW�ZDV� FRQVLGHUHG�
SRVVLEOH� WR� UHDOL]H� D� VWUXFWXUH� IRUPHG� E\� GLIIHUHQW� OHYHOV�� DV� VKRZQ� LQ� )LJXUH� ������ 7KH�
VWUXFWXUH�ZLOO� FRPSULVH� WZR�GLIIHUHQW�PDWHULDOV�� WKH� EODFN�ZLOO� EH� WKH� IXQFWLRQDO�PDWHULDO�
PHQWLRQHG� DERYH�� ZKLOH� WKH� RWKHU� ZLOO� EH� VRIW� OLNH� 3'06�� 7KH� EODFN� PDWHULDO�� HTXDOO\�
VSDFHG� WR� DOORZ� EHQGLQJ� PRYHPHQWV� LQ� HYHU\� GLUHFWLRQ�� FDQ� EH� DUUDQJHG� LQ� WZR� ZD\V��
SHUSHQGLFXODU��)LJXUH�����D��RU�LQFOLQHG������)LJXUH�����E��WR�WKH�JUHHQ�SDUW��+RZHYHU��WKH�
WZR�VROXWLRQV�ZHUH�QRW�VXLWDEOH�VLQFH�WKH�WKLFNQHVV�RI�EODFN�PDWHULDO�QHHGV�WR�EH�WLQ\��D�IHZ�
PP� WR�UHDOL]H�LWV�IXQFWLRQ�FRUUHFWO\��DQG�WKH�VWUXFWXUH�FRXOG�QRW�VWDQG�RQ�LWVHOI��0RUHRYHU�
D�GHVLJQ�VROXWLRQ�PDGH�IURP�D�VLQJOH�PDWHULDO�ZLOO�EH�SUHIHUUHG��QRW�WZR�DV�LQ�WKLV�FDVH�

Figure 4.38 First design proposal. The black parts represent the functional material, while the green 
one the inactive structure. In (a), the functional material is perpendicular to the structure, while (b) is 

inclined 45º.  

7KXV�� WKH�QH[W� LGHD�ZDV� WR�UHDOL]H�D� VWUXFWXUH�FDSDEOH�QRW�RQO\�RI�EHLQJ�DEOH� WR� EHQG�EXW�
DOVR�HORQJDWH��2QH�DSSURDFK�FRXOG�KDYH�EHHQ�WKDW�RI�RULJDPL��EXW�JLYHQ�WKH�FKDUDFWHULVWLFV�
RI�WKH�PDWHULDO��LW�ZDV�QRW�SRVVLEOH�WR�FUHDWH�IROGV��6LQFH�LW�QDWXUDOO\�WHQGHG�WR�UHWXUQ�WR�LWV�
RULJLQDO�SRVLWLRQ�ZLWKRXW�QHHGLQJ�WR�EH�DFWLYDWHG��,Q�OLWHUDWXUH��LQ�VLPLODU�FDVHV��WKH�DGRSWHG�
VROXWLRQ�KDV�EHHQ�WR�UHDOL]H�WKH�VWUXFWXUH�LQ�YDULRXV�SDUWV�DQG�MRLQ�WKHP�ZLWK�WKH�IXQFWLRQDO�
PDWHULDO��6R��ZKHQ�DFWLYDWHG��LW�DFWXDWHV�WKH�RWKHU�LQDFWLYH�FRPSRQHQWV�RI�WKH�VWUXFWXUH��,Q�
WKLV�FDVH��LW�ZDV�QRW�D�VROXWLRQ�FRQWHPSODWHG�VLQFH�LW�ZDV�SUHWW\�HYLGHQW�WKDW�WKH�PDWHULDO�
FRXOG� UHDOL]H�PRYHPHQWV� EXW�GR�QRW� VXSSRUW� WKH�ZHLJKW� RI� RWKHU�SDUWV��+RZHYHU�� VWDUWLQJ�
IURP� WKH� RULJDPL� LGHD�� D� GHVLJQ�ZDV� SURSRVHG� FRPSRVHG� RI� D� VLQJOH� SLHFH� WKDW� SUHVHQWHG�
VRPH� LQFRPSOHWH� FXWV� WKDW� JHQHUDWHG� IROG� OLQHV� DORQJ�ZKLFK� WKH� VWUXFWXUH�ZDV�ZHDNHQHG�
�)LJXUH���������

Figure 4.39 Design based on origami. The incomplete cuts represent weakness along which fold the 
structure. 

�D� �E�
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7KH� LGHD� ZDV� WR� UHDOL]H� WKHVH� FXWV� ZLWK� ODVHU� FXW�� 7KH� ILQDO� VWUXFWXUH� ZLOO� EH� D� F\OLQGHU�
IROGHG�WKDW�ZRXOG�KDYH�HORQJDWHG�DQG�EHQW�E\�DFWLYDWLQJ�WKH�PDWHULDO���

$IWHU� WHVWLQJ� WKLV� LGHD�� LW� ZDV� SRVVLEOH� WR� QRWLFH� WKDW� WKH� VWUXFWXUH� FRXOG� QRW� EH� IROGHG�
GHVSLWH� WKH�FXWV�� ,W� LV� LPSRUWDQW� WR�UHPHPEHU� WKDW� WKH�VWUXFWXUH� KDV�D� WKLFNQHVV�RI�D� IHZ�
PLOOLPHWHUV�� VR� WKH� FXWV� SUHVHQW� D� GHSWK� OHVVHU� WKDQ� ��PP�� )RU� WKLV� UHDVRQ�� WKH� GHVLUHG�
HIIHFW� LV� SUREDEO\�QRW� REWDLQHG�ZKLOH� LW� LV� REWDLQHG�E\� DSSO\LQJ� WKH� VDPH� LGHD� RQ� JUHDWHU�
WKLFNQHVVHV���

7KH�ILQDO�SURSRVHG�GHVLJQ�FRQVLVWV�RI�D�PL[HG�YHUVLRQ�RI�WKH�SUHYLRXV�RQHV��)LJXUH��������,Q�
WKLV�FDVH��WKH�URERW�FRQVLVWV�RI�RQO\�RQH�SDUW��WKH�GHVLJQ�LV�UHDOL]HG�ZLWK�ODVHU�FXW��DQG�WKH�
ILQDO�VKDSH�LV�D�F\OLQGHU��7KLV�VWUXFWXUH�VHHPV�WR�EH�D�YLDEOH�RSWLRQ��EXW�IXUWKHU�VWXGLHV�DUH�
QHHGHG���

Figure 4.40 Final proposal design. 
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4.5 Discussion 
7KH�VWXG\�RI�ELR�LQVSLUHG�URERWV�DOORZV�XQGHUVWDQGLQJ�EHWWHU�QDWXUH�DQG�KRZ�WR�UHSURGXFH�
WKH� FKDUDFWHULVWLFV� DQG� FDSDELOLWLHV� RI� FHUWDLQ� DQLPDOV� WKDW�� GHVSLWH� EHLQJ� YHU\� VRIW�� FDQ�
H[HUW�VLJQLILFDQW�IRUFH�RU�PRYH�YHU\�TXLFNO\��

,W�LV�QRW�DOZD\V�SRVVLEOH�WR�IDLWKIXOO\�UHSURGXFH�OLYLQJ�EHLQJV�VLQFH�QDWXUH�LV�FRPSOH[��DQG�
PLOOLRQV�RI�\HDUV�RI�HYROXWLRQ�KDYH�EHHQ�QHFHVVDU\�WR�UHDFK�ZKDW�WKH\�DUH�WRGD\��+RZHYHU��LW�
LV�HVVHQWLDO�WR�FRQVLGHU�VRPH�RI�WKH�FKDUDFWHULVWLFV�WKDW�GHILQH�WKHP�WR�PDNH�PRUH�VLPLODU�
SURWRW\SHV�LQ�WHUPV�RI�FDSDELOLWLHV��)RU�WKLV�UHDVRQ��WKH�VWDUWLQJ�SRLQW�RI�WKHVH�SURWRW\SHV�LV�
WKHLU�QDWXUDO�FRXQWHUSDUWV��7KXV��WKH�UHDO�GLPHQVLRQV�RI�D�VWDUILVK�DQG�D�MHOO\ILVK�KDYH�EHHQ�
FRQVLGHUHG�� 0RUHRYHU�� HDFK� SURWRW\SH� KDV� FKRVHQ� GLIIHUHQW� VLOLFRQHV� WR� UHSURGXFH� HDFK�
ERG\
V�GLIIHUHQW�HODVWLFLWLHV�DQG�FRQVLVWHQF\���

7KH�MHOO\ILVK�KDV�EHHQ�VKRZQ�WR�KDYH�PRUH�VDWLVIDFWRU\�UHVXOWV�WKDQ�WKH�VWDUILVK��6RPHWKLQJ�
WKDW�KDV�LQIOXHQFHG�WKHVH�UHVXOWV�KDV�EHHQ�WKH�HQYLURQPHQW�LQ�ZKLFK�WKH�WHVWV�ZHUH�FDUULHG�
RXW��0DQ\�ODUJHU�VRIW�DQLPDOV�JHQHUDOO\�PRYH�LQ�D�PHGLXP�VXFK�DV�ZDWHU�RU�XQGHUJURXQG��
7KHUHIRUH�� WKH� MHOO\ILVK� FDQ� UHDOL]H� SURSHU� GLVSODFHPHQWV� LQ� WKH� ZDWHU� ZKLOH� WKH� VWDUILVK�
ILQGV�LW�FKDOOHQJLQJ�WR�PRYH�RQ�D�VXUIDFH��

7KH�ELJJHVW�REMHFWLRQ�ZRXOG�EH� WKDW� WKH�VWDUILVK� LV�DOVR�DQ�DTXDWLF�DQLPDO�� VR� LW�SUREDEO\�
FRXOG�KDYH�PRYHG�ZLWKRXW�SUREOHPV�LQ�WKH�ZDWHU��+RZHYHU��WKH�REMHFWLYH�ZDV�WR�UHSURGXFH�D�
VWDUILVK�WKDW�FRXOG�PRYH�RXW�RI�WKH�ZDWHU��VXSSRUWLQJ�LWV�ZHLJKW���

7KH�FKRLFH�RI�60$�DV�WKH�DFWXDWRU�KDV�SURYHQ�WR�EH�VXLWDEOH�DV�LW�GRHV�QRW�DGG�VLJQLILFDQW�
ZHLJKW�WR�WKH�ERG\��:DWHU�DOVR�UHSUHVHQWV�D�VXEVWDQWLDO�DLG�LQ�FRROLQJ�WKH�60$��VSHHGLQJ�XS�
LWV� RSHUDWLRQ�� :KLOH� LQ� WKH� FDVH� RI� WKH� VWDUILVK�� DQ� H[WHUQDO� FRROLQJ� V\VWHP� ZRXOG� EH�
QHFHVVDU\�VLQFH�WKH�VWDUILVK
V�VSHHG�LV�JUHDWO\�DIIHFWHG�E\�WKH�FRROLQJ�WLPH��
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��Each problem that I solved became�
a rule which served afterwards 

to solve other problems." 
5HQH�'HVFDUWHV�

0DQLSXODWRUV� VRIW� URERWV� DUH� WKH� VHFRQG� LGHQWLILHG� JURXS� RI� VRIW� URERWV�� 7KH\� UHSUHVHQW�
SUREDEO\� RQH� RI� WKH�PRVW� FUXFLDO� ILHOGV� LQ� VRIW� URERWLFV� GXH� WR� WKH�PDQ\�DSSOLFDWLRQV� WKLV�
W\SH� RI� URERW� FDQ� SRWHQWLDOO\� UHDOL]H� ZLWK� D� VLJQLILFDQW� DGYDQWDJH� WR� FRQYHQWLRQDO�
PDQLSXODWRUV��7KH�ELJJHVW�SUREOHPV�DUH�WKH�PRGHOLQJ�DQG�FRQWURO��DV�DOUHDG\�H[SODLQHG�LQ�
VWDWH� RI� WKH� DUW�� ,Q� WKLV� FKDSWHU�� WZR� SURWRW\SHV� ZLOO� EH� DQDO\]HG�� DQG� WKH� PRGHOLQJ�
VWUDWHJLHV�DSSOLHG�LQ�HDFK�FDVH�ZLOO�EH�VWXGLHG��7KH�ILUVW�ZLOO�EH�D�WHQGRQ�GULYHQ�FRQWLQXRV�
URERW� �.\PD��� ZKLOH� WKH� VHFRQG� �5XᐻQ�� LV� D� FRQWLQXRXV� VRIW� URERW� DFWXDWHG� ZLWK� 60$�
VSULQJV���

)XUWKHU�LQIRUPDWLRQ�RQ�WKLV�VHFWLRQ�FDQ�EH�IRXQG�LQ�RULJLQDO�VFLHQWLILF�SXEOLFDWLRQV�>���²
���@�

$OVR�� DQ� H[SODQDWRU\� YLGHR� RI� VRPH� RI� WKHVH� URERWV� FDQ� EH� IRXQG� LQ� WKH� (OHFWURQLF�
6XSSOHPHQWDU\�0DWHULDO��9LGHRV�6����DQG�6������

5.Soft robotics manipulators
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5.1 State of the art 
,Q� WKH� ODWH� ��WK� FHQWXU\�� *UHJRU\� 6�� &KLULNMLDQ� PDGH� IXQGDPHQWDO� FRQWULEXWLRQV� WR�
GHYHORSLQJ�FRQWLQXRXV�PDQLSXODWRU�URERWV��+H�SURSRVHG�D�PRGHOLQJ�VWUDWHJ\�IRU�WKLV�URERW�
E\� DSSUR[LPDWLQJ� LWV� VKDSH� WR� D� FXUYH� >���@�� 7KLV�PHWKRGRORJ\�ZDV� FKHFNHG� LQ� D� K\SHU�
UHGXQGDQW�PDQLSXODWRU�RI����'R)��DOVR�XVHG�WR�VWXG\�REVWDFOHV�DYRLGDQFH��YDULRXV�IRUPV�RI�
ORFRPRWLRQ��DQG�VRPH�JULSSLQJ�DOJRULWKPV�>���@���

/DWHU�� DW� WKH�EHJLQQLQJ�RI� WKH���VW�FHQWXU\�� WKHUH�ZHUH�QXPHURXV�DGYDQFHV� LQ� WKH�GHVLJQ�
DQG�PRGHOLQJ�RI�WKLV�W\SH�RI�URERW�WKDQNV�WR�:DONHU�DQG�KLV�UHVHDUFK�JURXS�IURP�&OHPVRQ�
8QLYHUVLW\��ZKLFK�SURSRVHG�D�PDQLSXODWRU�LQVSLUHG�E\�DQ�HOHSKDQW
V�WUXQN��+H�DOVR�VWXGLHG�
WKH� WKHRUHWLFDO� IRXQGDWLRQV� RI� FRQWLQXRXV� URERWV� >���@� � DQG� SURSRVHG� D� PRGHO� WR�
DSSUR[LPDWH� WKHP��DVVXPLQJ�WKDW� WKHLU�VHFWLRQV�DUH�FRQVWDQWO\�FXUYHG� >�@��7KLV�URERW�FDQ�
DOVR�EH�FRQVLGHUHG�K\SHU�UHGXQGDQW��GLVFUHWH��DQG�XQGHUDFWHG���

Figure 5.1 (OHSKDQW·V�WUXQN�E\�+DQQDQ�DQG�:DONHU�[238]. 

&RQWLQXRXV�URERWV�RIIHU�PXOWLSOH�DGYDQWDJHV�DJDLQVW�RWKHU�VXFK�DV�WKH�DELOLW\�WR�VXUURXQG�
REMHFWV� ZLWK� WKHLU� ZKROH� ERG\�� +RZHYHU�� FRQWLQXRXV� URERWV� XVXDOO\� SUHVHQW� FRPSOH[�
FRQWUROV��)RU�WKLV�UHDVRQ��:DONHU�DUJXHG�FRPELQLQJ�FRQWLQXRXV�elements Ȅ to adapt with the
environmentȄ and rigid ones Ȅ to achieve more accurate positioningȄ [345]���

0HGLFLQH�LV�RQH�RI�WKH�ILHOGV�LQ�ZKLFK�FRQWLQXRXV�URERWV�KDYH�D�JUHDWHU�LPSDFW��)RU�H[DPSOH��
IRU�PLQLPDOO\� LQYDVLYH� VXUJHULHV� >�������@��HQGRVFRSLHV� >��@��RU� FRORQRVFRSLHV� >���@��0DQ\�
PLQLDWXUL]DWLRQ�HIIRUWV�IRU�WKLV�W\SH�RI�URERW�KDYH�EHHQ�DFKLHYHG�LQ�UHFHQW�\HDUV���

$QRWKHU� H[DPSOH� RI� D� FRQWLQXRXV� URERW�ZLWK� D� VLJQLILFDQW� LPSDFW� RQ� WKH� UHVHDUFK� ILHOG� LV�
7HQGULO�PDGH�E\�1$6$��,W�LV�D�PDQLSXODWRU�URERW�GHVLJQHG�IRU�PLQLPDOO\�LQYDVLYH�WDVNV�LQ�
VSDFH�PLVVLRQV��,WV�SHFXOLDULW\� LV�EDVHG�RQ�DQ�HFFHQWULF�PRUSKRORJ\�ZLWK�JUHDW� OHQJWK�DQG�
VPDOO�GLDPHWHU�FRPSDUHG�WR�RWKHU�PRGHOV�PDGH�XS�WR�WKDW�WLPH. 7KH�JUHDWHVW�LQVSLUDWLRQ�IRU�
LWV�GHVLJQ�FRPHV� IURP�WKRVH�PDGH� IRU�PHGLFDO�DSSOLFDWLRQV��DOWKRXJK�VXFK�PRGHOV�GLG�QRW�
UHDFK� VLPLODU� OHQJWKV�� ,W� FRQVLVWV� RI� WZR� MRLQWV� SURYLGHG� ZLWK� VSULQJV� WR� PDNH� SULVPDWLF�
PRYHPHQWV� DQG� D� VHW� RI� FDEOHV� WKDW� DOORZ� WKHLU� URWDWLRQ�� 7KH� VSULQJV� SURYLGHG� VRPH�
FRQVLVWHQF\�WR�PDLQWDLQ�WKH�URERW�VWUXFWXUH�DQG�ZHUH�DOVR�XVHG�WR�FRQWURO�LWV�FRPSUHVVLRQ��
7KH�FDEOHV�ZHUH�FRQQHFWHG�XVLQJ�WZR�PRWRUV�DQG�SXOOH\V�IRU�HDFK�MRLQW�VR�WKDW�WKH�UHWUDFWLRQ�
RI�D�WHQGRQ�HQDEOHG�WKH�H[WHQVLRQ�WKURXJK�WKH�RWKHU�HQG�>���@��

2YHU�WKH�\HDUV��K\EULG�V\VWHPV�ZHUH�DOVR�VWXGLHG��HLWKHU�EHFDXVH�RI�WKH�DFWXDWLRQ�VWUDWHJ\��
VXFK� DV� WKH� FDVH� RI� (7� $UP�ȄXVLQJ� ERWK� SQHXPDWLF� DFWXDWLRQ� DQG� WHQGRQVȄ [350]�� RU�
HLWKHU�EHFDXVH�RI�WKH�PDWHULDOV�ȄSDUWLDOO\�VRIW�DQG�ULJLGȄ [351]��7KLV�PHWKRGRORJ\�FRPHV�
IURP� WKH� LGHD� RI�:DONHU� RI� ILQGLQJ�D� EDODQFH� EHWZHHQ� WKH�SURSHUWLHV� RI� GLIIHUHQW� W\SHV� RI�
URERWV�� )RU� H[DPSOH�� WKH� (7�$UP� �(OHSKDQW�7UXQN�$UP��ZDV� GHVLJQHG� WR� SUHVHQW� D� QHZ�
V\VWHP�RI�DFWXDWLRQ�QRW�FRPSRVHG�HLWKHU�E\�FDEOHV�RU�E\�SQHXPDWLF�DFWXDWRUV��,W�ZDV�PDGH�
XS� RI� WZR� VHJPHQWV�� HDFK� SURYLGHG� PXOWLSOH� HODVWLF� VWUXFWXUHV�� DUWLILFLDO� VNLQ�� DQG� WKUHH�
DUWLILFLDO� PXVFOHV�� %HVLGHV�� LW� ZDV� DFWXDWHG� E\� D� VHULHV� RI� PRWRUV� DUUDQJHG� LQ� LWV� EDVH��
DOORZLQJ�WKH�FRQWLQXRXV�PRYHPHQW�RI�LWV�VWUXFWXUH��
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Figure 5.2 (a) Tendril, made by NASA to perform minimally invasive tasks in space [349]. (b) ET ARM, 
actuated by artificial muscles [350]. 

0RUHRYHU��RWKHU�FRQWLQXRXV�URERWV�ZHUH�GHVLJQHG�ZLWKRXW�XVLQJ�HOHPHQWV�DV�VSULQJV�ZLWKLQ�
WKH� VWUXFWXUH�� VXFK� DV� WKH� URERW� RI� WKH� 8QLYHUVLW\� RI� 1RWWLQJKDP�� ,W� ZDV� FRQFHLYHG�
LQVSHFWLRQ�DQG�UHSDUDWLRQ�WDVNV�LQ�ZLQG�WXUELQHV��,W�LV�D�YHU\�IOH[LEOH�PRGHO��DQG��MXVW�OLNH�
7HQGULO��LW�KDV�D�KLJK�HFFHQWULFLW\�UHJDUGLQJ�WKH�OHQJWK�WR�ZLGWK�UDWLR��,W�KDV����'R)�DQG�LV�
FDSDEOH� RI� QDYLJDWLQJ� LQ� XQVWUXFWXUHG� HQYLURQPHQWV�� $OVR�� LW� KDV� D� FDPHUD� RQ� LWV� HQG�
HIIHFWRU� WR� DOORZ� LQ�VLWX� LQWHUYHQWLRQV��$GGLWLRQDOO\�� LW� SUHVHQWV� D� FRPSDFW� DQG� LQQRYDWLYH�
PHFKDQLFDO�VWUXFWXUH��ZKLFK�XVHV�SDLUV�RI�FDEOHV�WR�PLQLPL]H�WKH�QXPEHU�RI�DFWXDWRUV�DQG�
MRLQWV� WR� DOORZ� KLJK� DFFXPXODWLYH� EHQGLQJ� DQJOHV�� $� VHW� RI� LQQRYDWLYH� FRQWURO� DOJRULWKPV�
DOORZV�LWV�QDYLJDWLRQ�DQG�JHQHUDWHV�WKH�HQG�HIIHFWRU�WUDMHFWRU\�>���@��

Figure 5.3 Robot with 25 DoF for inspection and reparation tasks in wind turbines [352] 

$IWHU�VWXG\LQJ�WKH�FRQWLQXRXV�URERWV��WUDGLWLRQDOO\�PDGH�IURP�ULJLG�PDWHULDOV��QHZ�W\SHV�RI�
IOH[LEOH� VWUXFWXUHV� ZHUH� FRQVLGHUHG� WR� DOORZ� RWKHU� W\SHV� RI� LQWHUDFWLRQV� ZLWK� WKH�
HQYLURQPHQW�� 7KHVH� URERWV�� FRPPRQO\� FDOOHG� VRIW� URERWV�� SURPLVH� JUHDWHU� DGDSWDELOLW\��
YHUVDWLOLW\��DQG�VHFXULW\�DGYDQWDJHV�FRPSDUHG�WR�WUDGLWLRQDO�FRQWLQXRXV�RQHV���

2WKHU� W\SHV� RI� DFWXDWLRQ�� VXFK�DV� WKH�SQHXPDWLF�� QRW� VR�XVHG�XS� WR� WKDW� WLPH�� VXIIHUHG�D�
UHPDUNDEOH�JURZWK�DORQJVLGH�WKLV�SDUDGLJP�VKLIW��6RPH�H[DPSOHV�RI�URERWV�WKDW�XVHG�WKLV�
W\SH�RI�DFWXDWLRQ�DUH�WKH�.6,�7HQWDFOH�0DQLSXODWRU�>���@��$LU�2FWRU�>��@��RU�WKH�2FW$UP�>�@��
<HDUV� ODWHU�� WKH� )HVWR� FRPSDQ\� DOVR� PDGH� D� UHOHYDQW� LQGXVWULDO� PDQLSXODWRU� ZLWK�
SQHXPDWLF�DFWXDWLRQ�ZLWK�KLJK�SHUIRUPDQFH��WKH�%LRQLF�+DQGOLQJ�$VVLVWDQW��%+$��>��@���

)LUVW�� WKH� $LU�2FWRU� IHDWXUHG� D� K\EULG� SHUIRUPDQFH�� SURYLGHG� E\� D� FHQWUDO� FDPHUD�
SQHXPDWLFDOO\�SUHVVXUL]HG�DQG�E\�H[WHUQDO�WHQGRQV��,W�FRQVLVWV�RI�WZR�SQHXPDWLF�VHFWLRQV��
PDLQO\�XVHG�WR�JUDQW�FRQVLVWHQF\�DQG�IOH[LELOLW\�DW�WKH�VDPH�WLPH��2QH�RI�WKH�DGYDQWDJHV�RI�
WKLV� GHVLJQ� LV� WKH� KROORZ� GHVLJQ� XVHG� WR� FRQGXFW� WHQGRQV� DQG� VHQVRUV�� 7KHVH� FDEOHV� DUH�
DUUDQJHG�LQ�DQJOHV�RI������DQG�FDQ�RQO\�H[HUW�WUDFWLRQ�IRUFHV��$�FRPELQDWLRQ�RI�WKHVH�WKUHH�
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FDEOHV�DOORZV�URWDWLQJ�HDFK�VHFWLRQ�LQ�DOO�GLUHFWLRQV��7KLV�FRQILJXUDWLRQ�JLYHV���'R)��DQG�WKH�
VRIW�VWUXFWXUH�SURYLGHV�D�WKLUG�SULVPDWLF�RQH��

Figure 5.4 Air-Octor, a continuous manipulator robot with multiple sections [30] 

2Q� WKH� RWKHU� KDQG�� WKH� URERW� 2FW$UP� 9� LV� SURYLGHG� E\� ��� 'R)� DFWXDWHG� E\� SQHXPDWLF�
0F.LEEHQ�PXVFOHV�� ,W� LV� FRQVWUXFWHG� IURP� ODWH[�� FRYHULQJ� WKH� WXEH�ZLWK� D�GRXEOH�KHOLFRLG�
IDEULF�RI�SODVWLF�PHVK��7KHVH�DFWXDWRUV�SUHVHQW�D�ODUJH�VWUHQJWK�ZHLJKW�UDWLR��LGHDO�IRU�VRIW�
PDQLSXODWRUV���

)XUWKHUPRUH��WKH�2FWDUP�9�FDQ�JUDVS�REMHFWV�VXUURXQGLQJ�WKHP�ZLWK�LWV�VWUXFWXUH��,W�FDQ�
PRYH�ZLWK�KLJK�SUHFLVLRQV��DQG�LW�FDQ�FDUU\�KHDY\�ORDGV��0RUSKRORJLFDOO\��LW�LV�GLYLGHG�LQWR�
WKUHH�VHFWLRQV��HDFK�RQH�ZLWK�WZR�D[HV�RI�URWDWLRQ�DQG�RQH�SULVPDWLF�PRYHPHQW��PDNLQJ���
'R)��7KH�OHQJWK�RI�HDFK�VHFWLRQ�ZDV�GHVLJQHG�WR�DFKLHYH�DQ�DFFXPXODWLYH�EHQGLQJ�DQJOH�RI�
�����LQ�RUGHU�WR�PDQLSXODWH�D�ZLGH�UDQJH�RI�REMHFWV�ZLWK�GLIIHUHQW�VL]HV���

,Q� DGGLWLRQ�� LW� FDQ� JUDVS� DQG�PDQLSXODWH� REMHFWV�ZLWK� D�PXFK�KLJKHU� GH[WHULW\� WKDQ�$LU�
2FWRU��0RUHRYHU��LW�LV�YHU\�IOH[LEOH��HODVWLF��DQG�KDV�JRRG�ORDG�FDSDFLW\��EXW�LW�LV�QRW�HDV\�WR�
FRQVWUXFW� DQG� FRQWURO��+RZHYHU��$LU�2FWRU� KDV� D�PXFK� VLPSOHU�PHFKDQLFDO� GHVLJQ� DQG� LV�
HDVLHU�WR�FRQWURO��

Figure 5.5 Octarm V, a soft robot inspired in an octopus tentacle [4]. 

$V� SUHYLRXVO\� PHQWLRQHG�� DQRWKHU� UHOHYDQW� VRIW� URERW� LV� %+$�� PDGH� E\� )HVWR�� ,W� LV�
SQHXPDWLFDOO\� DFWXDWHG� DQG� DOPRVW� HQWLUHO\� PDGH� E\� SRO\DPLGH�� DV� D� UHVXOW�� LW� LV� YHU\�
IOH[LEOH�DQG�OLJKWZHLJKW�³DURXQG�����NJ�LQ�ZHLJKW�³��,W�KDV�WKUHH�PDLQ�VHFWLRQV��HDFK�ZLWK�
WKUHH�SQHXPDWLF� DFWXDWRUV�� RQH� VSKHULFDO� MRLQW�� DQG� RQH�JULSSHU�ZLWK� WKUHH� ILQJHUV� DFWLQJ�
SQHXPDWLFDOO\��7KH� WRWDO� OHQJWK�RI� WKH� URERW� LV���FP��:KHQ� WKH�EHOORZ�VWUXFWXUH� UHFHLYHV�
SUHVVXUH��LW�FDQ�SHUIRUP�HLWKHU�SULVPDWLF�RU�URWDWLRQDO�PRYHPHQWV��$W�PD[LPXP�SUHVVXUH��
WKH�URERW�FDQ�JHW�D�WRWDO�OHQJWK�RI�����P��%HVLGHV��WKH�URERW�FRQILJXUDWLRQ�FDQ�EH�REWDLQHG�
XVLQJ����OHQJWK�VHQVRUV��,W�LV�FDSDEOH�RI�VWDEO\�PRYLQJ�WR�FDUU\�KHDY\�ORDGV��,W�LV�LQWHQGHG�
IRU�FRRSHUDWLYH�DSSOLFDWLRQV�DQG�PDQLSXODWLRQ�WDVNV�EHFDXVH�RI�LWV�LQKHUHQW�VDIHW\��
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Figure 5.6 Bionic Handling Assistant (BHA) is a pneumatic soft robot with high dexterity made by Festo 
[31]. 

3QHXPDWLF�V\VWHPV�KDYH�SURYHQ�WR�EH�D�VROLG�DFWXDWLRQ�V\VWHP�IRU�K\SHU�UHGXQGDQW�URERWV��
+RZHYHU��DLU�FRPSUHVVRUV��QHHGHG�IRU�VXFK�V\VWHPV��DUH�RIWHQ�EXON\��FRPSOH[��FRQVXPH�ORWV�
RI�HQHUJ\��DQG�KDYH�KLJK�IDEULFDWLRQ�DQG�PDLQWHQDQFH�FRVWV�>���@���

)URP�������WKH�JURZWK�RI�OLJKWHU�DQG�HDV\�WR�UHSURGXFH�VRIW�URERWV�LQFUHDVHG��,W�LV�SRVVLEOH�
WR�ILQG�VRPH�RI�WKHVH�H[DPSOHV�LQ�>�@��RI�ZKLFK�PDQ\�PRGHOV�ZHUH�GHYHORSHG�LQVSLUHG�E\�WKH�
RFWRSXV�WHQWDFOH�>���������@��,Q�DGGLWLRQ��WKH�DSSHDUDQFH�RI�WKHVH�URERWV�KDV�SURPRWHG�WKH�
VWXG\�DQG�DSSOLFDWLRQ�RI�QRYHO�PHWKRGV�RI�DFWXDWLRQ��XVLQJ�PDWHULDOV�ZLWK�YDULDEOH�VWLIIQHVV�
DV�LQ�>���@��

6RPH� RI� WKH�PRVW� UHSUHVHQWDWLYH� H[DPSOHV� RI� WKLV� JHQUH� DUH� IURP� WKH�8QLYHUVLW\� RI�3LVD��
2QH�RI�WKHP�LV�D�PDQLSXODWRU�ZLWK�D�VLOLFRQH�VWUXFWXUH�DFWXDWHG�E\�D�IOH[LEOH�VWHHO�FDEOH�WR�
SURYLGH� SULVPDWLF� PRYHPHQWV� DQG� E\� D� Q\ORQ� RQH� WR� SURYLGH� JULSSLQJ� DQG� IOH[LELOLW\�
FDSDELOLWLHV��%RWK�W\SHV�RI�FDEOH�DUH�DFWXDWHG�XVLQJ�VHUYRPRWRUV��)XUWKHUPRUH��LW�FDQ�DGDSW�
LWV�VKDSH�DURXQG�WKH�GLIIHUHQW�VL]HV�DQG�VKDSH�REMHFWV�>���@��

6XEVHTXHQWO\��WKHVH�PHFKDQLFDO�PRGHOV�ZHUH�LPSURYHG�RYHU�WKH�ODVW�\HDUV�E\�LPSOHPHQWLQJ�
D�QHZ�ZD\�RI�DFWXDWLRQ��,W� LV�D�VRIW�URERW�FRPSRVHG�RI�D�YHU\�IOH[LEOH�EUDLGHG�SODVWLF� ILEHU�
VWUXFWXUH�� DFWXDWHG� E\� DQ� DUUDQJHPHQW� RI� 60$V�� VHW� WKURXJK� ERWK� WUDQVYHUVDO� DQG�
ORQJLWXGLQDO� GLUHFWLRQV� WR� SURYLGH� WKH� GHVLUHG� GHIRUPDWLRQV� >���@�� $FFRUGLQJO\�� LW� LV� DQ�
HQWLUHO\�VRIW�SURWRW\SH�DEOH�WR�SHUIHFWO\�PLPLF�WKH�PRYHPHQWV�RI�DQ�RFWRSXV�WHQWDFOH�>��@��

Figure 5.7 (a) Soft robot inspired in a tentacle [103]. (b) Continuous and soft hyper-redundant robot 
composed by a braided cover and actuated by SMAs [18]. 

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'

��62)7�52%27,&6�0$1,38/$7256



���

5.2 Kyma, a tendon-driven soft robot 
.\PD�LV�D�FRQWLQXRXV�VRIW�PDQLSXODWRU�FRPSRVHG�RI���PRGXOHV�IRU�D�WRWDO�OHQJWK�RI�����PP��
�)LJXUH�������

Figure 5.8 (a) Mechanical model of the soft manipulator Kyma, composed by four equispaced modules 
actuated by tendons. (b) Detail section of one module. Dimensions in centimetres. 

5.2.1 Design 
7KH�PDLQ�HOHPHQW�RI�WKH�.\PD�VWUXFWXUH�LV�D�VHW�RI�ZDY\�EHOORZV�WKDW�DOORZ�ERWK�EHQGLQJ�
DQG�SULVPDWLF�PRYHPHQWV��7KH�VHFRQG�RQH�DOORZV�WKH�URERW�WR�VKRUW�XS�WR�����RI�LWV�WRWDO�
OHQJWK� RI� ���� PP�� 6LQFH� EHOORZV� DUH� PDGH� ZLWK� IOH[LEOH� 3RO\YLQ\O� &KORULGH� �39&��� LW� LV�
SRVVLEOH� WR�DIILUP�WKDW� LW� LV�D�VRIW� URERW��$V� WKH\�DUH�YHU\� IOH[LEOH��ZKHQ�D�VLQJOH�DFWXDWRU�
PDNHV� D� GLVSODFHPHQW�� LW� XVXDOO\� FRPELQHV� ERWK� EHQGLQJ� DQG� SULVPDWLF� PRYHPHQWV��
FRPSOLFDWLQJ� QRWDEO\� WKH�PRGHO�� %HOORZV� SUHVHQW� DQ� H[WHUQDO� GLDPHWHU� RI� ����݉݉� DQG� D�
WKLFNQHVV�HTXDO�WR���݉݉���)LJXUH�������

$��'�SULQWHG�ULQJ�ZDV�GHVLJQHG�WR� MRLQ�EHOORZV�WRJHWKHU� �)LJXUH��������7KLV� MRLQW�DOORZV�D�
TXLFN� DQG� HDV\� FRQQHFWLRQ� ZLWKRXW� DGGLQJ� VLJQLILFDQW� ZHLJKW� RU� ULJLGLW\� WR� WKH� ZKROH�
VWUXFWXUH���
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Figure 5.9 (a) 7KH�VRIW�EHOORZ�XVHG�WR�UHDOL]H�.\PD·V�VWUXFWXUH���E��7KH�&$'�bellow model used in later 
simulations and mechanical design 

Figure 5.10 (a) CAD model of the ring connection (b) Detail of the connection between two bellows 

(DFK�PRGXOH�RI�.\PD·V�ERG\�FRPSULVHV�D�EHOORZ�DQG�D�ILEHU�UHLQIRUFHG�SODVWLF�GLVF��)LJXUH�
������ WKDW� ILWV�SHUIHFWO\� LQ�RQH�RI�WKH�SOHDWV�RI� WKH�EHOORZV�ZLWKRXW�WKH�QHHG�IRU�DQ\�RWKHU�
PHFKDQLFDO�FRQQHFWLRQ���

Figure 5.11 (a) First design of discs (b) The final design of discs 

7KH�KROHV� LQ� WKH�GLVFV� DOORZ�DQFKRUHG� WHQGRQV� WKDW� DFWXDWH� WKH� ERG\��7HQGRQV�DUH� D� ����
PLOOLPHWHU�GLDPHWHU�ILVKLQJ�OLQH�PDGH�RI�DQ�XOWUD�UHVLVWDQW�HLJKW�ILEHU�EUDLG�RI�SRO\HWK\OHQH�
�8OWUD�+LJK�0ROHFXODU�:HLJKW�3RO\HWK\OHQH��8+0Z3(���D�UREXVW�DQG�OLJKW�ILEHU�FDSDEOH�RI�
KROGLQJ�XS�WR����NJ�ZLWKRXW�EUHDNLQJ��7KH�XSSHU�H[WUHPLW\�RI� WHQGRQV� LV� FRQQHFWHG� WR� LWV�
FRUUHVSRQGLQJ�PRWRU�WKURXJK�D�FXVWRP�GHVLJQHG�SXOOH\�VKRZQ�LQ�)LJXUH�������

�D�� �E��

�D�� �E��

�D�� �E��
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Figure 5.12 (a) Custom-designed pulley (b) The assembly between the pulley and the motor (c) Pulleys 
assembled in Kyma structure 

7KUHH�DQJXODUO\� HTXLGLVWDQW� WHQGRQV�DFWXDWH�HDFK�RQH�RI� WKH� IRXU� VHFWLRQV�DW�������PDGH��
2WKHU� JHRPHWULFDO� FRPELQDWLRQV� ZHUH� DOVR� WHVWHG� EXW� VKRZHG� OHVV� VWDELOLW\� DQG� ORZHU�
WRUTXHV ()LJXUH�����).

Figure 5.13 Different configurations to distribute the cables in a single module. The same color dots 
represent the movement of a motor and a cable in two directions; the black axis represents independent 

actuation rotations, and the orange one the combination of all of them.  

.\PD�UHOLHV�RQ�D�WRWDO�RI����VWHSSHU�PRWRUV�LQ�WKH�H[WHUQDO�DFWXDWLRQ�ER[��FDSDEOH�RI�SXOOLQJ�
WKH����WHQGRQV�LQ�D�FRQWUROOHG�PDQQHU��)LJXUH��������

Figure 5.14 The actuation box with the 12 stepper motors divided in two levels 

7KH�WRWDO�'2)V�RI� WKH�URERW�DUH����� ��URWDWLRQDO�DQG���SULVPDWLF�� ,Q� IDFW�� LW� LV�SRVVLEOH� WR�
REWDLQ� WZR� URWDWLRQDO� '2)V� FRPELQLQJ� WHQGRQV·� OHQJWKV� RQH� E\� RQH� RU� LQ� SDLUV� DQG� RQH�
SULVPDWLF�'2)�ZKHQ�WKH�WKUHH�RI�WKHP�DFW�VLPXOWDQHRXVO\�IRU�HDFK�VHFWLRQ���

7HQGRQV·�OHQJWKV�DUH�LQGHSHQGHQWO\�FRQWUROOHG�WKURXJK�WKH�PRWRUV��DOO�V\QFKURQL]HG�XVLQJ�D�
KLHUDUFKLFDO� FRQWURO� VWUXFWXUH� FRPSRVHG�RI���PDVWHU�DQG���VODYH�SURFHVVRUV�� )XUWKHUPRUH��

�D�� �E�� �F�
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WKH� URERW� LV� HTXLSSHG� ZLWK� D� VRIW� HQG�HIIHFWRU�JULSSHU� WKDW� DOORZV� FDUU\LQJ� RXW� SLFN� DQG�
SODFH�RSHUDWLRQV�ZKLFK�ZLOO�EH�H[SODLQHG�LQ�&KDSWHU����

$GGLWLRQDOO\��WKH�URERW�XVH�,QHUWLDO�0HDVXUHPHQW�8QLWV��,08V��SODFHG�LQ�WKH�FHQWHU�RI�HDFK�
GLVF�WR�FDSWXUH�LWV�SRVH�LQ�UHDO�WLPH���

5.2.2 Modeling 
7KH� KLJK� IOH[LELOLW\� RI� .\PD·V� ERG\� GLIILFXOW� LWV� FRQWURO� DQG� PRGHOLQJ� VLJQLILFDQWO\��
7KHUHIRUH��LW�ZDV�FKDOOHQJLQJ�WR�FKRRVH�D�PRGHO�WHFKQLTXH�WR�UHSUHVHQW�LWV�KLJKO\�QR�OLQHDO�
EHKDYLRU�SURSHUO\���

$V� H[SODLQHG� LQ� VWDWH�RI�WKH�DUW�� WKH� PDLQ� VWUDWHJLHV� WR� VROYH� WKH� PRGHOLQJ� LVVXH� IRU�
FRQWLQXRXV�DQG�VRIW�URERWV�DUH�PRGHO�IUHH�DQG�PRGHO�EDVHG�DSSURDFKHV���

0RGHO�EDVHG� DSSURDFKHV� FDQ� EH� VXEGLYLGHG� LQWR� NLQHPDWLF� DQG� G\QDPLF� PRGHOV�� 2QH�
DSSURDFK�IRU�HDFK�RQH�RI�WKHVH�WZR�FDWHJRULHV�KDV�EHHQ�DSSOLHG�WR�.\PD��7KH�ILUVW�RQH�ZDV�
WKH�3&&� �3LHFHZLVH�&RQVWDQW�&XUYDWXUH��PHWKRG��ZKLOH� WKH� VHFRQG� RQH�ZDV� D� QXPHULFDO�
PRGHOLQJ�VWUDWHJ\�EDVHG�RQ�D�)LQLWH�(OHPHQW�0HWKRG��)(0��XVLQJ�62)$��DQ�RSHQ�VRXUFH�
OLEUDU\��

7KH�3&&�PHWKRG�ZDV�DSSOLHG�ZLWK�DQ�RQOLQH�FRUUHFWLRQ�RI�DQ�,08�DUUD\�VHQVRU\�V\VWHP��
7KH�3&&�PHWKRG�ZDV�ILUVWO\�FRPSXWHG��WKH�WKHRU\�RI�WKLV�PHWKRG�ZLOO�EH�GHHSHQHG�LQ�WKH�
QH[W� VHFWLRQ� RI� WKLV� FKDSWHU��� ZKLOH� WKH� URERW� ZDV� GLVSRVHG� RI� ZLWK� D� VHW� RI� ,08V� WKDW�
SURYLGH�WKH�.\PD·V�DEVROXWH�URWDWLRQ�DW�D�VSHFLILF�SRLQW��$OO�WKH�LQIRUPDWLRQ�IURP�WKH�,08V�
ZDV�FROOHFWHG�ZLWK�D�PXOWLSOH[RU�FRQQHFWHG�E\�WKH�,�&�FRPPXQLFDWLRQ��0LQRU�GHYLDWLRQV�LQ�
HDFK�PRGXOH� FDQ� OHDG� WR�KLJK�HUURUV� LQ� WKH�HQG�HIIHFWRU� VLQFH�� LQ� VHULDO�PDQLSXODWRUV�� WKH�
HUURU�LV�DFFXPXODWLYH�IURP�WKH�EDVH�WR�WKH�WLS��)URP�WKH�FRPSDULVRQ�EHWZHHQ�WKH�3&&�DQG�
GDWD��LW�ZDV�SRVVLEOH�WR�FRUUHFW�WKH�ILUVW�RQH��6R��LW�LV�SRVVLEOH�WR�FRQVLGHU�LW�D�K\EULG�PHWKRG�
VLQFH� LW� GRHV� QRW� HQWLUHO\� SUHGLFW� WKH� URERW�PRYHPHQWV� EXW� FRUUHFWV� WKH� SRVH�ZLWK� RQOLQH�
LQIRUPDWLRQ��5HVXOWV�ZHUH�REWDLQHG�DW�YHU\�KLJK�IUHTXHQFLHV�DQG�UHGXFHG�WKH�UHODWLYH�HUURUV�
WR�����7KLV�PHWKRG�LV�YHU\�FKHDS�DQG�UHODWLYHO\�HDV\�WR�LPSOHPHQW��+RZHYHU��LW�ZRXOG�QRW�
EH�IHDVLEOH�WR�SUHGLFW�WKH�URERW�PRYHPHQWV�EHIRUHKDQG���

+RZHYHU��WKH�VHFRQG�VWUDWHJ\�DOORZV�D�EHWWHU�UHSUHVHQWDWLRQ�RI�.\PD�VLQFH�LW�FDQ�GHDO�ZLWK�
LWV�ZDY\�PRUSKRORJ\� WKDW� DOORZV� LWV� SULVPDWLF� FDSDELOLWLHV��$OO� RWKHU�PHWKRGV�QHJOHFW� WKH�
JHRPHWULFDO� GHVLJQ� RI� VRIW� URERWV��$GGLWLRQDOO\�� WKLV� VWUDWHJ\� DOORZV� FRQWDFW� UHVSRQVH� DQG�
FRPSOLDQFH� DQDO\VLV�� 7KH� 6RIW5RERWV� 3OXJLQ� RI� 62)$� KDV� EHHQ� XVHG�� 7KH� WKHRUHWLFDO�
IRXQGDWLRQV�IRU�WKLV�WRRO�IRU�GHIRUPDEOH�REMHFWV�DUH�WKH�RQHV�RI�FRQWLQXXP�PHFKDQLFV�IRU�WKH�
PDWHULDO�PRGHOLQJ��/DJUDQJLDQ�PXOWLSOLHUV� IRU�FRQVWUDLQWV�VROYLQJ��DQG�6LJQRULQL·V� ODZ�IRU�
FRQWDFWV��>���@��

7KH�V\VWHP�LV�EDVHG�RQ�1HZWRQ
V�VHFRQG�ODZ��ZKLFK�PRGHOV�WKH�G\QDPLF�EHKDYLRU�RI�D�ERG\�
DV�VKRZQ�LQ�(TXDWLRQ���������

�ሶ࢜ሻሺܯ ൌ ܲሺݐሻ െ ǡሺܨ ሻ࢜  �ߣ்ࡴ
������

+HUH�� א ܴ�LV�WKH�YHFWRU�RI�JHQHUDOL]HG�GHJUHHV�RI�IUHHGRP��WKH�GLVSODFHPHQWV�RI�WKH�PHVK�
QRGHV�� ࢜ ൌ ሶݍ א ܴ�LV� WKHLU� FRUUHVSRQGLQJ� YHORFLW\� YHFWRU�� M�q�� LV� WKH� LQHUWLD� PDWUL[�� F�
UHSUHVHQWV� LQWHUQDO� IRUFHV�DSSOLHG� WR�WKH�VLPXODWHG�REMHFW�GHSHQGLQJ�RQ�WKH�FXUUHQW�VWDWH��
VXFK�DV�WKH�GHIRUPDWLRQ�ODZ��P�FROOHFWV�RWKHU�NQRZQ�H[WHUQDO�IRUFHV���LV�WKH�PDWUL[�ZLWK்ࡴ�
WKH� FRQVWUDLQW�GLUHFWLRQV��DQGߣ� א ܴ� LV� WKH�YHFWRU� RI�/DJUDQJH�PXOWLSOLHUV� FRQWDLQLQJ� WKH�
FRQVWUDLQW� IRUFH� LQWHQVLWLHV�� VXFK� DV� WKH� IRUFH� DSSOLHG� E\� DFWXDWRUV� OLNH� WHQGRQV� RU�
SQHXPDWLF�SUHVVXUHV��7KH�EDFNZDUG�(XOHU�LV�DSSOLHG�WR�VROYH�WKLV�HTXDWLRQ��$V�D�UHVXOW��WKH�
HOHPHQW·V� IRUFH� ILHOGV�� PDVVHV�� FRQWDFWV�� DQG� FRQVWUDLQWV� JLYH� SODFH� WR� WKH� SRVLWLRQ� DQG�
YHORFLW\�RXWSXWV��
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7KH�PDLQ�VWHSV�RI�WKLV�PHWKRG�DUH�VXPPDUL]HG�LQ�)LJXUH�������

Figure 5.15 Framework of Kyma modeling. 

7KH�)LQLWH�(OHPHQW�$QDO\VLV��)($��FRPSULVHV�GLIIHUHQW�PRGHOV�WR�UHFUHDWH�.\PD·V�EHKDYLRU�
DV�ZHOO� DV� SRVVLEOH�� WKH�GHIRUPDWLRQ�PRGHO�� WKH� FROOLVLRQ�PRGHO�� WKH� DFWXDWLRQ�PRGHO�� DQG�
ILQDOO\� YLVXDO� PRGHO�� 7R� FODULI\� WKH� PHWKRG·V� LPSOHPHQWDWLRQ�� D� VFKHPH� ZLWK� WKH� PDLQ�
FRPSRQHQWV�WR�FRQVWUXFW�WKH�PRGHO��7DEOH������DQG�WKH�PDLQ�IHDWXUHV�RI�.\PD��7DEOH������
DUH�SUHVHQWHG���

Table 5.1 Main node hierarchy and a bullet list of the principal components to model Kyma in the 
SOFA environment alongside their descriptions. 
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Table 5.2 Main parameters of Kyma to construct the FEM model and a heuristic adjustment to decrease 
the computational cost. 

Variables Real values Heuristic tuning 
([WHULRU�GLDPHWHU� ����݉݉�
7RWDO�OHQJWK� �����݉݉�
7KLFNQHVV� ��݉݉� ���݉݉�
0DWHULDO� 39&�
'HQVLW\� �����NJ�P��
0DVV� �����NJ� ����NJ�
<RXQJ·V�0RGXOXV� ���1�PP��
5XSWXUH�VWUDLQ� ������
$FWXDWHG�VHFWLRQV� ��
1XPEHU�RI�WHQGRQV� ���

7KH�ILUVW�DQG�PRVW�LPSRUWDQW�RI�WKHP��WKH�GHIRUPDWLRQ�PRGHO��UHTXLUHV�FKRRVLQJ�WKH�SURSHU�
W\SH�DQG�GLPHQVLRQ�RI�PHVK�HOHPHQWV��&RQFHUQLQJ�WKH�VKDSH��D�WHWUDKHGURQ�VKDSH�KDV�EHHQ�
VHOHFWHG�IRU�EHLQJ�WKH�EHVW�WR�ILW�LQ�JHQHUDOL]HG�YROXPHV��)LJXUH������D����$QRWKHU�HVVHQWLDO�
DVSHFW�WR�FRQVLGHU�LV�WKH�EDODQFH�EHWZHHQ�WKH�UHVROXWLRQ�DQG�DFFXUDF\�RI�WKH�PHVK�WR�REWDLQ�
UHOLDEOH�UHVXOWV�ZLWK�DQ�DSSURSULDWH�QXPEHU�RI�HOHPHQWV��*HQHUDOO\��WKH�KLJKHU�WKH�QXPEHU�
RI� HOHPHQWV�� WKH� EHWWHU� WKH� DFFXUDF\� DQG� WKH�KLJKHU� WKH� FRPSXWDWLRQDO� FRVW�� HVSHFLDOO\� LQ�
WHUPV�RI�WLPH��7KLV�VHFRQG�DVSHFW�LV�FUXFLDO�WR�UHDOL]LQJ�D�UHDO�WLPH�PRGHO��6R��WKH�QXPEHU�RI�
HOHPHQWV�KDV� WR�EH� WKH�SHUIHFW�EDODQFH�EHWZHHQ�VLPXODWLRQ� DFFXUDF\�DQG� WLPH��$QDO\]LQJ�
SUHYLRXV�ZRUNV��LW�LV�SRVVLEOH�WR�VHH�WKDW�WKH�62)$�)UDPHZRUN�EHJLQV�WR�SHUFHLYH�UHODWLYH�
IUDPH�UDWH� GHFUHDVHV� IRU� PRUH� WKDQ� ����� HOHPHQWV�� 7KHUHIRUH�� WKH� GHIRUPDWLRQ�PRGHO� RI�
.\PD�VKRXOG�QRW�H[FHHG�WKDW�YDOXH��+RZHYHU��WKH�QXPEHU�RI�HOHPHQWV�ZDV�YHU\�KLJK�GXH�WR�
.\PD·V� PRUSKRORJ\�� 7ZR� WHFKQLTXHV� KDYH� EHHQ� DSSOLHG� WR� UHGXFH� WKHP�� WKH� KHXULVWLF�
PHWKRG�DQG�WKH�0RGHO�2UGHU�5HGXFWLRQ��025��WHFKQLTXH���

Figure 5.16 (a) Full-order deformation mesh with 120000 tetrahedra, infeasible for real-time 
applications. (b) The heuristic method adapts a model with 1650 elements to match the real robot 

behavior. (c) The Model Order Reduction decreases the number of state variables of the model to 1886 
while retaining its original characteristics 

7KH�SULQFLSDO�DVSHFWV�WKDW�DIIHFW�WKH�QXPEHU�RI�HOHPHQWV����������DW�ILUVW��ODWHU�UHGXFHG�WR�
��� ���� GHFUHDVLQJ� WKH� &$'� UHVROXWLRQ�� DUH� WKH� URERW
V� ZDY\� PRUSKRORJ\� DQG� WKLFNQHVV��
ZKLFK�HTXDOV���PP��7KHVH�IRUFH�WR�KDYH�D�YHU\�KLJK�QXPEHU�RI�LQWHUFRQQHFWHG�HOHPHQWV��6R��
WKURXJK�WKH�+HXULVWLF�PHWKRG��WKH�ZDOOV
�WKLFNQHVV�ZDV�LQFUHDVHG�WR�GHFUHDVH�WKH�QXPEHU�RI�
HOHPHQWV��NHHSLQJ�.\PD·V�EHKDYLRU�DQG�REWDLQLQJ�D�UHDO�WLPH�PRGHO���
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7KH� PRGHO� VLPLODULW\� �ܵ�� ZDV� REWDLQHG� E\� D� PLQ�PD[� QRUPDOL]DWLRQ� RI� WKH� HYDOXDWHG�
WKLFNQHVV��ݎ��FRPSDUHG�WR�WKH�UHDO�RQH��ݎ��DQG�WKH�PD[LPXP�SRVVLEOH��ݎ௫ ൌ ͷͲ�݉݉ሻ��DV�
VKRZQ�LQ�HTXDWLRQ�����7KH�UHVXOWV�RI�WKH�GLIIHUHQW�WHVWV�DUH�SUHVHQWHG�LQ�7DEOH������

ܵ ൌ ͳͲͲ� ή ሺ
ݎ െ ௫ݎ

ݎ െ ௫ݎ
ሻ

Table 5.3 Analysis of the model thickness versus the number of FEM elements. 

Model thickness Number of 
tetrahedra Similarity 

��PP��UHDO�� ������� �����
��PP� ����� ����
��PP� ����� ����
���PP� ����� ����

���PP��VROLG�� ���� ���

7KH�VLPLODULW\�GHFUHDVHV�VLJQLILFDQWO\�ZLWK�WKH�LQFUHDVH�RI�WKLFNQHVV��EXW�WKH�FRPSXWDWLRQDO�
FRVW�DOVR�GHFUHDVHV�FRQVLGHUDEO\��7KH�WKLFNQHVV�YDOXH�RI����PP�ZDV�VHOHFWHG�DV�WKH�SURSHU�
FRPSURPLVH�EHWZHHQ�VLPLODULW\�DQG�IHDVLELOLW\��7KH�PRGHO�QHHGV�WR�EH�DGMXVWHG�WR�WKH�UHDO�
URERW�ZLWK�FKDQJHV�LQ�WKH�PDVV��EXW�WKH�PDFURVFRSLF�SURSHUWLHV�DUH�TXLWH�VLPLODU���

7KH� JUHDWHVW� ZHDNQHVV� RI� WKLV� PRGHO� ZDV� WKDW� URERW� FKDUDFWHULVWLFV� DUH� QRW� SHUIHFWO\�
UHWDLQHG��)RU�WKLV�UHDVRQ��WKH�025�WHFKQLTXH�ZDV�LPSOHPHQWHG��,W�UHWDLQV�WKH�H[DFW�URERW�
FKDUDFWHULVWLFV�DQG�XVHV�D�VHW�RI�RIIOLQH�VLPXODWLRQV�WR�UHGXFH�WKH�QXPEHU�RI�VWDWH�YDULDEOHV�
RI� WKH�PRGHO�� ,Q� WKLV� VHFRQG� FDVH�� WKH� VWDUWLQJ�PRGHO� �WKH� IXOO�RUGHU� PRGHO�� QHHGV� WR� EH�
KLJKO\�DFFXUDWH�WR�UHSUHVHQW�WKH�UHDO�VRIW�URERW��VR�WKH�&$'�PRGHO�ZLWK��������WHWUDKHGUD�
ZDV� XVHG�� 025� WHFKQLTXHV� FRPSULVH� PDQ\� GLIIHUHQW� PHWKRGV�� ,Q� WKLV� ZRUN�� WKH� Proper
Orthogonal Decomposition� �32'��PHWKRG�ZDV�DSSOLHG� VLQFH� LW� LV� D� SRZHUIXO� DQG� HIIHFWLYH�
025�PHWKRG�WKDW�DLPV�DW�REWDLQLQJ�WKH�PRVW�LPSRUWDQW�FRPSRQHQWV�RI�D�KLJK�GLPHQVLRQDO�
FRPSOH[� V\VWHP� E\� XVLQJ� D� IHZ� SURSHU� RUWKRJRQDO� PRGHV� >���@�� ,W� PDSV� WKH� KLJK�
GLPHQVLRQDO�V\VWHP�WR�D� ORZ�GLPHQVLRQDO�VXEVSDFH��7KH�ModelOrderReduction�SOXJLQ�ZDV�
XVHG�WR�LPSOHPHQW�WKLV�PHWKRG��ZKLFK�UHGXFHG�WKH�QXPEHU�RI�VWDWH�YDULDEOHV�RI�WKH�PRGHO�
WR������ZKLOH�UHWDLQLQJ�LWV�RULJLQDO�FKDUDFWHULVWLFV���

7KLV�GHIRUPDWLRQ�PRGHO�ZLOO�EH�WKH�EDVLV�IRU�DOO�RWKHU�PRGHOV�DGRSWLQJ�WKH�SRVH�WKURXJK�D�
%DU\FHQWULF�0DSSLQJ�>���@���

Figure 5.17 The multi-model representation in SOFA. 

6,/9,$�7(55,/(

62)7�52%27,&6��$33/,&$7,216��'(6,*1�$1'�&21752/



���

7KH� DFWXDWLRQ�PRGHO� �)LJXUH� ������ GHILQHV� WKH� VHW� RI� WZHOYH� WHQGRQV� WKDW� YLUWXDOO\� H[HUW�
GLVSODFHPHQWV� IURP� D� SUHIL[HG� SXOO� SRLQW� WR� DQ� DQFKRU� SRLQW�� 7KHLU� PRYHPHQWV� DUH�
FRQVLVWHQW�ZLWK�WKH�EHOORZ�GHIRUPDWLRQ�WKURXJK�D�%DU\FHQWULF�0DSSLQJ��0RUHRYHU��WKH\�DUH�
JXLGHG�WKURXJK�D�VHW�RI�LQWHUPHGLDWH�SRLQWV�WR�DYRLG�WKH�FROOLVLRQ�ZLWK�WKH�EHOORZ���)LJXUH�
�������

Figure 5.18 Actuation system based on three tendons per section. (a) Not actuated, (b) side view of the 
left-tendon displacement and (c) multiple-tendon displacement. 

Figure 5.19 Transmission system based on (a) tendons without guidance and (b) the same system 
restricted to the robot morphology. 

7KH�FROOLVLRQ�PRGHO�ZDV�LPSOHPHQWHG�IRU�WZR�PDLQ�UHDVRQV��VHOI�FROOLVLRQV�DQG�LQWHUDFWLRQV�
ZLWK�WKH�HQYLURQPHQW�RU�RWKHU�REMHFWV��,I� WKH�VHOI�FROOLVLRQV�ZHUH�QRW�FRQVLGHUHG��WKH�URERW�
GHIRUPDWLRQ�PRGHO�ZRXOG�RYHUODS�WKH�EHOORZV�LQ�D�QRQ�UHDOLVWLF�ZD\��)LJXUH��������

Figure 5.20 Difference between (a) the real robot behavior with physical restrictions, (b) the undesired 
model without self-collision restrictions, and (c) the simplified collision model based on two different 

subsets. 

,W�LV�UHFRPPHQGHG�WR�GHDO�ZLWK�HDFK�FROOLVLRQ�V\VWHP�LQGHSHQGHQWO\�IRU�EHWWHU�UHVXOWV��7KXV��
DV�.\PD�LV�PDGH�ZLWK�HLJKW�EHOORZV�SURYLGHG�ZLWK�VL[�IROGV�HDFK��LW�ZLOO�EH�H[SHFWHG�WR�KDYH�
���LQGHSHQGHQW�FROOLVLRQ�PRGHOV�WR�FRQVLGHU�DOO�WKH�SRVVLEOH�SHUPXWDWLRQV��+RZHYHU��LW�ZDV�
SRVVLEOH� WR� UHGXFH� WKLV� QXPEHU� WR� D� VHW� RI� WZR�� DV� VKRZQ� LQ� )LJXUH� �����F��� VLQFH� LW� ZDV�
H[SHULPHQWDOO\�GHGXFHG�WKDW�LQWHUDFWLRQV�EHWZHHQ�QHLJKERU�IROGV�DUH�HQRXJK�WR�UHFUHDWH�WKH�
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URERW�EHKDYLRU��&RQVHTXHQWO\��WKH�FRPSXWDWLRQDO�FRVW�LV�ZLGHO\�UHGXFHG�ZKLOH�VWLOO�REWDLQLQJ�
JRRG�UHVXOWV���

Figure 5.21 Front and perspective view of the Kyma model interacting with its supporting structure in a 
zero-gravity environment and with an object. 

)LQDOO\��WKH�YLVXDO�PRGHO�LV�WKH�VLPSOHVW�QRGH�RI�WKH�V\VWHP�VLQFH�LW�LV�XVHG�WR�UHSUHVHQW�WKH�
UHDO� DSSHDUDQFH� RYHU� WKH� GHIRUPDWLRQ� PRGHO�� ZKLFK� LV� WKH� RQH� WKDW� WUXO\� FRPSXWHV� LWV�
PRYHPHQW��7KXV�� WKH�YLVXDOL]DWLRQ�QRGH� LV� FUHDWHG�DV�D�&KLOG�RI� WKH�GHIRUPDWLRQ�QRGH��$�
%DU\FHQWULF0DSSLQJ� FRPSRQHQW� LV� DJDLQ� XVHG� WR� PRYH� WKLV� PRGHO� DFFRUGLQJ� WR� WKH�
GHIRUPDWLRQ�RQH�LQ�UHDO�WLPH��7KH�ILQDO�HIIHFW�ORRNV�OLNH�WKH�YLVXDO�PRGHO� LV�PRYLQJ��ZKLOH�
WKH�WUXWK�LV�RQO\�UHSUHVHQWHG��

5.2.3 Models validation 
%RWK� SUHYLRXVO\� H[SODLQHG�PRGHOV�� WKH� KHXULVWLF� DQG� WKH�025� RQH�� KDYH� EHHQ� WHVWHG� E\�
FRPSDULQJ� WKH� UHDO� URERW� EHKDYLRU�� 7ZR�PHWULFV� KDYH� EHHQ� VWXGLHG� WR� DQDO\]H� WKH�PRGHO�
IHDVLELOLW\��FRPSXWDWLRQDO�WLPH�DQG�DFFXUDF\���

7KH�UHDO�WLPH�FDSDELOLW\�KDV�EHHQ�WHVWHG�IRU�WKH�ILUVW�PHWULF�E\�DFWXDWLQJ�WKH�PRGHO�VOLJKWO\�
KLJKHU� WKDQ� WKH�SUHIL[HG�PRWRUV
�PD[LPXP�VSHHG� ����� USP���8QGHU� WKHVH� FLUFXPVWDQFHV��
WKH�PRGHO� SURYLGHV� LWV� RXWSXWV� DW� DQ� DGHTXDWH� IUHTXHQF\� RI� ���+]� WR� FRPSXWH� WKH� URERW�
G\QDPLFV��7KLV�YDOXH�PD\�QRW�GHSHQG� MXVW�RQ� WKH�QXPEHU�RI�HOHPHQWV�RI� WKH�GHIRUPDWLRQ�
PRGHO�EXW�DOVR�RQ�WKH�FRPSXWHU�V\VWHP��WKH�FROOLVLRQ�PRGHO��RU�WKH�YLVXDO�RQH��DPRQJ�RWKHU�
SDUDPHWHUV��7KH�ZDY\�PRUSKRORJ\�RI�WKH�URERW�.\PD�LQIOXHQFHV�WKH�FRPSXWDWLRQDO�FRVW�RI�
WKH�FROOLVLRQV�PDQDJHPHQW��7KH�IROORZLQJ�WHVWV�ZHUH�FRQGXFWHG�LQ�D�FRPSXWHU�ZLWK�,QWHO��
&RUH70�L�������DW������*+]��ð���DUFKLWHFWXUH��DQG����*E�RI�5$0��+LJKHU�IUHTXHQF\�UDWHV�
FRXOG�EH�REWDLQHG�XVLQJ�D�FRPSXWHU�ZLWK�EHWWHU�VSHFLILFDWLRQV��

5HJDUGLQJ�WKH�DFFXUDF\��ERWK�WKH�VRIW�URERW�.\PD�DQG�WKH�UHDO�WLPH�)(0�PRGHOV�KDYH�EHHQ�
HTXDOO\�DFWXDWHG�WR�FRPSDUH�WKHLU�ZKROH�ERG\�FRQILJXUDWLRQV��)RU�WKDW�SXUSRVH��D�VHW�RI�����
UDQGRP� URERW� SRVHV� KDV� EHHQ� FRPSDUHG� WR� HYDOXDWH� WKH�PRGHO� DFFXUDF\�ZLWKLQ� LWV� HQWLUH�
ZRUNVSDFH��7R�PHDVXUH�WKH�H[DFW�SRVH�RI�.\PD��DQ�2SWL7UDFN�PRWLRQ�WUDFNLQJ�V\VWHP�KDV�
EHHQ� XVHG�� 7KXV�� VHYHUDO� SDVVLYH� PDUNHUV� PDGH� RI� UHWUR�UHIOHFWLYH� PDWHULDO� KDYH� EHHQ�
GHSOR\HG�RQ�WKH�URERW·V�VXUIDFH�WR�FDSWXUH�LWV�VKDSH�E\�XVLQJ�DQ�DUUD\�RI�LQIUDUHG�VHQVLWLYH�
FDPHUDV�DQG�OLJKW�VRXUFHV� �)LJXUH��������7KH�PRWLRQ�FDSWXUH�V\VWHP�ZRUNV�DW�����IUDPHV�
SHU�VHFRQG��DQG�LWV�DFFXUDF\�LV�EHORZ�����PP��%HFDXVH�RI�WKLV��WKH�REWDLQHG�UHVXOWV�E\�WKH�
PRWLRQ�WUDFNLQJ�V\VWHP�FDQ�EH�FRQVLGHUHG�WKH�JURXQG�WUXWK��
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Figure 5.22 Three of a total of twelve infrared-sensitive passive markers used by the motion capture 
system to obtain the robot pose. 

Figure 5.23 Comparison of a single test of the real robot (left) versus the obtained model (right). 

�7KHQ��ERWK�WKH�URERW�DQG�WKH�)(0�PRGHOV�DUH�HTXDOO\�DFWXDWHG��DV�VKRZQ�LQ�)LJXUH�������,I�
DOO�WKH�WUDFNHG�SRVHV�DUH�FRPELQHG�LQ�WKH�VDPH�JUDSKLF��LW�LV�SRVVLEOH�WR�VKRZ�WKH�H[SORUHG�
ZRUNVSDFH� �)LJXUH� ������� 7KH� H[DFW� UHVXOWV� DUH� H[KLELWHG� LQ� 7DEOH� ����� +HUH�� WKH� PHDQ��
PLQLPXP� DQG�PD[LPXP� HUURUV� DUH� FDOFXODWHG� DQG� DQDO\]HG� FRQFHUQLQJ� WKHLU� PD[LPXP�
GLVWDQFH�IURP�WKH�URERW·V�]HUR�SRVLWLRQ��,W�LV�HVVHQWLDO�WR�FODULI\�WKDW�WKH�SULPDU\�SXUSRVH�RI�
VRIW�URERWV�UHOLHV�RQ�HDVLO\�DGDSWLQJ�RU�VDIHO\�LQWHUDFWLQJ�ZLWK�WKHLU�HQYLURQPHQW��+RZHYHU��
QRW� SUHFLVH� HQRXJK�PRGHOV� FDQ� UHVXOW� LQ� DQ� LQIHDVLEOH� FORVHG�ORRS� FRQWURO�� 7KXV�� DFFXUDF\�
PXVW� EH� VWXGLHG� LQ� VRIW� URERW� PRGHOV�� EXW� LW� VKRXOG� QRW� EH� HYDOXDWHG� ZLWK� WKH� VDPH�
\DUGVWLFN�DV�IRU�ULJLG�RQHV��
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Figure 5.24 Real robot workspace representation for 100 iterations and validation of the FEM model. 
The absolute error is compared to the maximum Euclidean distance of the robot from a non-actuated 

pose. 

Table 5.4 Validation results of the FEM Model for 100 random pose iterations. 

Control Point h ࢞ࢇࡰ  ࢞ࢇ࢞ ࢞ തതത࢞ തതത࢞
���EDVH�� ���� ���� ��� ��� �� ���

�� ���� ���� ��� ��� �� ���
�� ���� ���� ��� ��� ��� ����

���WLS�� ����� ���� ���� ��� ��� ����
$OO�� � ��� ��� ��� �� ����

,W�FDQ�EH�VHHQ�LQ�7DEOH�����WKDW� WKH�KHXULVWLF�PRGHO� ORFDWHV� LWV� ILUVW�FRQWURO�SRLQW�ZLWK�DQ�
DFFXUDF\� RI� ���PP� RQ� DYHUDJH�ZKLOH� JHWWLQJ�PD[LPXP� RQHV� XS� WR� ��PP�� 6LPLODUO\�� WKH�
025�PRGHO�REWDLQV�D�PHDQ�DFFXUDF\�RI����PP�IRU�WKH�ILUVW�FRQWURO�SRLQW��/LNHZLVH��LQ�DOO�
VHULDO� PDQLSXODWRUV�� WKH� HUURU� LV� DFFXPXODWHG� IURP� SUHYLRXV� WR� IROORZLQJ� FRQWURO� SRLQWV��
7KXV��WKH�WLS�JHWV�KLJKHU�HUURUV�WKDQ�WKRVH�FRQWURO�SRLQWV�FORVH�WR�WKH�EDVH��$GGLWLRQDOO\��WKH�
025�PRGHO�SUHVHQWV�D�VOLJKWO\�KLJKHU�DFFXUDF\�WKDQ�WKH�KHXULVWLF�RQH��EXW�ERWK�RI�WKHP�DUH�
TXLWH� VLPLODU�� 7KH025� WHFKQLTXH� UHOLHV� RQ� WKH� FKDUDFWHULVWLFV� RI� WKH� UHDO� URERW� DQG�
SURSRVHV� D� JHQHUDO� VROXWLRQ� ZLWKRXW� DQ\� KXPDQ� LQWHUYHQWLRQ�� +RZHYHU�� WKH� KHXULVWLF�
PHWKRG�LV�OHVV�UHOLDEOH�VLQFH�LW�GHSHQGV�KLJKO\�RQ�WKH�URERW�DQG�D�VSHFLILF�GHFLVLRQ�PDNLQJ�
SURFHVV��

&RQVLGHULQJ�WKH�PD[LPXP�(XFOLGHDQ�GLVWDQFH�RI�HDFK�FRQWURO�SRLQW� IURP�LWV�QRQ�DFWXDWHG�
VWDWH�� LW� LV� SRVVLEOH� WR� LQIHU� WKH� UHODWLYH� HUURU�� ,Q� VLPLODU�ZRUNV�� VXFK�DV� >���@�� D� ����PP�
PHDQ� HUURU� LV� REWDLQHG� XVLQJ� WKH� VDPH� IUDPHZRUN� IRU� D� VPDOOHU� URERW� WKDW� ZRUNV� LQ� D�
ZRUNVSDFH�RI����FP��������ă���ï��PP�FP����+RZHYHU��WKH�FXUUHQW�ZRUN�REWDLQV�PHDQ�HUURUV�
RI����PP�IRU�WKH�KHXULVWLF�PRGHO�DQG����PP�IRU�WKH�025�RQH�ZLWKLQ�D�ZRUNVSDFH�RI�����
����FP���DURXQG������ă���ï��PP�FP����7KXV�� WKH�SUHVHQWHG�PRGHOV�SUHVHQW�WZR�RUGHUV�RI�
PDJQLWXGH� KLJKHU� DFFXUDF\� WKDQ� WKH� ZRUNVSDFH� VL]HV� ZKHQ� WKH� GDWD� LV� QRUPDOL]HG��
6XUSULVLQJO\��WKH�DFFXUDF\�REWDLQHG�IURP�D�ELJJHU�VRIW�URERW�PRGHO�EDVHG�RQ�UHDO�WLPH�)(0�
GRHV�QRW�GHFUHDVH�SURSRUWLRQDOO\�WR�D�ELJJHU�VL]H��2Q�WKH�RWKHU�KDQG��LI�WKH�PHDQ�HUURUV�DUH�
UHODWLYH�WR�WKH�HQWLUH�OHQJWK�RI�WKH�URERW��WKH\�DUH�DURXQG����IRU�ERWK�WKH�KHXULVWLF�DQG�WKH�
025�PRGHO��
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5.2.4 Teleoperation 
7KH� ODVW�ZRUN� UHDOL]HG�ZLWK�.\PD�ZDV� LWV� WHOHRSHUDWLRQ� WKURXJK�DQ� LPPHUVLYH� LQWHUIDFH��
7KH�DLPV�ZHUH�WR�DQDO\]H� LI� LPPHUVLYH� LQWHUIDFHV�HQKDQFH�WKH�WHOHSUHVHQFH�DQG�HIILFLHQF\�
DJDLQVW� FRQYHQWLRQDO� RQHV�� DQG� LI� QDWXUDO� ODQJXDJH� UHGXFHV� ZRUNORDG� DQG� LPSURYHV�
SHUIRUPDQFH�DJDLQVW�RWKHU�FRQYHQWLRQDO�WRROV��$�SRSXODWLRQ�RI����SHRSOH�KDV�WHVWHG�D�WRWDO�RI�
��LQWHUIDFHV�DQG�VL[�LQWHUDFWLRQ�WRROV��

7KH� V\VWHP� DUUDQJHPHQW� ZLOO� UHO\� RQ� ELODWHUDO� FRPPXQLFDWLRQ� �WKH� LQIRUPDWLRQ� LV�
H[FKDQJHG�EHWZHHQ�WKH�XVHU�DQG�WKH�URERW�LQ�ERWK�GLUHFWLRQV���)LJXUH��������7KH�XVHU�VHQGV�
LQIRUPDWLRQ� WR� RSHUDWH� WKH� URERW��ZKHUHDV� WKH� URERW� WUDQVPLWV� LQIRUPDWLRQ� WR� WKH�XVHU� WR�
UHSRUW� LWV� FXUUHQW� SRVH�� ERWK� LQ� UHDO�WLPH�� ,Q� WKH� SUHVHQWHG� V\VWHP�� WKLV� ELODWHUDO�
FRPPXQLFDWLRQ� SHUIRUPV� D� F\FOH� ZLWK� D� IUHTXHQF\� RI� ��� +]�� KLJK� HQRXJK� WR� WHVW� WKH�
FDSDELOLWLHV�RI�WKH�LQWHUIDFHV���

Figure 5.25 Bilateral scheme for the robot teleoperation. 

7KH�ELODWHUDO�FRQWUROOHU�LPSOHPHQWHG�LQ�WKLV�ZRUN�IROORZV�D�SRVLWLRQ²SRVLWLRQ�VFKHPH��7KXV��
WKH�URERW�ZLOO�PRYH�WR�D�GHWHUPLQHG�SRVLWLRQ�SUHYLRXVO\�FRPPDQGHG�E\�WKH�XVHU���

7KH� WZR� LQWHUIDFHV� �FRQYHQWLRQDO� DQG� LPPHUVLYH�� KDYH� EHHQ� FUHDWHG� EDVHG� RQ� WKH� VDPH�
FRQVWLWXWLYH� HOHPHQWV� LQ� 8QLW\�'�� $� JRRG� LQWHUIDFH� ZRXOG� EH� FOHDU�� FRQFLVH�� IDPLOLDU��
UHVSRQVLYH��FRQVLVWHQW��DHVWKHWLF��HIILFLHQW��DQG�IRUJLYLQJ��:LWK�WKHVH�IHDWXUHV��DQ�LQWHUIDFH�
FRXOG�SURYLGH�KLJK�VLWXDWLRQDO�DZDUHQHVV�WKDW�FDQ�EH�GHILQHG�DV�WKH�SHUFHSWLRQ�RI�HOHPHQWV�
LQ�WKH�HQYLURQPHQW�ZLWKLQ�D�YROXPH�RI�WLPH�DQG�VSDFH��WKH�FRPSUHKHQVLRQ�RI�WKHLU�PHDQLQJ��
DQG�WKH�SURMHFWLRQ�RI�WKHLU�VWDWXV�LQ�WKH�QHDU�IXWXUH�>���@��7KH�FRQYHQWLRQDO�LQWHUIDFH�VKRZV�
WKH�LQIRUPDWLRQ�RQ�D�UHJXODU�PRQLWRU��DQG�WKH�LPPHUVLYH�RQH�XVHV�D�YLUWXDO�UHDOLW\�KHDGVHW�
WR�GLVSOD\�WKH�VDPH�LQIRUPDWLRQ��

6LQFH�.\PD� LV� GLYLGHG� LQWR� IRXU� VHFWLRQV�� WHOHRSHUDWLQJ� WKLV� URERW�ZLOO� UHO\� RQ� IRXU� LQSXW�
SRVLWLRQV�� $GGLWLRQDOO\�� D� FRPSXWHU� LV� XVHG� WR� KRVW� WKH� LQWHUIDFHV� DQG� FRQWURO� WKH� URERW�
PRYHPHQWV��,W�XVHV�GLIIHUHQW�SHULSKHUDOV�WR�WUDQVPLW�RU�FDSWXUH�LQIRUPDWLRQ�IURP�WKH�XVHU��
VXFK�DV�D�GLVSOD\�PRQLWRU��D�95�KHDGVHW� �+7&�9LYH���D�NH\ERDUG��RU�D�JDPLQJ�FRQWUROOHU��
7KH�URERW�IHHGEDFN�WR�WKH�XVHU�ZLOO�EH�YLVXDO�WR�GLVSOD\�LWV�VKDSH��REWDLQHG�IURP�WKH�RQERDUG�
VHQVRU\�V\VWHP�EDVHG�RQ�,QHUWLDO�0HDVXUHPHQW�8QLWV��,08V���
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Figure 5.26 Kyma 

7KH� WHOHRSHUDWLRQ� RI� WKLV� W\SH� RI� URERW� UHTXLUHV� D� UHODWLYHO\� KLJK� QXPEHU� RI� LQSXWV� WR�
PDQDJH� WKHLU� VKDSH� >���@� DSSURSULDWHO\�� +RZHYHU�� KXPDQ� EHLQJV� SHUIRUP� EHWWHU�� SD\LQJ�
IXOO� DWWHQWLRQ� WR� RQH� WKLQJ� DW� RQH� WLPH� >���@�� 7KHUHIRUH�� WKH� PRVW� FRQYHQLHQW� LQWHUIDFH�
PD[LPL]HV�HIILFLHQF\��ZKLFK�LV�WKH�DELOLW\�WR�PD[LPL]H�SUHFLVLRQ�DQG�VSHHG�E\�FRPPDQGLQJ�
D�URERW�WR�SHUIRUP�D�GHWHUPLQHG�WDVN���

7KH� QXPEHU� RI� LQSXWV� ZLOO� EH� KLJKO\� GHSHQGHQW� RQ� WKH� QXPEHU� RI� '2)V�� ,Q� WKH� FDVH� RI�
.\PD��)LJXUH��������LW�KDV�IRXU�VHFWLRQV��VR�WKH�QXPEHU�RI�LQSXWV�ZLOO�EH�WKH�VDPH��DOWKRXJK�
WKH� YLUWXDO� URERW� ZLOO� UHO\� RQ� D�PRGHO� EDVHG� RQ� 3LHFHZLVH� &RQVWDQW� &XUYDWXUH� �3&&�� WR�
UHFRQVWUXFW�LWV�VKDSH���

,Q�ERWK�LQWHUIDFHV��WKH�XVHU�LV�H[SHFWHG�WR�PRYH�WKH�LQSXW�WRZDUGV�ILYH�SUHGHILQHG�SRVLWLRQV��
DQG��LQ�FDVH�RI�PDNLQJ�D�VHOHFWLRQ��WKH�URERW�ZLOO�PRYH�DFFRUGLQJO\��7KH�URERW
V�SRVH�ZLOO�EH�
XSGDWHG�LQ�WKH�LQWHUIDFH�LQ�UHDO�WLPH�XVLQJ�WKH�RQERDUG�VHQVRU\�V\VWHP���

,Q� WKH� FRQYHQWLRQDO� LQWHUIDFH�� WKH� XVHU� LV� VLWWLQJ� ORRNLQJ� DW� WKH�PRQLWRU� DQG� FDQ� XVH� WKH�
NH\ERDUG�WR�PRYH�LQ��'�D�VSKHUH�WKDW�V\PEROL]HV�WKH�SRVLWLRQ�ZKHUH�WKH�URERW·V�HQG�HIIHFWRU�
LV�FRPPDQGHG�WR�PRYH��)LJXUH��������7KH�UHDO�URERW�ZDV�ORFDWHG�LQ�WKH�VDPH�VSDFH�VR�WKH�
XVHUV�FRXOG�VHH�WKH�URERW�EHLQJ�FRPPDQGHG��+RZHYHU��LQ�D�UHDO�VFHQDULR��WKH�URERW�FRXOG�EH�
ORFDWHG�LQ�D�UHPRWH�HQYLURQPHQW��VR�WKH�URERW
V�FXUUHQW�SRVH�LV�DGHTXDWHO\�GLVSOD\HG�LQ�UHDO�
WLPH�XVLQJ�WKH�ELODWHUDO�VFKHPH�H[SODLQHG�EHIRUH���

7KH� VDPH� LQIRUPDWLRQ� LV� GLVSOD\HG� LQ� WKH� LPPHUVLYH� LQWHUIDFH�� EXW� LQ� WKLV� FDVH�� DQ�
LPPHUVLYH� KHDGVHW� ZLWK� WKUHH�GLPHQVLRQDO� ��'�� VWHUHRVFRSLF� YLVLRQ� LV� XVHG�� 7KH� XVHU� LV�
DVNHG� WR� VWDQG� XS� DQG� PDNH� VPDOO� PRYHPHQWV� WR� FRPPDQG� WKH� URERW� SRVLWLRQ� IRU� WKLV�
SUDFWLFH��+HUH��WKH�XVHU�PRYHV�WKH��'�VSKHUH�WKDW�V\PEROL]HV�WKH�HQG�HIIHFWRU�SRVLWLRQ�E\�
SXVKLQJ�LW�ZLWK�EDUH�KDQGV��WUDFNHG�E\�WKH�/HDS�0RWLRQ�GHYLFH��)LJXUH���������

6,/9,$�7(55,/(

62)7�52%27,&6��$33/,&$7,216��'(6,*1�$1'�&21752/



���

Figure 5.27 Conventional interface. 

Figure 5.28 Immersive interface. 

6L[�GLIIHUHQW�DSSURDFKHV�KDYH�EHHQ�GHYHORSHG�LQ�8QLW\�'��PDNLQJ�XVH�RI�D�FRPSXWHU��WKH�
+7&�9LYH�95�KHDGVHW��DQG�� LQ�VRPH�FDVHV��;ER[�RU�/HDS�0RWLRQ�FRQWUROOHUV� WR�GHWHUPLQH�
ZKLFK�VWUDWHJ\� LV�PRUH�DSSURSULDWH� WR� WHOHRSHUDWH� VRIW� FRQWLQXRXV�URERWV� LQ�DQ� LPPHUVLYH�
LQWHUIDFH�LQ�WHUPV�RI�HIILFLHQF\�DQG�ZRUNORDG��

7KHVH�VWUDWHJLHV�DUH�WKH�IROORZLQJ��

¾ Controller. 7KH�XVHU�LV�SURYLGHG�ZLWK�D�95�KHDGVHW�DQG�DQ�;ER[�JDPLQJ�FRQWUROOHU
WR�WHOHRSHUDWH�WKH�URERW��7KH�GHVLUHG�MRLQW�PXVW�EH�VHOHFWHG�XVLQJ�VRPH�EXWWRQV��DQG
WKHQ�LW�FDQ�EH�PRYHG�DORQJ�WKH�&DUWHVLDQ�GLUHFWLRQV�XVLQJ�WKH�FRQWUROOHU·V�D[LV��7KH
LPSOHPHQWDWLRQ� DOORZV� VLPXOWDQHRXV� LQSXWV� VR� WKH� XVHU� FDQ� FRPELQH� WKH� WKUHH
GLUHFWLRQV� WR� SHUIRUP� �'� PRYHPHQWV�� 7KH� MRLQWV·� VSHHG� FDQ� EH� DGMXVWHG� E\� WKH
TXDQWLW\�RI�GLVSODFHPHQW�LQ�WKH�D[LV���)LJXUH������
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Figure 5.29 Controller strategy. 

¾ Master-slave. $� YLUWXDO� PDVWHU� ZLWK� WKH� VDPH� IHDWXUHV� DV� WKH� VODYH� KDV� EHHQ
FUHDWHG�� 7KH� XVHU·V� KDQGV� ZHUH� WUDFNHG� XVLQJ� WKH� /HDS� 0RWLRQ� FRQWUROOHU�� 7KXV�
XVHUV� ZLWK� WZR� KDQGV� FDQ�PRYH� WKH�PDVWHU�� DQG� FRQVHTXHQWO\�� WKH� VODYH� ZLOO� EH
PRYHG�WKH�VDPH�ZD\�DV�WKH�PDVWHU�LV�EHLQJ�PDQLSXODWHG���)LJXUH������

Figure 5.30 Master-slave. 

¾ Local gestures. 7KLV� VWUDWHJ\� DOVR� XVHV� KDQG� WUDFNLQJ� WR� FDSWXUH� JHVWXUHV�
+RZHYHU��WKH�PDLQ�GLIIHUHQFH� LV� WKDW� WKH�XVHU�PXVW�DSSURDFK�WKH�YLUWXDO�UHDO�VL]H
URERW�DQG�XVH�WKH�KDQGV�WR�SXVK�WKH�URERW� MRLQWV�WRZDUGV�WKH�GHVLUHG�UHIHUHQFH�E\
GLUHFW�FRQWDFW��,W�ZDV�IRXQG�WKDW�SXVKLQJ�HQKDQFHG�HIILFLHQF\�DQG�UHGXFHG�ZRUNORDG
DJDLQVW� JUDEELQJ�� VR� WKH� MRLQWV� FRXOG� QRW� EH� JUDEEHG� EXW� RQO\� SXVKHG� XVLQJ� WKLV
DSSURDFK���)LJXUH������
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Figure 5.31 Local gestures strategies. 

¾ Remote gestures. /LNH�WKH�PDVWHU�VODYH�VWUDWHJ\��LW�DOORZV�WKH�URERW�WR�EH�PRYHG
ZLWKRXW� GLUHFW� FRQWDFW�ZLWK� WKH� YLUWXDO� URERW�PRGHO��7KH�XVHU� FDQ� RSHQ� WKH� LQGH[
ILQJHU�RQ� WKH�RQH�KDQG��VR�D�YLUWXDO� ODVHU�DSSHDUV�DV�DQ�H[WHQVLRQ�WR�HDVLO\� VHOHFW
WKH� MRLQW� WR�PRYH��7KHQ��ZKHQ�WKH�RWKHU�KDQG� LV�RSHQHG�� LW�ZLOO�PRYH� WKH�VHOHFWHG
MRLQW� DFFRUGLQJO\� WR� LWV� RZQ�PRYHPHQW��:KHQ� WKLV�KDQG� FORVHV�� WKH� MRLQW� GRHV�QRW
PRYH��6LQFH�WKLV�VWUDWHJ\�UHOLHV�RQ�UHPRWH�JHVWXUHV��WKH�RSHUDWRU�LV�QRW�H[SHFWHG�WR
PRYH�D�ORW���)LJXUH������

Figure 5.32 Remote gesture strategies. 

¾ Voice commands. ,W� LV� EDVHG� RQ� VSHHFK� UHFRJQLWLRQ� WR� FRPPDQG� WKH� URERW
PRYHPHQWV��7KLV�DSSURDFK�ZDV�FUHDWHG� WR� WHOHRSHUDWH� WKH�URERW�HYHQ� LI� WKH�KDQGV
DUH�EXV\�RU� WKHLU�PRYHPHQW� LV�KLQGHUHG��7KHUHIRUH�� WKH�XVHU�QHHGHG� WR� UHPHPEHU
VRPH�LQWXLWLYH�FRPPDQGV�SUHYLRXVO\�GHILQHG�LQ�D�GLFWLRQDU\��6XFK�FRPPDQGV�FRXOG
DFWLYDWH�WKH�PRYHPHQW�RI�WKH�URERW�FRQWLQXRXVO\�E\�GHILQLQJ�ZKHQ�WR�VWDUW�DQG�VWRS�
7KH�MRLQW�WR�PRYH�LV�ILUVW�VHOHFWHG�E\�SURQRXQFLQJ�QXPEHUV��LQ�WKLV�FDVH��IURP���WR���
7KHQ�� WKH� VSHHG� FDQ� EH� GHILQHG� DV� D� VORZ��PHGLXP�� RU� IDVW�� )LQDOO\�� WKH� XVHU� FDQ
VSHDN� LQ� ZKLFK� GLUHFWLRQ� WR� PRYH� WKH� VHOHFWHG� MRLQW� DPRQJ� OHIW�� ULJKW�� IRUZDUG�
EDFNZDUG��XS��DQG�GRZQ���)LJXUH������
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Figure 5.33 Voice commands strategy. 

¾ Hybrid approach of gestures and voice recognition�� 9RLFH� &RPPDQGV� DUH
SURJUDPPHG�WR�VHOHFW�WKH�GHVLUHG�MRLQW�E\�SURQRXQFLQJ�ZKLFK�MRLQW�WR�PRYH�IURP��
WR����7KHQ��VLPLODUO\�WR�WKH�5HPRWH�*HVWXUHV�VWUDWHJ\��WKH�XVHU�FDQ�UDLVH�WKH�KDQG
WR�PRYH�WKH�MRLQW�ZLWK�UHLQGH[LQJ��DV�H[SODLQHG�EHIRUH��+HQFH��WKH�YRLFH�LV�SURSRVHG
DV�DQ�DOWHUQDWLYH�RI�SRLQWLQJ�ZLWK�WKH�RWKHU�KDQG�WR�VHOHFW�WKH�MRLQWV�XQHTXLYRFDOO\�
DQG�JHVWXUHV�DUH�VHOHFWHG�WR�PRYH�WKH�MRLQW�HIILFLHQWO\���)LJXUH������

Figure 5.34 Hybrid approach of gestures and voice recognition. 

,Q�HYHU\�PHWKRG��WKH�XVHU�KDV�WR�H[SORLW�DOO�WKH�DYDLODEOH�UHVRXUFHV�WR�DGHTXDWHO\�PDQDJH�
WKH� SRVH� RI� D� YLUWXDO� URERW�� ZKLFK� KDV� WR� EH� DSSURDFKHG� WRZDUGV� D� SUHGHILQHG� YLUWXDO�
UHIHUHQFH��7KH����SDUWLFLSDQWV�QHHGHG�WR�FRPSOHWH�WKH�WDVNV�DV�IDVW�DQG�SUHFLVH�DV�SRVVLEOH�
LQ� DOO� WKHVH� H[SHULPHQWV�� ([SHULPHQWV� FDQ� EH� GLYLGHG� LQWR� WZR� SKDVHV�� ���� KXPDQ�URERW�
LQWHUIDFHV�DQG�����,QWHUDFWLRQ�WRROV���

,Q� WKH� ILUVW� SKDVH�� WR� WHVW� WKH� REMHFWLYH� HIILFLHQF\� RI� WKH� GHYHORSHG� LQWHUIDFHV� LQ� WHUPV� RI�
SUHFLVLRQ�DQG�WLPH��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�WR�PRYH�D�EOXH�VSKHUH�DV�D�UHSUHVHQWDWLRQ�
WR�ZKHUH�WKH�HQG�HIIHFWRU�RI�WKH�URERW�LV�GHVLUHG�WR�PRYH��7KLV�LQSXW�FRXOG�EH�PRYHG�WRZDUGV�
ILYH�QXPEHUHG�DQG�SUHGHILQHG�WDUJHW�SRVLWLRQV��GHSLFWHG�E\�JUH\�VSKHUHV�RI�WKH�VDPH�VL]H��
7KH�SDUWLFLSDQWV�FRXOG�SUDFWLFH� IRU�D�ZKLOH�XQWLO� WKH\� IHOW� UHDG\�WR�PLQLPL]H� WKH� OHDUQLQJ�
IDFWRU�EHWZHHQ�LQWHUIDFHV��7KH\�FRXOG�SUHVV�D�EHJLQ�EXWWRQ�DQG�PRYH�WKH�LQSXW�WRZDUGV���RI�
WKH�ILYH�WDUJHW�SRVLWLRQV�SUHYLRXVO\�VSHFLILHG��7KHQ��D�WLPHU�EHJDQ�WR�UXQ��DQG�WKH�SUHFLVLRQ�
ZDV�PHDVXUHG�DV�WKH�PHDQ�RI�WKH�(XFOLGHDQ�GLVWDQFHV�EHWZHHQ�WKH� LQSXW�DQG�WKH�GHVLUHG�
WDUJHWV��%RWK� WLPH� DQG� SUHFLVLRQ� YDULDEOHV�ZHUH� ILUVW� UHVFDOHG³PLQ�PD[�QRUPDOL]DWLRQ³
DPRQJ�WKH�GDWD�UHODWLYH�WR�ERWK�LQWHUIDFHV�WR�DOORZ�IXUWKHU�FRPSDULVRQV��WKHQ�DYHUDJHG��DQG�
WKHQ�UHVFDOHG�DJDLQ���
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%\� WKLV�PHWKRG�� VSHHG�DQG�SUHFLVLRQ�DUH�PHDVXUHG� WKH� VDPH� WR� WHVW� HIILFLHQF\� VLQFH� ERWK�
SDUDPHWHUV� FDQ� EH� FRQVLGHUHG� HTXDOO\� LPSRUWDQW� WR� WHOHRSHUDWH� D� JHQHULF� VRIW� FRQWLQXRXV�
URERW��+RZHYHU�� LW�PXVW�EH�UHPDUNHG�WKDW�RQH�YDULDEOH�FRXOG�EH�PRUH� LPSRUWDQW� WKDQ�WKH�
RWKHU�GHSHQGLQJ�RQ�WKH�URERW�DQG�LWV�SXUSRVH��$V�D�UHVXOW��WKH�HIILFLHQF\�LV��������KLJKHU�RQ�
DYHUDJH�� DQG� WKH� YDULDQFH� D� ������� ORZHU� IRU� WKH� LPPHUVLYH� LQWHUIDFH� WKDQ� IRU� WKH�
FRQYHQWLRQDO� RQH� �)LJXUH� ����D��� 7KH� UHVXOWV� VKRZ� WKDW� VLWXDWLRQDO� DZDUHQHVV� LV� �������
KLJKHU�LQ�WKH�LPPHUVLYH�LQWHUIDFH�WKDQ�LQ�WKH�FRQYHQWLRQDO�RQH��)LJXUH�����E���&RQFHUQLQJ�
WKH� YLVXDO� IHHGEDFN� HYDOXDWLRQ�� WKH� SDUWLFLSDQWV� FRXOG� VHH� WKH� UHDO� URERW� DQG� WKH� PRGHO�
ZLWKLQ�WKH�LQWHUIDFH�VLPXOWDQHRXVO\�DQG�LQ�UHDO�WLPH�WR�PDNH�UHOLDEOH�FRPSDULVRQV�EHWZHHQ�
WKHP�� $V� D� UHVXOW�� WKH\� SHUFHLYHG� WKDW� WKH� YLVXDO� IHHGEDFN� ZDV� ������� KLJKHU� IRU� WKH�
LPPHUVLYH�LQWHUIDFH�WKDQ�IRU�WKH�FRQYHQWLRQDO�RQH�RQ�DYHUDJH��)LJXUH�����F���7R�ILQLVK��DQG�
UHJDUGOHVV� RI� SUHYLRXV� TXHVWLRQV�� WKH� SDUWLFLSDQWV� ZHUH� DVNHG� WR� VXEMHFWLYHO\� FKRRVH�
EHWZHHQ�ERWK�LQWHUIDFHV�DVVXPLQJ�WKH\�KDG�WR�SHUIRUP�WKH�VDPH�WDVN��&RQVHTXHQWO\������RI�
WKH� SDUWLFLSDQWV� SUHIHUUHG� WR� XVH� WKH� LPPHUVLYH� LQWHUIDFH� �)LJXUH� ����G��� 7KHUHIRUH�� ERWK�
VXEMHFWLYH� DQG� REMHFWLYH� SDUDPHWHUV� DJUHH� WR� VHOHFW� WKH� LPPHUVLYH� �'� LQWHUIDFH� WR�
WHOHRSHUDWH�K\SHU�UHGXQGDQW�URERWV�DV�WKH�EHVW�WR�HQKDQFH�HIILFLHQF\�DQG�WHOHSUHVHQFH���

Figure 5.35 Results for the human-robot interfaces test. (a) Efficiency in terms of precision and time, (b) 
situational awareness, (c) subjective visual feedback, and (d) subjective preference 
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7KH� VHFRQG� SKDVH� LV� EDVHG� RQ� VHOHFWLQJ� ZKLFK� LQWHUDFWLRQ� VWUDWHJ\� LV� EHWWHU� ZLWKLQ� WKLV�
LPPHUVLYH�UHDOLW\�IRU�WKH�VDPH�SXUSRVH��$V�D�UHPLQGHU��WKHUH�DUH�VL[�GHYHORSHG�VWUDWHJLHV��
FRQWUROOHU��PDVWHU�VODYH��ORFDO�JHVWXUHV��UHPRWH�JHVWXUHV��YRLFH�FRPPDQGV��DQG�JHVWXUHV�DQG�
YRLFH�� ,Q� WKLV� WHVW�� WKH� SDUWLFLSDQWV� XVHG� D� 95� KHDGVHW� WR� FRPPDQG� WKH�PRYHPHQWV� RI� D�
K\SRWKHWLFDO� YLUWXDO� URERW� WRZDUGV� D� UDQGRPO\� GHILQHG� VHW� RI� UHIHUHQFHV� E\� XVLQJ� WKH�
SUHYLRXVO\�PHQWLRQHG�LQWHUDFWLRQ�DSSURDFKHV��2Q�WKH�RQH�KDQG��WKH�HIILFLHQF\�ZDV�VLPLODUO\�
PHDVXUHG�XVLQJ�ERWK�HODSVHG�WLPH�DQG�SUHFLVLRQ���

)RU�HDFK�RI� WKH�DSSURDFKHV�� WKH�XVHU�FRXOG�DOVR�SUDFWLFH�EHIRUH� WKH� WLPHU�EHJDQ�WR�UHGXFH�
WKH�OHDUQLQJ�IDFWRU��0RUHRYHU��WKH�SUHFLVLRQ�ZDV�PHDVXUHG�DQG�DYHUDJHG�DV�WKH�(XFOLGHDQ�
GLVWDQFH� EHWZHHQ� HYHU\� IRXU� VHFWLRQV� RI� WKH� YLUWXDO� URERW� DQG� WKH� UHODWLYH� RQHV� RI� WKH�
UHIHUHQFH�� GLIIHUHQWO\� FRORUHG� WR� HDVH� FRPSUHKHQVLRQ�� 7KH� XVHU� KDG� WR� UHSHDW� WKH� SURFHVV�
WKUHH� WLPHV� LQ�DOO� WKH� VWUDWHJLHV��PRYLQJ� WKH�YLUWXDO� URERW� WRZDUGV�GLIIHUHQW� UHIHUHQFHV� WR�
LQFUHDVH� GDWD� QRUPDOL]DWLRQ�� 6XFK� UHIHUHQFHV� ZHUH� UDQGRPO\� GHILQHG� EXW� ERXQGHG� WR� D�
SUHGHILQHG� DQG� OLPLWHG� VSDFH� WR� QRW� GLIIHU� WRR� PXFK� IURP� RQH� SDUWLFLSDQW� WR� DQRWKHU��
7KHUHIRUH�� WKH� YLUWXDO� URERW� MRLQWV�ZHUH�PRYHG� ����� WLPHV� LQ� WRWDO� LQ� WKHVH� H[SHULPHQWV��
$FFRUGLQJO\�� WKH� OHDUQLQJ� IDFWRU�ZDV�PLQLPL]HG��ZKHUHDV� WKH� UDQGRPQHVV�DQG� UHSHWLWLRQV�
VWDQGDUGL]H� WKH� GDWD� WR� DFKLHYH� JHQHUDOL]DWLRQ�� 6LPLODU� WR� WKH� SUHYLRXV� H[SHULPHQW�� WKH�
VSHHG�DQG�WLPH�ZHUH�ILUVW�UHVFDOHG��WKHQ�DYHUDJHG��DQG�WKHQ�UHVFDOHG�DJDLQ��JLYLQJ�SODFH�WR�
WKH�SUHYLRXVO\�GHILQHG�HIILFLHQF\���

Figure 5.36 Results for the interaction-tools test. (a) Efficiency in terms of precision and speed, (b) 
workload, (c) subjective preference, (d) subjective importance of variables in workload, (e) subjective 

and objective performance comparison, and (f) previous experience influence in performance 

7KHUHIRUH�� DV� VHHQ� LQ� )LJXUH� ����D�� WKH� HIILFLHQF\� LV� LQGLVWLQJXLVKDEO\� WKH� EHVW� IRU� ORFDO�
JHVWXUHV�DQG�YRLFH��ZLWK�PHDQ�YDOXHV�RI�DURXQG������7KH\�DUH�FORVHO\�IROORZHG�E\�UHPRWH�
JHVWXUHV�DQG�WKH�FRQWUROOHU�� LQGLVWLQJXLVKDEOH�ZLWK�HIILFLHQFLHV�RI�DURXQG�����RQ�DYHUDJH��
)XUWKHUPRUH��ILQDOO\��WKH�PDVWHU�VODYH�DQG�WKH�YRLFH�FRPPDQGV�DUH��UHVSHFWLYHO\��WKH�RQHV�
ZLWK�OHVV�REMHFWLYH�HIILFLHQF\���

2Q�WKH�RWKHU�KDQG��WKH�PRVW�FRPPRQ�PHWKRG�WR�GHWHUPLQH�WKH�ZRUNORDG��:��RI�D�PLVVLRQ�LV�
WKH�1$6$�7DVN�/RDG�,QGH[��1$6$�7/;��>�������@��,W�LV�EDVHG�RQ�UDWLQJ���YDULDEOHV�UHODWHG�
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WR� WKH� LQIOXHQFH� RI� ZRUNORDG�� PHQWDO� GHPDQGV�� SK\VLFDO� GHPDQGV�� WHPSRUDO� GHPDQGV��
SHUIRUPDQFH�� HIIRUWV�� DQG� IUXVWUDWLRQ�� 7KXV�� ORFDO� JHVWXUHV�� FRQWUROOHU�� JHVWXUHV� DQG� YRLFH�
DQG� UHPRWH� JHVWXUHV� KDYH� KDOI� RI� WKH� ZRUNORDG� FRPSDUHG� WR� PDVWHU�VODYH� DQG� YRLFH�
FRPPDQGV� ZLWK� PHDQ� YDOXHV� RI� DSSUR[LPDWHO\� ���� DQG� ����� UHVSHFWLYHO\�� %HVLGHV�� WKH�
SDUWLFLSDQWV� VHOHFWHG� IUXVWUDWLRQ�DV� WKH�PRVW�FULWLFDO� IDFWRU� LQIOXHQFLQJ�ZRUNORDG�� IROORZHG�
E\�SHUIRUPDQFH��PHQWDO�GHPDQGV��HIIRUWV��WLPH�GHPDQGV��DQG�SK\VLFDO�GHPDQGV��DV�VKRZQ�
LQ�)LJXUH�����G���

)XUWKHUPRUH�� LW� LV� SRVVLEOH� WR� FRPSDUH� WKH� REMHFWLYH� HIILFLHQF\� LQ� )LJXUH� ����D� ZLWK� WKH�
VXEMHFWLYH� SHUIRUPDQFH� REWDLQHG� IURP� WKH� ZRUNORDG� WHVW�� 6XUSULVLQJO\�� WKH� SDUWLFLSDQWV�
ZHUH� YHU\� DFFXUDWH� LQ� HYDOXDWLQJ� WKHLU� SHUIRUPDQFH�� DQG� LW� ZDV� IRXQG� WR� EH� KLJKO\�
LQIOXHQFHG�E\�WKH�OHYHO�RI�IUXVWUDWLRQ��)LJXUH�����H����

7KH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKHLU�SUHYLRXV�H[SHULHQFH� LQ�95�DQG�$5��URERWLFV��DQG�
YLGHR� JDPHV�� ,I� WKDW� H[SHULHQFH� LV� DYHUDJHG� DQG� SORWWHG� DJDLQVW� WKH� REMHFWLYH� PHDQ�
HIILFLHQF\� IRU� ERWK� WHVWV�� WKH� YDULDEOHV� DUH� IRXQG� DV� GLUHFWO\� SURSRUWLRQDO� �)LJXUH� �������
7KHUHIRUH�� SUHYLRXV� H[SHULHQFH� FDQ� EH� XQGHUVWRRG� DV� D� VLJQLILFDQW� IDFWRU� LQ� DFKLHYLQJ� D�
KLJK�HIILFLHQF\�OHYHO��

'HVSLWH�KDYLQJ�OHVV�H[SHULHQFH�ZLWK�QDWXUDO� ODQJXDJH�WKDQ�FRQYHQWLRQDO�WRROV�� WKH�UHVXOWV�
VKRZ� WKDW� WKH� SDUWLFLSDQWV� SHUIRUPHG� EHWWHU� XVLQJ� WKH� ILUVW� RQHV� DJDLQVW� WKH� ODVW� RQHV�
�)LJXUH�����I����

Figure 5.37  Previous experience influence efficiency both for the human²robot interfaces and the 
interaction tools experiments 

)LQDOO\��UHJDUGOHVV�RI�SUHYLRXV�UHVXOWV�� WKH�SDUWLFLSDQWV�ZHUH�DVNHG�WR�FKRRVH�DPRQJ�WKHLU�
SUHIHUUHG�LQWHUDFWLRQV��0RUH�WKDQ�KDOI�RI�WKH�SDUWLFLSDQWV��SUHFLVHO\������FKRVH�WKH�JHVWXUHV�
DQG� YRLFH� VWUDWHJ\�� IROORZHG� E\� ORFDO� JHVWXUHV� ZLWK� ���� DQG� UHPRWH� JHVWXUHV� ZLWK� ����
�)LJXUH� ����F��� ,I� WKH� QXPEHU� RI� FRQYHQWLRQDO� DQG� QDWXUDO�ODQJXDJH� WRROV�ZHUH� WKH� VDPH��
�������RI� WKH�SDUWLFLSDQWV�ZRXOG�KDYH�SUHIHUUHG� WR�XVH�D�QDWXUDO�ODQJXDJH� WRRO�DJDLQVW�D�
FRQYHQWLRQDO�RQH���
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5.2.5. Conclusions 
7KH�LQLWLDO�K\SRWKHVLV�RI�WKLV�ZRUN�VWDWHG�WKDW�D�VWDWH�RI�WKH�DUW�VWUDWHJ\�FRXOG�FRQVWLWXWH�D�
UHOLDEOH�VRXUFH�WR�PRGHO�WKH�SUHVHQWHG�URERW��.\PD��:KLOH�VRPH�PRGHO�EDVHG�PHWKRGV�UHO\�
RQ�PDQ\�DVVXPSWLRQV��VXFK�DV�XQLIRUP�VKDSHV�RU�QHJOLJLEOH�G\QDPLFV��WKH�)(0�DSSURDFK�
ZDV� FKRVHQ� WR� H[WUDFW� WKH� LUUHJXODU� PRUSKRORJ\� RI� WKH� URERW� DQG� PRGHO� URERW²REMHFW�
LQWHUDFWLRQV��

/LNHZLVH��PDQ\�VRIW�GHYLFHV��.\PD��DUH�FRPSRVHG�RI�D�WKLQ�ERG\��XVXDOO\�GLIILFXOW�WR�PRGHO�
XVLQJ�)(0�EHFDXVH�RI�UHTXLULQJ�PDQ\�HOHPHQWV��RIWHQ�XQVXLWDEOH�IRU�UHDO�WLPH�DSSOLFDWLRQV��
7KLV�LV�DQ�LPSRUWDQW�LVVXH�WKDW�KDG�WR�EH�DGGUHVVHG�WR�GHILQH�WKH�GHIRUPDWLRQ�PRGHO��7ZR�
PHWKRGV� DUH� SUHVHQWHG� WR� RSWLPL]H� WKH� )(0� PHWKRG� HIILFLHQF\� DQG� UHGXFH� WKH�
FRPSXWDWLRQDO�WLPH��)LUVW��D�KHXULVWLF�PHWKRG�SURSRVHV�WR�WXQH�D�PRGHO�ZLWK�IHZHU�HOHPHQWV�
WR�PDWFK� WKH� EHKDYLRU� RI� WKH� UHDO� URERW�� 6HFRQGO\�� WKH�025� WHFKQLTXH�PD\� EH� WKH�PRVW�
SURPLVLQJ�RQH� IURP� WKH� VWDWH�RI�WKH�DUW��7KH�KHXULVWLF�PHWKRG�DLPV� WR� VROYH� WKLV� LVVXH�E\�
VOLJKWO\� UHGXFLQJ� WKH� URERW� PRGHO� DFFXUDF\� LQVWHDG� RI� H[SHULPHQWDOO\� DGMXVWLQJ� RWKHU�
SDUDPHWHUV� WR�FDSWXUH� WKH�PDFURVFRSLF�GHIRUPDWLRQV� LQ�UHDO�WLPH��2Q�WKH�RWKHU�KDQG�� WKH�
025�XVHV�D�VHW�RI�RIIOLQH�VLPXODWLRQV�WR�UHGXFH�WKH�QXPEHU�RI�VWDWH�YDULDEOHV��UHWDLQLQJ�WKH�
PDLQ�FKDUDFWHULVWLFV�RI�WKH�URERW��,Q�ERWK�VFHQDULRV��DQ�DFWXDWLRQ�V\VWHP�EDVHG�RQ�WHQGRQV�
DQG� D� FROOLVLRQ� PRGHO� KDV� EHHQ� GHYHORSHG� WR� PDQDJH� VHOI� DQG� SRVVLEOH� URERW²REMHFW�
LQWHUDFWLRQV��

5HDO�WLPH�PRGHOV�EDVHG�RQ�)(0�DUH�KLJKO\�GHSHQGHQW�RQ�FRPSXWHU�JUDSKLFV�FDSDELOLWLHV��
7KH�WHFKQRORJLFDO�EDUULHUV�DUH�LPSURYHG�\HDU�E\�\HDU��EXW�WKH�FRPSXWHU�UHVRXUFHV�DUH�VWLOO�
OLPLWHG� WR� UHGXFH� WKH�JDS�EHWZHHQ� WKH� UHDO�ZRUOG�DQG� WKH�YLUWXDO�PRGHOV��7KH�KLJKHU� WKH�
FRPSOH[LW\�RI�WKH�HQYLURQPHQW��WKH�KLJKHU�WKH�FRPSXWHU�JUDSKLFV�UHTXLUHPHQWV��7KLV�ZRUN�
SUHVHQWV� WKH�PRGHOLQJ�SURFHVV� RI� D� FRPSOH[� VRIW� URERW�ZLWK�QXPHURXV� FKDOOHQJHV� VXFK�DV�
YHU\� WKLQ� ZDOOV� LQ� D� ELJ� VWUXFWXUH�� D� VWURQJ� GHSHQGHQFH� RQ� LWV� ZDY\� PRUSKRORJ\�� WKH�
DSSHDUDQFH� RI� ERWK� EHQGLQJ� DQG� SULVPDWLF� PRYHPHQWV�� RU� D� KLJK� QXPEHU� RI� DFWXDWRUV��
8VLQJ�WKH�SUHVHQWHG�WHFKQLTXHV�FDQ�KHOS�WR�GUDPDWLFDOO\�UHGXFH�WKH�FRPSXWDWLRQDO�FRVW�RI�
WKHVH�VLPXODWLRQV��PDNLQJ�SRVVLEOH�WR�PRGHO�HQYLURQPHQWV�RWKHUZLVH�LPSRVVLEOH�WR�GHVFULEH�
DFFXUDWHO\��

$GGLWLRQDOO\�� WKLV�ZRUN� IHDWXUHV� D� EULHI� VWXG\� RI� WKH� FRPSOLDQFH� RI� WKH�PRGHOV� VLQFH� VRIW�
URERWV� DUH� XVXDOO\� GHYLVHG� IRU� WKDW� SXUSRVH�� &RQVHTXHQWO\�� WKH� GHYHORSHG�PRGHOV� H[KLELW�
KLJK�GH[WHULW\�DQG�JRRG�FDSDELOLWLHV�WR�VXUURXQG�RU�OLIW�REMHFWV�XVLQJ�WKH�URERW·V�ERG\��,W�LV�
DOVR�FRQFOXGHG�WKDW�WKH�UHODWLRQ�EHWZHHQ�WKH�FKDUDFWHULVWLFV�RI�WKH�URERW�DQG�WKH�SURSHUWLHV�
RI�WKH�REMHFWV�LV�FUXFLDO�WR�SHUIRUPLQJ�VSHFLILF�WDVNV��7KXV��VLPXODWLRQ�UHVXOWV�VKRZ�WKDW�VRIW�
URERWV�DOVR�KDYH�PXFK�SRWHQWLDO�LQ�VSDFH�H[SORUDWLRQ�DFWLYLWLHV�ZKHUH�WKH�DFWLRQ�RI�JUDYLW\�LV�
QHJOLJLEOH��

7R� ILQLVK�� ERWK�PRGHOV� KDYH� EHHQ� YDOLGDWHG� XVLQJ� D� SUHFLVH� PRWLRQ� WUDFNLQJ� V\VWHP� DQG�
PDNLQJ� FRPSDULVRQV� ZLWK� WKH� UHDO� URERW�� $V� D� UHVXOW�� WKH� FRQWURO� SRLQWV� ZHUH� SURSHUO\�
ORFDWHG�ZLWK�ORZHU�PHDQ�HUURUV�WKDQ�LQ�VLPLODU�SUHYLRXV�ZRUNV��7KH�025�PRGHO�SUHVHQWV�D�
VOLJKWO\�KLJKHU�DFFXUDF\�WKDQ�WKH�KHXULVWLF�RQH��DQG�UHVXOWV�REWDLQHG�IURP�WKH�ILUVW�RQH�DUH�
PRUH�UHOLDEOH�WKDQ�WKRVH�IURP�WKH�VHFRQG�RQH�VLQFH�WKH\�DUH�REWDLQHG�ZLWKRXW�PDNLQJ�DQ\�
PDQXDO� DGMXVWPHQW��$GGLWLRQDOO\�� LW� FDQ� EH� GHGXFHG� WKDW� WKLV�ZRUN� VWXGLHV� WKH� UHDO�WLPH�
)(0� PHWKRG� IRU� PXFK� ELJJHU� URERWV�� )XUWKHUPRUH�� PRVW� LPSRUWDQWO\�� WKH� DFFXUDF\�
REWDLQHG�IURP�WKH�PRGHO�YDOLGDWLRQ�GRHV�QRW�GHFUHDVH�SURSRUWLRQDOO\�WR�D�KLJKHU�URERW�VL]H��
0RUHRYHU��ERWK�PRGHOV�H[KLELW�DFFXUDFLHV�XS�WR�WKUHH�WLPHV�KLJKHU�WKDQ�SUHYLRXV�PHWKRGV�
VXFK� DV� 3&&��+RZHYHU�� IXWXUH�ZRUNV� VKRXOG� QRW� ORVH� VLJKW� RI� RWKHU� DSSURDFKHV� OLNH� WZR�
GLPHQVLRQDO� VKHOO� HOHPHQWV� VLQFH� WKH\�PD\� DOVR� SURYLGH� ORZ� FRPSXWDWLRQDO� FRVWV� IRU� WKLQ�
PRUSKRORJLHV�>���@��

:LWK� WKHVH�UHVXOWV�� LW� LV�SRVVLEOH�WR�GLVFXVV�ZKHWKHU�D�YHU\�FRPSOH[�UHDO�WLPH�)(0�PRGHO�
FDQ�EH�YDOLG�RU�QRW��$V�XVXDO��LW�ZLOO�KLJKO\�GHSHQG�RQ�WKH�DSSOLFDWLRQ��,Q�WKLV�FRQWH[W��VRIW�
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URERWV� DUH� LQWHQGHG� WR� DGDSW� WR� WKHLU� HQYLURQPHQW� VDIHO\��0RUHRYHU�� WKH� REWDLQHG�PRGHOV�
PDQDJH�WR�FDSWXUH�WKH�PDLQ�PDFURVFRSLF�VKDSHV�RI�D�YHU\�FRPSOH[�GHYLFH��RSHQLQJ�WKH�ZD\�
IRU�D�SURPLVLQJ�IXWXUH�WR�FRQWURO�VRIW�URERWV��

2Q� WKH� RWKHU� KDQG�� WKH� WHOHRSHUDWLRQ� ZRUN� DLPV� WR� FOHDU� WKH� SDWK� WR� IRFXV� WKH� IXWXUH�
UHVHDUFK�RI�K\SHU�UHGXQGDQW�URERWV·�WHOHRSHUDWLRQ��7KLV�NLQG�RI�URERW�KDV�QXPHURXV�GHJUHHV�
RI�IUHHGRP��VR�WKHLU�VSDWLDO�XQGHUVWDQGLQJ�LV�RIWHQ�GLIILFXOW�WR�SHUFHLYH���

2Q�WKH�RQH�KDQG��WKLV�ZRUN�DLPHG�WR�GHWHUPLQH�ZKHWKHU�LPPHUVLYH��'�LQWHUIDFHV�DUH�EHWWHU�
RU�ZRUVH� WKDQ� FRQYHQWLRQDO� �'� RQHV� WR� WHOHRSHUDWH� K\SHU�UHGXQGDQW� URERWV�� ([SHULPHQWV�
ZLWK����SDUWLFLSDQWV�VKRZ�WKDW�LPPHUVLYH�LQWHUIDFHV�H[KLELW��������PHDQ�KLJKHU�HIILFLHQF\�
LQ� WHUPV� RI� VSHHG� DQG� SUHFLVLRQ� DQG� ������� PHDQ� KLJKHU� VLWXDWLRQDO� DZDUHQHVV� WKDQ�
FRQYHQWLRQDO�RQHV��$V�D�UHVXOW��LPPHUVLYH�LQWHUIDFHV�ZHUH�FKRVHQ�WR�WHOHRSHUDWH�WKLV�NLQG�RI�
URERW� E\� ���� RI� WKH� SDUWLFLSDQWV�� 2Q� WKH� RWKHU� KDQG�� WKH� VDPH� SRSXODWLRQ� WHVWHG� VRPH�
LQWHUDFWLRQ�WRROV�WR�GHWHUPLQH�ZKLFK�VWUDWHJ\�LV�EHWWHU�VXLWHG�IRU�WKH�VDPH�SXUSRVH�ZLWKLQ�
DQ� LPPHUVLYH�UHDOLW\��$� WRWDO�RI���PHWKRGV�ZHUH�GHYHORSHG��FRQWUROOHU��PDVWHU�VODYH�� ORFDO�
JHVWXUHV��UHPRWH�JHVWXUHV��YRLFH�FRPPDQGV��DQG�JHVWXUHV�DQG�YRLFH��,Q�WKLV�FDVH��HIILFLHQF\�
LV� LQGLVWLQJXLVKDEO\� WKH� EHVW� IRU� ERWK� ORFDO� JHVWXUHV� DQG� JHVWXUHV� DQG� YRLFH�� ZLWK� PHDQ�
YDOXHV�RI�DURXQG������FORVHO\�IROORZHG�E\�UHPRWH�JHVWXUHV�DQG�FRQWUROOHU��$OVR��D�ZRUNORDG�
WHVW� VKRZHG� WKDW� ORFDO� JHVWXUHV�� FRQWUROOHU�� JHVWXUHV� DQG� YRLFH� DQG� UHPRWH� JHVWXUHV� KDYH�
KDOI� RI� WKH�ZRUNORDG� WKDQ� WKH� RWKHU� WZR� DSSURDFKHV��%HVLGHV�� WKH� SDUWLFLSDQWV�ZHUH� YHU\�
DFFXUDWH�LQ�HYDOXDWLQJ�WKHLU�SHUIRUPDQFH��ZKLFK�ZDV�IRXQG�WR�EH�KLJKO\�LQIOXHQFHG�E\�WKHLU�
OHYHO�RI�IUXVWUDWLRQ��

0RUHRYHU�� UHVXOWV� VKRZHG� WKDW� QDWXUDO�ODQJXDJH� WRROV� DUH� PRUH� LQWXLWLYH� VLQFH� WKH\�
H[KLELWHG�KLJKHU�SHUIRUPDQFH�GHVSLWH�WKH�OHVV�SUHYLRXV�H[SHULHQFH��)LQDOO\��PRUH�WKDQ�KDOI�
RI� WKH� XVHUV� FKRVH� WKH� JHVWXUHV� DQG� YRLFH� VWUDWHJ\� DV� WKH� SUHIHUUHG� RQH�� 7KLV� LV�
XQGHUVWDQGDEOH�VLQFH�ZH��DV�KXPDQ�EHLQJV��DUH�XVHG�WR�FRPPXQLFDWLQJ�E\�VLPXOWDQHRXVO\�
JHVWLFXODWLQJ�DQG�VSHDNLQJ��0RUHRYHU���������VHOHFWHG�DQ�LQWHUDFWLRQ�WRRO�EDVHG�RQ�QDWXUDO�
ODQJXDJH� DJDLQVW� D� FRQYHQWLRQDO� RQH�� 7KHUHIRUH�� WKLV� ZRUN� FRQFOXGHV� WKDW� LPPHUVLYH�
UHDOLWLHV� DQG� QDWXUDO�ODQJXDJH� WRROV� VKRXOG� SOD\� DQ� LPSRUWDQW� UROH� LQ� WKH� QHDU� IXWXUH� RI�
K\SHU�UHGXQGDQW�URERWV�DQG�WKHLU�WHOHRSHUDWLRQ��
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5.3 Ru؍n, a continuous soft manipulator 
5XᐻQ�LV�D�FRQWLQXRXV�DQG�VRIW�PDQLSXODWRU�URERW�VLQFH�LWV�ERG\�LV�PDGH�DOPRVW�HQWLUHO\�RI�
VLOLFRQH�DQG�DFWXDWHG�ZLWK�60$�VSULQJV��)LJXUH���������

7KH�GHVLJQ�RI�5XᐻQ�LV�EDVHG�RQ�WKH�IROORZLQJ�UHTXLUHPHQWV��

� GLPHQVLRQV� OLPLWHG� LQ� GLDPHWHU� DQG� OHQJWK�� VLPLODU� WR
>������@

� VHJPHQWV� DFWXDWHG� LQGHSHQGHQWO\� WR� REWDLQ� D� VLJQLILFDQW
UDQJH�RI�PRYHPHQWV

� VHJPHQWV� FDSDEOH� RI� EHLQJ� MRLQHG� HDVLO\� WR� DOORZ� D� TXLFN
UHSODFHPHQW�LQ�FDVH�RI�GDPDJH�RU�WR�DGG�VHJPHQWV

7KH� ILQDO� GHVLJQ� RI� 5XᐻQ� LV� D� WKUHH� VHJPHQWV� URERW�� (DFK�
VHJPHQW� LV� F\OLQGULFDO� DQG� LV� DFWXDWHG� ZLWK� WKUHH� 60$�
VSULQJV� )LJXUH� ����SODFHG� LQVLGH� FDYLWLHV� WKDW� FURVV� WKH�
F\OLQGULFDO� VHJPHQW� ORQJLWXGLQDOO\�� &DYLWLHV� DUH� QRW� LQ� WKH�
FHQWHU�RI�WKH�F\OLQGHU�EXW�DUH�RIIVHW�WRZDUGV�WKH�RXWVLGH�RI�WKH�
VHJPHQW��6SULQJV� DUH� SODFHG� V\PPHWULFDOO\� DW� ������&DYLWLHV�
SUHVHQW� D� GLDPHWHU� JUHDWHU� WKDQ� WKH� RXWHU� GLDPHWHU� RI� WKH�
VSULQJV� WR� DOORZ� WKHLU� FRUUHFW� FRQWUDFWLRQ� PRYHPHQW� IURP�
ZKLFK�60$�VSULQJV�H[HUW�IRUFH��,QWHJUDWLQJ�WKH�VSULQJ�ZLWKLQ�
WKH�VHJPHQW�DOORZV�REWDLQLQJ�D�PRUH�FRPSDFW�GHVLJQ���

7KH� LQGLYLGXDO� RU� FRPELQHG� DFWLRQ� RI� WKH� VSULQJV� DOORZV� WKH� VHJPHQW� WR� EHQG� DURXQG�
PXOWLSOH�D[HV��7KDQNV�WR�WKLV�FRPELQDWLRQ��HDFK�VHJPHQW�FRQVLVWV�RI���'2)��WKUHH�DFWXDWRUV�
ZKRVH� HQG� SRVLWLRQ� FDQ� EH� GHILQHG� LQ� D� �'� VSDFH�� DQG� WZR� URWDWLRQV� IRU� WKH� D[HV�
SHUSHQGLFXODU�WR�WKH�FHQWUDO�D[LV�RI�WKH�VHJPHQW�ZKHQ�IRXQG�DW�UHVW��

Figure 5.39 SMA springs disposal 

$�VLQJOH�VHJPHQW�RSHUDWHG�LQ�WKLV�ZD\�FDQ�SRVLWLRQ�LWV�HQG�RQ�D�VXUIDFH�VLPLODU�WR�D�VSKHUH�
FDS��7KH�VSKHUH
V�UDGLXV�GHSHQGV�GLUHFWO\�RQ�WKH�OHQJWK�RI�WKH�VHJPHQW��DV�VKRZQ�LQ�)LJXUH�
������$V�SUHYLRXVO\�LQGLFDWHG��WKH�HQG�RI�WKH�VHJPHQW�FRXOG�YDU\�LWV�SRVLWLRQ�LQ�;��<��DQG�=�
DQG�SHUIRUP�URWDWLRQV�DERXW�WKH�;�DQG�<�D[HV��

Figure 5.38 Ruؕn 
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Figure 5.40 Motion of range of a segment 

7KH�FRPSRVLWLRQ�LQ�WKUHH�VHJPHQWV�ZLGHQV�WKH�UDQJH�RI�PRYHPHQWV�UHSUHVHQWHG�LQ�)LJXUH�
������7KH� FRQFDWHQDWLRQ�RI� WKH�PRYHPHQWV�RI� WKH�GLIIHUHQW� VHJPHQWV�JHQHUDWHV�D� UDQJH�RI�
PRYHPHQWV�OLNH�WKH�RQH�VKRZQ�EHORZ��

,Q� WKLV� FDVH�� WKHUH� DUH� WKUHH� VSULQJV� IRU� HDFK� VHJPHQW�� WKDW� LV�� WKUHH� FRQWUROODEOH�'2)V��
6LQFH� WKH� FRPSOHWH� VHW� FRQVLVWV� RI� WKUHH� VHJPHQWV�� �� '2)V� DUH� REWDLQHG� E\� ZKLFK� WKH�
SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKH�IUHH�HQG�FDQ�EH�FRQWUROOHG��7KHUHIRUH��LW�FDQ�EH�VWDWHG�WKDW�
WKH�GHVLJQ�FRUUHVSRQGV�WR�D�UHGXQGDQW�URERW��DQG�VLQFH�WKH�VHJPHQWV�DUH�DUUDQJHG�RQH�DIWHU�
WKH�RWKHU��LW�LV�D�FRQWLQXRXV�URERW��)LJXUH������VKRZV�H[DPSOHV�RI�WKH�URERW
V�FRQILJXUDWLRQV�
DQG�WKH�UDQJHV�RI�PRYHPHQWV�RI�HDFK�RI�WKH�VHJPHQWV��

Figure 5.41 Motion range of three segments. 

(DFK�VHJPHQW�LV�DFWXDWHG�LQGHSHQGHQWO\��VR�WKH�DFWXDWRUV�H[WHQG�ZLWKLQ�WKH�OHQJWK�RI�HDFK�
RQH� �WKH\� VWDUW� DQG� HQG� DW� WKH� WRS� DQG� ERWWRP� RI� VHJPHQWV��� 7KHUHIRUH�� FRQQHFWLRQ� SDUWV�
EHWZHHQ�VHJPHQWV�DUH�QHFHVVDU\�WR�VHFXUH�WKH�H[WUHPLWLHV�RI�HDFK�DFWXDWRU�SURSHUO\��7KHVH�
SDUWV�DUH�LQWHJUDWHG�ZLWKLQ�WKH�VLOLFRQH�ERG\�WR�DFKLHYH�D�FRPSDFW�GHVLJQ��

6PDOO�PDJQHWV�DUH�DUUDQJHG�DW�WKH�HQGV�RI�HDFK�VHJPHQW�WR�MRLQ�WKHP�WRJHWKHU�HDVLO\�DQG�
TXLFNO\���

5.3.1 Design 
7KH�PDLQ�HOHPHQWV�RI�WKH�GHVLJQ�DUH�WKH�ULJLG�HOHPHQWV�WKDW�DUH�LQWHJUDWHG�LQWR�WKH�VLOLFRQH�
ERG\��7KHVH�DUH�GLVFV�SULQWHG�E\�D��'�SULQWHU�LQ�3/$�DUUDQJHG�DW�WKH�HQGV�RI�HDFK�VHJPHQW�
)LJXUH� ������ 7KHVH� GLVFV� UHDOL]H� WKUHH� HVVHQWLDO� IXQFWLRQV�� ���� MRLQ� VHJPHQWV� WRJHWKHU�� ����
SURYLGH� WKH� ULJLG� VXSSRUW� QHFHVVDU\� WR� DQFKRU� WKH� HQGV� RI� WKH� 60$� VSULQJV�� DQG� ����
GHWHUPLQH�WKH�SRVLWLRQ�RI�WKH�FDYLWLHV�LQ�ZKLFK�ERWK�WKH�60$�VSULQJV�VXFK�DV�SRZHU�FDEOHV�
DUH�SODFHG���

(DFK�GLVF�SUHVHQWV��

x $�KROH�LQ�WKH�FHQWHU�IRU�WKH�FHQWUDO�FDYLW\�����PP�GLDPHWHU��
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x 1LQH� WKURXJK� KROHV� FRUUHVSRQGLQJ� WR� WKH� FDYLWLHV� RI� WKH� VLOLFRQH� ERG\� ��� PP
GLDPHWHU��

x 1LQH�KROHV�IRU�WKH�F\OLQGULFDO�PDJQHWV�WKDW�UHDOL]H�WKH�XQLRQ�V\VWHP�

x 7KUHH�FDYLWLHV�WR�SODFH�WKH�60$�DQFKRU�SDUWV��VWRSV��

x 

Figure 5.42 Discs 

7KH�WKUHH�VHJPHQWV�SUHVHQW�WKH�VDPH�DVVHPEO\��7KH�SURFHVV�WR�UHDOL]H�RQH�RI�WKHP�EHJLQV�
ZLWK� WKH�SODFHPHQW�RI� WKH�PDJQHWV�DQG�VWRSV�RQ� WKH�GLVFV��7KH�PDJQHWV�DUH�JOXHG�WR� WKH�
GLVFV�WR�HQVXUH�WKH\�GR�QRW�VHSDUDWH�GXULQJ�URERW�RSHUDWLRQ��2Q�WKH�RWKHU�KDQG��WKH�VWRSV�
FDQ�EH�UHPRYHG�ODWHU�WR�SODFH�VSULQJV��,Q�)LJXUH�������WKH�GHWDLO�RI�WKLV�LQLWLDO�DVVHPEO\�LV�
VKRZQ��(DFK�VHJPHQW�FRQWDLQV�WZR�GLVFV�ZLWK�WKH�HOHPHQWV�DUUDQJHG�DV�LQGLFDWHG��

Figure 5.43 Disc with magnets and stops (a) CAD model (b) Real disc 

7KHQ�QLQH�F\OLQGULFDO�URGV�SOXV�D�FHQWUDO�URG�DUH�DUUDQJHG�FRLQFLGLQJ�ZLWK�WKH�KROHV�LQ�WKH�
GLVFV��7KH�GLVFV�DUH� ORFDWHG�DW�WKH�URG
V�HQGV� WR�FRLQFLGH�ZLWK�WKH�KROHV� IRU�WKH�XSSHU�DQG�
ORZHU�GLVF�VWRSV��DV�VKRZQ�LQ)LJXUH�������

Figure 5.44 Rod and disc structure 
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7KH� VWUXFWXUH� LV� LQWURGXFHG� LQWR�D� F\OLQGULFDO�PROG� VHDOHG� DW� WKH� ERWWRP��ZKHUH� ODWHU� WKH�
VLOLFRQH� LV� SRXUHG�� 7KH� VLOLFRQH� XVHG� LV� WUDQVOXFHQW� SODWLQXP� VLOLFRQH�� 3ODWVLO� *(/��������
2QFH� WKH�VLOLFRQH� LV�GU\�� WKH�PROG� LV� UHPRYHG�DV� WKH�URGV�DQG�VWRSV��)LJXUH����VKRZV�WKH�
VLOLFRQH�FRYHUHG�VWUXFWXUH�RQFH�LW�KDV�FXUHG��)LJXUH������VKRZV�WKH�VLOLFRQH�VHJPHQW�ZLWKRXW�
DOO�WKHVH�HOHPHQWV���

Figure 5.45 The silicone segment 

7KH�SRVLWLRQV�LQ�ZKLFK�WKH�VWRSV�ZHUH�ORFDWHG�DUH�WKRVH�WKDW�KRXVH�WKH�60$�VSULQJV��6RPH�
QHZ�VWRSV�ZLOO�VWLOO�EH�SODFHG�LQ�WKH�ILUVW�RQHV��DV�LQGLFDWHG�LQ�)LJXUH�����WR�VHFXUH�VSULQJV��
)LQDOO\��WKH�SRZHU�FDEOHV��KLJKOLJKWHG�LQ�UHG�DQG�EODFN�LQ�)LJXUH�������DUH�DWWDFKHG�WR�HDFK�
RQH��$W� WKH� WRS�RI� WKH�VHJPHQW��HDFK�60$�VSULQJ� LV�DWWDFKHG�WR� WKH�SRZHU�VXSSO\��$W� WKH�
ERWWRP�� WKH� FDEOHV� UHWXUQ� IURP� HDFK� VSULQJ� WR� WKH� FRQQHFWLRQ� SRLQW� ZLWK� WKH� WUDQVLVWRU��
7KHVH�VHFRQG�FDEOHV�DUH�URXWHG�WKURXJK�WKH�FHQWUDO�FDYLW\�RI�WKH�VHJPHQW��XS�WR�WKH�WRS��

Figure 5.46 Power cables connection. 

2QFH� FRQQHFWHG� WR� WKH� ORZHU� PRGXOH�� WKH� SRZHU� FDEOHV� RI� WKH� WKUHH� 60$� VSULQJV� UXQ�
WKURXJK�WKH�WZR�XSSHU�VHJPHQWV���7KH�SRVLWLRQV�WKDW�WKH�VSULQJV�RFFXS\�ZLWKLQ�HDFK�RI�WKH�
PRGXOHV�DUH����GHJUHHV�RXW�RI�SKDVH��,W�LV�QHFHVVDU\�WR�HQVXUH�WKDW�WKH�SRZHU�FDEOHV�KDYH�
DQ�REVWDFOH�IUHH�SDVVDJH�WR�WKH�WRS�RI�WKH�VHW��

Manufacture of springs 

7KH�VSULQJV�XVHG�LQ�WKLV�ZRUN�ZHUH�PDQXIDFWXUHG�IURP�60$�FDEOH�WR�REWDLQ�VSULQJV�ZLWK�
FKDUDFWHULVWLFV�WKDW�PRVW�FORVHO\�DSSUR[LPDWH�WKH�GHVLJQ�UHTXLUHPHQWV��

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'

��62)7�52%27,&6�0$1,38/$7256



����

7KH�VSULQJV�WKDW�DFWXDWH�WKH�VLOLFRQH�VHJPHQWV�PXVW�PHHW�WZR�PDLQ�UHTXLUHPHQWV������WKH\�
FDQ�SHUIRUP�D�FRQWUDFWLRQ�WKDW�DOORZV�EHQG�VHJPHQWV�VLOLFRQH�WR�WKH�GHVLUHG�SRVLWLRQ��DQG�
��� WKH\�FDQ�GHYHORS�WKH�VWUHQJWK�QHFHVVDU\�WR�UHDOL]H�WKH�EHQGLQJ�PRYHPHQW�

7KH�VSULQJ
V�OHQJWK�QHHGV�WR�FRQWUDFW�LV�GLUHFWO\�UHODWHG�WR�WKH�OHQJWK�RI�WKH�VHJPHQW�LWVHOI�
DQG�ZLWK� WKH� DQJOH� EHQGLQJ�GHVLUHG��7KH� OHQJWK� RI� WKH� VHJPHQW� LV� ���PP��7KHUHIRUH� WKH�
VSULQJ�ZLOO�KDYH�D�OHQJWK�RI���PP�ZKHQ�WKH�VHJPHQW�LV�DW�UHVW��$����DQG����PP�FRQWUDFWLRQ�
LV� UHTXLUHG� WR� UHDFK� WKH�GHVLUHG� LQFOLQDWLRQ�EHWZHHQ����DQG����GHJUHHV��7KHVH�YDOXHV�DUH�
REWDLQHG� IURP� WKH� VDPH� WHVW� LQ�ZKLFK� WKH� OHQJWK�RI� WKH� VHJPHQW� LV� DQDO\]HG��$Q�DYHUDJH�
YDOXH�RI����PP�FRQWUDFWLRQ�LV�VHW�WR�SHUIRUP�WKH�FDOFXODWLRQV��

7KH�60$�ZLUH�VHOHFWHG� LV�D�1LWLQRO�ZLUH�ZLWK�D�GLDPHWHU�RI�����PP��'LIIHUHQW�WULDOV�ZLWK�
FDEOHV� RI� VPDOOHU� GLDPHWHUV� SURYLGH� QHJDWLYH� UHVXOWV� UHJDUGLQJ� WKH� QHFHVVDU\� IRUFH��:LUH�
ZLWK�JUHDWHU�GLDPHWHU�KDV�QRW�EHHQ�FRQWHPSODWHG�QRW�WR�LQFUHDVH�VHJPHQW�VL]H���

2QFH� WKH� SURSHU� FDOFXODWLRQV� KDYH� EHHQ� PDGH�� WKH� VSHFLILFDWLRQV� RI� WKH� VSULQJ� WR� EH�
PDQXIDFWXUHG�DUH�NQRZQ��7KH�ILUVW�VWHS�WR�PDQXIDFWXULQJ�D�VSULQJ�IURP�DQ�60$�FDEOH�LV�WR�
ZLQG�WKH�FDEOH�WR�JHW�WKH�DUUDQJHPHQW�LQ�WXUQV��WZR�FULPS�W\SH�SLHFHV�DUH�XVHG�DW�WKH�HQGV�
WR� VHFXUH� WKH� FDEOH� )LJXUH� ������ 7KH� SURFHVV� H[SODLQHG� LQ� >���@� KDV� EHHQ� WDNHQ� DV� D�
UHIHUHQFH�WR�UHDOL]H�WKLV�SURFHVV��:LWK�WKH�FDEOH�ZRXQG�RQ�WKH�URG�DQG�LWV�HQGV�VHFXUHG��WKH�
KHDW�WUHDWPHQW�LV�FDUULHG�RXW��,W�LV�QHFHVVDU\�WR�UDLVH�WKH�WHPSHUDWXUH�RI�WKH�60$�FDEOH�WR�
����GHJUHHV�IRU�LW�WR��PHPRUL]H��WKH�VSULQJ�DUUDQJHPHQW��:KHQ�WKH�WDUJHW�WHPSHUDWXUH�LV�
UHDFKHG�� LW� LV�PDLQWDLQHG� IRU����PLQXWHV�DQG�WKHQ�FRROHG� WR�URRP�WHPSHUDWXUH��:LWK� WKLV�
ODVW�SURFHVV��WKH�PDQXIDFWXUH�RI�WKH�60$�VSULQJV�LV�FRQFOXGHG���

Figure 5.47 Springs manufacture 

7KH� IROORZLQJ� FDOFXOXV� KDV� EHHQ� UHDOL]HG� WR� NQRZ� WKH� QHFHVVDU\� OHQJWK� RI� VSULQJV�� 7KH�
HTXDWLRQV�E\�ZKLFK�WKH�FDOFXODWLRQV�DUH�PDGH�FDQ�DOVR�EH�IRXQG�LQ�>���@��

ܨ ൌ �οݔ� ή ܭ ������

ܨ ൌ �
�ܩ ή �݀ସ � ή ݔ
ͺ� ή ଷܦ� � ή ܰ

������

:KHUH��

x οݔ ൌ ʹͷ�݉݉��LV�WKH�HORQJDWLRQ�RI�WKH�VSULQJ�

x ܨ ൌ ͻͺͳ�ܰ� LV�WKH�HORQJDWLRQ�IRUFH�XVHG��,W� LV�DQ�H[SHULPHQWDO�DSSUR[LPDWLRQ�RI�WKH
IRUFH�WKDW�SHUIRUPV�WKH�VLOLFRQH�VHJPHQW�WR�UHWXUQ�WR�LWV�UHVWLQJ�SRVLWLRQ�

x \�LV�WKH�VSULQJ�FRQVWDQW�RI�HODVWLFLWܭ

x ܩ ൌ ͳͲǤͺ�ͳͲଽ �ܰ ݉ଶൗ � LV� WKH� VKHDU�PRGXOXV� RI� WKH�PDWHULDO�ZLWK�ZKLFK� WKH� VSULQJ� LV
PDQXIDFWXUHG

x ݀ ൌ�����PP�LV�WKH�GLDPHWHU�RI�WKH�ZLUH�ZLWK�ZKLFK�WKH�VSULQJ�LV�PDQXIDFWXUHG

x ܦ ൌ���PP�LV�WKH�RXWHU�GLDPHWHU�RI�WKH�VSULQJ

x ܰ�LV�WKH�QXPEHU�RI�WXUQV�RI�WKH�VSULQJ�
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)URP�WKH�HVWDEOLVKHG�SDUDPHWHUV��XVLQJ�HTXDWLRQ��������LW�FDQ�EH�GHGXFHG�WKDW��

ܭ ൌ ͵ͻʹͶͲ�ܰ ݉ൗ ������

:LWK� WKH� HODVWLFLW\� FRQVWDQW� REWDLQHG� DQG� HTXDWLRQ� ������� WKH� QXPEHU� RI� WXUQV� FDQ� EH�
FDOFXODWHG��

ܰ ൌ ͵͵Ǥ� ؆ ͵Ͷݏ݊ݎݑݐ� ������

7KH�OHQJWK�WR�ZKLFK�WKHVH����WXUQV�VKRXOG�H[WHQG�LV��

οݔ ൌ ݈ െ� ݈� ൌ ͺͲ� െ� ݈� ൌ ʹͷ�݉݉� ՜ � ݈� ൌ ͷͷ�݉݉� ������

7KH�OHQJWK�RI�FDEOH�XVHG�LQ�WKH�PDQXIDFWXUH�RI�WKLV�VSULQJ�LV��

�ߨ ή �݀௩� ൌ � ்݈௨� ՜ ߨ ή ͵� ؆ ͻǤͷ�݉݉� ������

7KH��݀௩��LV�WKH�PHDQ�VSULQJ�GLDPHWHU��7KHUHIRUH��WKH�OHQJWK�RI�WKH�FDEOH�XVHG�LQ�WKLV�VSULQJ�
LV��

ͻǤͷ�݉݉� ή ͵Ͷ ൌ ݈ܾ݁ܽܿ�݂�݉݉�͵ʹ͵ ������

Diameter justification 

7KH�WKLFNQHVV�RI�WKH�ZDOOV�LV��PP�WR�DFKLHYH�WKH�PD[LPXP�SRVVLEOH�EHQGLQJ��:DOOV�DUH�WKH�
DUHDV�EHWZHHQ�WKH�FDYLWLHV�DQG�WKH�H[WHULRU�RI� WKH�VLOLFRQH�ERG\�RU� WKH�SHULSKHUDO�FDYLWLHV�
DQG� WKH� FHQWUDO� FDYLW\�� $FKLHYLQJ� D� WKLFNQHVV� RI� OHVV� WKDQ� �� PP� LV� FRPSOLFDWHG� LQ� WKH�
PDQXIDFWXULQJ�SURFHVV�VLQFH�WKH�PROGV�FDQQRW�EH�SHUIHFWO\�DOLJQHG��,Q�DGGLWLRQ��D�PLQLPDO�
ZDOO�WKLFNQHVV�FRXOG�QRW�VXSSRVH�WKH�GHVWUXFWLRQ�RI�WKH�VHJPHQW�EHIRUH�PLQRU�FXWV�GHULYHG�
IURP� LWV�PDQLSXODWLRQ��2Q�WKH�RWKHU�KDQG��D�JUHDWHU� WKLFNQHVV� LPSOLHV�PRUH�UHVLVWDQFH� WR�
EHQGLQJ�WKH�VHJPHQW��ZKLFK�LPSOLHV�D�PRUH�VLJQLILFDQW�HIIRUW�IRU�WKH�VSULQJV��

$QRWKHU�GHWHUPLQLQJ�IDFWRU� LV�WKH�IRUFH�WKDW�WKH�PDJQHWV�KDYH�WR�ZLWKVWDQG��,Q�D�VWDWH�RI�
UHVW��WKH�PDJQHWV�PXVW�HQVXUH�WKDW�WKH�VHJPHQWV�DUH�DWWDFKHG��,Q�WKLV�FDVH��WKH�IRUFH�WKH\�
KDYH� WR� VXSSRUW� LV� WKH�ZHLJKW� RI� WKH� VHJPHQWV�KDQJLQJ� IURP� WKHP��(DFK�VHJPHQW�ZHLJKV�
DERXW� ��� JUDPV��'XULQJ� WKH� URERW
V� RSHUDWLRQ�� WKH� IRUFHV� JHQHUDWHG� WHQG� WR� VHSDUDWH� WKH�
SRLQWV�RI�XQLRQ��7KHUHIRUH�� LW� LV�QHFHVVDU\� WR�GLVWULEXWH� WKH� MXQFWLRQ�SRLQWV� RQ� WKH�FRQWDFW�
VXUIDFHV�VR�WKDW�WKH�HIIRUW�LV�GLVWULEXWHG�DPRQJ�VHYHUDO�SRLQWV�DQG�QRW�FRQFHQWUDWHG�RQ�MXVW�
RQH��$W�WKH�VDPH�WLPH��LW�PXVW�EH�HQVXUHG�WKDW�WKH�VHJPHQWV�FDQ�EH�VHSDUDWHG�FRPIRUWDEO\�
ZLWKRXW� GDPDJLQJ� WKH� HOHPHQWV�� 'XH� WR� WKLV�� WKH� PDJQHWV� FDQQRW� SUHVHQW� D� WRR� JUHDW�
ERQGLQJ� IRUFH�� $IWHU� FDUU\LQJ� RXW� GLIIHUHQW� WHVWV� ZLWK� GLIIHUHQW� QXPEHUV� RI� PDJQHWV�
GLVWULEXWHG�RYHU�WKH�FRQWDFW�VXUIDFH�EHWZHHQ�WKH�VHJPHQWV��LW�ZDV�FRQFOXGHG�WKDW�WKH�EHVW�
VROXWLRQ� ZDV� WR� GLVWULEXWH� VPDOO� F\OLQGULFDO� PDJQHWV�� 7KH� VSDFH� VHOHFWHG� WR� ORFDWH� WKH�
PDJQHWV� LV� WKH� RQH� EHWZHHQ� WKH� FDYLWLHV� RI� WKH� VHJPHQWV�� 1HRG\PLXP� PDJQHWV� ZLWK� D�
GLDPHWHU� RI� �PP� DQG� D� KHLJKW� RI� �PP� KDYH� DQ� DWWUDFWLYH� IRUFH� RI� ���� J�� 1LQH� RI� WKHVH�
PDJQHWV�GLVWULEXWHG�RQ�WKH�FRQWDFW�VXUIDFH�EHWZHHQ�WKH�VHJPHQWV�HQVXUH�WKDW�WKH�VHJPHQWV�
DUH�MRLQHG�GXULQJ�WKH�URERW
V�RSHUDWLRQ��

7KH�RXWHU�GLDPHWHU�RI�WKH�60$�VSULQJV�LV��PP��$FFRUGLQJ�WR�WKLV��WKH�60$�VSULQJV
�FDYLWLHV�
PXVW�KDYH�D�GLDPHWHU�JUHDWHU�WKDQ�WKH�VSULQJV�WR�HQVXUH�WKHLU�FRUUHFW�FRQWUDFWLRQ��+HQFH��
FDYLWLHV�PXVW�KDYH�D�GLDPHWHU�RI���PP�WR�HQVXUH�FRUUHFW�RSHUDWLRQ��

$OO� WKH� GLPHQVLRQV� VWDWHG� DERYH� DUH� UHIOHFWHG� LQ� WKH� GLVFV� SODFHG� DW� WKH� HQGV� RI� WKH�
VHJPHQWV�� %RWK� JLYH� WKH� MXVWLILFDWLRQ� RI� WKH� GLDPHWHU� RI� WKH� VHJPHQWV� IRU� WKH� VL]H� RI� WKH�
GLVFV��.HHS�LQ�PLQG�WKDW� WKH�GLVFV�DUH�VXUURXQGHG�E\�VLOLFRQH��VR� WR�WKH�RXWHU�GLDPHWHU�RI�
WKH�GLVF�����PP���LW�LV�QHFHVVDU\�WR�DGG���PP�FRUUHVSRQGLQJ�WR�WKH�WKLFNQHVV�RI�WKH�RXWHU�
ZDOOV��ZKLFK�PDNHV�WKH�RXWHU�GLDPHWHU�RI�WKH�VHJPHQWV����PP��

Justification of segment length 
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7KH�VHJPHQW
V�OHQJWK�PXVW�FRPSURPLVH�WKH�GHVLUHG�LQFOLQDWLRQ�DW�WKH�IUHH�HQG�RI�D�VHJPHQW�
DQG�WKH�IRUFH�WKDW�WKH�60$�VSULQJV�FDQ�GHYHORS��$�VHJPHQW�ZLWK�WKH�VDPH�FKDUDFWHULVWLFV�
DV� WKH� RQH� H[SRVHG� ZDV� EXLOW� DQG� WHVWHG� WR� HQFRXQWHU� WKLV� YDOXH�� 7KH� WHVW� FRQVLVWV� RI�
VXEMHFWLQJ�WKLV�VHJPHQW�WR�WKH�IRUFHV�RI�EHQGLQJ�UHDOL]HG�WKURXJK�GLIIHUHQW�PDVVHV��)RU�WKLV��
WKUHDGV�DUH� LQWURGXFHG� WKURXJK� WKH� FDYLWLHV� LQ� WKH� VDPH�ZD\� WKH\�ZLOO�EH� DUUDQJHG�60$�
VSULQJV� �WKUHH�ZLUHV� VSDFHG�����GHJUHHV���2QH�HQG�RI� HDFK� WKUHDG�ZLOO�EH�DWWDFKHG� WR� WKH�
VHJPHQW
V�ERWWRP��ZKLOH�WKH�RWKHU�HQG�ZLOO�FRPH�RXW�WKURXJK�WKH�VHJPHQW
V�WRS��7ZR�RI�WKH�
ZLUHV�HQVXUH�WKH�UHVW�SRVLWLRQ�RI�WKH�VHJPHQW��ZKLOH�WKH�WKLUG�SUHVHQW�D�PDVV�WR�EHQG�WKH�
VHJPHQW��7KH�UHVXOWDQW�EHQGLQJ�LV�D�IXQFWLRQ�RI�WKH�PDVV�DQG�OHQJWK�RI�WKH�VHJPHQW��

7KH�OHQJWK�YDULDWLRQ�RI�WKH�VHJPHQW� LV�DFKLHYHG�E\�UHPRYLQJ�D�FHUWDLQ�DPRXQW�RI�VLOLFRQH�
IRU�HDFK�WULDO��7KHUHIRUH��LW�LV�D�GHVWUXFWLYH�WHVW��7KH�PDVVHV�YDU\�IURP���WR������JUDPV�DW�
���JUDP�LQWHUYDOV��(DFK�VHJPHQW�LV�WHVWHG�WKUHH�WLPHV�ZLWK�DOO�PDVVHV��EHQGLQJ�HDFK�WLPH
LQ�D�GLIIHUHQW�VHJPHQW�RULHQWDWLRQ��5HSHDWLQJ�WKH�WHVW�LQ�GLIIHUHQW�GLUHFWLRQV�RI�WKH�VHJPHQW
DOORZV� PLQLPL]LQJ� HUURUV� GXH� WR� WKH� PDQXIDFWXUH� RI� WKH� ERG\� RI� VLOLFRQH�� 7KH� PHDQ
LQFOLQDWLRQ�YDOXHV�REWDLQHG�IURP�WKH�WKUHH�WHVWV�SHUIRUPHG�IRU�HDFK�OHQJWK�DUH�SUHVHQWHG�LQ
)LJXUH������

Figure 5.48 Tests segment length 

7KH�FXUYHV�UHODWH�WKH�IRUFH�H[HUWHG�E\�WKH�PDVV�WR�WKH�LQFOLQDWLRQ�RI�WKH�HQG�RI�WKH�VHJPHQW��
(DFK�OLQH�VKRZV�D�GLVFRQWLQXLW\�IURP�FHUWDLQ�YDOXHV��7KLV�GLVFRQWLQXLW\�FRUUHVSRQGV�WR�WKH�
DSSHDUDQFH� RI� IROGV� LQ� WKH� VLOLFRQH� VHJPHQW� �)LJXUH� ������� 'XH� WR� WKHVH� IROGV�� WKH�
UHODWLRQVKLS� EHWZHHQ� WKH� PDVV� DQG� WKH� VHJPHQW� LQFOLQDWLRQ� FHDVHV� WR� EH� SURJUHVVLYH��
SURYRNLQJ�D�VXGGHQ�FKDQJH�LQ�WKH�VHJPHQW�LQFOLQDWLRQ��
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Figure 5.49 (a) controlled bending of the segment b) Appearance of folds at the base of the segment. c) 
Fully bent segment with folds 

7KH�VHJPHQWV
�OHQJWKV�YDU\�IURP�����PP�WR����PP��UHGXFLQJ����PP�HDFK�WLPH��7KH�WHVWV�
FDUULHG� RXW� VKRZ� WKDW�ZKHQ� WKH� OHQJWK� RI� WKH� VHJPHQW� LV� UHGXFHG�� WKH� IROGV� DSSHDU�ZLWK�
OHVVHU� IRUFHV�� 6LQFH� IRU� WKH� ���PP� VHJPHQW�� LW� LV� QRW� SRVVLEOH� WR� EHQG� WKH� VHJPHQW� RI� ���
GHJUHHV�ZLWK�VWDEOH�EHKDYLRU��LW�PDNHV�QR�VHQVH�WR�UHGXFH�PRUH�WKH�VHJPHQW�OHQJWK��

$FFRUGLQJ�WR�WKH�GDWD��WKH�PLQLPXP�OHQJWK�WR�UHDFK�DQ�LQFOLQDWLRQ�RI�������GHJUHHV�EHIRUH�
WKH�DSSHDUDQFH�RI� IROGV� LV����PP��$�PDVV�RI�EHWZHHQ�����DQG�����JUDPV� LV�QHFHVVDU\� WR�
UHDFK�WKH�GHVLUHG�LQFOLQDWLRQ���

Electronics 

�7KH�HOHPHQWV�XVHG�DUH�7ZR�$UGXLQR�812�ERDUGV����,5)����1�026)(7�WUDQVLVWRUV������.�
UHVLVWRUV����60$�VSULQJV��DQG�D���9�DQG���$�SRZHU�VXSSO\��

$V�VKRZQ�LQ�WKH�GLDJUDP�LQ�)LJXUH�������WKH�VDPH�VWUXFWXUH�LV�XVHG�QLQH�WLPHV�IRU�WKH�QLQH�
VSULQJV���,W�LV�QHFHVVDU\�WR�SRLQW�RXW�WKDW�WZR�DPSHUHV�DUH�QHFHVVDU\�WR�DFWLYDWH�HDFK�VSULQJ��
VR� RQO\� XS� WR� D�PD[LPXP� RI� �� VSULQJV� FDQ� EH� DFWLYDWHG� LQ� HDFK�PRYHPHQW�� WZR� IRU� HDFK�
VHJPHQW��:LWK� WKLV�� LW� LV� FRQFOXGHG� WKDW� WKH� SRZHU� VXSSO\� FDSDEOH� RI� GHOLYHULQJ� XS� WR� ���
DPSV�LV�HQRXJK�WR�SRZHU�WKH�URERW��

Figure 5.50 Electric circuit 
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7KHUH� DUH� GLIIHUHQW� PHWKRGV� IRU� DFWLYDWLQJ� 60$� DFWXDWRUV�� ,Q� WKLV� FDVH�� 026)(7�
WUDQVLVWRUV�FRQQHFWHG�WR�WKH�SRZHU�VXSSO\�DQG�FRQWUROOHG�E\�D�3:0�VLJQDO�FRPLQJ�IURP�WKH�
$UGXLQR� 8QR� ERDUGV� DUH� XVHG�� 3:0� RXWSXWV� DOORZ� PRGXODWLQJ� WKH� RXWSXW� SXOVH� WR� DQ�
LQWHUPHGLDWH�YROWDJH�EHWZHHQ���DQG����7KH�RXWSXW�VLJQDO�IURP�HDFK�RI�WKH�3:0�SLQV�FRPHV�
IURP�WKH�SURJUDPPLQJ�LPSOHPHQWHG�LQ�WKH�FHQWUDO�FRPSXWHU��$V�SUHYLRXVO\�LQGLFDWHG��HDFK�
3:0�DFWLYDWLRQ�VLJQDO�LV�FRQQHFWHG�WR�WKH�LQSXW�RI�WKH�026)(7�WUDQVIRUPHU��,Q�WKLV�ZD\��
WKH� FXUUHQW� WKDW�SDVVHV� IURP� WKH� VRXUFH� WR� WKH�GUDLQ� FDQ�EH� FRQWUROOHG��7KLV� VRXUFH�GUDLQ�
FXUUHQW� LV� WKH� RQH� WKDW� FLUFXODWHV� WKURXJK� WKH� 60$� VSULQJ�� VR� LW� LV� WKH� RQH� WKDW� DOORZV�
VSULQJV�WR�UHDFK�WKHLU�DFWLYDWLRQ�WHPSHUDWXUH����� �&�LQ�WKLV�FDVH���$OO�WKHVH�HOHPHQWV�KDYH�
EHHQ�SODFHG�DV�LQGHSHQGHQW�EORFNV�RQ�D�3&%�ERDUG���

5.3.2 Open-loop control 
Vision system 

$�YLVLRQ�V\VWHP�FDSDEOH�RI�GHWHFWLQJ�WKH�GLIIHUHQW�SRVLWLRQV�RI�WKH�URERW
V�VHJPHQWV�DQG�WKH�
HQG�HIIHFWRU�ZDV�LPSOHPHQWHG�WR�NQRZ�LI� WKH�PRYHPHQWV�SHUIRUPHG�E\�WKH�URERW�PHHW�WKH�
LQLWLDO�VSHFLILFDWLRQV��

7KH�LGHD�RI�SRVLWLRQLQJ�IOH[LRQ�VHQVRUV�RQ�WKH�RXWHU�ZDOOV�RI�WKH�URERW�ZDV�GLVFDUGHG�QRW�WR�
DGG� UHVLVWDQFH� WR� WKH� ERG\� DQG� VR� GLIILFXOWLQJ� EHQG� PRYHPHQW�� 2Q� WKH� RWKHU� KDQG�� WKH�
LQWHUSUHWDWLRQ�RI�WKH�YDULDWLRQ�RI�WKH�UHVLVWDQFHV�ZLWK�WKH�EHQGLQJ�ZLOO�EH�FRPSOH[�DQG�ZLOO�
QRW�SURYLGH�LQIRUPDWLRQ�RQ�WKH�SRVLWLRQ�RI�WKH�HQGV�RI�WKH�VHJPHQWV��

Figure 5.51 Vision system setup 

,W�ZDV�GHFLGHG�WR�DUUDQJH�PDUNV�RQ�WKH�URERW�WR�FDOFXODWH�WKH�SRVLWLRQV�WKDW�LW�FDQ�DFKLHYH��
$V�WKH�URERW�FDQ�SHUIRUP�PRYHPHQWV�LQ�WKUHH�GLPHQVLRQV��WZR�FDPHUDV�ZHUH�XVHG�WR�REWDLQ�
WZR� GLIIHUHQW� SHUVSHFWLYHV� RI� WKH� URERW�� (DFK� RI� WKH� FDPHUDV� FDSWXUHV� WKH� URERW
V�
GLVSODFHPHQW�LQ�WKH�FRUUHVSRQGLQJ�SODQH��DV�VKRZQ�LQ�)LJXUH�������7KH�GDWD�REWDLQHG�IURP�
HDFK�FDPHUD�DUH�SXW�LQ�FRPPRQ�WR�REWDLQ�WKH�SRVLWLRQ�RI�WKH�PDUNV�FRQFHUQLQJ�D�UHIHUHQFH�
V\VWHP�ORFDWHG�LQ�WKH�XSSHU�SDUW�RI�WKH�URERW��7KH�PDUNV�DUH�ULQJV�VXUURXQGLQJ�WKH�HQGV�RI�
WKH�VHJPHQWV��,Q�FDSWXUHG�LPDJHV�E\�WKH�FDPHUDV��WKHVH�ULQJV�DUH�SHUFHLYHG�DV�UHFWDQJOHV��
%\� WUHDWLQJ� WKH� LPDJHV�� LW� LV� SRVVLEOH� WR� GHWHUPLQH� WKH� UHFWDQJOH� D[LV� LQFOLQDWLRQ�� DQG�
WKHUHIRUH� WKH� LQFOLQDWLRQ� RI� WKH� HQG� RI� WKH� VHJPHQW�� 7KH� YLVLRQ� V\VWHP� KDV� EHHQ�
LPSOHPHQWHG�LQ�0DWODE��
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(DFK� VHJPHQW� FRQVLVWV� RI� WKUHH� VSULQJV�� VR� WKH� FRPELQDWLRQ� RI� WKHLU�PRYHPHQWV� VHWV� WKH�
GLIIHUHQW� SRVLWLRQV� WKDW� WKH� URERW
V� HQG�HIIHFWRU� FDQ� UHDFK�� 6LQFH� H[SHULPHQWV� KDYH� EHHQ�
UHDOL]HG� ZLWK� RQO\� WZR� VHJPHQWV�� ��� GLIIHUHQW� SRVLWLRQV� FDQ� EH� UHDOL]HG�� 7KHVH� SRVLWLRQV�
UHVXOW� IURP�FRPELQLQJ� WKH� VHYHQ�SRVLWLRQV� �FRXQWLQJ� WKH� UHVW�SRVLWLRQ�� WKDW� FDQ� UHDFK� WKH�
ILUVW� VHJPHQW�E\�DFWLYDWLQJ� LWV� VSULQJV� LQGLYLGXDOO\� RU�QRW�ZLWK� WKH� VHYHQ�SRVLWLRQV�RI� WKH�
VHFRQG�VHJPHQW��)LJXUH������VKRZV�H[DPSOHV�RI�WKH�WHVW�SHUIRUPHG��

Figure 5.52 Tests 

$V�VKRZQ�LQ�)LJXUH�������WKH�DFWLYDWLRQ�RI�WKH�VSULQJV�SURGXFHV�D�IROG�LQ�WKH�VLOLFRQH�ERG\�
LQVWHDG� RI� PDNLQJ� D� XQLIRUP� EHQGLQJ�� 7KLV� HIIHFW� ZDV� DQDO\]HG� LQ� SUHYLRXV� WULDOV� DQG�
KLJKOLJKWHG� WKH� GLIILFXOW\� RI� REWDLQLQJ� D� UHOLDEOH�PRGHO� RI� WKH� SUHVHQWHG� URERW��2I� DOO� WKH�
WHVWV�FDUULHG�RXW��WKH�GLIIHUHQW�SRVLWLRQV�RI�WKH�HQG�HIIHFWRU�DUH�VKRZQ�LQ�WKH�JUDSK�LQ�)LJXUH�
������

Figure 5.53 Folds in the silicon body during actuation. 
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Figure 5.54 Free-end positions 

,Q� WKH�;<� SODQH�� WKH� HQG� HIIHFWRU� FDQ� UHDOL]H� D�PD[LPXP�GLVSODFHPHQW� RI� ���PP� LQ� WKH�
GLUHFWLRQ�QHJDWLYH�RI�WKH�;�D[LV�DQG�D�PD[LPXP�GLVSODFHPHQW�RI����PP�LQ�WKH�SRVLWLYH�RQH��
5HJDUGLQJ�WKH�<�D[LV�� WKH�GLVSODFHPHQW� LQ�WKH�QHJDWLYH�GLUHFWLRQ�RI�WKH�D[LV�FDQ�UHDFK����
PP��ZKLOH�LQ�WKH�SRVLWLYH�GLUHFWLRQ��LW�UHDFKHV����PP��&RQFHUQLQJ�WKH�=�D[LV��HVWDEOLVKLQJ�D�
PLQLPXP�KHLJKW�RI�����PP�FRUUHVSRQGLQJ�WR�WKH�URERW
V�SRVLWLRQ�DW�UHVW��WKH�DFWLRQ�RI�WKH�
VSULQJV�FDQ�UDLVH�WKH�HQG�HIIHFWRU�WR�����PP��WKDW�LV��FDQ�UHDOL]H�D���PP�RIIVHW��

Figure 5.55 First end segment positions 

,Q�DGGLWLRQ��)LJXUH������VKRZV�WKH�VHYHQ�SRVLWLRQV�DVVXPHG�E\�WKH�HQG�RI�WKH�ILUVW�VHJPHQW��
,W�LV�QHFHVVDU\�WR�HPSKDVL]H�WKDW�WKH�VSULQJV�RI�WKH�ILUVW�VHJPHQW�PXVW�RYHUFRPH�WKH�IRUFH�
QHFHVVDU\� WR� EHQG� WKLV� VHJPHQW� DQG� UDLVH� WKH� VHFRQG� VHJPHQW�� 'XH� WR� WKLV�� WKH� WRWDO�
GLVSODFHPHQW�RI�WKH�ILUVW�VHJPHQW�LV�OHVV�WKDQ�WKDW�RI�WKH�URERW
V�HQG�HIIHFWRU��,W�UHDOL]HV�D����
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DQG���PP�GLVSODFHPHQW� LQ�WKH�;�D[LV�DQG����DQG����PP�LQ�WKH�<�D[LV��,Q�WKH�FDVH�RI�WKH�
ILUVW� VHJPHQW�� WKH� ORZHU� ERXQG� RQ� WKH� =�D[LV� LV� ���PP�� DQG� WKH�PD[LPXP�GLVSODFHPHQW�
REVHUYHG�LV���PP�LQ�WKH�GLUHFWLRQ�XSZDUG��0RUHRYHU��WKH�LQFOLQDWLRQ�WKDW�WKH�ILUVW�VHJPHQW�
FDQ�UHDFK�LV�OHVV�WKDQ�WKDW�RI�WKH�VHFRQG��SUHVHQWLQJ�D�PD[LPXP�DQJOH�RI����GHJUHHV��7KH�
HQG�RI�WKH�VHFRQG�VHJPHQW�UHDFKHV����GHJUHHV�LQFOLQH�ZLWK�WKH�ILUVW�VHJPHQW�DW�UHVW��

2QFH�WKH�SRVLWLRQV�KDYH�EHHQ�GHWHUPLQHG��D�PDWUL[�LV�JHQHUDWHG��,W�UHODWHV�WKH�HQG�HIIHFWRU�
SRVLWLRQV� ZLWK� WKH� VSULQJV� WKDW� QHHG� WR� EH� DFWXDWHG� WR� PRYH�� 7KHUHIRUH�� WKH� FRQWURO�
SHUIRUPHG�LV�DQ�RSHQ�ORRS�FRQWURO�LQ�ZKLFK�WKH�SRVLWLRQV�DUH�IRXQG�GHIDXOW��

$V�WKH�JUDSKV�RI�WKH�UDQJH�RI�PRYHPHQWV�UHSUHVHQW��WKHUH�LV�QR�QRUPDOL]DWLRQ�RI�WKH�UDQJH�
LQ� GLIIHUHQW� GLUHFWLRQV�� ,W� LV� EHFDXVH� WKH� VSULQJV� LQFOXGHG� LQ� HDFK� VHJPHQW� GR� QRW� DOZD\V�
H[HUW�WKH�VDPH�IRUFH��7R� WKLV�HIIHFW� LV�DGGHG�WKH�VLOLFRQH�EHKDYLRU�RI�WKH�ERG\��ZKLFK�PD\�
DSSHDU�IROGV�WKDW�PDNH�WKH�UHVXOWLQJ�SRVLWLRQ�YDU\��

Interface and operation 

7KH�LQWHUIDFH�DLPV�WR�VKRZ�UHDO�WLPH�LQIRUPDWLRQ�RQ�WKH�URERW
V�VWDWXV��LW�DOVR�DOORZV�XVHUV�
WR�HVWDEOLVK�WKH�RUGHUV�RI�PRYHPHQWV�GHVLUHG��

%\�VXSHULPSRVLQJ�GRWV�RQ�WKH�LPDJHV�FDSWXUHG�E\�ERWK�FDPHUDV��LW�LV�SRVVLEOH�WR�YHULI\�WKDW�
WKH�YLVLRQ�V\VWHP�FRUUHFWO\�FDSWXUHV�DQG�LQWHUSUHWV�WKH�PDUNV�SODFHG�RQ�WKH�URERW��

%RWK� LPDJHV� DUH� SUHVHQWHG� LQ� WKH� LQWHUIDFH� WR� WUDFN� WKH� URERW� IURP� ERWK� SRLQWV� RI� YLHZ�
�)LJXUH��������7KH�LQIRUPDWLRQ�RQ�WKH�SRVLWLRQ�RI�WKH�PDUNV�LV�SUHVHQWHG�LQ�WKH�GDWD�WDEOH��,W�
LV�DOVR�YLVLEOH�WKH�LQFOLQDWLRQ�RI�WKH�HQG�RI�HDFK�RI�WKH�VHJPHQWV��

Figure 5.56 User interface 

,Q�WKH�LQWHUIDFH��WKHUH�DUH�WZR�PHQXV��WKH�XVHU�DQG�WKH�'HYHORSPHQW�PHQX��7KH�8VHU�PHQX�
�)LJXUH� ����� �D��� DOORZV� VHOHFWLQJ� D� SRLQW� IURP� WKH� ��� WKDW� WKH� URERW� FDQ� UHDFK�� 2QFH�
VHOHFWHG�� WKH� 0RYH� EXWWRQ� DFWLYDWHV� WKH� VSULQJV� QHHGHG� WR� EULQJ� WKH� URERW
V� HQG� WR� WKH�
GHVLUHG� SRLQW�� 7KH� UHODWLRQVKLS� EHWZHHQ� WKH� SRLQWV� WR�ZKLFK� WKH� URERW� FDQ�PRYH� DQG� WKH�
VSULQJV�QHFHVVDU\�WR�DFWLYDWH�ZDV�HVWDEOLVKHG�LQ�WKH�SRVLWLRQ�PHQWLRQHG�DERYH�PDWUL[��7KH�
'HYHORSPHQW� PHQX� �)LJXUH� ����� �E��� DOORZV� XVHUV� WR� VHOHFW� WKH� VSULQJV� WR� DFWXDWH�
LQGHSHQGHQWO\��
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Figure 5.57 (a) User and (b) development menus 

6LQFH�WKH�GHVWLQDWLRQ�SRLQWV�DUH�NQRZQ��WKH�SRVVLEOH�GLVFUHSDQF\�EHWZHHQ�WKH�VHOHFWHG�SRLQW�
DQG� WKH� SRVLWLRQ� UHIOHFWHG� LQ� WKH� GDWD� WDEOH� ZLOO� EH� GXH� WR� WKH� HUURU�PDGH� E\� WKH� YLVLRQ�
V\VWHP��

5.3.3 Towards a closed-loop control 
$V� H[SODLQHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� WKH� ILUVW� FRQWURO� RI� 5XᐻQ�ZDV� DQ� RSHQ�ORRS� FRQWURO��
&RQVHTXHQWO\��LW�ZDV�QHFHVVDU\�WR�LPSURYH�LW�DQG�UHDOL]H�D�FORVHG�ORRS�FRQWURO��7KLV�FRQWURO�
DOORZV� XVHUV� WR� VHQG� WKH� URERW
V� HQG�HIIHFWRU� WR� D� GHVWLQDWLRQ�ZLWKRXW� NQRZLQJ� KRZ� HDFK�
VHJPHQW�QHHGV�WR�PRYH�WR�UHDFK�WKH�ILQDO�SRVLWLRQ��)LUVW�RI�DOO�� LW�ZDV�QHFHVVDU\�WR�UHDOL]H�
WKH� NLQHPDWLF� PRGHOLQJ� RI� WKH� URERW� DQG� NQRZ� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� DFWXDWRUV
�
DFWLRQV�DQG�WKH�UHVXOWLQJ�DUF�FXUYDWXUH�RI�WKH�URERW���7KLV�LQIRUPDWLRQ�ZLOO�EH�XVHG�WR�IHHG�D�
QHXUDO�QHWZRUN�DQG� UHDOL]H� WKH� FRQWURO�� �7KUHH� WHFKQLTXHV�KDYH�EHHQ�HPSOR\HG� WR� UHDOL]H�
WKLV� ZRUN�� WKH� 3LHFHZLVH� &RQVWDQW� &XUYDWXUH� �3&&�� NLQHPDWLFV�� ILQLWH� HOHPHQW� DQDO\VLV�
�)($���DQG�DUWLILFLDO�QHXUDO�QHWZRUNV��$11����

7KH� VWDUWLQJ� SRLQW�ZDV� WKH�PDSSLQJ� SURSRVHG� E\� >���@� LQ� FRQVWDQW� FXUYDWXUH� NLQHPDWLFV�
DQG� VKRZQ� LQ� )LJXUH� ������ 7KH� 3&&� DSSURDFK� DOORZV� IRU� VLPSOLILFDWLRQV� LQ� NLQHPDWLF�
PRGHOLQJ�DV�H[SODLQHG� LQ�6HFWLRQ��������EXW��DV� LQ�.\PD
V� FDVH��QHFHVVDU\�DVVXPSWLRQV� WR�
XVH� WKLV� PHWKRG� GR� QRW� VLJQLILFDQWO\� DIIHFW� WKH� ILQDO� PRGHO�� 0RUHRYHU�� WKDQNV� WR� WKHVH�
DVVXPSWLRQV�� ZH� ZRUN�ZLWK�PRGXODU� NLQHPDWLF� WUDQVIRUPDWLRQV� WKDW� FDQ� EH� GHFRPSRVHG�
LQWR� WZR� VHSDUDWH� PDSSLQJV�� RQH� IURP� WKH� DFWXDWRU� VSDFH� WR� FRQILJXUDWLRQ� VSDFH� DQG�
DQRWKHU�IURP�FRQILJXUDWLRQ�VSDFH�WR�WDVN�VSDFH���

Figure 5.58 Mappings in constant curvature kinematics [364] 

$V� VKRZQ� LQ� )LJXUH� ������ WKH� ILUVW� PDSSLQJ� LQYROYHV� WKH� WUDQVIRUPDWLRQ� RI� WKH� DFWXDWRU�
VSDFH� �� WRZDUGV� WKH� FRQILJXUDWLRQ� VSDFH� ZKRVH� SDUDPHWHUVࡷ��� �� �ࡿ GHVFULEH� WKH� DUFV� RI�
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FRQVWDQW� FXUYDWXUH��7KH� VHFRQG�PDSSLQJ� LQYROYHV� WKH� WUDQVIRUPDWLRQ�RI� WKH�FRQILJXUDWLRQ�
VSDFH�WR�WKH�WDVN�VSDFH࢞���ZKLFK�GHVFULEHV�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�ERWK�WKH�EDFNERQH�
DQG�WKH�WLS�RI�WKH�URERW��

7KH� DFWXDWRU� VSDFH� � LV� UHSUHVHQWHG� E\� WKH� YDULDEOHV� WKDW� GHVFULEH� WKH� DFWLRQ� RI� WKH�
DFWXDWRUV��OHQJWK�RI�WKH�FDEOHV�IRU�D�WHQGRQ�GULYHQ�URERW�RU�SUHVVXUH�OHYHO�IRU�D�SQHXPDWLF�
RQH���,Q�WKH�FDVH�RI�5XDQ��WKH�DFWXDWRU�VSDFH�� FRQVLVWV�RI�WKH�YDULDEOHV�WKDW�GHVFULEH�WKH�
DFWLRQ�RI� WKH�60$�VSULQJV��7KHVH� YDULDEOHV�DUH�FRUUHODWHG�ZLWK� WKRVH�RI� WKH� FRQILJXUDWLRQ�
VSDFH��ࡿ����ࡷ���WKURXJK�WKH�PDSSLQJ�݂݂ܿ݅݅ܿ݁ݏ���WKDW�KLJKO\�GHSHQGV�RQ�WKH�VSHFLILF�URERW��2Q
WKH�FRQWUDU\��WKH�VHFRQG�PDSSLQJ�݂݅݊݀݅ݐ݁݀݊݁���EHWZHHQ�WKH�FRQILJXUDWLRQ�VSDFH�DQG�WKH�WDVN
VSDFH��ݔሻ�GRHV�QRW�GHSHQG�RQ�WKH�URERW��ZKLFK�PHDQV�LW�LV�WKH�VDPH�IRU�DOO�URERWV�WKDW�PHHW�
WKH�UHTXLUHPHQWV�RI�WKH�3&&�IRUPDOLVP��

&RQVHTXHQWO\��WKH�IRUZDUG�NLQHPDWLFV�WUDQVIRUPDWLRQ�FDQ�EH�H[SUHVVHG�DV��

�ݍ
ೞ
ሱ �ǡ ǡ �

భ՜ ǡߠ� ݀�
ವషಹሱ ݔ

7KH��݂݅݊݀݅ݐ݁݀݊݁�PDSSLQJ�LV�GHFRPSRVHG�LQ�WZR�PDSSLQJV��WKH�ILUVW�OLQNV�DUF�SDUDPHWHUV�DQG
'HQDYLW²�+DUWHQEHUJ��'²+��SDUDPHWHUV��WKH�VHFRQG�UHODWHV�'²�+�SDUDPHWHUV�WR�WDVN�VSDFH�
YDULDEOHV x�� 7KH� LQYHUVH� NLQHPDWLF� PDSSLQJV� ݂െͳ� FDQ� EH� XVHG� IRU� PRWLRQ� FRQWURO� RI� WKH
URERW��

,Q�WKLV�FDVH��WKH�݂݅݊݀݅ݐ݁݀݊݁�LV�GHULYHG�XVLQJ�3&&�NLQHPDWLF�UHODWLRQV��DV�DOUHDG\�PHQWLRQHG�
:KLOH�WKH�݂݂ܿ݅݅ܿ݁ݏ�LV�REWDLQHG�IURP�)($��7KH�PDLQ�UHDVRQV�DUH�WKH�FRPSOH[LW\�RI�DQDO\WLFDO
FDOFXODWLRQV� DQG� WKH� VLJQLILFDQW� DPRXQW� RI� H[SHULPHQWV� QHFHVVDU\� WR� GHULYH� LW�
H[SHULPHQWDOO\�� � )LQLWH� HOHPHQW� VLPXODWLRQ� SURYLGHV� DQ� DFFXUDWH� UHSUHVHQWDWLRQ� RI� WKH�
EHKDYLRU� RI� WKH� SK\VLFDO� URERW� GHVSLWH� LWV� FRPSOH[� VWUXFWXUH�� +RZHYHU�� WKLV� PHWKRG� LV�
FRPSXWDWLRQDOO\� H[SHQVLYH� LQ� WHUPV� RI� WLPH� DQG� UHVRXUFHV�� DQG� LW� FDQQRW� EH� XVHG� LQ� UHDO�
WLPH��7KHUHIRUH��GDWD�JHQHUDWHG�E\�)($�VLPXODWLRQV�FDQ�EH�JHQHUDWHG�RIIOLQH�DQG�XVHG�WR�
WUDLQ�DQ�$11�ODWHU��

7KH�3&&�PHWKRG�ZDV�SURSRVHG�E\�+DQQDQ�DQG�:DONHU�LQ������>���@��7KHLU�ZRUN�VXJJHVWV�
WKDW� DIWHU� DFWLYDWLQJ� WKH� DFWXDWRUV�� WKH� FXUYHV� JHQHUDWHG� LQ� WKH� URERW
V� ERG\� FDQ� EH�
DSSUR[LPDWHG� DV� D� VHULHV� RI� DUFV� RI� FRQVWDQW� FXUYDWXUH� ��SLHFHZLVH� FRQVWDQW� FXUYDWXUH���
WDQJHQW�WR�HDFK�RWKHU��/LNHZLVH��WKHVH�FXUYHV�DUH�GHVFULEHG�XVLQJ�WKH�SDUDPHWHUV�RI�DUFࡷ���
������EHORQJLQJ�WR�WKH�URERW�FRQILJXUDWLRQ�VSDFH�DQG�LOOXVWUDWHG�LQ�)LJXUHࡿ����

Figure 5.59 Kinematic modeling using PCC approach. 
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$V�FDQ�EH�VHHQ��.�LV�WKH�FXUYDWXUH��LQYHUVH�WR�WKH�UDGLXV�RI�WKH�FLUFXPIHUHQFH�WKDW�GHVFULEHV�
WKH� DUF��� � WKH� DQJOH� EHWZHHQ� WKH� [�]� SODQH� DQG� WKH� SODQH� FRQWDLQLQJ� WKH� DUF�� DQG� 6�
LQGLFDWHV�WKH�OHQJWK�RI�WKH�DUF��

:HEVWHU�DQG�-RQHV�GHPRQVWUDWHG�LQ�>���@�WKDW�WKH�VHJPHQW�FRXOG�EH�UHSUHVHQWHG�DV�D�ULJLG�
OLQN�ZLWK�WZR�URWDWLRQDO� MRLQWV�DW� WKH�EDVH��D�SULVPDWLF� MRLQW� LQ�WKH�PLGGOH��DQG�WZR�RWKHU�
URWDWLRQDO�MRLQWV�DW�WKH�WLS�RI�WKH�VHJPHQW��DV�VKRZQ�LQ�)LJXUH�������

Figure 5.60 Hypothetical rigid link model of a flexible robot [365] 

7KH� SDUDPHWHUV� ��ࢊ ��ࣂ ��ࣂ ��ࣂ �ࣂ FRUUHVSRQG� GLUHFWO\� WR� WKH� 'HQDYLW�+DUWHQEHUJ�
SDUDPHWHUV��VR�WKH\�FDQ�EH�XVHG�WR�GHILQH�WKH�KRPRJHQHRXV�WUDQVIRUPDWLRQ�PDWUL[ࢀ���ࣂ��ࢊ���
7KHUHIRUH�DUF�SDUDPHWHUV�FDQ�EH�DSSOLHG�GLUHFWO\�LQ�WKH�WUDQVIRUPDWLRQ�PDWUL[���EHLQJࢀ�PCC�
�as demonstrated LQ ,࣊���ࣂ� �ࣂ��DQGࣂ� �ࣂ���7KLV�PDWUL[�FDQ�EH�VLPSOLILHG�VLQFH�ࡿ����ࡷ��ࢊ�
>���@ E\�-RQHV�DQG�:DONHU��6R�WKH�ILQDOࢀ�PCC  that represents ݂݅݊݀݅ݐ݁݀݊݁�is:

(4.10) 

Figure 5.61. Design and kinematic modeling framework for soft robotic systems. 

)LJXUH������VXPPDUL]HV�DOO�WKH�IROORZLQJ�VWHSV��
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4.3.3.1 Modeling 
,Q�WKH�FDVH�RI�WKH�GHYHORSPHQW�RI�WKH�NLQHPDWLF�PRGHO�RI�FRQWLQXRXV�URERWV��WKH�HTXDWLRQ�RI�
PRWLRQ�JLYHQ�E\�FRQWLQXRXV�PHFKDQLFV��������FDQQRW�EH�VROYHG�VLQFH�LW�LQYROYHV�DQ�LQILQLWH�
QXPEHU�RI�GHJUHHV�RI�IUHHGRP��

 ή ߪ�  ݂ߩ� ൌ �ሺߩ�
ݒ߲
ݐ߲

 ݒ ή ሻݒ �������

'XH�WR�WKH�KLJK�FDOFXODWLRQ�WLPHV�UHTXLUHG�E\�WKH�)($��WKH�PRGHO�ZDV�ILUVW�GHYHORSHG�IRU�D�
VLQJOH� VHJPHQW� DQG�� RQFH� WKH� UHVXOWV� ZHUH� VDWLVIDFWRU\�� WKH� V\VWHP� ZDV� DGDSWHG� IRU� WZR�
URERW� VHJPHQWV� FRQFDWHQDWHG��)RU� WKH� VDPH� UHDVRQ�� WKH�PRGHO
V� JHRPHWU\�ZDV� VLPSOLILHG��
$OO�)(0�VLPXODWLRQV�KDYH�EHHQ�UHDOL]HG�ZLWK�$16<6�0HFKDQLFDO���

7KH�ILUVW�VLPSOLILFDWLRQ�LQYROYHV�WKH�GLVF��DV�VKRZQ�LQ�)LJXUH�������

Figure 5.62 Simplified design of the discs 

,Q�DGGLWLRQ��ERWK�GLVFV�DQG�WKH�URERW
V�ERG\�ZHUH�GLYLGHG�LQWR�WKUHH�HTXDO�SDUWV�WR�UHGXFH�
WLPH�FDOFXODWLRQV��DV�VKRZQ�LQ�)LJXUH�������

Figure 5.63 Simplified section of the body 

60$� VSULQJV� ZHUH� UHSODFHG� E\� WKUHDGV� RU� WHQGRQV� RI� D� VWDQGDUG� PDWHULDO�� ZKLFK� DUH�
GLVSODFHG�YHUWLFDOO\�GXULQJ�DFWLYDWLRQ��)LJXUH��������7KH�WKUHDGV�ZHUH�GHILQHG�E\�JHQHUDWLQJ�
OLQHV�RI�����PP�GLDPHWHU�FHQWHUHG�LQ�WKH�ORQJLWXGLQDO�FDYLWLHV�VLGHV�RI�WKH�VLOLFRQH�ERG\���
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Figure 5.64 Tendons inside the body 

7KH�PDWHULDOV�DSSOLHG�LQ�WKH�VLPXODWLRQV�ZHUH�(FR)OH[�������IRU�WKH�ERG\��1\ORQ���IRU�WKH�
WKUHDGV��DQG�3/$�IRU�WKH�GLVFV���

7KH� (FR)OH[� ������ PDWHULDO� LV� QRW� SUHVHQWHG� LQ� WKH� $QV\V� PDWHULDO� OLEUDU\�� VR� LW� LV�
QHFHVVDU\�WR�FUHDWH�LW��6LOLFRQV�DUH�K\SHUHODVWLF�PDWHULDOV��DQG�VHYHUDO�PRGHOV�RI�WKHP�H[LVW��
DPRQJ�WKHP�WKH�<HRK�PRGHO��UG�RUGHU�LV�XVHG�WR�UHSUHVHQW�WKH�(FRIOH[������VLOLFRQH�LV�WKH�
<HRK�PRGHO��ZKLFK�LV�GHILQHG�LQ�D�JHQHUDO�ZD\�E\�HTXDWLRQ���������

ܷ ൌ ଵܫଵሺܥ� െ ͵ሻ ܥ�ଶሺܫଵ െ ͵ሻଶ  ଵܫଷሺܥ െ ͵ሻଷ �������

:KHUH�ܷ�LV�WKH�VWUDLQ�HQHUJ\�GHQVLW\�IXQFWLRQܥ����ܥ����ܥ�����DUH�WKH�SRO\QRPLDO�FRHIILFLHQWV��
DQGܫ���LV�WKH�VWUDLQ�LQYDULDQW���

,Q�WKLV�FDVH�ͳͲܥ� ൌ ͳǤʹ ή ͳͲെʹܥ��ʹͲ ൌ ͶǤʹ͵ ή ͳͲെͶ��DQGܥ�͵Ͳ ൌ െͳǤͶͷ ή ͳͲെ� ����������

7KH� VL]H� RI�PHVK� HOHPHQWV� FRQVLGHUV� WKH�PLQLPXP�QXPEHU�QHFHVVDU\� WR� UHDOL]H� D�SURSHU�
VLPXODWLRQ� LQ� D�PLQRU� FDOFXODWLRQ� WLPH�� $� VLJQLILFDQW� QXPEHU� RI� HOHPHQWV� LQ� WKH� VLOLFRQH�
ERG\�LQFUHDVHG�WKH�FDOFXODWLRQ�WLPH�DW�XQVXVWDLQDEOH�OHYHOV�DQG�JHQHUDWHG�WKH�IROGV�WKDW�WKH�
UHDO�URERW�SUHVHQWV�E\�EHQGLQJ�LWV�VHJPHQWV��DV�VKRZQ�LQ�)LJXUH�������(YHQ�WKRXJK�WKHVH�
IROGV�DUH�SDUW�RI�WKH�SK\VLFDO�URERW
V�EHKDYLRU��WKH\�DUH�QRW�GHVLUHG��DIIHFWLQJ�LWV�PRYHPHQW�
DQG�FRQYHUJHQFH�DELOLW\��

Figure 5.65 Segment simulation with folds 
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7KH� PHVKLQJ� RI� WKH� WKUHDGV� JUHDWO\� DIIHFWHG� WKH� ODFN� RI� FRQYHUJHQFH�� 7KH� DPRXQW� RI�
HOHPHQWV�LQ�WKHP�DIIHFWV�WKHLU�OHYHO�RI�IOH[LELOLW\��WKH�PRUH�HOHPHQWV�WKH�WKUHDGV�KDYH��WKH�
PRUH�IOH[LEOH�WKH\�ZLOO�EH��0RUHRYHU��DV�PHQWLRQHG�DERYH��WKH\�QHHG�WR�EH�IOH[LEOH�HQRXJK�WR�
DGDSW� WR� WKH� FXUYH� RI� WKH� VLOLFRQH� ERG\� DIWHU� GHIRUPDWLRQ�� WKDW� LV�� LW� LV� VRXJKW� WKDW� WKH�
WKUHDGV�FXUO�WRJHWKHU�ZLWK�WKH�VLOLFRQH�ERG\�)LJXUH��������

Figure 5.66 Desired behavior of tendons 

+RZHYHU��PDQ\�HOHPHQWV�DOVR�QHJDWLYHO\�DIIHFW�WKH�LQWHUDFWLRQ�RI�WKH�WKUHDGV�HOHPHQWV�ZLWK�
WKH�ERG\��,I�WKH�PHVK�RI�WKH�WKUHDGV�LV�YHU\�ILQH��LWV�HOHPHQWV�WXUQ�RXW�WR�EH�VPDOO�RQHV�WKDW�
DUH�LJQRUHG�E\�WKH�PHVK�RI�WKH�VLOLFRQH�ERG\�JRLQJ�WKURXJK�LW�DW�VRPH�SRLQWV��DV�VKRZQ�LQ�
)LJXUH�������

Figure 5.67 Tendons penetration 

�7KH�W\SH�RI�HOHPHQWV�LQ�ERWK�WKH�VLOLFRQH�JHRPHWU\�DV�LQ�WKH�GLVFV�ZDV�FKDQJHG�WR�6ROLG����

7KH�PRGHO�SUHVHQWV�IL[HG�VXSSRUW�WR�WKH�XSSHU�ULJLG�GLVF�RI�WKH�ILUVW�VHJPHQW��WKDW�LV��DW�WKH�
URERW
V� EDVH�� :KLOH� WKH� WLS� RI� WKH� VHFRQG� VHJPHQW� LV� IUHH� DQG� WKH� RQO\� DGGHG� FKDUJH� LV�
VWDQGDUG�JUDYLW\��%RWK�VHJPHQWV�DUH�MRLQHG�YLD�D�ERQGHG�W\SH�MRLQW��(DFK�ZLUH�LV�FRQQHFWHG�
WR�WKH�URERW�VHJPHQW�WKURXJK�D�MRLQW�DW�HDFK�HQG��7KH�ORZHU�MRLQW��ZKLFK�MRLQV�WKH�WKUHDG�WR�
WKH�ORZHU�ULJLG�GLVN��LV�RI�WKH�IL[HG�W\SH��ZKLOH�WKDW�WKH�XSSHU�MRLQW��ZKLFK��KROGV��WKH�WKUHDG�
LQ� SODFH�� LV� SULVPDWLF� RU� 7UDQVODWLRQDO�� WKH� ODWWHU� HQVXUHV� WKDW� WKH� WKUHDG� FDQ� RQO\�PRYH�
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YHUWLFDOO\�� )LQDOO\�� MRLQW� GLVSODFHPHQWV� DUH� SODFHG� DW� WKH� HQG� WRS� RI� HDFK� WKUHDG� �)LJXUH�
��������

Figure 5.68 On the left boundary condition in simulation. On the right, joints and displacements in the 
threads. 

�6WHSV
� VLPXODWLRQ� GHWHUPLQHV� ZKLFK� WKUHDGV� ZLOO� EH� GLVSODFHG� DQG� WKH� YDOXH� RI� WKH�
GLVSODFHPHQWV��7KUHDGV�DUH�DFWLYDWHG�LQ�SDLUV��DQG�HDFK�SDLU�FRUUHVSRQGV�WR�D�OHWWHU��7DEOH�
����VKRZV�&RQILJXUDWLRQ�$�LQ�WKH�VHFRQG�VHJPHQW��

Table 5.5 Tendons displacements. Configuration A. 

Second segment activation 
6WHSV� 7KUHDG��� 7KUHDG��� 7KUHDG��� &RQILJXUDWLRQ�
�� �� �� ��

$��� �� �� ��
�� ��� ��� ��
�� ��� ��� ��
�� �� �� ��

7DEOH�����$OO�SRVVLEOH�DFWLYDWLRQ�FRPELQDWLRQV�

Segment 1 Segment 2 
&RQILJXUDWLRQ� $FWLYDWHG�WKUHDGV� &RQILJXUDWLRQ� $FWLYDWHG�WKUHDGV�

$� 7KUHDG��� 7KUHDG���
$� 7KUHDG��� 7KUHDG���
%� 7KUHDG��� 7KUHDG���
&� 7KUHDG��� 7KUHDG���

%� 7KUHDG��� 7KUHDG���
$� 7KUHDG��� 7KUHDG���
%� 7KUHDG��� 7KUHDG���
&� 7KUHDG��� 7KUHDG���

&� 7KUHDG��� 7KUHDG���
$� 7KUHDG��� 7KUHDG���
%� 7KUHDG��� 7KUHDG���
&� 7KUHDG��� 7KUHDG���
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)RU�&RQILJXUDWLRQ�$�RI�WKH�VHFRQG�VHJPHQW��WKUHDGV���DQG���GLVSODFH���PP�XSZDUGV�ZKLOH�
WKUHDG�WKUHH�GRHV�QRW�PRYH��,Q�6WHS����WKHVH�RIIVHWV�LQ�ZLUHV���DQG���LQFUHDVH�WR���PP�ZKLOH�
ZLUH���UHPDLQV����$QG�VR�RQ�XQWLO�WKDW�ZLUHV����DQG���UHDFK�WKHLU�PD[LPXP�GLVSODFHPHQW�WR�
UHWXUQ�WR���� WKH�VWDWH�RI� UHVW��7KHVH� WULJJHU�VHWWLQJV�DOORZ�HDFK�VHJPHQW� WR�SHUIRUP�WKUHH�
GLIIHUHQW� PRYHPHQWV� VLQFH� RXU� URERW� KDV� WZR� VHJPHQWV�� LW� FDQ� SHUIRUP� QLQH� GLIIHUHQW�
PRYHPHQWV��$OO�SRVVLEOH� FRPELQDWLRQV�RI� WKHVH�DFWLYDWLRQV� EHWZHHQ� WKH� WZR� VHJPHQWV� DUH�
VKRZQ�LQ�7DEOH������

7KH�EHQGLQJ�DQJOH�ZDV�FDOFXODWHG�E\�GHILQLQJ�D�SRLQW�UHPRWH�FRQWURO�RQ� WKH� ORZHU�GLVF�RI�
HDFK� VHJPHQW� DQG� FDOFXODWLQJ� WKHLU� URWDWLRQ� LQ� WKH� ;�� <�� DQG� =� GLUHFWLRQV�� 5HVXOWV� ZHUH�
FRPSDUHG�WR�WKH�RQHV�REWDLQHG�LQ�WKH�ILUVW�SKDVH�RI�WKH�ZRUN��7KH�SK\VLFDO�URERW�UHDFKHG�D�
PD[LPXP� DQJOH� RI� DSSUR[LPDWHO\� ���� DW� WKH� WLS� RI� LWV� ILUVW� VHJPHQW�� ZKLOH� WKH� VHFRQG�
VHJPHQW�UHDFKHG�DQ�DQJOH�PD[LPXP�RI�DSSUR[LPDWHO\������

7KH�WHVWV�VKRZHG�WKDW�WKH�UHTXLUHG�EHQGLQJ�DQJOH�LQ�WKH�ILUVW�VHJPHQW� LV�DFKLHYHG�ZLWK�D�
YHUWLFDO� GLVSODFHPHQW� LQ� WKH� WKUHDGV� RI� ���� PP�� 2Q� WKH� RWKHU� KDQG�� WKH� EHQGLQJ� DQJOH�
UHTXLUHG�LQ�WKH�VHFRQG�VHJPHQW�LV�UHDFKHG�ZLWK�D�GLVSODFHPHQW� LQ�WKH�WKUHDGV�RI� ����PP��
)LJXUH������UHSUHVHQWV�WKH�GHIRUPDWLRQ�RI�WKH�VRIW�ERG\�RI�WKH�URERW�XQGHU�WKH�DFWLRQ�RI�WKH�
WKUHDGV��

Figure 5.69 Deformation of the soft body of the robot under the action of the threads. 

2QFH�WKH�UHVXOWV�KDG�EHHQ�FRQVLGHUHG�DFFHSWDEOH��GDWD�ZHUH�H[WUDFWHG��7KH�GDWD�H[WUDFWHG�
GHILQH� WKH� FXUYHV� DQG� UHODWH� WKHLU� EHQGLQJ� ZLWK� WKH� DFWLYDWLRQ� RI� WKH� DFWXDWRUV��
&RQVHTXHQWO\�� WKUHH� HTXLGLVWDQW� SDWKV� ZHUH� GHILQHG� DORQJ� WKH� RXWVLGH� RI� HDFK� VLOLFRQH�
VHJPHQW��DV�VHHQ�LQ�)LJXUH�������

Figure 5.70 Paths of deformed nodes. 
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7KH�GDWD�H[WUDFWHG�FRPSULVHV�����WKUHDGV
�GLVSODFHPHQWV�LQ�PLOOLPHWHUV�DQG�����QRGH�URZV
�
GLVSODFHPHQWV�DIWHU�GHIRUPDWLRQ��7KHVH� DUH�GLYLGHG�DFFRUGLQJ� WR� WKH� VHJPHQW� IURP�ZKLFK�
WKH�GDWD�ZDV�H[WUDFWHG��LWV�6WHS��DQG�LWV�DFWLYDWLRQ�VHWWLQJV��

0LFURVRIW�([FHO�ZDV�XVHG�DV�D�WRRO�WR�VDYH�DQG�SURFHVV�WKH�GDWD��7KH�EDFNERQH�FXUYHV�ZHUH�
FDOFXODWHG� IRU� HDFK� VHJPHQW� DQG� 6WHS�� WKURXJK� WKH� FRRUGLQDWH� RI� QRGHV� EHIRUH� DQG� DIWHU�
GHIRUPDWLRQ���7R�YHULI\�WKHVH�EDFNERQH�FXUYHV��WKH\�ZHUH�JUDSKHG�LQ�0DWODE���

0DWODE�ZDV�DOVR�XVHG�WR�DSSO\�WKH�3&&�PHWKRG�DQG�FDOFXODWH�WKH�SDUDPHWHUVࡿ����ࡷ� in each
Step��)RU�WKLV��LW�KDV�EHHQ�GHYHORSHG�D�IXQFWLRQ�DUF3DUDPHWHUV�WKDW�LQFOXGHV�ZLWKLQ�LWVHOI�DOO�
WKH�QHFHVVDU\�FDOFXODWLRQV��

7KH� IXQFWLRQ� DUF3DUDPHWHUV� WDNHV� WKH� ILUVW� VHJPHQW� FRQILJXUDWLRQ�� WKH� 6WHS�� WKH� ILUVW�
VHJPHQW� EDFNERQH�� WKH� VHFRQG� VHJPHQW� EDFNERQH�� DQG� ILQDOO\�� WKH� GLVSODFHPHQWV� RI� WKH�
WKUHDGV�� ,W� UHWXUQV� WKH�DUF�SDUDPHWHUV� IRU� WKH� ILUVW�DQG�VHFRQG�VHJPHQWV��%HVLGHV� WKLV�� LW�
JHQHUDWHV�D�WDEOH�LQ�([FHO�ZKHUH�FDOFXODWHG�GDWD�DUH�VDYHG�DQG�RUJDQL]HG�WR�ODWHU�XVH�LQ�WKH�
QHXUDO�QHWZRUN���

7KH�PXOWLOD\HU�SHUFHSWURQV�RU�0/3V�ZHUH�FKRVHQ� IRU� WKH�QHXUDO�QHWZRUN�VLQFH� WKH\�KDYH�
EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�OHDUQ�URERWV
�IRUZDUG�DQG�LQYHUVH�NLQHPDWLF�PRGHOV���

0/3V�DUH�SUH�SRZHUHG�QHXUDO�QHWZRUNV�ZLWK�D�PLQLPXP�QXPEHU�RI��� OD\HUV�FRPSRVHG�RI�
QRGHV��WKH�LQSXW�OD\HU��WKH�RXWSXW�OD\HU��DQG�DW�OHDVW�RQH�KLGGHQ�OD\HU���(DFK�QRGH�RI�RQH�
OD\HU�LV�FRQQHFWHG�WR�DOO�WKH�QRGHV�RI�WKH�QH[W�OD\HU�WKURXJK�D�ZHLJKW݆݅ݓ���)XUWKHUPRUH��DOO�
QRGHV�H[FHSW�WKRVH�EHORQJLQJ�WR�WKH�LQSXW�OD\HU�KDYH�DQ�DFWLYDWLRQ�IXQFWLRQ��7KH�DFWLYDWLRQ�
RU� VWHS� IXQFWLRQ� WDNHV� WKH� RXWSXW� RI� WKH� SUHYLRXV� QRGH� DQG� DFWV� DV� D� ILOWHU� RU� OLPLWLQJ�
IXQFWLRQ� E\� PRGLI\LQJ� WKH� UHVXOW� YDOXH�� 7KH� OHDUQLQJ� SURFHVV� FRQVLVWV� RI� FDOFXODWLQJ� WKH�
HUURU� RI� WKH� ILQDO� RXWSXW� RI� WKH� QHWZRUN� LQ� RUGHU� WR� XSGDWH� DOO� WKH� ZHLJKWV� ��࢝ 7KHVH�
ZHLJKWV� FDQ�EH�XSGDWHG�E\�EDFNSURSDJDWLQJ� WKH�HUURU࢟ࢾ�� EHWZHHQ� WKH�GHVLUHG�YDOXH�DQG�
WKH�DFWXDO�RXWSXW�RI�DQ\�QHXURQ��

0DWODE� SURYLGHV� D� WRRO� �0DFKLQH� /HDUQLQJ�� WKDW�� WKURXJK� WKH� IXQFWLRQ� feedforwardnet
(hiddenSizes, trainFcn),� JHQHUDWHV� DQ� 0/3� ZLWK� WKH� GHVLUHG� KLGGHQ� OD\HUV� DQG� WUDLQLQJ�
IXQFWLRQ��,W�DOVR�SURYLGHV� IXQFWLRQV�WR�WUDLQ�WKH�QHWZRUN�EDVHG�RQ�DQ�LQSXW�GDWD�VHW�DQG�D�
GDWD�VHW�RI�WKH�GHVLUHG�UHVXOWV��

,Q�WKLV�FDVH��WKH�LQSXW�GDWD�VHW�FRQVLVWV�RI�WKH�60$�VSULQJ�GLVSODFHPHQWV�LQ�PP��ZKLOH�WKH�
UHVXOW�GDWD�VHW�FRQVLVWV�RI�WKH�DUF�SDUDPHWHUVࡿ����ࡷ�.

7KH�QXPEHU�RI�KLGGHQ� OD\HUV�ZDV�GHFLGHG� FRQVLGHULQJ� WKH� UHVXOWV�SUHVHQWHG� LQ� WKH�SDSHU�
>���@��ZKHUH� LW�ZDV�GHPRQVWUDWHG� WKDW�D�PXOWLOD\HU�QHWZRUN�FRPSDUHG�WR�D�VLQJOH�KLGGHQ�
OD\HU�QHWZRUN�GLG�QRW�SUHVHQW�D�VLJQLILFDQW�LPSURYHPHQW��)RU�WKLV�UHDVRQ��LW�ZDV�GHFLGHG�WR�
XVH�VL[�KLGGHQ�OD\HUV�LQ�RXU�QHWZRUN��

$QRWKHU� LPSRUWDQW� DVSHFW� LV� WKDW� WKH� QHXUDO� QHWZRUN� FDQ� RQO\� DSSUR[LPDWH� FRQWLQXRXV�
IXQFWLRQV��KRZHYHU��WKH�URWDWLRQ�DQJOH��LV�QRW�FRQWLQXRXV�EHFDXVH�IURP����LW�MXPSV�WR�������
)RU�WKLV�UHDVRQ��LW�ZDV�GHFLGHG�WR�UHSODFH�WKH�YDOXH�RI��E\�VLQ��DQG�FRV���

7KH� WUDLQLQJ� GDWD� VHW� VDYHG� LQ� DQ� H[WHUQDO� ([FHO� WDEOH� ZDV� GLYLGHG� EHWZHHQ� WKH� LQSXW�
PDWUL[�DQG�WKH�PDWUL[�RI�H[SHFWHG�UHVXOWV���+RZHYHU��WKH�ILUVW�WHVWV�JDYH�HUURQHRXV�UHVXOWV�
EHFDXVH�FHUWDLQ�SDUDPHWHUV�EHORQJLQJ�WR�WKH�ILUVW�VHJPHQW�LQWHUIHUHG�ZLWK�WKH�SDUDPHWHUV�
RI�WKH�VHFRQG�VHJPHQW��7KHVH�3UREOHPDWLF�SDUDPHWHUV�DUH�WKRVH�WDNHQ�GXULQJ�WKH�UHVW�VWDWH�
RI� WKH� VHJPHQWV�� 6LQFH� WKH\� GR� QRW� SUHVHQW� D� FXUYH� EHFDXVH� WKHUH� LV� QR� DFWLYDWLRQ� RI� WKH�
DFWXDWRUV�� WKH�DUF3DUDPHWHUV� IXQFWLRQ��KHQFH� LW�SURGXFHV�PLVFDOFXODWLRQV� LQ� WKHVH� VSHFLILF�
VLWXDWLRQV��

7KH� VROXWLRQ� FKRVHQ� WR� WKLV� SUREOHP� EHFDXVH� LW� LV� WKH� VLPSOHVW� ZDV� WR� XVH� WZR� GLIIHUHQW�
QHXUDO� QHWZRUNV�� RQH� IRU� HDFK� VHJPHQW� DQG� REYLDWLQJ� WKH� GDWD� WKDW� FRQWDLQV� ]HUR�

6,/9,$�7(55,/(

62)7�52%27,&6��$33/,&$7,216��'(6,*1�$1'�&21752/



����

GLVSODFHPHQWV� LQ� WKH� WKUHDGV�� $OWKRXJK� WKH� VHFRQG� VHJPHQW
V� SRVLWLRQ� GHSHQGV� RQ� WKH�
PRYHPHQWV�SHUIRUPHG�E\�WKH�ILUVW�VHJPHQW��WKH�DUF�SDUDPHWHUV��WKHVH�QRZ�EHLQJ�ܖܑܛ��ࡷ���
����WKH\�RQO\�GHVFULEH�FRQILJXUDWLRQ�VSDFH�DQG�QRW�SRVLWLRQ�LQ�WKH�ZRUNVSDFHࡿ���ܛܗ܋

(YHQ�LI�WKHVH�FKDQJHV�UHSUHVHQW�D�FRQVLGHUDEOH�UHGXFWLRQ�LQ�WKH�WUDLQLQJ�GDWD��7KH�UHVXOWV�
REWDLQHG�ZHUH�VDWLVIDFWRU\�LQ�VHYHUDO�WHVWV��

7KH�ZRUN�FDUULHG�RXW�ZDV�YDOLGDWHG�WKURXJK�FRPSDULVRQV�ZLWK�WKH�SUHYLRXV�GDWD��DV�VKRZQ�
LQ�7DEOH������

Table 5.7 Comparison of the displacement ranges between the second segment of the flexible robot and 
the simulation. 

In-plane displacement ranges (mm) 
;� <� =�

0D[� 0LQ� 0D[� 0LQ� 0D[� 0LQ��5HVW��
5HDO�5RERW� ��� ��� ��� ��� ���� ����
6LPXODWLRQ� ������ ����� ������ ������ ���� ����

7KH�PLQLPXP�YDOXH�RI�GLVSODFHPHQW�LQ�WKH�=�D[LV�HTXDOV�WKH�UHVW�SRVLWLRQ�RI�WKH�WLS�RI�WKH�
IUHH�VHJPHQW��7KH�FRRUGLQDWH�EHLQJ�DW�UHVW�=� IURP�WKH�IUHH�HQG�WLS�ZLOO�EH���������PP��$W�
WKH�VDPH�WLPH��WKH�PD[LPXP�YDOXH�LV�HTXDO�WR�RIIVHW�LQ�WKH�GLUHFWLRQ�WRZDUG�WKH�RULJLQ��DV�
WKH�URERW�ZLOO�DOZD\V�IOH[�XSZDUG��7KH�GLVSODFHPHQW�YDOXH�FDQ�EH�REWDLQHG�E\�VXEWUDFWLQJ�
WKH�LGOH�YDOXH�PLQXV�WKH�PD[LPXP�YDOXH��

7KH� PRVW� FRQVLGHUDEOH� GLVFUHSDQFLHV� REVHUYHG� LQ� 7DEOH� ���� DUH� JLYHQ� E\� WKH� GLIIHUHQFH�
EHWZHHQ� WKH� SK\VLFDO� URERW
V� RULHQWDWLRQ� DQG� WKH� URERW� PRGHO
V� RULHQWDWLRQ� LQ� WKH�
VLPXODWLRQ�� +RZHYHU�� FRQVLGHULQJ� WKH� DEVROXWH� YDOXHV� RI� WKH� GLVSODFHPHQWV� YDOXHV� EHLQJ�
TXLWH�FORVH��

Table 5.8 Total displacement of the free end of the robot. 

Total displacement capacity (mm) 
;� <� =�

5HDO�5RERW� ��� ��� ���
6LPXODWLRQ� ������ ������ ���

$V�VKRZQ�LQ�7DEOH������WKH�IUHH�HQG�RI�WKH�SK\VLFDO�URERW�FDQ�PRYH�D�GLVWDQFH�RQ�WKH�;�SODQH�
RI� ��� PP� LQ� WRWDO�� ZKLOH� WKH� VLPXODWLRQ� VKRZV� D� GLVSODFHPHQW� RI� ������ PP� LQ� WRWDO��
5HJDUGLQJ� WKH� GLVSODFHPHQW� LQ� WKH� <�D[LV�� WKH� DV\PPHWU\� RI� WKH� SK\VLFDO� URERW� DIIHFWV�
UHVXOWV��,Q�WKH�FDVH�RI�D�SHUIHFWO\�FRQVWUXFWHG�URERW��WKH�GLVSODFHPHQW�LQ�WKH�<�D[LV�ZRXOG�EH�
SUDFWLFDOO\�HTXDO�WR�WKH�GLVSODFHPHQW�LQ�WKH�;�D[LV��DV�WKH�GDWD�VKRZV�VLPXODWLRQ��

6R�WKH�RWKHU�HUURUV�DUH�FRQVLGHUHG�WR�EH�ZLWKLQ�DFFHSWDEOH�UDQJHV��WKXV�FRQFOXGLQJ�WKDW�WKH�
VLPXODWLRQ�UHSUHVHQWV�ZLWK�D�JRRG�ILGHOLW\�OHYHO�WKH�EHKDYLRU�RI�WKH�IOH[LEOH�URERW��

$IWHU�WKH�SKDVH�WUDLQLQJ��WHVWV�ZHUH�FDUULHG�RXW�WR�YHULI\�WKH�DFFXUDF\�RI�WKH�DSSUR[LPDWLRQV�
ZLWK� VRPH� GDWD� UHVHUYHG� IRU� WKHVH� FKHFNV�� ,Q� 7DEOH� ���� DQG� 7DEOH� ������ WKH� FRPSDULVRQ�
EHWZHHQ�WKH�H[SHFWHG�YDOXHV�DQG�WKH�REWDLQHG�YDOXHV�LV�VKRZQ��

Table 5.9 Comparison of neural network results for the first segment. 

First segment 
ࡿ VLQ�� FRV�� ࡷ

([SHFWHG�'DWD� �������� ������� ������� �������
'DWD�2EWDLQHG� �������� ������� ������� �������
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Table 5.10 Comparison of neural network results for the second segment. 

Second segment 
ࡿ VLQ�� FRV�� ࡷ

([SHFWHG�'DWD� �������� ������� ������� �������
'DWD�2EWDLQHG� �������� ������� ������� �������

7KHVH� UHVXOWV� VKRZ� WKDW�� ZKLOH� VRPH� RI� WKH� SDUDPHWHUV� DUH� DSSUR[LPDWH� DOPRVW� H[DFWO\��
RWKHUV� KDYH� D� VRPHZKDW� FRQVLGHUDEOH� GHYLDWLRQ�� DV� LV� WKH� FDVH� RI� WKH� VLQH� DQG� FRVLQH���
([SHULHQFH�OHDGV�WR�GHWHUPLQH�WKDW�WKLV�KDSSHQV�E\�WKH�DPRXQW�RI�GDWD�WUDLQLQJ�WKDW�ZDV�
SURYLGHG��
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5.3.4 Conclusions 
5XᐻQ� LV� D� VRIW� FRQWLQXRXV� PDQLSXODWRU� DFWXDWHG� ZLWK� 60$�� 7KH� XVH� RI� 60$� VSULQJV� DV�
DFWXDWRUV�KDV�DOORZHG�WKH�GHYHORSPHQW�RI�D�FRPSDFW�DQG�IXQFWLRQDO�URERW��DQG�LW�UHSUHVHQWV�
D�SUHWW\�JRRG�DOWHUQDWLYH�WR�D�FRQYHQWLRQDO�WHQGRQ�GULYHQ�V\VWHP���

7KH� SUHVHQWHG� GHVLJQ� KDV� H[SORUHG� D� URERW� FRQVLVWLQJ� RI� WKUHH� VHJPHQWV�� EXW� LW� FDQ�
LQFRUSRUDWH�QHZ�VHJPHQWV��,Q�WKLV�ZD\��URERW�OHQJWK�FDQ�EH�FRQWUROOHG�WR�DFKLHYH�D�JUHDWHU�
DGDSWDWLRQ�WR�WKH�WDVN�WR�EH�FDUULHG�RXW��7KH�MRLQLQJ�V\VWHP�E\�PDJQHWV�FRXOG�EH�XVHG�LQ�WKH�
VDPH�ZD\�LQ�WKLV�K\SRWKHWLFDO�GHVLJQ��EXW�LW�ZLOO�EH�QHFHVVDU\�WR�H[SORUH�GLIIHUHQW�ZD\V�RI�
IHHGLQJ�WKH�VSULQJV��

7KH� YLVLRQ� V\VWHP� WKURXJK� ZKLFK� WKH� SRVLWLRQ� LV� FDSWXUHG� SUHVHQWV� D� VLJQLILFDQW� HUURU�
FRQFHUQLQJ� WKH� UDQJH� RI� PRYHPHQWV� WKDW� WKH� URERW� FDQ� GHYHORS�� ,W� ZLOO� EH� QHFHVVDU\� WR�
LQFUHDVH�WKH�DFFXUDF\�RI�WKH�V\VWHP���

,W�KDV�EHHQ�SRVVLEOH�WR�VLPXODWH�WKH�QRQOLQHDU�EHKDYLRU�RI�5XᐻQ�DV�D�VHJPHQW�XQLTXH�DQG�DV�
WKH� VHW� RI� WZR� VHJPHQWV�� WKXV� SURYLGLQJ� D� GDWD� VRXUFH� IRU� UHODWLQJ� WKH� EHKDYLRU� RI� WKH�
DFWXDWRUV�WR�WKH�EHQGV�SUHVHQWHG�LQ�WKH�ERG\�RI�VLOLFRQ��

7KH�0/3�QHXUDO�QHWZRUN�DSSUR[LPDWHV�QRQOLQHDU�IXQFWLRQV�EXW�UHTXLUHV�D�ODUJH�DPRXQW�RI�
GDWD� WR� REWDLQ� UHVXOWV� ZLWK� DQ� DFFHSWDEOH� PDUJLQ� RI� HUURU�� 7KXV�� WKH� GHYHORSPHQW� RI� DQ�
DSSOLFDWLRQ�WKDW�DXWRPDWLFDOO\�H[WUDFWV�GDWD�IURP�WKH�ILQLWH�HOHPHQW�VLPXODWLRQ�HIIHFWLYHO\�
LV�QHFHVVDU\��

7KLV� VWUDWHJ\� KDV� DOORZHG� GLUHFW�� IDVW�� DQG� HQHUJ\�HIILFLHQW� NLQHPDWLF� PRGHOLQJ� WKURXJK�
ILQLWH�HOHPHQW�VLPXODWLRQV�ZLWK�PDFKLQH�OHDUQLQJ�WRROV��

+RZHYHU�� EHIRUH� DOO� WKHVH� FRQVLGHUDWLRQV�� LW� ZLOO� EH� DSSURSULDWH� WR� UHGHVLJQ� WKH� URERW� WR�
DYRLG� IROGV� GXULQJ� LWV� EHQGLQJ�� )RU� WKLV�� LW� ZLOO� EH� QHFHVVDU\� WR� VWXG\�PDWHULDOV� DQG� WKH�
ERG\
V�EHKDYLRU�ZKHQ�GHIRUPHG���

0RUHRYHU��DQRWKHU� WDVN�WR�EH�FDUULHG�RXW�ZRXOG�EH� WKH� LPSURYHPHQW�RI� WKH�SK\VLFDO� URERW�
VXSHUYLVLRQ�V\VWHP��7KH�LPSOHPHQWDWLRQ�RI�IOH[LEOH�VHQVRUV�VXFK�DV�)OH[LP�RU�,086�DOORZV�
SURFHHGLQJ�ZLWK�WKH�GHYHORSPHQW�RI�WKH�FRQWURO�V\VWHP��
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��Experiment is the sole judge�
of the validity of any idea." 

5LFKDUG�3��)H\QPDQ�

7KLV�FKDSWHU�SUHVHQWV�D�FRPSDUDWLYH�VWXG\�RI�IRXU�W\SHV�RI�VRIW�JULSSHUV��,Q�WKLV�FDVH��60$�
DFWXDWRUV�KDYH�QRW�EHHQ�DSSOLHG�VLQFH�WKH�DLP�ZDV�WR�UHDOL]H�D�KLJKO\�HIILFLHQW�VRIW�JULSSHU��
7KH�IRXU�SUHVHQWHG�JULSSHUV�FDQ�EH�GLYLGHG�LQWR�WZR�PDLQ�JURXSV��WKH�PHFKDQLFDOV�DQG�WKH�
SQHXPDWLFV��$IWHU� WKH�GHVLJQ�H[SOLFDWLRQV��D� VHULHV� RI�H[SHULPHQWV�DUH�SUHVHQWHG� WR�YHULI\�
ZKLFK�RI�WKH�IRXU�ZDV�WKH�PRVW�UREXVW�DQG�YHUVDWLOH��7ZHOYH�REMHFWV�KDYH�EHHQ�VHOHFWHG�WR�
UHSUHVHQW�GLIIHUHQW�GLPHQVLRQV��ZHLJKWV��DQG�VKDSHV��$OVR��WKH�REMHFWV�KDYH�EHHQ�WHVWHG�LQ�
WKUHH�HQYLURQPHQWV�WR�PHDVXUH�KRZ�WKH\�FDQ�DIIHFW�WKH�SURSHU�IXQFWLRQLQJ�RI�JULSSHUV���

)XUWKHU�LQIRUPDWLRQ�RQ�WKLV�VHFWLRQ�FDQ�EH�IRXQG�LQ�WKH�RULJLQDO�VFLHQWLILF�SXEOLFDWLRQ�>���@��

$OVR�� DQ� H[SODQDWRU\� YLGHR� RI� VRPH� RI� WKHVH� URERWV� FDQ� EH� IRXQG� LQ� WKH� (OHFWURQLF�
6XSSOHPHQWDU\�0DWHULDO��9LGHRV�6������

6. Soft Grippers
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6.1 Introduction 
5RERWLFV� JULSSHUV� DUH� RQH� RI� WKH� HVVHQWLDO� FRPSRQHQWV� LQ� WKH� LQGXVWU\� EHFDXVH� RI� WKHLU�
FDSDELOLW\� WR� PDQLSXODWH� REMHFWV�� 7KH\� UHDOL]H� WUDQVSRUWDWLRQ� WDVNV� DQG� SHUIRUP� TXDOLW\�
FRQWURO�WR�RSWLPL]H�URERWLF�ZRUN�FHOOV�>���@��7KH\�FDQ�EH�XVHG�LQ�VHYHUDO�DSSOLFDWLRQV��VXFK�
DV�LQGXVWU\��PHGLFLQH��VSDFH�H[SORUDWLRQ��(DFK�DSSOLFDWLRQ�SUHVHQWV�GLIIHUHQW�FKDUDFWHULVWLFV�
DQG� QHHGV� VSHFLILF� VROXWLRQV�� VR� JULSSHUV� FDQ� EH� GLYLGHG� LQWR� FDWHJRULHV� EDVHG� RQ� WKHLU�
IXQFWLRQ�DV�GHVFULEHG�LQ�>���@��7KDQNV�WR�WKH�DGYDQFH�LQ�VRIW�PDWHULDOV�DQG�VRIW�DFWXDWRUV��
VRIW�JULSSHUV�KDYH�JDLQHG�UHOLHI�LQ�VRIW�URERWLFV�LQ�WKH�ODVW�\HDUV��

7UDGLWLRQDO�KDUG�URERWLF�JULSSHUV�FRQVLVW�RI�PRVWO\�ULJLG�MRLQWV�DQG�OLQNV�>���@�WKDW�KDYH�WR�
DGDSW� WR� WKH� REMHFW� QRW� WR� GDPDJH� LW� SUHFLVHO\�� &RQVHTXHQWO\�� WKHLU� XVH� LV� OLPLWHG� WR� D�
VSHFLILF� LWHP�W\SH��,I�D�YDULHW\�RI�REMHFWV�QHHG�WR�EH�PDQLSXODWHG�� LW�ZLOO�EH�FKDOOHQJLQJ�� LI�
QRW�LPSRVVLEOH��WR�JUDVS�WKHP�ZLWK�WKH�VDPH�ULJLG�JULSSHU��

7KH� VROXWLRQ� LV� WR� LQFUHDVH� WKH� GHJUHHV� RI� IUHHGRP� RI� WKH� ILQJHUV� WKDW� IRUP� WKH� JULSSHU��
XVLQJ�� H�J��� IOH[LEOH�PDWHULDOV� IRU� ILQJHU� IDEULFDWLRQ�� ,W� DOORZV� JULSSHUV� WR� DGDSW� WR� REMHFWV�
SDVVLYHO\��*ULSSLQJ�WRROV�ZLWK�JUHDWHU�UREXVWQHVV�FDQ�EH�GHYHORSHG�XVLQJ�WKH�SULQFLSOHV�RI�
VRIW� URERWLFV�� ,W� LPSOLHV� WKDW� WKH\� GR� QRW� UHTXLUH� FKDQJHV� LQ� WKHLU� SURJUDPPLQJ� RU�
FRQVWUXFWLRQ�WR�PDQLSXODWH�GLIIHUHQW�REMHFWV��DQG�WKH�SUHFLVLRQ�QHHGHG�WR�PDNH�WKH�JULSV�LV�
UHGXFHG��

6.2. State of the Art 
$OWKRXJK� WKH� GHYHORSPHQW� RI� VRIW� URERWLFV� LV� UHODWLYHO\� UHFHQW�� D� YDULHW\� RI� VRIW� JULSSHUV�
H[LVW��DV�VHHQ�LQ�>��@��

5LJLG�JULSSLQJ�WRROV�ZLWK�HOHFWURPHFKDQLFDO�DFWXDWLRQ�DUH�WKH�ILUVW�VWHS�WRZDUG�VRIW�URERWLFV��
8VLQJ�D�FKDLQ�RI�ULJLG�HOHPHQWV��JULSSHUV�FDQ�DGDSW�WR�WKH�VKDSH�RI�WKH�REMHFWV��7KH�JUHDWHU�
WKH�QXPEHU�RI�HOHPHQWV�FRPSRVLQJ�WKH�FKDLQ��WKH�EHWWHU�WKH�ILQJHU�SURILOH�DSSUR[LPDWHV�D�
FRQWLQXRXV�OLQH��7KLV�LV�LQWHUHVWLQJ�EHFDXVH�D�ODUJHU�FRQWDFW�DUHD�EHWZHHQ�WKH�JULSSLQJ�WRRO�
DQG�WKH�REMHFW�OHDGV�WR�D�UHGXFHG�SUHVVXUH�H[HUWHG�RQ�WKDW�DUHD��WKXV�UHVXOWLQJ�LQ�D�ORZHU�
ULVN� RI� GDPDJLQJ�GHOLFDWH� REMHFWV��$�SURWRW\SH� EDVHG� RQ� WKLV� LGHD�ZDV�GHYHORSHG� LQ� ������
7KLV� JULSSHU� FRXOG� DGDSW� WR� REMHFWV� RI� DOPRVW� DQ\� VKDSH� DQG� VL]H� DQG� JULS� WKHP� ZLWK�
XQLIRUP�SUHVVXUH� DORQJ�ZLWK� WKH�ZKROH� ILQJHU��0RUHRYHU�� LW� SUHVHQWHG�D� UHODWLYHO\� VLPSOH�
PHFKDQLVP�DQG�FRQWURO�LPSOHPHQWHG�RQO\�ZLWK�D�SDLU�RI�ZLUHV�>���@��

$Q�HYROXWLRQ�RI�WKH�SUHYLRXV�H[DPSOH� LV�D�WHQGRQ�GULYHU�JULSSHU� IDEULFDWHG�WKURXJK�VKDSH�
GHSRVLWLRQ�PDQXIDFWXULQJ��ZKLFK�SUHVHQWV�MRLQWV�IRUPHG�E\�DQ�HODVWRPHU�DQG�DFWXDWRUV�DQG�
VHQVRUV� LQFRUSRUDWHG� LQ�KDUG� ULJLG�SRO\PHUV� >���@�� ,Q�DQRWKHU� FDVH�� WZR�GLIIHUHQW� W\SHV�RI�
VLOLFRQH� KDYH� EHHQ� XVHG� WR� UHDOL]H� WKH� JULSSHU
V� ILQJHUV�� RQH�PRUH� ULJLG� IRU� WKH� EDVH� DQG�
DQRWKHU�PRUH�IOH[LEOH�IRU�WKH�VHFWLRQ�WR�EH�LQ�FRQWDFW�ZLWK�REMHFWV��7KH�DFWXDWLRQ�LV�UHDOL]HG�
RQO\� ZLWK� D� FDEOH� WR� DOORZ� DQ� HDVLHU� DGDSWDWLRQ� RI� WKH� JULSSHU� WR� REMHFWV� >���@�� 2WKHU�
H[DPSOHV�DUH�>������²���@��

,QFUHDVLQJ�WKH�FRQWDFW�VXUIDFH�EHWZHHQ�WKH�ILQJHU�DQG�WKH�REMHFW�LV�DOVR�WKH�LGHD�EHKLQG�WKH�
JULSSHUV�WKDW�XVH�SDVVLYH�VWUXFWXUHV�DFWXDWHG�ZLWK�H[WHUQDO�PRWRUV��,Q�WKLV�FDVH��FDEOHV�DUH�
QRW�UHTXLUHG�EHFDXVH�ZKHQ�JULSSHUV�GHIRUP��WKH\�DGDSW�WR�WKH�JHRPHWU\�RI�WKH�REMHFWV��7KH�
IRXUWK�JULSSHU�SUHVHQWHG�LQ�WKLV�VWXG\�DQG�LQ�>���@�LV�EDVHG�RQ�WKLV�FRQFHSW��

$QRWKHU�ODUJH�IDPLO\�RI�VRIW�JULSSHUV�LV�WKH�RQH�XVLQJ�SQHXPDWLF�DFWXDWRUV��,Q�JHQHUDO��WKH\�
KDYH� GHIRUPDEOH� SQHXPDWLF� FKDPEHUV� UHDOL]HG� ZLWK� GLIIHUHQW� W\SHV� RI� VLOLFRQH� RU� RWKHU�
HODVWRPHUV��:KDW�GLVWLQJXLVKHV�WKHP�LV�WKH�VKDSHV�RI�WKH�SQHXPDWLF�FKDPEHUV��([DPSOHV�
RI�WKLV�W\SH�RI�JULSSHU�FDQ�EH�VHHQ�LQ�>���²���@��

7ZR� LQWHUHVWLQJ� W\SHV�RI� SQHXPDWLF� VRIW� JULSSHUV�XVH� WKH�SQHXPDWLF� V\VWHP� WR� FUHDWH� WKH�
YDFXXP�DQG�JUDVS�REMHFWV�E\�VXFWLRQ��VXFK�DV�>�������@��DQG�WKRVH�WKDW�H[SORLW�WKH�SULQFLSOH�
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RI�MDPPLQJ�WUDQVLWLRQ��VXFK�DV�>������²���@��7KH�IDEULF�EDVHG�VRIW�JULSSHUV�DUH�DOVR�ZRUWK�
PHQWLRQLQJ�� WKHVH�SQHXPDWLF� DFWXDWRUV� SUHVHQW� DGYDQWDJHV� RYHU� RWKHUV� GXH� WR� WKHLU�KLJK�
IOH[LELOLW\��VWLIIQHVV�FXVWRPL]DELOLW\��DQG�WKH�KLJK�IRUFH�WR�ZHLJKW�UDWLR�>���²���@��

$SDUW�IURP�WKHVH�WZR�FDWHJRULHV�LQWR�ZKLFK�WKH�IRXU�JULSSHUV�GHVFULEHG�LQ�WKLV�UHVHDUFK�IDOO��
PDQ\� RWKHU� WHFKQRORJLHV� KDYH� EHHQ� XVHG�� HOHFWUR�DGKHVLRQ� >����������@�� *HFNR�DGKHVLRQ�
>�������@�� GLHOHFWULF� HODVWRPHU� DFWXDWRUV� �'($V�� >������²���@�� IOXLGLF� HODVWRPHU� DFWXDWRUV�
�)($V��>�������@��PDJQHWRUKHRORJLFDO��05��IOXLG�>���@��DQG�VKDSH�PHPRU\�PDWHULDOV�>���@��
,Q� VRPH� FDVHV�� WZR� GLIIHUHQW� W\SHV� RI� DFWXDWLRQ� DUH� LPSOHPHQWHG� LQ� WKH� VDPH� JULSSHU� WR�
DOORZ�VWDEOH�DQG�UHOLDEOH�JUDVSLQJ�XQGHU�GLIIHUHQW�ZRUNLQJ�HQYLURQPHQWV�DV�LQ�>���@��ZKLFK�
SUHVHQWV�WKH�FRPELQDWLRQ�RI�WKH�VXFWLRQ�DQG�WUDGLWLRQDO�OLQNDJH�GULYHQ�JULSSHUV�RU�LQ�>���@��
ZKLFK�SUHVHQWV�WKH�LQWHJUDWLRQ�RI�DQ�HOHFWUR�DGKHVLYH�V\VWHP�DQG�D�SQHXPDWLF�DFWXDWRU��

$OO�WKHVH� ODVW� WHFKQRORJLHV�KDYH�DFKLHYHG�JRRG�UHVXOWV��DOWKRXJK��WR�GDWH�� WKH\�DUH�QRW�\HW�
XVHG�� HVSHFLDOO\� LQ� WKH� LQGXVWULDO� VHFWRU�� VLQFH� WKH\�GR�QRW�KDYH� WKH� VDPH�SHUIRUPDQFH�DV�
SQHXPDWLF�DQG�PHFKDQLFDO�JULSSHUV��

7KLV� ZRUN� SUHVHQWV� D� UHYLHZ� DQG� FRPSDULVRQ� RI� GLIIHUHQW� WHFKQRORJLHV� IRU� VRIW� URERWLF�
JULSSHUV� WR�KLJKOLJKW� WKH�PRUH�UREXVW�PHFKDQLFDO�GHVLJQ��8VXDOO\�� VSHFLILF� URERWLF�JULSSHU�
GHVLJQV� DUH� SUHVHQWHG� DQG� WHVWHG� WR� GHPRQVWUDWH� WKHLU� HIIHFWLYHQHVV�� 1HYHUWKHOHVV�� VRIW�
URERWLF�JULSSHUV�SUHVHQW�WKH�LQWHUHVWLQJ�DELOLW\�WR�JULS�YDULRXV�REMHFWV��VR�LW�LV�XVHIXO�WR�NQRZ�
WKH�EHVW�RSWLRQ�DQG�ZK\�UREXVWQHVV�LV�WKH�ILUVW�UHTXLUHPHQW��2XU�UHVXOWV�KDYH�WKH�SXUSRVH�
RI�VKRZLQJ�KRZ�GLIIHUHQW�W\SHV�RI�PHFKDQLFDO�DFWXDWLRQ�V\VWHPV�DQG�PDWHULDO�VHOHFWLRQ�FDQ�
LQIOXHQFH�JULSSLQJ�FDSDELOLW\��

6.3 Mechanical Design of Grippers 
,Q� WKLV� ZRUN�� IRXU� VRIW� URERWLF� JULSSHUV� KDYH� EHHQ� UHFUHDWHG� VWDUWLQJ� IURP� FRPPHUFLDO�
SURGXFWV��H[FHSW�WKH�WKLUG�RQH��(DFK�JULSSHU�KDV�EHHQ�GHVLJQHG�IURP�VFUDWFK��WKXV�SDUWLDOO\�
PRGLI\LQJ� LWV� RULJLQDO� GHVLJQ� EXW� DOZD\V� DLPLQJ� IRU� WKH� ILQHVW� TXDOLW\�� 7ZR� DFWXDWLRQ�
V\VWHPV��SQHXPDWLF�DQG�HOHFWURPHFKDQLFDO��DQG�IRXU�GHVLJQ�VROXWLRQV�KDYH�EHHQ�FKRVHQ�WR�
UHDOL]H�DQ�HIIHFWLYH�FRPSDULVRQ��7ZR�JULSSHUV�HPSOR\�D�SQHXPDWLF�DFWXDWLRQ�V\VWHP��ZKLOH�
WKH�RWKHU�WZR�XWLOL]H�DQ�HOHFWURPHFKDQLFDO�DFWXDWLRQ�V\VWHP��,Q�DGGLWLRQ��JULSSHUV�SUHVHQW�
VLPLODU�VL]HV�DQG�ILW�WKH�85���WKH�URERWLF�DUP�XVHG�LQ�WKH�H[SHULPHQWV��

,Q� WKH� ILUVW�SDUW� RI� WKLV� VHFWLRQ�� HDFK�JULSSHU�ZLOO� EH�GHVFULEHG� LQ� WHUPV�RI� LWV�GHVLJQ�DQG�
DFWXDWLRQ��7KH� WZR� W\SHV�RI�DFWXDWLRQ�V\VWHPV�DUH� VHSDUDWHO\�GHVFULEHG��EHLQJ�FRPPRQ�WR�
HYHU\�SDLU�RI�JULSSHUV��

6.3.1. Pneumatic System 
7KH�WZR�SQHXPDWLF�JULSSHUV�XVH�WKH�DFWXDWLRQ�V\VWHP�VKRZQ�LQ�)LJXUH������

Figure 6.1 Pneumatic system. a) Connection diagram. b) Wiring diagram control. Signals 1, 2, and 3 
are the cables the connect to the UR3 for control.  
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7KH�SQHXPDWLF�PRGXOH�LV�FRPSRVHG�RI�WZR�VROHQRLG�YDOYHV��2QH�VROHQRLG�YDOYH�FRQQHFWV�WKH�
SDWK�WKDW�FDUULHV�WKH�SUHVVXUL]HG�DLU�WR�WKH�JULSSHU�ZLWK�WKH�DLU�H[WUDFWHG�ZLWK�WKH�YDFXXP�
SXPS��7KH�RWKHU�VROHQRLG�YDOYH�FRQQHFWV�WKH� WXEH�IURP�WKH�SUHVVXUL]HG�DLU�UHVHUYRLU�ZLWK�
WKH� LQOHW� RI� WKH� ILUVW� VROHQRLG� YDOYH� DQG� D� EOLQG� WXEH�� ,W� RSHUDWHV� DV� DQ� RSHQ�FORVH� YDOYH��
)LQDOO\�� D� SUHVVXUH� UHJXODWRU� FRQWUROV� WKH� SUHVVXUH� WKDW� LV� DGPLQLVWHUHG� WR� WKH� JULSSLQJ�
WRROV�� $� FRPSUHVVRU� ZLWK� D� VPDOO� WDQN� LV� XVHG� IRU� FRPSUHVVHG� DLU�� ZKHUHDV� DQ� HOHFWULF�
YDFXXP�SXPS�LV�XVHG�IRU�YDFXXP�JHQHUDWLRQ��

5.3.1.1. Gripper 1 
7KH� ILUVW� JULSSHU�� VKRZQ� LQ� )LJXUH� ����� LV� D� SQHXPDWLF� JULSSHU� EDVHG� RQ� WKH� RQH�
FRPPHUFLDOL]HG� E\� 6RIW� 5RERWLFV� >��@�� 7KH\� GHYHORSHG� VHYHUDO� FRQILJXUDWLRQ� VROXWLRQV�
GHSHQGLQJ� RQ� WKH� DSSOLFDWLRQ�� ,Q� WKLV� ZRUN�� WKH� IRXU�ILQJHU� VROXWLRQ�� ZLWK� ILQJHUV�
V\PPHWULFDOO\�VSDFHG�DURXQG�WKH�FHQWHU�RI�WKH�JULSSHU��KDV�EHHQ�DGRSWHG��

Figure 6.2 First gripper. (a) CAD model, (b) Gripper during the operation, (c) Fingers flexed, (d) and 
Fingers in extension.  

7KH�PRVW�LPSRUWDQW�DVSHFW�RI�WKH�GHVLJQ�RI�ILQJHUV�LV�WKHLU�DV\PPHWU\�DORQJ�WKH�OHQJWKZLVH�
SODQH��7KLV� LV�QHFHVVDU\� WR�DOORZ�PRYHPHQWV��7KH� LQQHU� VLGH�SUHVHQWV�D� IODW� VXUIDFH�ZLWK�
VPDOO� UHOLHIV� WKDW� VWLFN� RXW� WR� LPSURYH� JULSSLQJ� FDSDFLW\�� 7KH� RXWHU� VLGH� SUHVHQWV� VL[�
FKDPEHUV� WKDW� LQIODWH� ZKHQ� SUHVVXUL]HG� DLU� LV� LQWURGXFHG�� JHQHUDWLQJ� WKH� FRQWUDFWLRQ�
PRYHPHQW��9LFH�YHUVD��FUHDWLQJ�D�YDFXXP�LQVLGH��WKH\�FRQWUDFW�DQG�JHQHUDWH�WKH�H[WHQVLRQ�
PRYHPHQW��

$W�RQH�HQG��WKH�ILQJHU�KDV�D�VHFWLRQ�WKDW�DOORZV�LW�WR�EH�KHOG�DW�WKH�EDVH�RI�WKH�JULSSHU�DQG�
DOORZV�DLU�WR�HQWHU�DQG�H[LW�WKH�FKDPEHU��2Q�WKH�RWKHU�HQG��D�VHFWLRQ�ZLWK�JUHDWHU�ULJLGLW\�
DQG� ZLWK� D� WULDQJXODU� SURILOH� KDV� EHHQ� DGGHG� WR� WKH� ILQJHU�� 7KLV� SURYLGHV� D� UHODWLYHO\�
VWUDLJKW�VHFWLRQ�DW�WKH�HQG�RI�WKH�ILQJHU�WR�SHUIRUP�D�EHWWHU�JULS�ZLWK�WKH�H[WUHPLW\��)LQJHUV�
PHDVXUH����FP�LQ�OHQJWK�DQG�����FP�LQ�ZLGWK��

)RU�WKH�FUHDWLRQ�RI�WKLV�SURWRW\SH��WZR�SDUWV�FDQ�EH�GLVWLQJXLVKHG��PDQXIDFWXULQJ�VLOLFRQH�
ILQJHUV�DQG�WKH��'�SULQWLQJ�RI�WKH�UHVW�RI�WKH�SLHFHV�WKDW�IRUP�WKH�EDVH�RI�WKH�JULSSLQJ�WRRO�
�DOO��'�SULQWHG�SDUWV�DUH�PDGH�ZLWK�WKH�WKHUPRSODVWLF�SRO\HVWHU�3/$���

$�PROG�KDV�EHHQ�UHDOL]HG�ZLWK��'�SULQWLQJ�WR�REWDLQ�D�VLOLFRQH�ILQJHU��DV�VKRZQ�LQ�)LJXUH�
�����,W�FRPSULVHV�WKUHH�GLIIHUHQW�SDUWV��D�PDOH�WKDW�SURYLGHV�WKH�LQWHUQDO�VKDSH�RI�WKH�ILQJHU��
DQG�WZR�IHPDOHV��ZKLFK�SURYLGH�WKH�H[WHULRU��7KH�VLOLFRQH�XVHG�LV�WKH�6LODVWLF��������ZLWK�D�
FXUH�WLPH�RI�RQH�KRXU��

�D� �E� �F� �G�

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'

��62)7�*5,33(56



����

Figure 6.3 Mold for manufacturing silicone fingers: (a) Mold for inner side, (b) Mold for outer side, (c) 
Male mold, (d) The assembled mold. 

7KLV� VLOLFRQH� DOORZV� JHWWLQJ� WKH� GHVLUHG� FKDUDFWHULVWLFV� FRQFHUQLQJ� VWLIIQHVV�� ZKLOH� RWKHU�
VLOLFRQHV�VXFK�DV�(FRIOH[��������KDYH�SURYHG�WRR�VRIW�IRU�WKLV�DSSOLFDWLRQ��

7KH�ZRUNLQJ�SUHVVXUH�RI�WKH�JULSSLQJ�WRROV�LV�DURXQG���EDUV��

5.3.1.2. Gripper 2 
7KH� VHFRQG� JULSSHU�� DV� VKRZQ� LQ� )LJXUH� ����� LV� DOVR� SQHXPDWLF� DQG� LV� EDVHG� RQ� WKH�
9HUVDEDOO��ZKLFK�LV�D�JULSSHU�SURGXFHG�E\�WKH�FRPSDQ\�(PSLUH�5RERWLFV�,QF��>��@�

Figure 6.4 Second gripper: (a) CAD model of the gripper, (b) Gripper during the operation. 

,WV�RSHUDWLRQ�LV�EDVHG�RQ�WKH�MDPPLQJ�SURFHVV�E\�ZKLFK�JUDQXODU�PDWHULDOV�LQFUHDVH�WKHLU�
YLVFRVLW\�ZKHQ�WKH�GHQVLW\�RI�SDUWLFOHV�LQFUHDVHV��

7KH�JULSSHU�SUHVHQWV�D�VSKHULFDO�FKDPEHU�PDGH�RI�DQ�HODVWRPHULF�SODVWLF�PHPEUDQH�ILOOHG�
ZLWK� JUDQXODU� PDWHULDO�� ,W� LV� SRVVLEOH� WR� JHW� WKH� OLTXLG� DQG� VROLG� SVHXGR�VWDWHV� ZKHQ�
SUHVVXUL]HG�DLU�DQG�YDFXXP�DUH�DSSOLHG��UHVSHFWLYHO\��

7R�JUDE�DQ�REMHFW��D�VPDOO�DPRXQW�RI�DLU�KDV�WR�EH� LQWURGXFHG�LQ�WKH�FKDPEHU�VR�WKDW�WKH�
JUDQXODU�PDWHULDO�DFWV�VLPLODU�WR�D�OLTXLG��7KHQ��WKH�JULSSHU�KDV�WR�EH�SUHVVHG�DJDLQVW�WKH�
REMHFW��DGDSWLQJ�WKH�FRQWHQWV�RI�WKH�FKDPEHUV�WR�WKH�RXWHU�VKDSH�RI�WKH�REMHFW��)LQDOO\��WKH�
YDFXXP�LV�FUHDWHG�LQVLGH�WKH�FKDPEHU�WR�VROLGLI\�LWV�LQWHULRU�DQG�PDLQWDLQ�WKH�VKDSH�RI�WKH�
REMHFW�� $V� ORQJ� DV� WKH� YDFXXP� LV� PDLQWDLQHG�� WKH� REMHFW� LV� KHOG� E\� WKH� JULSSHU��
6XEVHTXHQWO\�� LW� LV�HQRXJK�WR� ILOO� WKH�FKDPEHU�ZLWK�DLU�DJDLQ�� UHWXUQ� WR� WKH� ´OLTXLGµ�VWDWH�
DQG� UHOHDVH� WKH� REMHFW�� 7KLV� PHWKRG� RI� JULSSLQJ� UHTXLUHV� WKDW� WKH� REMHFW� VL]H� EH�
DSSUR[LPDWHO\�KDOI�RI�WKH�GLDPHWHU�RI�WKH�SQHXPDWLF�FKDPEHU��
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7KLV� JULSSHU� FRPSULVHV� WKH� SUHYLRXVO\� GHVFULEHG� SQHXPDWLF� PRGXOH�� D� SLHFH� WR� MRLQ� WKLV�
PRGXOH�ZLWK�WKH�FODZ��WZR�SLHFHV�WR�NHHS�WKH�ILOWHU�LQ�SODFH��DQG�WZR�ILQDO�SLHFHV�WKDW�KROG�
WKH�SQHXPDWLF�FDPHUD��

$V�LQ�WKH�SUHYLRXV�FDVH��WKH�SQHXPDWLF�FKDPEHU�LV�WKH�HVVHQWLDO�HOHPHQW�RI�WKH�JULSSHU��$�
ODWH[�EDOORRQ�RI�DSSUR[LPDWHO\���PP�WKLFNQHVV�DQG�DERXW���FP�LQ�GLDPHWHU�KDV�EHHQ�FKRVHQ�
WR� UHDOL]H� LW�� 7KH� FKRVHQ� WKLFNQHVV� SURYLGHV� WKH� FKDPEHU� ZLWK� UHVLVWDQFH� DJDLQVW� WKH�
DEUDVLYH�DFWLRQ�RI�WKH�JUDQXODU�PDWHULDO�DQG�HQVXUHV�WKDW�LW�LV�QRW�GDPDJHG�ZKHQ�FRPLQJ�
LQWR�FRQWDFW�ZLWK�REMHFWV��$W�WKH�VDPH�WLPH��D�VPDOOHU�WKLFNQHVV�DGDSWV�HDVLHU�WR�WKH�PLQRU�
LUUHJXODULWLHV�RI�WKH�REMHFWV��EHVLGHV�JDLQLQJ�IOH[LELOLW\�DQG�HODVWLFLW\��

6HYHUDO� RSWLRQV�RI� JUDQXODU�PDWHULDOV�KDYH�EHHQ� WHVWHG�� VXFK�DV�JURXQG� FRIIHH�� ILQH� VDQG��
DQG�EUHDGFUXPEV��$IWHU�WHVWLQJ�JURXQG�FRIIHH�DQG�EUHDGFUXPEV��LW�KDV�EHHQ�REVHUYHG�WKDW�
WKH�FKDPEHU�DGDSWV�PXFK�EHWWHU� WR�REMHFWV�ZLWK�JURXQG�FRIIHH��7KLV� LV� WKH� VDPH�PDWHULDO�
XVHG�LQ�WKH�UHVHDUFK�SUHYLRXVO\�PHQWLRQHG��

$� ILOWHU� LV� QHFHVVDU\� WR� DOORZ� DLU� WR� SDVV� LQ� ERWK� GLUHFWLRQV� DQG� PDLQWDLQ� WKH� JUDQXODU�
PDWHULDO�LVRODWHG�IURP�WKH�SQHXPDWLF�V\VWHP��7KH�ILOWHU�LV�FRPSRVHG�RI�D�IHOW�FLUFOH�ZLWK�WKH�
VDPH� GLDPHWHU� DV� WKH� XSSHU� VHFWLRQ� RI� WKH� EDVH� DQG� D� WKLFNQHVV� RI� DSSUR[LPDWHO\� RQH�
PLOOLPHWHU��7KH�ZRUNLQJ�SUHVVXUH�LV�DURXQG���EDU��

6.3.2. Electromechanical System 
7KH�RWKHU�WZR�JULSSHUV�DUH�PHFKDQLFDO�DQG�XVH�D���9�'&�PRWRU�ZLWK�D�UHGXFWLRQ�JHDUER[��
7R� FDOFXODWH� WKH� UHGXFWLRQ�� WZR� SDUDPHWHUV�PXVW� EH� FRQVLGHUHG�� WKH� DSSUR[LPDWH� FORVLQJ�
WLPH�RI�WKH�JULSSHU�DQG�LWV�JHQHUDWHG�WRUTXH��

)RU�WKH�WKLUG�JULSSHU��D�JUHDW�UHGXFWLRQ�UDWLR�LV�QHFHVVDU\�VLQFH�WKH�WRUTXH�JHQHUDWHG�E\�WKH�
PRWRU� PXVW� EH� HQRXJK� WR� SXOO� WKH� WKUHH� FDEOHV� RI� WKH� WKUHH� ILQJHUV� RI� WKH� JULSSHU�
VLPXOWDQHRXVO\��VR�D�UHGXFWLRQ�RI�������LV�QHFHVVDU\�DW�OHDVW��

,QGHHG��D�IRXUWK�JULSSHU�SUHVHQWV�D�VSLQGOH�QXW�V\VWHP�WKDW�JHQHUDWHV�D�VXLWDEOH�WRUTXH�IRU�
WKLV�DSSOLFDWLRQ��7KXV��WKH�UHGXFWLRQ�LV�FKRVHQ�RQO\�EDVHG�RQ�WKH�JULSSHU�FORVLQJ�WLPH�DQG�LV�
HTXDO�WR��������

7KH�VDPH�VWUXFWXUH�LV�XVHG�WR�PRXQW�WKH�PRWRUV�RQ�WKH�WZR�JULSSHUV��DV�WKH�PRWRU�VL]H�LV�
LGHQWLFDO�GHVSLWH�WKH�GLIIHUHQW�UHGXFWLRQ�UDWLRV��7KLV�VWUXFWXUH� LV�FRPSRVHG�RI�WZR�SDUWV��D�
EDVH�DQG�DQ�DGDSWHU�IRU�WKH�URERWLF�DUP�85���7KH�EDVH�SDUW�KRXVHV�WKH�PRWRU�LQVLGH�DQG�LV�
GHVLJQHG�WR�EH�WLJKWHQHG�WR�SUHYHQW�LWV�ORQJLWXGLQDO�GLVSODFHPHQW��

)LQDOO\��WKH�VLPSOLILHG�HOHFWULFDO�VFKHPH�LV�VKRZQ�LQ�)LJXUH������7KH�/5�JURXS�UHSUHVHQWV�
WKH�'&�PRWRU��DQG�WKH�+�EULGJH�LV�FRPSRVHG�RI�WKH�IRXU�ELSRODU�VLJQDOV�DQG�WKH�WZR�FRQWURO�
VLJQDOV��7KHVH�DUH�WKH�RQHV�WKDW�FRQQHFW�WR�WKH�LQSXW�RXWSXW�SDQHO�RI�WKH�85���

Figure 6.5 Wiring diagram of the electromechanical system. 
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5.3.2.1. Gripper 3 
7KH�ILUVW�PHFKDQLFDO�JULSSHU��DV�VKRZQ�LQ�)LJXUH������SUHVHQWV�DUWLFXODWHG�ILQJHUV�DFWXDWHG�
E\� FDEOHV��:KHQ� WKH� FDEOHV� DUH� SXOOHG� E\� D�PRWRU� FRQQHFWHG� WR� D� SXOOH\�� WKH� ILQJHUV� DUH�
IOH[HG��

Figure 6.6 Third gripper: (a) CAD model of the gripper, (b) Real Gripper. 

7KH�VKDSH�WKDW�ILQJHUV�DGRSW�LV�D�IXQFWLRQ�RI�WKH�REMHFW�WR�EH�JUDVSHG��WKH�OLQNV�RI�WKH�ILQJHU�
ZLOO�DGDSW�WR�WKH�REMHFW
V�RXWHU�VXUIDFH��

+HUH�� WKH� QXPEHU� RI� ILQJHUV� VHOHFWHG� WR� DFKLHYH� RSWLPXP� JULS� LV� WKUHH�� DUUDQJHG� DW� ����
GHJUHHV�� 7R� ZRUN� FRUUHFWO\�� WKH� WKUHH� ILQJHUV� PXVW� SHUIRUP� WKHLU� PRYHPHQWV�
VLPXOWDQHRXVO\��

7R�FDUU\�RXW�WKLV�PRYHPHQW��WKH�WKUHH�FDEOHV��RQH�IRU�HDFK�ILQJHU��DUH�ZRXQG�RQ�WKH�VDPH�
SXOOH\� WKDW� FROOHFWV� RU� UHOHDVHV� WKH� FDEOHV�� JHQHUDWLQJ� WKXV� WKH� IOH[LRQ�RU� H[WHQVLRQ�RI� WKH�
ILQJHUV�EDVHG�RQ�WKH�URWDWLQJ�GLUHFWLRQ��

7KH�SXOOH\�UHSUHVHQWV�D�FUXFLDO�SDUW�RI�WKH�GHVLJQ�VLQFH�LW�LV�UHVSRQVLEOH�IRU�V\QFKURQL]LQJ�
WKH�PRYHPHQW�RI� ILQJHUV�� ,W�KDV� DQ� LQQHU� VHFWLRQ� LQ�ZKLFK�D�QXW� LV� LQVHUWHG� WR� IDVWHQ� WKH�
SXOOH\�WR�WKH�IODW�IDFH�RI�WKH�PRWRU�VKDIW��7KH�SXOOH\�LV�GHVLJQHG�ZLWK�D�VPDOO�GLDPHWHU�WR�
JHQHUDWH�D�JRRG�WRUTXH�IRU�WKH�DSSOLFDWLRQ�EXW�ODUJH�HQRXJK�WR�EH�SULQWHG�LQ��'�DQG�QRW�WRR�
IUDJLOH��,W�DOVR�KDV�D�GXFW�ZLWK�D�FLUFXODU�VHFWLRQ�WKDW�FRQQHFWV�WKH�RXWHU�IDFH�RI�WKH�SXOOH\��
ZKHUH�WKH�FDEOHV�DUH�ZRXQG��ZLWK�WKH�XQGHUVLGH�RI�WKH�SXOOH\��

7KH� WKUHH� ILQJHUV� DUH� KHOG� RQ� D� EDVH�� DQG� DQ� DGDSWHU� FRQQHFWV� WR� WKH� URERW��(DFK� ILQJHU�
FRPSULVHV� WKUHH� EDVH�PRGXOHV�� RQH� HQG�� DQG� D� WLS��0RGXOHV� DUH� MRLQHG� ZLWK� VFUHZV� WKDW�
DOORZ�WKHLU�UHODWLYH�URWDWLRQ��(DFK�ILQJHU�PHDVXUHV����FP�LQ�OHQJWK�DQG�����FP�LQ�ZLGWK��

5.3.2.2. Gripper 4 
$V� VKRZQ� LQ� )LJXUH� ����� WKH� IRXUWK� JULSSHU� LV� EDVHG� RQ� WKH�0XOWL&KRLFH�*ULSSHU� SURGXFW�
PDQXIDFWXUHG�E\�WKH�)(672��&RPSDQ\�>���@��7KLV�GHVLJQ�LV�EDVHG�RQ�WKH�PHFKDQLFV�RI�WKH�
KXPDQ�KDQG��ZKHUH�WKH�WKXPE�VHUYHV�WR�LPSRVH�DQ�HIIRUW�LQ�WKH�VDPH�GLUHFWLRQ�EXW�RSSRVLWH�
RULHQWDWLRQ� DV� WKH� UHVW� RI� WKH� ILQJHUV�� 7R� DGDSW� WR� GLIIHUHQW� REMHFW� W\SRORJLHV�� WKH� WRRO�
GHYHORSHG� E\� )(672� FDQ� UHRULHQW� WKH� ILQJHUV� DQG� REWDLQ� GLIIHUHQW� FRQILJXUDWLRQV�� )RU�
H[DPSOH�� REMHFWV� ZLWK� URXQG� SHULPHWHU� DUH� SODFHG� ZLWK� WHUQDU\� V\PPHWU\�� +RZHYHU�� IRU�
REMHFWV�ZLWK�SDUDOOHO�IDFHV��RQH�ILQJHU�LV�SODFHG�LQ�RSSRVLWLRQ�WR�WKH�RWKHU�WZR��
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Figure 6.7 Fourth gripper: (a) CAD model of the gripper, (b) Gripper during the operation. 

1HYHUWKHOHVV��IRU�WKH�UHSURGXFWLRQ�RI�WKLV�SURWRW\SH��WKLV�IHDWXUH�KDV�EHHQ�REYLDWHG�WR�IRFXV�
DWWHQWLRQ�RQ�WKH�GHVLJQ�RI�WKH�ILQJHUV��SDVVLYH�VWUXFWXUHV�FDSDEOH�RI�DGDSWLQJ�WR�WKH�REMHFWV�
WKDW� GHIRUP� WKHP�� 7KLV� JULSSLQJ� WRRO� FRPSULVHV� WKUHH� ILQJHUV� RI� D� IOH[LEOH�PDWHULDO�� 7KH�
ILQJHUV�DUH�WULDQJXODU�ZLWK�WKLQ�ZDOOV�DQG��ORQJLWXGLQDOO\��WKH\�SUHVHQW�D�QXFOHXV�IRUPHG�E\�
ULJLG�SDUWV�WKDW�SUHYHQW�WKH�ZDOOV�RI�WKH�ILQJHU�IURP�DSSURDFKLQJ��:LWK�WKLV�PRUSKRORJ\��WKH�
WLS�UHPDLQV�DSSUR[LPDWHO\�WKH�VDPH�SODFH�ZKHQ�WU\LQJ�WR�GHIRUP�WKH�ILQJHU��EXW�WKH�ERG\�
EHQGV�DURXQG�WKH�REMHFW��7KLV�GHIRUPDWLRQ�RI�WKH�ILQJHU�DOORZV�LW� WR�DGDSW� WR�WKH�VKDSH�RI�
WKH� REMHFW
V� VXUIDFH�ZLWK�ZKLFK� LW�ZLOO�PDNH� FRQWDFW�� DQG�� WKDQNV� WR� LWV� IOH[LELOLW\�� LW�ZLOO�
GHIRUP�EHIRUH�GDPDJLQJ�LW��,Q�WKLV�FDVH��WKH�FKRLFH�RI�WKH�QXPEHU�RI�ILQJHUV�WKDW�IRUP�WKH�
JULSSHU�FRXOG�KDYH�EHHQ�WZR�� WKUHH��RU� IRXU��7KH�QXPEHU� WKUHH�KDV�EHHQ�VHOHFWHG�EHFDXVH�
WKH�VSLQGOH�PHFKDQLVP�PRYHV�SHUIHFWO\�V\QFKURQL]HG��DQG� LW� LV�XQQHFHVVDU\� WR�FRPSOLFDWH�
WKH� GHVLJQ� E\� DGGLQJ� D� IRXUWK� ILQJHU�� DOWKRXJK� LW� PLJKW� EH� XVHIXO� WR� KDYH� LW� LQ� VRPH�
VFHQDULRV��

7KH�JULSSLQJ�WRRO�FRQVLVWV�RI�WKUHH�IOH[LEOH� ILQJHUV�DQG�D�ULJLG�EDVH��7KH�ILQJHUV�DUH�PDGH�
IURP�WKH�HODVWRPHULF�WKHUPRSODVWLF�SURGXFHG�E\�WKH�FRPSDQ\�5HFUHXV�>���@�FDOOHG�)LOD)OH[��
DQG�WKH\�PHDVXUH����FP�LQ�OHQJWK�DQG�����FP�LQ�ZLGWK��7ZR�SLHFHV�IRUP�WKH�EDVH��WKH�PDLQ�
RQH�RQ�ZKLFK�WKH�ILQJHUV�DUH�PRXQWHG��WKH�PRWRU�LV�FRXSOHG��DQG�D�VHFRQGDU\�RQH�WKDW�MRLQV�
WKH�JULSSLQJ�WRRO�ZLWK�WKH�85���)XUWKHUPRUH��WKH�PHFKDQLFDO�DFWXDWLRQ�FRPSULVHV�D�GLUHFW�
FXUUHQW�PRWRU��D� IOH[LEOH� FRXSOHU��D� VSLQGOH�� D�QXW��DQG�D�KDQGOH�DWWDFKHG� WR� WKH�QXW�� WKH�
ILQJHU�FRQQHFWRU��DQG�WKH�PRWRU�VXSSRUW��

(DFK�ILQJHU�FDQ�EH�KHOG�ZLWK�URWDWLRQDO�MRLQWV�DW�ERWK�HQGV�RI�LWV�EDVH�WR�JHQHUDWH�WKH�JULS�
PRYHPHQW��%\�PDLQWDLQLQJ�WKH�SRVLWLRQ�RI�WKH�RXWHU�HQGV�RI�WKH�ILQJHU�EDVHV�DQG�FKDQJLQJ�
WKH� KHLJKW� RI� WKH� LQQHU� HQGV�� WKH� RSHQLQJ� DQG� FORVLQJ� PRYHPHQW� LV� DFKLHYHG�� 7KLV�
PRYHPHQW��ZKLFK�FDQ�EH�JHQHUDWHG�LQ�PDQ\�ZD\V��LV�GRQH�ZLWK�D�VSLQGOH�QXW�PHFKDQLVP��$�
PRWRU�URWDWHV�WKH�VSLQGOH��ZKLFK�FDXVHV�WKH�QXW�WR�PRYH�XS�DQG�GRZQ�ZKHQ�LWV�URWDWLRQ�LV�
SUHYHQWHG�� 7KH� LQQHU� HQGV� RI� WKH� ILQJHUV� DUH� FRQQHFWHG� WR� WKH� QXW� E\� FRQQHFWRUV�� ZKLFK�
DOORZ�WKH�SRVVLELOLW\�RI�PRYHPHQW�ZKLOH�SUHYHQWLQJ�WKH�URWDWLRQ�RI�WKH�QXW��

7KH� ULJLG� VHFWLRQV� WKDW� IRUP� WKH� LQWHUQDO� VWUXFWXUH� RI� WKH� ILQJHU� KDYH� EHHQ�PDGH�ZLWK� D�
ZLUH��7KLV�ZLUH�KDV�HQRXJK�ULJLGLW\�WR�DOORZ�WKH�GHIRUPDWLRQ�RI�WKH�ILQJHU�EXW�DW�WKH�VDPH�
WLPH�DOORZ�LW�WR�UHWXUQ�WR�LWV�LQLWLDO�SRVLWLRQ��

6.4. Experiments 
7KH� REMHFWLYH� RI� WKLV�ZRUN� LV� WR� WHVW� WKH� UREXVWQHVV� RI� WKH� JULSSLQJ� WRROV� DQG� WKHLU� JUDVS�
VWDELOLW\��7R�WHVW�WKHVH�SDUDPHWHUV��DQ�H[SHULPHQW�KDV�EHHQ�GHVLJQHG�LQ�ZKLFK�WKH�DELOLW\�RI�
WKH�JULSSHU�WR�JULS�D�VSHFLILF�REMHFW��KROG�LW�ZKLOH�WKH�URERWLF�DUP�UHDOL]HV�D�WUDMHFWRU\��DQG�
VXFFHVVLYHO\� UHOHDVH� LW�� LV� HYDOXDWHG� �DV� LOOXVWUDWHG� LQ� )LJXUH� ������ 7KH� WHVW� LV� GHHPHG�
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VXFFHVVIXO� LI� WKH�REMHFW�GRHV�QRW� IDOO�HLWKHU�GXULQJ� WKH�JULS�RU� WKH�GLVSODFHPHQW�DQG� LI� WKH�
REMHFW�LV�QRW�GDPDJHG�DIWHU�JULSSLQJ�DFWLRQ��

Figure 6.8 Test execution: the gripper picks up one of the twelve objects in a predetermined position and 
place it in the desired location. 

6LQFH�RQH�RI�WKH�PRVW�LPSRUWDQW�DVSHFWV�LV�WKH�FDSDELOLW\�RI�JULSSHUV�WR�PDQLSXODWH�REMHFWV�
ZLWK�GLIIHUHQW�FKDUDFWHULVWLFV��L�H���GLIIHUHQW�VKDSHV��ULJLGLW\��DQG�IUDJLOLW\��WZHOYH�REMHFWV��DV�
VKRZQ�LQ�)LJXUH������KDYH�EHHQ�FKRVHQ�IRU�H[SHULPHQWDWLRQ��(DFK�RI�WKHP�SUHVHQWV�GLIIHUHQW�
FKDUDFWHULVWLFV�WR�UHSUHVHQW�D�ZLGHU�UDQJH�RI�REMHFWV��7KH�ZHLJKW�DQG�GLPHQVLRQV�RI�REMHFWV�
DUH�OLPLWHG�E\�WKH�FDSDFLW\�DQG�GLPHQVLRQV�RI�WKH�JULSSHUV��

Figure 6.9 Selection of objects for experimentation with its identification number. (a) Tennis ball #1, (b) 
Screen Cleaner #2, (c) Vaseline Container #3, (d) Metallic Container #4, (e) Nut #5, (f) Rock #6, (g) 

Tomato #7, (h) Egg #8, (i) Glue Stick #9, (l) Dish Sponge #10, (m) Broccoli #11, and (n) Candy Box #12. 

2EMHFWV�DUH�RULHQWHG�LQ�GLIIHUHQW�ZD\V�QRW�WR�IDFLOLWDWH�DQ\�JULSSHU��)RU�H[DPSOH��REMHFW����
�VHH�7DEOH���� LV�DUUDQJHG�YHUWLFDOO\��ZKHUHDV�REMHFW����� LV�DUUDQJHG�KRUL]RQWDOO\�� ,Q� VRPH�
FDVHV��H[WHUQDO�HOHPHQWV�KDYH�EHHQ�XVHG�WR�HQVXUH�WKH�FRUUHFW�SRVLWLRQLQJ�RI�WKH�REMHFW��VXFK�
DV�IRU�WKH�HJJ�������DV�FDQ�EH�VHHQ�LQ�)LJXUH����RU�IRU�WKH�WHQQLV�EDOO�������ZKLFK�ZRXOG�KDYH�
VOLSSHG�RQFH�SODFHG�RQ�WKH�VXUIDFH�GXH�WR�WKHLU�SK\VLFDO�FKDUDFWHULVWLFV��
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Figure 6.10 Test execution with Gripper 1 (a,b), Gripper 2 (c,d), Gripper 3 (e,f), Gripper 4 (g,h). 

,Q�WKH�IROORZLQJ�WDEOH��7DEOH�������HDFK�REMHFW
V�LGHQWLILFDWLRQ�QXPEHU�LV�DVVLJQHG�WR�VLPSOLI\�
WKH�UHVXOW�WDEOHV��

Table 6.1 Selection of objects for experimentation. Each object has been assigned a number to facilitate 
WKH�VXEVHTXHQW�GLVSOD\�RI�UHVXOWV��ILUVW�FROXPQ���7KH�´'LPHQVLRQVµ�FRlumn shows the significant 
GLPHQVLRQV�RI�HDFK�REMHFW��DQG�WKH�´:HLJKWµ�FROXPQ�VKRZV�WKH�ZHLJKW�RI�WKH�REMHFWV�XVHG�LQ�WKH�

experiments. In the last column, ´5HOHYDQW�$VSHFWV�µ the aspects that differentiate each object from the 
others are highlighted. 

Identifier Object Dimensions Weight Relevant Aspects 

�� 7HQQLV�EDOO� ���PP�GLDPHWHU� �����J� 4XLWH�ULJLG�DQG�ZLWK�D�URXJK�
VXUIDFH�

�� 6FUHHQ�&OHDQHU� ���PP�GLDPHWHU�
���PP�WKLFNQHVV� �����J� &RQVLGHUDEO\�VRIW�DQG�GHIRUPDEOH�

�� 9DVHOLQH�FRQWDLQHU� ���PP�GLDPHWHU�
���PP�KHLJKW� ����J� 9HU\�VPRRWK�VXUIDFH�

�� 0HWDOOLF�FRQWDLQHU� ���[����[����PP� �����J� 3ULVPDWLF�IRUP�ZLWK�VRPH�
LUUHJXODULWLHV��VPRRWK�VXUIDFH�

�� 1XW� ���PP�GLDPHWHU�
���PP�KHLJKW� �����J� 9HU\�VPDOO�DQG�OLJKWZHLJKW�

�� 5RFN� ���[����[����PP� �����J� 7KH�VPDOOHVW�REMHFW�RI�WKH�
H[SHULPHQW�

�� 7RPDWR� ���PP�GLDPHWHU�
���PP�KHLJKW� ������J� 7KH�KHDYLHVW�REMHFW�RI�WKH�

H[SHULPHQW�
�� (JJ� ���PP�GLDPHWHU�

���PP�KHLJKW� ���J� +DUG�EXW�YHU\�IUDJLOH�

�� *OXH�6WLFN� ���PP�GLDPHWHU�
����PP�KHLJKW� �����J� 6YHOWH�ZLWK�LUUHJXODULWLHV�DW�WKH�

HQGV�
��� 'LVK�6SRQJH� ����[����[����PP� �����J� &RQVLGHUDEO\�VRIW�DQG�GHIRUPDEOH�

ZLWK�D�VOLJKWO\�VWLIIHU�VXUIDFH�
��� %URFFROL� ���PP�GLDPHWHU�

����PP�KHLJKW� ������J� ,UUHJXODU�REMHFW�WKDW�VKRXOG�QRW�
EH�GHIRUPHG�

��� &DQG\�ER[� ���[����[����PP� ����J� /LWWOH�JULSSLQJ�VXUIDFH��H[FHSW�IRU�
WKH�VHFRQG�JULSSHU��
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7KH�H[SHULPHQW�KDV�EHHQ�FDUULHG�RXW�LQ�WKUHH�GLIIHUHQW�HQYLURQPHQWV��QRUPDO��KXPLG��DQG�
GXVW\�� 7KH� QRUPDO� HQYLURQPHQW� LV� DFKLHYHG� ZLWKRXW� FKDQJLQJ� WKH� SURSHUWLHV� RI� WKH�
HQYLURQPHQW��,Q�WKLV�FDVH��REMHFWV�DUH�QRW�GDPS�RU�GXVW\��

7KH�KXPLG�HQYLURQPHQW�FRQVLVWV� LQ�PRLVWHQLQJ�ERWK�WKH�JULSSLQJ�WRRO�DQG�WKH�REMHFW��7KH�
SUHVHQFH�RI�KXPLGLW\�FDXVHV�JUHDWHU�HIIHFWV�RQ�VRPH�REMHFWV�WKDQ�RQ�RWKHUV��GHSHQGLQJ�RQ�
WKH� REMHFW
V� VXUIDFH� DQG� KRZ� PXFK� WKH� ZDWHU� FDQ� ZHW� LW�� )RU� LQVWDQFH�� ZKLOH� D� SODVWLF�
FRQWDLQHU�ZLWK� VPRRWK�ZDOOV�PD\� RQO\� VOLJKWO\� EH� DIIHFWHG� E\� D� KXPLG� HQYLURQPHQW�� WKH�
SURSHUWLHV�RI�D�VSRQJH��VXFK�DV�LWV�ZHLJKW�DQG�VXUIDFH�DGKHVLRQ��VLJQLILFDQW�FKDQJH�LQ�VXFK�
DQ� HQYLURQPHQW�� )LQDOO\�� WKH� GXVW\� HQYLURQPHQW� LV� VLPXODWHG� E\� VSUHDGLQJ� D� JHQHURXV�
DPRXQW� RI� IORXU� WR� ERWK� WKH� WRRO� DQG� WKH� REMHFW�� 7KH� ODVW� WZR� VLWXDWLRQV� FDQ� RFFXU� LQ�
DJULFXOWXUH�RU�VSHFLILF�LQGXVWULDO�SURFHVVHV��

)RU�HDFK�H[SHULPHQW�����UHSHWLWLRQV�KDYH�EHHQ�SHUIRUPHG��7KLV�PHDQV� WKDW����UHSHWLWLRQV�
KDYH�EHHQ�SHUIRUPHG�ZLWK�HDFK� WRRO� IRU� HDFK�REMHFW��DQG� WZHQW\�KDYH�EHHQ�SHUIRUPHG� IRU�
HDFK�HQYLURQPHQW��ZKLFK�LV�����IRU�HDFK�JULSSHU�DQG�REMHFW��%HLQJ�WZHOYH�REMHFWV��D�WRWDO�RI�
�����UHSHWLWLRQV�DUH�SHUIRUPHG��,Q�)LJXUH�������LW�LV�SRVVLEOH�WR�VHH�VRPH�FDSWLRQV�RI�WKHVH�
H[SHULPHQWV��

7KH� WLPH�XVHG� IRU� VXFFHVVIXO� JULSSLQJ� LV� GLIIHUHQW� IRU� HDFK� RI� WKH� JULSSHUV�� ,Q� WKH� FDVH� RI�
*ULSSHU����WKLV�WLPH�LV�LQ�WKH�UDQJH�RI��²��V�VLQFH�WKH�ILQJHUV�PXVW�EH�LQIODWHG�WR�D�JUHDWHU�RU�
OHVVHU�H[WHQW�DFFRUGLQJ�WR�WKH�REMHFW·V�VL]H��,Q�WKH�FDVH�RI�*ULSSHU����WKLV�WLPH�LV�DERXW���V�
VLQFH� LW� LV� QHFHVVDU\� WKDW� WKH� JULSSHU� ILUVW� DGMXVWV� WR� WKH� REMHFW
V� VKDSH� WR� SHUIRUP� WKH�
YDFXXP�VXEVHTXHQWO\��,Q�WKH�FDVH�RI�*ULSSHU���DQG�*ULSSHU����WKLV�WLPH�LV�OHVV�WKDQ�RU�HTXDO�
WR�RQH�VHFRQG��

6.5. Results 
7KH�GDWD�REWDLQHG�IURP�WKH�H[SHULPHQWV�DUH�SUHVHQWHG�LQ�WKH�IROORZLQJ�JUDSKLFV�DQG�7DEOH�
�����7DEOH������7DEOH������DQG�7DEOH������

Table 6.2 Experiments with Gripper 1. On the left, the table with a success rate for every object, in the 
last column, the average for every object is calculated, and at the end of the table, the average success 

rate for every environment is determined. On the right, the graphic representation of Table 2 is 
reported. 
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Table 6.3 Experiments with Gripper 2. On the left, the table with the success rate for every object, in the 
last column, the average for every object is calculated, and at the end of the table, the average success 

rate for every environment is determined. On the right, the graphic representation of Table 3 is 
reported. 

Table 6.4 Experiments with Gripper 3. On the left, the table with the success rate for every object, in the 
last column, the average for every object is calculated, and at the end of the table, the average success 

rate for every environment is determined. On the right, the graphic representation of Table 4 is 
reported. 

Table 6.5 Experiments with Gripper 4. On the left, the table with the success rate for every object, in the 
last column, the average for every object is calculated, and at the end of the table, the average success 

rate for every environment is determined. On the right, the graphic representation of Table 5 is 
reported. 

7KH�ILUVW�WKUHH�FROXPQV�RI�GDWD�FRUUHVSRQG�WR�WKH�VXFFHVV�UDWH�RI�WKH�JULSSLQJ�WRROV� LQ�WKH�
WKUHH� VFHQDULRV�� QRUPDO�� KXPLG�� DQG� GXVW�� 7KH� DYHUDJH� FROXPQ� RI� VXFFHVV� UDWHV� IRU� HDFK�
REMHFW� LQ� DOO� VFHQDULRV� LV� SUHVHQWHG� LQ� WKH� IRXUWK� FROXPQ�� ,Q� WKH� ODVW� URZ�� WKH� DYHUDJH�
VXFFHVV�UDWH�IRU�HDFK�HQYLURQPHQW�LV�FDOFXODWHG��DQG�WKH�JOREDO�VXFFHVV�UDWH�LV�FDOFXODWHG�DV�
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WKH� DYHUDJH� EHWZHHQ� WKH� UDWHV� RI� HDFK� REMHFW� LQ� HDFK� VFHQDULR�� $� KLVWRJUDP�DFFRPSDQLHV�
HDFK�WDEOH�WR�GLVSOD\�WKH�GDWD�PRUH�LQWXLWLYHO\��

)URP�WKH�UHVXOWV� �)LJXUH�������� LW�FDQ�EH�VHHQ�WKDW�WKH�VXFFHVV�RUGHU�RI�WKH�JULSSHUV� LV�DV�
IROORZV��*ULSSHU����*ULSSHU����*ULSSHU����DQG�*ULSSHU����

Figure 6.11 Summary of test results for the four grippers in the three environments. 

*ULSSHU����ZLWK�����RI� WKH�JOREDO� VXFFHVV�UDWH�� LV� WKH�EHVW�RI� WKH� WZR�SQHXPDWLF�JULSSHUV�
DQG�UDQNV�VHFRQG�DPRQJ�WKH�IRXU�SUHVHQWHG�JULSSHUV��7DEOH�����LQGLFDWHV�WKDW�*ULSSHU���FDQ�
JUDE�HLJKW�RI�WKH����REMHFWV�ZLWK�D�VXFFHVV�UDWH�HTXDO�WR�RU�JUHDWHU�WKDQ�����DQG�WKDW�RQO\�
LQ�WZR�FDVHV��ZLWK�REMHFWV����DQG�����LW�KDV�QRW�EHHQ�DEOH�WR�JUDVS�WKHP��7KLV�LV�EHFDXVH�WKH�
VL]H�RI�REMHFW�����WKH�VWRQH��ZDV�WRR�VPDOO�IRU�WKLV�W\SH�RI�JULSSHU��ZKLOH�WKH�VXUIDFH�RI�REMHFW�
����WKH�HJJ��ZDV�WKH�PRVW�VOLSSHU\��EHVLGHV�WKH�LPSRVVLELOLW\�RI�DSSO\LQJ�KLJK�IRUFHV�WR�DYRLG�
EUHDNLQJ� WKH� REMHFW�� 7KH� EHVW� SHUIRUPDQFH� LV� DFKLHYHG� LQ� D� KXPLG� HQYLURQPHQW�� 7KLV� LV�
EHFDXVH�WKH�VLOLFRQH�RI�WKH�ILQJHUV�KDV�LQFUHDVHG�DGKHVLRQ�LQ�WKH�SUHVHQFH�RI�PRLVWXUH��9LFH�
YHUVD�� WKH� IULFWLRQ� FRHIILFLHQW� GHFUHDVHV� LQ� WKH� SUHVHQFH� RI� GXVW�� DQG� WKHUHIRUH�� WKH�ZRUVW�
UHVXOWV�DUH�REWDLQHG�LQ�WKH�WKLUG�VFHQDULR��

*ULSSHU���SUHVHQWV�WKH�ORZHU�JOREDO�VXFFHVV�UDWH��ZKLFK�LV�HTXDO�WR������7KLV�ZDV�H[SHFWHG�
GXH�WR�WKH�UHVWULFWLRQ�WKDW�LW�FDQQRW�WDNH�REMHFWV�PRUH�WKDQ�����RI�LWV�GLDPHWHU��,W�DFKLHYHG�
JRRG�UHVXOWV�RQO\�ZLWK�WKH�VPDOOHVW�DQG�OLJKWHVW�REMHFWV��EXW�DOVR��LQ�WKLV�FDVH��LW�GLG�QRW�GR�
EHWWHU�WKDQ�WKH�RWKHU�JULSSHUV��)RU�WKH�VDPH�UHDVRQV�DV�LQ�WKH�SUHYLRXV�FDVH��WKH�KXPLGLW\�
VHHPV�WR�LQGLFDWH�EHWWHU�SHUIRUPDQFH��

*ULSSHU����ZLWK�����RI�WKH�JOREDO�VXFFHVV�UDWH��LV�VOLJKWO\�EHWWHU�WKDQ�*ULSSHU����+RZHYHU��LW�
LV�HYLGHQW�IURP�7DEOH�����WKDW�LW�LV�QRW�EHWWHU��'HVSLWH�LWV�DELOLW\�WR�JUDE�PDQ\�RI�WKH�REMHFWV��
LW�IDLOV�WR�FRPSOHWH�WKH�WDVN�LQ�PRVW�FDVHV��,W�UHDFKHG������RQO\�LQ�WKUHH�FDVHV��ZLWK�REMHFW�
��� LQ� WKH�QRUPDO� HQYLURQPHQW� DQG�ZLWK� REMHFW� ��� LQ� WKH�QRUPDO� DQG�GXVW\� HQYLURQPHQW��
7KHVH�UHVXOWV� LQGLFDWH�WKDW�WKLV�JULSSHU� LV�VXLWDEOH� IRU� ODUJH�REMHFWV�DQG�LV�QRW�DIIHFWHG�E\�
ZHLJKW�� 8QOLNH� *ULSSHU� ��� LW� LV� XQDEOH� WR� JUDVS� VPDOO� RU� UHFWDQJXODU� REMHFWV�� DQG� WKH�
SUHVHQFH�RI�KXPLGLW\��LQ�JHQHUDO��ZRUVHQV�LWV�SHUIRUPDQFH��DV�LQ�WKH�FDVH�RI�REMHFWV���������
DQG�������

*ULSSHU����ZLWK�����RI�WKH�JOREDO�VXFFHVV�UDWH��LV�WKH�EHVW�JULSSHU�RI�WKLV�VWXG\��$V�VKRZQ�LQ�
7DEOH������LWV�SHUIRUPDQFHV��ZLWK�D�VXFFHVV�UDWH�RI�����LQ�WKH�QRUPDO�HQYLURQPHQW�DQG�����
LQ� WKH� RWKHU� WZR� FDVHV�� DUH� QRW� VLJQLILFDQWO\� LQIOXHQFHG� E\� WKH� W\SH� RI� HQYLURQPHQW�� ,W� LV�
FDSDEOH�RI�JUDVSLQJ�ERWK�VPDOO�DQG�OLJKW�REMHFWV�DV�ODUJH�DQG�KHDY\�REMHFWV��)LQJHUV�DGDSW�
WR�REMHFWV�E\�DSSO\LQJ�XQLIRUP�SUHVVXUH�ZLWKRXW�WKH�QHHG�WR�H[HUW�PXFK�IRUFH��7KH�JULSSHU�
SUHVHQWV� SUREOHPV� RQO\� ZLWK� WZR� REMHFWV�� ��� DQG� HVSHFLDOO\� ����� ,Q� ERWK� FDVHV�� LW� LV� D�
UHFWDQJXODU�REMHFW�ZLWK�VPRRWK�VXUIDFHV��LQ�WKH�FDVH�RI������WKH�WKLFNQHVV�LV�WKH� OHDVW���,Q�
WKLV�FDVH��WKH�JULSSHU��ZLWK�LWV�WKUHH�ILQJHUV��LV�XQDEOH�WR�VXUURXQG�WKH�REMHFW�DQG�DGDSW�WR�
LW��
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,Q� VXPPDU\�� *ULSSHU� �� FDQ� JUDE� PDQ\� GLIIHUHQW� REMHFWV� ZLWK� VLPLODU� SHUIRUPDQFH�� ,WV�
OLPLWDWLRQV�SURYHG�WR�EH�WKH�GLPHQVLRQV�EHORZ�WKRVH�RI�WKH�QXW�DQG�WKH�WKLQ�REMHFWV��,Q�WKH�
FDVH�RI�GHOLFDWH�REMHFWV�VXFK�DV����DQG������WKH�JULSSHU�KDV�OHIW�WKHP�LQWDFW��*ULSSHU���FDQ�
JUDE�OLWWOH�DQG�OLJKWZHLJKW�REMHFWV��EHWWHU�LI�ZLWK�UHJXODU�VXUIDFHV��DV�LQ�WKH�FDVH�RI�REMHFWV�
���DQG������$OPRVW�FHUWDLQO\��VRPH� LPSURYHPHQWV� LQ� WKH�UHDOL]DWLRQ�RI� WKH�JULSSHU�ZRXOG�
DOORZ�DFKLHYLQJ�EHWWHU�UHVXOWV��EXW�GXH�WR�WKH�OLPLWDWLRQV�PHQWLRQHG�DERYH��LW�ZRXOG�VWLOO�QRW�
EH� WKH�PRVW� UREXVW� JULSSHU� DPRQJ� WKH� IRXU� SURSRVHG�� *ULSSHU� �� LV� VXLWDEOH� IRU� JUDEELQJ�
VXIILFLHQWO\�ODUJH�DQG�KHDY\�URXQG�REMHFWV�WKDW�FDQQRW�HVFDSH�ODWHUDOO\��,Q�JHQHUDO��LW�GLG�QRW�
FDXVH�GDPDJH�WR�WKH�PRVW�GHOLFDWH�REMHFWV��KRZHYHU��LW�LV�QHFHVVDU\�WR�JHQHUDWH�PRUH�IRUFH�
RQ�WKH�REMHFW
V�VXUIDFH�WR�HQVXUH�D�ILUP�JULS��)LQDOO\��*ULSSHU���SURYHG�WR�EH�WKH�PRVW�UREXVW�
JULSSHU�RI�WKH�IRXU�SURSRVHG��,W�LV�DEOH�WR�JUDVS�REMHFWV�ZLWKRXW�H[HUWLQJ�D�VLJQLILFDQW�IRUFH��
VR� LW� LV�VXLWDEOH� IRU�GHOLFDWH�REMHFWV��DQG� LW�KDV�EHHQ�VHHQ�WKDW�QHLWKHU� WKH� WRPDWR�QRU� WKH�
EURFFROL�KDV�EHHQ�GHQWHG��

,Q� )LJXUH� ������ FRPSDULVRQ� JUDSKV� KDYH� EHHQ� UHDOL]HG� WR� KLJKOLJKW� WKH� PRVW� VLJQLILFDQW�
GLIIHUHQFHV��

Figure 6.12 Graphics comparison between (a) Gripper 1 and Gripper 4. As can be seen from the graph, 
the two grippers generally have similar performances. (b) Gripper 2 and Gripper 3. These are the two 

grippers with the worst performances, and each one proved to be suitable only for a specific type of 
object. (c) Graphic comparison between Gripper 1 and Gripper 2 (the two pneumatic grippers). As can 
be seen from the graph, Gripper 1 works significantly better than Gripper 2. (d) Graphic comparison 

between Gripper 3 and Gripper 4 (the two mechanic grippers). As can be seen from the graph, Gripper 3 
works significantly better than Gripper 4. 

)LJXUH�����D�FRPSDUHV�WKH�SHUIRUPDQFH�RI�*ULSSHU���DQG�*ULSSHU����WKH�WZR�EHVW�JULSSHUV��
%RWK�H[KLELW�DFFHSWDEOH�EHKDYLRU�ZLWK�PRVW�REMHFWV��7KLV�LQGLFDWHV�WKDW��LQ�JHQHUDO��WKH\�DUH�
YHU\�UREXVW�WRROV�RI�JULS��,QWHUHVWLQJO\��WKH�WZR�JULSSHUV�FRPSHQVDWH��DV�ZLWK�REMHFWV����DQG�
�����DQG�LQ�SDUW�ZLWK����DQG�����$OWKRXJK�WKH�VKDSH�RI�DSSURDFKLQJ�WKH�REMHFW�LV�VLPLODU��
WKH�SUHVHQFH�RI�D� IRXUWK�ILQJHU� LQ�*ULSSHU���PDNHV�WKH�GLIIHUHQFH� LQ�JUDEELQJ�UHFWDQJXODU�
REMHFWV�� HYHQ� LI� WKH� GLPHQVLRQV� RI� WKHVH� VDPH� ILQJHUV� DUH� SUHMXGLFLDO� IRU� JUDVSLQJ� VPDOO�
REMHFWV��

)LJXUH�����E�FRPSDUHV�WKH�WZR�JULSSHUV�ZLWK�ORZHU�SHUIRUPDQFHV��,Q�WKLV�FDVH��WKH�W\SH�RI�
REMHFW�WKDW�HDFK�FDQ�JUDVS�LV�FRPSOHWHO\�GLIIHUHQW��
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)LJXUH�����F�FRPSDUHV�WKH�SQHXPDWLF�JULSSHUV��2QO\�ZLWK�REMHFW����LV�*ULSSHU���EHWWHU�WKDQ�
*ULSSHU����

)LQDOO\��)LJXUH�����G�FRPSDUHV�WKH�PHFKDQLFDO�JULSSHUV��,Q�WKLV�FDVH��*ULSSHU���LV�DOZD\V�
EHWWHU�WKDQ�*ULSSHU����(OHFWURPHFKDQLFDO�JULSSHUV�EHKDYH�EHVW�LQ�WKH�QRUPDO�HQYLURQPHQW�
DQG� QRW� LQ� D� KXPLG� HQYLURQPHQW� VXFK� DV� SQHXPDWLF� JULSSHUV�� 7KLV� LV� EHFDXVH��ZLWK� WKLV�
W\SH�RI�JULSSHU��WKH�REMHFWV
�JULS�GHSHQGV�WR�D�OHVVHU�H[WHQW�RQ�WKH�FRHIILFLHQWV�RI�IULFWLRQ��

$QDO\]LQJ�WKH�GDWD��LW�LV�LQWHUHVWLQJ�WR�REVHUYH�WKDW�UHVXOWV�DUH�QRW�DIIHFWHG�E\�WKH�FKDQJH�RI�
HQYLURQPHQW�IRU�FHUWDLQ�REMHFWV��ZKLOH� IRU�RWKHUV��WKH\�FKDQJH�VLJQLILFDQWO\��*ULSSHU���� IRU�
H[DPSOH��H[KLELWV�D�FULWLFDO�IDOO�LQ�WKH�VXFFHVV�UDWH�ZLWK�WRPDWR�LQ�WKH�GXVW\�HQYLURQPHQW��
7KHVH� VLJQLILFDQW�YDULDWLRQV� FDQ�EH�DWWULEXWHG� WR� WKH� VXUIDFH�SURSHUWLHV� RI� WKH�REMHFW��7KH�
VXUIDFH� RI� D� WRPDWR�� H�J��� LV� SHUIHFWO\� VPRRWK� DQG� QRW� SRURXV�� $V� D� FRQVHTXHQFH�� SRZGHU�
UHPDLQV� RQ� LWV� VXUIDFH� DQG� GLUHFWO\� DIIHFWV� WKH� JULS�� 7KLV� HIIHFW� GRHV� QRW� RFFXU� ZLWK� WKH�
WHQQLV�EDOO�GXH�WR�LWV�VXUIDFH�URXJKQHVV��$QRWKHU�H[DPSOH�RI�WKLV�SKHQRPHQRQ�RFFXUV�ZLWK�
WKH� VWRQH��7KH� VHFRQG�SQHXPDWLF�JULS� WRRO��ZLWK� VXFFHVV� UDWHV� RI�����DQG����� LQ�QRUPDO�
DQG�KXPLG�HQYLURQPHQWV��FDQQRW�JUDVS�WKH�VWRQH�LQ�WKH�SUHVHQFH�RI�GXVW��

2EMHFW� ��� �VWLFN� JOXH�� H[KLELWV� WKH� EHVW� UHVXOWV�ZLWK� DQ� ���� VXFFHVV� UDWH� JOREDOO\� �LQ� DOO�
HQYLURQPHQWV� DQG�ZLWK� DOO� JULSSHUV��� 7KH� WKUHH� REMHFWV�ZLWK� WKH�ZRUVW� UHVXOWV� KDYH� EHHQ�
REMHFWV�����PHWDOOLF�FRQWDLQHU�������WKH�VWRQH���DQG�����WKH�9DVHOLQH�FRQWDLQHU���ZLWK�RYHUDOO�
UHVXOWV�RI�����������DQG������UHVSHFWLYHO\��

)LQDOO\��ZH�SUHVHQW�VRPH�FRQVLGHUDWLRQV�FRQFHUQLQJ� WKH�FRQVWUXFWLRQ�DQG�RSHUDWLRQ�RI� WKH�
JULSSHUV�� 7KH� WRRO� ZLWK� WKH� IDVWHVW� DQG� HDVLHVW� PDQXIDFWXULQJ� SURFHVV� WXUQHG� RXW� WR� EH�
*ULSSHU����,Q�DGGLWLRQ��LWV�FRQWURO�LV�YHU\�VLPSOH�DQG�UHTXLUHV�RQO\�D�SRZHU�VXSSO\��ZKLOH�LQ�
WKH�FDVH�RI�SQHXPDWLF�JULSSHUV��D�FRPSUHVVRU��D�SUHVVXUH�DLU�WDQN��DQG�D�YDFXXP�SXPS�DUH�
QHHGHG��

$QRWKHU� IDFWRU� WR� FRQVLGHU� LV� WKH� QRLVH� JHQHUDWHG� E\� WKH� WRROV� GXULQJ� XVH�� 7KH� WZR�
HOHFWURPHFKDQLFDO�JULSSHUV�DUH�PXFK�TXLHWHU� WKDQ�WKH�SQHXPDWLF�RQHV�GXH� WR� WKH�ZRUN�RI�
WKH�FRPSUHVVRU�DQG�WKH�YDFXXP�SXPS��DOWKRXJK�WKH�ODWWHU�FRXOG�EH�UHSODFHG�E\�D�YDFXXP�
HMHFWRU��ZKLFK�LV�PXFK�TXLHWHU��

7KH�ZRUN�HQYLURQPHQW�LV�DQRWKHU�IDFWRU�WKDW�DIIHFWV�SHUIRUPDQFH��7KH�SQHXPDWLF�WRROV�PD\�
EH�D�EHWWHU�RSWLRQ�LQ�WKH�IRRG�LQGXVWU\�GXH�WR�WKH�HDVH�DQG�VSHHG�RI�FOHDQLQJ�WKHP��$QRWKHU�
DGYDQWDJH� LV� WKDW� WKH� FRPSUHVVRU� DQG� WKH� WDQN� PD\� EH� DZD\� IURP� WRROV� DQG� RXW� RI� WKH�
PDQLSXODWLRQ� HQYLURQPHQW�� ,Q� FRQWUDVW�� LQ� WKH� HOHFWURPHFKDQLFDO� WRROV�� WKH� RSHUDWLQJ�
PHFKDQLVPV� DUH� LQ� GLUHFW� FRQWDFW�ZLWK� WKH�ZRUN� HQYLURQPHQW� DQG� FRXOG� FRPSURPLVH� WKH�
VDIHW\�RI�WKH�LQVWDOODWLRQ��

,I�WKH�VSHHG�RI�DFWLRQ�SOD\V�D�SDUDPRXQW�UROH�LQ�WKH�DSSOLFDWLRQ��DV�LQ�SLFN�DQG�SODFH�WDVNV�
LQ� ZKLFK� WKH� VSHHGV� RI� RSHQLQJ� DQG� FORVLQJ� RI� WKH� WRROV� DUH� FULWLFDO� IRU� SURGXFWLYLW\��
SQHXPDWLF�JULSSHUV�VKRXOG�EH�FRQVLGHUHG�DV�WKH�EHWWHU�RSWLRQ�GXH�WR�WKHLU�KLJKHU�VSHHG��

+RZHYHU�� IURP� WKH� SHUVSHFWLYH� RI� WKH� PDLQWHQDQFH� RI� JULSSLQJ� WRROV�� LW� LV� QRW� HDV\� WR�
GHWHUPLQH� ZKLFK� LV� WKH� PRVW� DSSURSULDWH�� $OWKRXJK� FKDQJLQJ� D� FRPSRQHQW� RI� DQ�
HOHFWURPHFKDQLFDO� JULSSHU� UHTXLUHV� D� ORQJHU� WLPH�� SQHXPDWLF� HOHPHQWV� DUH�PRUH� OLNHO\� WR�
IDLO�WKDQ�PHFKDQLF�RQHV��

6.6. Conclusions 
)RXU�SURWRW\SHV�RI�VRIW�URERWLF�JULSSHUV��LQFOXGLQJ�WKHLU�GHVLJQ�DQG�PDQXIDFWXUH��KDYH�EHHQ�
GHYHORSHG�IRU�D�ODWHU�VWDJH�RI�H[SHULPHQWDWLRQ��7R�UHDOL]H�D�PRUH�HIIHFWLYH�FRPSDULVRQ��WZR�
JULSSHUV� XVH� SQHXPDWLF� V\VWHP� DFWXDWLRQ�� ZKLOH� WKH� RWKHU� WZR� HPSOR\� HOHFWURPHFKDQLFDO�
DFWXDWLRQ��DQG�HDFK�RI�WKHP�VKRZV�D�GLIIHUHQW�VROXWLRQ�GHVLJQ��$OO�JULSSHUV�KDYH�EHHQ�WHVWHG�
ZLWK�WZHOYH�REMHFWV�LQ�WKUHH�GLIIHUHQW�ZRUN�HQYLURQPHQWV��7KHVH�REMHFWV�KDYH�FDUHIXOO\�EHHQ�
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VHOHFWHG�WR�EH�D�UHSUHVHQWDWLYH�JURXS�RI�LWHPV�WKDW�FRXOG�EH�PDQLSXODWHG�E\�WKH�JULSSHUV�LQ�
D� UHDO� LQGXVWULDO�ZRUN� HQYLURQPHQW�� 7KLV� JURXS� LQFOXGHV� REMHFWV�ZLWK� GLIIHUHQW� JHRPHWULF�
DQG� PHFKDQLFDO� FKDUDFWHULVWLFV� LQ� WHUPV� UHODWLYH� WR� WKH� GLPHQVLRQV� RI� WKH� JULSSHUV�� $Q�
RYHUYLHZ�RI�WKH�ZRUN�DQG�UHDO�WHVWV�LV�DYDLODEOH�LQ�6XSSOHPHQWDU\�0DWHULDOV��

)URP�WKH�UHVXOWV�RI�RXU�WHVWV��LW�FDQ�EH�VHHQ�WKDW�*ULSSHU����WKH�HOHFWURPHFKDQLFDO�JULSSHU�
ZLWK� SDVVLYH� VWUXFWXUH�� DQG� *ULSSHU� �� �WKH� SQHXPDWLF� JULSSHU� ZLWK� FKDPEHUHG� ILQJHUV��
SUHVHQW�WKH�KLJKHVW�VXFFHVV�UDWH��ZLWK�UDWHV�RI�����DQG������UHVSHFWLYHO\��

7KXV�� LW�FDQ�EH�FRQFOXGHG�WKDW�*ULSSHU���UHSUHVHQWV�WKH�EHVW�RSWLRQ�ZKHQ�UREXVWQHVV�DQG�
JRRG� EHKDYLRU� IRU� WKH� PDQLSXODWLRQ� RI� XQNQRZQ� REMHFWV� DUH� QHHGHG�� *ULSSHU� �� DOVR�
UHSUHVHQWV� DQ� H[FHOOHQW� RSWLRQ� GHVSLWH� VRPH� OLPLWDWLRQV� GXH� WR� WKH� GLPHQVLRQV� RI� ILQJHUV�
WKDW�GR�QRW�DOORZ�JUDVSLQJ�FHUWDLQ�W\SHV�RI�REMHFWV��

,W� LV�ZRUWK�QRWLQJ� WKDW� WKH� LPSURYHPHQWV� LQ� WKH�PHFKDQLFDO� GHVLJQ� RI� WKH� RWKHU� JULSSHUV�
PD\�LQFUHDVH�WKHLU�SHUFHQWDJH�RI�VXFFHVV�UDWH��
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��The greatest challenge to any thinker is�
stating the problem in a way that 

will allow a solution." 
%HUWUDQG�5XVVHOO�

7KLV� FKDSWHU� SUHVHQWV� WKH� GHYHORSPHQWV� UHDOL]HG� LQ� WKH� IRXUWK� FDWHJRU\� RI� VRIW� URERWV��
ZHDUDEOH�GHYLFHV��,W�LV�GLYLGHG�LQWR�WKUHH�VHFWLRQV��KDSWLF�GHYLFHV��H[RVNHOHWRQV��DQG�YLUWXDO�
UHDOLW\� �95�� DSSOLFDWLRQV�� ,W� LV� DOVR� LPSRUWDQW� WR� KLJKOLJKW� WKDW� DOO� RI� WKHP� KDYH� EHHQ�
GHVLJQHG�IRU�SRVW�VWURNH�KDQG�UHKDELOLWDWLRQ��$IWHU�D�EULHI�LQWURGXFWLRQ��HDFK�GHYLFH�ZLOO�EH�
DQDO\]HG�FRQFHUQLQJ�WKH�GHVLJQ��WKH�DFWXDWLRQ��DQG�WKH�UHVXOWV�REWDLQHG��$OPRVW�DOO�RI�WKHP�
XVH� 60$� VSULQJV� DV� DFWXDWRUV�� EXW� GLIIHUHQW� VHQVRUV� DQG� DFWXDWLRQ� VWUDWHJLHV� KDYH� EHHQ�
HPSOR\HG�� )LQDOO\�� WKH� DSSOLFDWLRQ� RI� 95� SUHWHQGV� WR� LPSURYH� WKH� H[SHULHQFH� ZLWK� WKHVH�
GHYLFHV��5HVXOWV� VKRZ�WKDW�VRIW� URERWV� LQ�ZHDUDEOH�DQG�PHGLFDO�GHYLFHV�FRXOG�FRQVWLWXWH�D�
FRQFUHWH�DOWHUQDWLYH�WR�FODVVLFDO�UHKDELOLWDWLRQ�GHYLFHV���

)XUWKHU�LQIRUPDWLRQ�RQ�WKLV�VHFWLRQ�FDQ�EH�IRXQG�LQ�WKH�RULJLQDO�VFLHQWLILF�SXEOLFDWLRQ�>���@��

7. Wearable soft robots
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7.1 State of the Art 
&RYHULQJ� DOO� VWDWH� RI� WKH� DUW� FRQFHUQLQJ� KDSWLF� GHYLFHV�� H[RVNHOHWRQV�� DQG� YLUWXDO� UHDOLW\�
DSSOLFDWLRQV� IRU�SRVW�VWURNH�KDQG� UHKDELOLWDWLRQ��ZLOO� UHTXLUH�PDQ\�SDJHV��7KHUHIRUH�� RQO\�
WKH�PRVW�LPSRUWDQW�UHVXOWV�LQ�WKHVH�ILHOGV�DUH�VXPPDUL]HG�LQ�WKLV�VWDWH�RI�WKH�DUW��0RUHRYHU��
RQO\�ZHDUDEOH�GHYLFHV�ZLOO�EH�FRQVLGHUHG��RPLWWLQJ�GHVNWRS�YHUVLRQV���

9LUWXDO�UHDOLW\�LQ�KDQG�UHKDELOLWDWLRQ�VWDUWHG�WR�EH�XVHG�LQ�WKH�HDUO\�����V��2QH�RI�WKH�ILUVW�
H[DPSOHV� LV� WKH�ZRUN� SUHVHQWHG� LQ� >���@�� LQ�ZKLFK� WKH\� XVHG� D� JORYH� WKDW� GHWHFWHG� KDQG�
PRWLRQV�� ILQJHU� PRYHPHQWV�� DQG� JULSSLQJ�� DQG� DQ� ;ER[� WR� UHDOL]H� IRXU� H[HUFLVHV�� 7KH\�
ZRUNHG�RQ�D�GLIIHUHQW�UHKDELOLWDWLRQ�DVSHFW��WKH�ILUVW�RQ�WKH�LPSDLUPHQWV�LQ�ILQJHU�UDQJH�RI�
PRWLRQ��WKH�VHFRQG�RQ�WKH�VSHHG�RI�PRWLRQ��WKH�WKLUG�RQ�WKH�IUDFWLRQDWLRQ��DQG�WKH�IRXUWK�RQ�
WKH�ILQJHU
V�VWUHQJWK���

,Q�>���@��WKH�XVH�RI�DXJPHQWHG�UHDOLW\�WR�UHDOL]H�UHKDELOLWDWLRQ�H[HUFLVH��7KH�V\VWHP�LV�PRUH�
FRPSOH[� WKDQ� LQ� SUHYLRXV� ZRUNV� VLQFH� D� GDWDEDVH� ZLWK� SDWLHQWV
� SURILOHV� ZDV� GHYHORSHG��
DOORZLQJ� UHKDELOLWDWLRQ� GRFWRUV� WR� QRW� VWD\� SK\VLFDOO\� ZLWK� SDWLHQWV� DQG� FRQWURO� SURJUHVV�
ODWHU��3DWLHQWV�PDQLSXODWH�D�WDQJLEOH�REMHFW�WKDW�LV�WUDFNHG�WR�PHDVXUH�WKHLU�SHUIRUPDQFHV��
,Q� WKLV� FDVH�� D� FDPHUD� DQG� YDULRXV� VTXDUHG� PDUNHUV� DUH� UHTXLUHG�� IRU� WKLV� UHDVRQ�� LW� LV�
SUREDEO\�QRW�WKH�PRVW�FRPIRUWDEOH�VROXWLRQ�IRU�SDWLHQWV�DW�KRPH���

,Q� >���@�� D� VROXWLRQ�ZLWK� D� SQHXPDWLF� JORYH� �3QHX*ORYH��ZDV� SURSRVHG�� 3DWLHQWV� SUDFWLFH�
JUDVS�DQG�UHOHDVH� PRYHPHQWV� HLWKHU� ZLWK� PDWHULDO� REMHFWV� RU� ZLWK� YLUWXDO� REMHFWV�� 7KH\�
WHVWHG�WKHLU�ZRUN�ZLWK����SHUVRQV�DIIHFWHG�E\�VWURNH��WHVWV�ZHUH�UHDOL]HG�ERWK�ZLWK�WKH�JORYH�
DQG�YLUWXDO�UHDOLW\�DQG�RQO\�YLUWXDO�UHDOLW\���

,Q� ������ D� VHW� RI� VHULRXV� JDPHV� ZLWK� YLEURWDFWLOH� IHHGEDFN� ZDV� SUHVHQWHG� >���@�� ,W� ZDV�
DQRWKHU� H[DPSOH� RI� DXJPHQWHG� UHDOLW\�� VLQFH� YLEURWDFWLOH� DFWXDWRUV� DUH� DWWDFKHG� WR� UHDO�
REMHFWV�� D� FDPHUD� DQG� YDULRXV� VTXDUHG� PDUNHUV� DUH� UHTXLUHG�� DV� LQ� WKH� SUHYLRXV� ZRUN��
3DUDPHWHUV� HYDOXDWHG� ZHUH�� WDVN� FRPSOHWLRQ� WLPH� �7&7��� H\H�KDQG� FRRUGLQDWLRQ�� PRWLRQ�
VPRRWKQHVV�� KDQG� VWHDGLQHVV�� KDQG� PRWLRQ� FXUYDWXUH�� KDQG� UDQJH� RI� PRWLRQ�� DQG� KDQG�
VWUHQJWK��7KH�JDPHV�SURSRVHG�ZHUH�WKH�&DQQRQ�EDOO�JDPH��ZKHUH�SDWLHQWV�KDYH�WR�UHFHLYH�D�
YLUWXDO�EDOO�ZLWK�D�FXS��DQG�WKH�$LU�+RFNH\�JDPH��ZKHUH�WKH\�KDYH�WR�SOD\�KRFNH\�DJDLQVW�
3&���

7KH� VWXG\� SUHVHQWHG� LQ� >���@� DSSOLHG� DXJPHQWHG� UHDOLW\� WR� VLPXODWH� GDLO\� DFWLYLWLHV� OLNH�
KROGLQJ�DQG�WLOWLQJ�D�PXJ�WR�SRXU�YLUWXDO�ZDWHU�RU�JUDGXDOO\�JUDVSLQJ�UDQGRP�VL]H�SRVLWLRQ�
FLUFOHV��7KH�SURSRVHG�V\VWHP�LQYROYHV�QRW�RQO\�WKH�KDQG�EXW�DOVR�WKH�DUP�DQG�WKH�ZULVW��,W�LV�
D� SRUWDEOH�� ORZ�FRVW� KRPH�EDVHG� GHYLFH�� 7KH� WKHUDSLVW� FDQ� LQWHUDFW� UHPRWHO\�� DQG� WKH�
SDWLHQW�FDQ�ZRUN�LQGHSHQGHQWO\���

,Q� ����� D� QRYHO� DUWLVWLF� YLUWXDO� UHDOLW\� HQYLURQPHQW�ZDV� GHYHORSHG� E\� WKH�5HKDELOLWDWLRQ�
,QVWLWXWH�RI�&KLFDJR� >���@��)RXUWHHQ�VWURNH� VXUYLYRUV�ZLWK� FKURQLF�KHPLSDUHVLV� WHVWHG� WKH�
YLUWXDO�UHDOLW\� VFHQH� LQVSLUHG� LQ�$OLFH� LQ�:RQGHUODQG��UHDOL]LQJ�GLIIHUHQW� WDVNV� WR�SUDFWLFH�
ZKROH�KDQG�JUDVS��ODWHUDO�SLQFK��SDOPDU�SLQFK��ILQJHU�H[WHQVLRQ��DQG�ILQJHU� LQGLYLGXDWLRQ��
0DJQHWLF� WUDFNHUV� SURYLGH� LQIRUPDWLRQ� UHJDUGLQJ� KHDG� RULHQWDWLRQ� DQG� KDQG� ORFDWLRQ�� ,W�
ZDV�DOVR�HPSOR\HG�WKH�SQHXPDWLF�JORYH��3QHX*ORYH��DOUHDG\�PHQWLRQHG���

7KH� IROORZLQJ� \HDU�� WKH�/HDS�0RWLRQ� FRQWUROOHU�ZDV�SURSRVHG� IRU�KDQG� WUDFNLQJ� LQ� VWURNH�
UHKDELOLWDWLRQ� >���@��,Q� WKLV�FDVH�� WKH\�PRGLILHG�WKH�)UXLW�1LQMD�JDPH�WR�DOORZ�SDWLHQWV�WR�
SUDFWLFH�WKHLU�ILQJHU�LQGLYLGXDWLRQ��7KHUH�ZDV�QR�YLUWXDO�UHDOLW\��RQO\�WKH�XVH�RI�WKH�VHQVRU��
2Q�WKH�FRQWUDU\��LQ�ZRUN�SUHVHQWHG�LQ�>���@�LQ�������WKH�/HDS�0RWLRQ�ZDV�XVHG�ZLWK�YLUWXDO�
UHDOLW\� WR� GHYHORS� WKH�PXVFOH� WRQXV� DQG� LQFUHDVH�SUHFLVLRQ� LQ� JHVWXUHV��)RXU� JDPHV�ZHUH�
GHYHORSHG��WKH�7UDVK�FDQ��ZKHUH�SDWLHQWV�KDYH�WR�FROOHFW�REMHFWV�DQG�SXW�WKHP�LQ�WKH�WUDVK��
WKH� 3\UDPLGV�� ZKHUH� WKH\� KDYH� WR� JDWKHU� EORFNV� DQG� SXW� WKHP� RQ� VKHOYHV�� DQG� WKH�
/DE\ULQWK��ZKHUH�WKH\�KDYH�WR�FROORFDWH�D�EDOO���
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$QRWKHU� H[DPSOH� RI� YLEURWDFWLOH� IHHGEDFN� ZLWK� D� YLUWXDO�UHDOLW\�EDVHG� LQWHUDFWLYH�
HQYLURQPHQW� ZDV� SUHVHQWHG� LQ� >���@�� 7KH� GHYLFH� ZDV� HTXLSSHG� ZLWK� VPDOO� '&� YLEUDWLRQ�
PRWRUV��DQG�ZLWK�SLH]RUHVLVWLYH�WKLQ�ILOP�IRUFH�VHQVRUV�SODFHG�RQ�WKH�WDEOH��WKH�WKHUDSLVW�FDQ�
HYDOXDWH�WKH�ILQJHU�SUHVVLQJ�YDOXHV�WR�HYDOXDWH�UHKDELOLWDWLRQ�SURJUHVV��7ZR�YLUWXDO�UHDOLW\�
EDVHG�JDPHV�ZHUH�GHYHORSHG��WKHLU�DLP�LV�WR�KLWWLQJ�JRSKHUV�RU�PXVLFDO�QRWHV���

,Q� ����� LQ� >���@� ZDV� SUHVHQWHG� D� V\VWHP�� EDVHG� RQ� WKH� IXVLRQ� RI� 95� DQG� (0*� VLJQDO��
SURFHVVLQJ� WKDW� ZLWK� VXSSRUW� YHFWRU� PDFKLQH� �690�� ZDV� DEOH� WR� FODVVLI\� JHVWXUHV�� 1R�
FDPHUD� LV� QHFHVVDU\� LQ� WKLV� FDVH�� DQG� LW� LV� D� VLJQLILFDQW� DGYDQWDJH� FRQFHUQLQJ� SUHYLRXV�
ZRUNV��7KH�VFHQH�LV�D�YLUWXDO�NLWFKHQ�HQYLURQPHQW�LQ�ZKLFK�GLIIHUHQW�REMHFWV�DUH�SODFHG�WR�
UHDOL]H�GDLO\�WDVNV���

,Q�DQRWKHU�ZRUN��/HDS�0RWLRQ��ZLWK�8QLW\��KDV� EHHQ�XVHG� WR� LPSURYH�SDWLHQWV
�KDQG�DQG�
ILQJHU�PRWLRQ�WKURXJK�WKUHH�JDPHV��6SDFH��&DQQRQ��DQG�3LDQR��1R�+'0�95�ZDV�XVHG��VR�
JDPHV�DUH��'��DQG�WKH�H[SHULHQFH�ZDV�QRW�VR� LPPHUVLYH�DV� LQ�RWKHUV�ZRUNV��2WKHU�ZRUNV�
KDYH�EHHQ�VXPPDUL]HG�LQ�>���@�RU�LQ�>���@��

Figure 7.1 (a) [407] (b) [408] (c) [409] (d) [411] (e) [412] (f) [414] 

9LUWXDO� UHDOLW\� DOORZV�SDWLHQWV� WR� LPPHUVH� LQ� YLUWXDO� H[SHULHQFHV� WR� UHDOL]H� UHKDELOLWDWLRQ�
H[HUFLVHV�PRUH�HQMR\DEO\��1HYHUWKHOHVV�� LW�SURYLGHV�RQO\�D�YLVXDO�DQG�DXGLR�H[SHULHQFH��VR�
FRQVLGHULQJ� RWKHU� VHQVHV� LV� TXLWH� LQWHUHVWLQJ� DOVR� WR� SURYLGH� KDSWLF� IHHGEDFN� EDVHG� RQ�
NLQHVWKHWLFV� RU� WDFWLOH� LQWHUDFWLRQV��0DQ\� VWXGLHV� RYHU� WKH� \HDUV� KDYH� SURYHG� WKDW� KDSWLF�
GHYLFHV� UHDOL]HG� WR� KHOS� LQ� KDQG� UHKDELOLWDWLRQ� LQ� VWURNH� SDWLHQWV� LPSURYH� SDWLHQWV·�
FRQGLWLRQV� LQ� WHUPV� RI�PRWRU� UHFRYHU\� DQG�PRWLYDWLRQ� >���@��2QH� RI� WKH� ILUVW� VWXGLHV�ZDV�
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FRQGXFWHG�LQ������ZLWK�WKH�XVH�RI�WZR�KDSWLF�IRUFH�IHHGEDFN�GHYLFHV��WKH�5XWJHUV�0DVWHU�,,�
�50,,�� JORYH� DQG� WKH� 5XWJHUV� $QNOH� �5$�� >���@�� 7KH\� ZHUH� ERWK� SQHXPDWLF� GHYLFHV��
OLJKWZHLJKW� DQG� SRZHUIXO�� 7KH\� ZHUH� WHVWHG� ZLWK� WZR� FKURQLF� SDWLHQWV� SRVW�VWURNH� LQ� D�
YLUWXDO�UHDOLW\� VFHQDULR�� DQG� ERWK� GHPRQVWUDWHG� LQFUHDVHV� LQ� VWUHQJWK� DQG� IXQFWLRQ�� 7KH�
ILUVW�GHYLFH�5XWJHUV�0DVWHU�,,�KDV�EHHQ�XVHG�LQ�DQRWKHU�VWXG\�DV�>���@�ZLWK�DQRWKHU�IDPRXV�
SURWRW\SH�QDPHG�&\EHU*ORYH��,W�LV�SURGXFHG�E\�WKH�FRPSDQ\�&\EHU*ORYH�6\VWHP�WKDW�KDV�
WUDGHG�PDQ\�YHUVLRQV� RI� WKH� JORYH�GXULQJ� WKH� \HDUV�� ,W� LV� RIWHQ�XVHG�ZLWK�&\EHU*UDVS�� D�
OLJKWZHLJKW��IRUFH�UHIOHFWLQJ�H[RVNHOHWRQ�WKDW�ILWV�RYHU�WKH�&\EHU*ORYH�>���@��$QRWKHU�JORYH�
WKDW�SURYLGHV�NLQHVWKHWLFV�IHHGEDFN�LV�WKH�3QHX*ORYH�>���@��,W�XWLOL]HV�DLU�SUHVVXUH�WR�DVVLVW�
LQ�ILQJHU�H[WHQVLRQ���

&RQFHUQLQJ� tactile feedback�� H[LVWLQJ� PDQ\� SURWRW\SHV�� EXW� PDQ\� RI� WKHP� DUH� QRW�
GHYHORSHG�ZLWK� UHKDELOLWDWLRQ�DLPV�� 7KUHH� WHFKQLTXHV� H[LVW� WR� SURYLGH� WDFWLOH� IHHGEDFN�� ���
YLEUDWLRQV�� ��� QRUPDO� LQGHQWDWLRQ�� DQG� ��� ODWHUDO� VWUHWFKLQJ�� ,Q� WKH� ILUVW� FDVH�� SRVVLEOH�
DFWXDWRUV�DUH�SLH]RHOHFWULF��'($�DFWXDWRUV��DV�LQ�>���@���RU�PLQLDWXUH�YLEUDWLQJ�PRWRUV��7KH�
ODWWHU� DFWXDWRUV� DUH� WKH� PRVW� XVHG� VLQFH� WKH\� DUH� HIIRUWOHVV� WR� XVH� DQG� FRQWURO� DQG�
OLJKWZHLJKW��)RU�H[DPSOH��WKH�SURWRW\SH�VKRZQ�LQ� >���@�DOORZHG�XVHUV�WR�H[SHULHQFH�WDFWLOH�
PDWHULDOV
� GHOLFDF\�� ,W� SUHVHQWV� D�PRWRU� IRU� HDFK� ILQJHU�� DQG�ZLWK� DQ�$UGXLQR�8QR� LQ� WKH�
EDFN�RI�WKH�KDQG�� LW�RQO\�ZHLJKV�����J��DQG�LW�LV�VXIILFLHQW�D��9�EDWWHU\�WR�VXSSO\�WKH�ILYH�
PRWRUV��,Q�WKH�VHFRQG�FDVH��SRVVLEOH�DFWXDWRUV�DUH�VHUYR�PRWRUV��DV�LQ� >���@���YRLFH�FRLOV��RU�
60$�DV� LQ� >�������@��)LQDOO\�� WKH� WKLUG� RSWLRQ� LV� RIWHQ� UHDOL]HG�ZLWK� URWDU\�PRWRUV� >���@��
HOHFWURVWDWLF�EUDNH�>���@��RU�SQHXPDWLF��DV�LQ�>���@��ZKHUH�EXEEOHV�UHJXODWHG�LQGHSHQGHQWO\�
E\�YDOYHV�SURYLGH�WKH�IHHOLQJ�RI�FRQWDFW�ZLWK�D�YLUWXDO�REMHFW���3QHXPDWLF�DFWXDWLRQ�SURYLGHV�
FRQVLGHUDEOH�SUHFLVLRQ�DQG�UHDOLVP��KRZHYHU�� LW� LV�EXON\�DQG�QRLV\�GXH� WR� WKH�FRPSUHVVRU��
'F�PRWRUV�DQG�VHUYR�PRWRUV�DOVR�SURYLGH�UHDOLVWLF�IHHGEDFN��EXW�DW�WKH�VDPH�WLPH��WKH\�DUH�
KHDY\��EXON\��DQG�ULJLG��

2Q�WKH�FRQWUDU\��60$�DQG�VPDOO�YLEUDWLRQ�PRWRUV�DUH�OLJKWZHLJKW��FRPSDFW��DQG��HVSHFLDOO\�
60$�� IOH[LEOH��7KH�GUDZEDFN� LV�D� OHVV�UHDOLVWLF� WDFWLOH� IHHOLQJ� WKDQ�RWKHU�DFWXDWRUV��ZKLFK�
FDQ�EH�LPSURYHG�WKURXJK�WKH�ULJKW�FRQWURO�DQG�D�SURSHU�GHVLJQ��0DQ\�RWKHU�PRGHOV�RI�VRIW�
KDSWLF�JORYHV�DUH�VXPPDUL]HG�LQ�WKH�IROORZLQJV�VWDWH�RI�WKH�DUW�>������@��

,Q� WKH� FDVH� RI� kinesthetic haptic gloves�� PDQ\� PRGHOV� XVH� SQHXPDWLFV� GHVSLWH� WKH�
FRPSOH[LW\�DQG�ODUJH�YROXPH�WKDW�WKLV�W\SH�RI�DFWXDWLRQ�UHTXLUHV��,QFUHDVLQJ�WKH�QXPEHU�RI�
'2)��'HJUHHV�RI�)UHHGRP��SUHVHQWHG�E\�WKH�JORYH�LPSOLHV�D�QHZ��JUHDWHU�YROXPH�WKDQ�WKH�
DOWHUQDWLYHV��,Q�DGGLWLRQ��WKH�FRPSUHVVRU�DQG�WKH�QRLVH� LW�JHQHUDWHV�KDYH�WR�EH�WDNHQ�LQWR�
DFFRXQW��7KH�-DPPLQJ�7XEHV�>���@�SURWRW\SH�VLPXODWHV�WKH�JULS�RI�QRW�KHDY\�REMHFWV�XVLQJ�
WKH�SULQFLSOH�RI�MDPPLQJ��,W�LV�TXLWH�D�EXON\�V\VWHP�IRU�WZR�ILQJHU�FRQWURO��'HSHQGLQJ�RQ�WKH�
GHVLUHG� VHQVDWLRQ�� DLU� EODGGHUV� LQ� WKH� SDOP� DQG� RQ� WKH� EDFN� DUH� ZLGHO\� XVHG�� $� UHFHQW�
SQHXPDWLF�PRGHO� LV� WKH�+DSW[�*ORYH� >���@��ZKLFK�KDV� VHYHUDO�VPDOO�EODGGHUV�RQ�ERWK� WKH�
SDOP� DQG� WKH� ILQJHUWLSV�� 7KHVH� DUH� LQIODWHG� LQGHSHQGHQWO\� WR� REWDLQ� D� IDLWKIXO� WDFWLOH�
VLPXODWLRQ� WKDW� DOORZV� GLIIHUHQWLDWLQJ� LQ� WKH� VDPH� ILQJHUWLS� GHSHQGLQJ� RQ� WKH� FRQWDFW�
ORFDWLRQ��,Q�DGGLWLRQ��WKHVH�JORYHV�KDYH�VHYHUDO�PRWRUV�IRU�JULS�VHQVDWLRQ��

7KH� RWKHU� PRVW� ZLGHO\� XVHG� DFWXDWRUV� DUH� '&� PRWRUV� LQ� WHQGRQ�GULYHQ� PRGHOV�� VXFK� DV�
+DQG�([RVNHOHWRQ�>���@��7KH\�FDQ�SUHFLVHO\�FRQWURO�WKH�UDQJH�RI�PRYHPHQW�ZLWK�WKH�KHOS�RI�
DQ� HQFRGHU�� +RZHYHU�� LW� LV� D� EXON\� DQG� QRW� OLJKWZHLJKW� GHVLJQ�� 7KH� VL]H� ZLOO� EH� PRUH�
DFFHQWXDWHG�ZLWK�WKH�LQFUHDVH�LQ�WKH�'2)�VLQFH�WKH\�DUH�DVVRFLDWHG�ZLWK�DQ�LQFUHDVH�LQ�'&�
PRWRUV��6LPLODUO\��WKH�PRUH�IRUFH�UHTXLUHG��WKH�PRUH�SRZHUIXO�WKH�PRWRUV��7KHUHIRUH��PRWRUV�
HQG� XS� EHLQJ� RXWVLGH� WKH� JORYH� IRU� VRPH� IRUFH� UDQJHV³WKH� 7HVOD6XLW� FRPSDQ\� >���@�
SUHVHQWHG�LQ�HDUO\������D�KDSWLF�JORYH�ZLWK�VHUYR�PRWRUV��

,Q�WKH�FDVH�RI�WKH�PRGHO�FDOOHG�05$*(6�>���@��D�PDJQHWRUKHRORJLFDO�IOXLG��05)��ZDV�XVHG�
LQVLGH� D� SLVWRQ��$�PDJQHWLF� ILHOG�ZDV� YDULHG� WR� FRQWURO� WKH�PRYHPHQW� DQG�� FRQVHTXHQWO\��
IOXLG�YLVFRVLW\��7KXV��KLJK�IRUFHV�FDQ�EH�DFKLHYHG�ZLWK�OLJKW�HTXLSPHQW�DQG�VDIHW\��,Q�WKLV�
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FDVH��WKH�DFWXDWRUV�SURYLGHG�IRUFHV�XS�WR���1��EXW�VLPSOH�GHVLJQ�FKDQJHV�FDQ�FUHDWH�PXFK�
KLJKHU�IRUFHV��+RZHYHU��WKHVH�W\SHV�RI�IOXLGV�KDYH�D�YHU\�KLJK�FRVW�DQG�D�VORZ�UHDFWLRQ�WLPH��

$QRWKHU�DOWHUQDWLYH�LV�WKH�XVH�RI�D�6KDSH�0HPRU\�$OOR\��60$���:KHQ�DQ�60$�LV�KHDWHG��LW�
UHFRYHUV� WKH� VKDSH�SUHYLRXVO\�PHPRUL]HG� LQ�KHDW� WUHDWPHQW�� VR� LWV� OHQJWK� FDQ�EH�DIIHFWHG�
DQG�XVHG�WR�UHVWULFW�PRYHPHQW��7KH�([R3KDODQ[�>���@�LV�D�JORYH�WKDW�WDNHV�DGYDQWDJH�RI�WKH�
60$·V� DELOLW\� WR� FRPSUHVV� DV� D� EUDNH� IRU� WKH� FDEOH��PDNLQJ� LW�PRUH� FRPSOLFDWHG� WR�PRYH�
DURXQG��7KH�PDLQ�GLVDGYDQWDJH�RI�WKLV�GHVLJQ�LV�WKH�DOO�RU�QRWKLQJ�FRQWURO�RYHU�WKH�IRUFH��,Q�
WKLV�ZD\�� WKH�ZHLJKW� JUDVSHG� LQ� WKH� VLPXODWLRQ� FDQQRW� EH� FRQWUROOHG� DQG� GHSHQGV� RQ� WKH�
VWUHQJWK�H[HUWHG�E\�WKH�ILQJHUV��7KH�RQO\�WKLQJ�WKDW�FDQ�EH�FKDUDFWHUL]HG�LQ�WKH�VLPXODWRU�
ZRXOG�EH�WKH�VL]H�RI�WKH�REMHFW��,Q�WKH�FDVH�RI�WKH�SURWRW\SH�>���@��WKH�LQWHUPHGLDWH�DUHDV�RI�
HDFK�SKDODQ[�DUH�FRPSUHVVHG�E\�60$�ULQJV�WKDW�FRQWUDFW�ZKHQ�FXUUHQW�LV�SDVVHG�WKURXJK�
WKHP�� FDXVLQJ� WKH� VHQVDWLRQ� RI� SUHVVXUH��+RZHYHU�� WKH� DGYDQFHPHQW� RI� WKH� ILQJHUV� LV� QRW�
LPSHGHG��VR�WKH�JULS�LW�UHDOL]HV�LV�QRW�UHDOLVWLF��,Q�DGGLWLRQ��DV�VRRQ�DV�VHYHUDO�FRQVHFXWLYH�
ILQJHUV�DUH�LPSOHPHQWHG�LQ�WKH�JORYH��WKH�ULQJV�FDQ�UXE�DQG�UHGXFH�WKH�QDWXUDOQHVV�RI�WKH�
PRYHPHQW��

$�PDUNHW�PRGHO��ZLGHO\�DFFHSWHG� IRU� LWV� OLJKWQHVV�DQG�SRZHU�� LV� WKH�'H[WU(6� >���@�JORYH��
:LWK�D�KLJK�YROWDJH�������9��DQG�YHU\�ORZ�DPSHUDJH�������$�PD[LPXP���LW�RIIHUV�IRUFHV�RI�
XS�WR����1��,W�XVHV�WZR�PHWDO�EDQGV�IRU�HDFK�ILQJHU��RQH�IL[HG�RQ�WKH�ZULVW�DQG�WKH�RWKHU�
ORFDWHG�DORQJ�ZLWK�WKH�ILQJHU��$V�LW�PRYHV��LWV�EDQG�VOLGHV�RYHU�WKH�RQH�RQ�WKH�ZULVW��:KHQ�LW�
LV�QHFHVVDU\�WR�UHWDLQ�WKH�PRYHPHQW��WKH�FXUUHQW�FLUFXODWHV�WKURXJK�WKH�PHWDO�EDQGV��DQG�
E\� WKH� HOHFWURVWDWLF� HIIHFW�� WKH� EDQGV� DGKHUH�� SUHYHQWLQJ� PRYHPHQW�� +RZHYHU�� D� FRVWO\�
VRXUFH�LV�QHFHVVDU\�WR�JHW�WKH�YROWDJH�DQG�DPSHUDJH�YDOXHV�SUHYLRXVO\�PHQWLRQHG��

)LQDOO\�� WR� UHFUHDWH� WKH� JULS� DQG� H[SHULHQFH� D� IRUFH� WKDW� RSSRVHV� WKH� SHQHWUDWLQJ� REMHFW��
VRPH�SURWRW\SHV�>���@�WDNH�DGYDQWDJH�RI�WKH�IRUFH�JHQHUDWHG�E\�WKH�XVHU·V�RSSRVLQJ�ILQJHUV�
XVLQJ� HODVWRPHULF� GLHOHFWULF� DFWXDWRUV�� 'HSHQGLQJ� RQ� WKH� VL]H� RI� WKH� JUDVSHG� REMHFW�� WKH�
DFWXDWRUV� ZLOO� ORFN� LQ� GLIIHUHQW� SRVLWLRQV�� 7KH� PDLQ� GLVDGYDQWDJHV� DUH� WKH� LQDELOLW\� WR�
UHFUHDWH�DFWLRQV� WKDW� LQYROYH�D�VLQJOH� ILQJHU�RU� WKH�VL]H�JUDVS� OLPLWHG�E\� WKH�SRVVLELOLW\�RI�
WKH�FRPSUHVVLRQ�RI�WKHVH�DFWXDWRUV��

7KH�PRVW�ZLGHO\�XVHG�PRGHOV�DUH�WKRVH�ZLWK�SQHXPDWLF�DFWXDWRUV�DQG�'&�PRWRUV��ZKHWKHU�
GHVNWRS� RU�ZHDUDEOH��$OWKRXJK� WKH� RWKHU� DFWXDWRUV� �05)��60$�� DUH� OHVV�XVHG�� WKH\� RIIHU�
HVVHQWLDO�DGYDQWDJHV�ZKHQ�GHVLJQLQJ�D�VRIW�KDSWLF�JORYH�WKDW�LV�OLJKWZHLJKW�DQG�IOH[LEOH�EXW�
DW� WKH� VDPH� WLPH� SRZHUIXO�� ,Q� >��@�� DQ� XSGDWHG� VWDWH�RI�WKH�DUW� DERXW� ZHDUDEOH� KDSWLF�
GHYLFHV�LV�DYDLODEOH��

$OO�WKH�SUHYLRXV� WHFKQRORJLHV�FDQ�VLJQLILFDQWO\�KHOS�VWURNH�VXUYLYRUV��KRZHYHU��VRPHWLPHV��
SDWLHQWV�FDQQRW�PRYH�WKHLU�KDQGV�FRUUHFWO\��DQG�LQ�WKLV�FDVH��LW�LV�LPSRVVLEOH�WR�UHDOL]H�DQ\�
JDPH�ZLWKRXW�WKH�KHOS�RI�D�WKHUDSLVW��6R��H[WUD�KHOS�IURP�DQ�H[RVNHOHWRQ�LV�QHFHVVDU\��6RIW�
H[RVNHOHWRQV�DUH�EHLQJ�ZLGHO\�VWXGLHG��DQG�WKH�PRVW�YDULHG�SURWRW\SHV�H[LVW��+RZHYHU��ZH�
SUHVHQWHG�KHUH�RQO\�WKRVH�WKDW�SUHVHQW�D�VWUXFWXUH�VLPLODU�WR�WKH�RQH�SUHVHQWHG�\�WKH�VHFRQG�
SURWRW\SH��FRQVLVWLQJ�RI�D�JORYH�ZLWKRXW�RWKHU�PHFKDQLF�VWUXFWXUHV��VLQFH�WKH\�DUH�UHODWLYHO\�
UHFHQW�� $� MRLQWOHVV� VWUXFWXUH� IRU� FRPSDFW� KDQG� H[RVNHOHWRQ>���@� ZDV� SUHVHQWHG� LQ� WKH�
&RQIHUHQFH�RQ�5HKDELOLWDWLRQ�5RERWLFV�RI�������7KH�GHYLFH�ZDV�D�JORYH�ZLWK�WHQGRQV�LQ�WKH�
ILQJHUV� DFWXDWHG� ZLWK� D�PRWRU� WR� H[WHQG� WKH� KDQG�� 7KLV� V\VWHP� DOORZV� WR� UHDOL]H� D� IRUFH�
HTXDO� WR� ��� 1�� KRZHYHU�� WDVNV� RQO\� QHHG� ����� 1�� ([R�JORYH� ZDV� DQRWKHU� H[DPSOH� RI� D�
WHQGRQ�GULYHQ�JORYH�ZLWK�PRWRUV� >���@�� ,W� LV� FRPSDFW�DQG�ZHLJKV�RQO\�����J�� ,W� UHDOL]HV�D�
SLQFK�IRUFH�RI����1��D�ZUDS�JUDVS�IRUFH�RI����1��DQG�D�PD[LPXP�JUDVSHG�REMHFW�VL]H�RI����
PP� 7KH� VDPH� LGHD�ZDV� WKHQ�XVHG� LQ� >���@�ZLWK� WKH� DGGLWLRQ� RI� VXFWLRQ� FXSV� WR� LPSURYH
DGKHUHQFH�ZLWK�KDQG�

1HYHUWKHOHVV��SUREDEO\�RQH�RI�WKH�EHWWHU�WHQGRQ�GULYLQJ�SURWRW\SHV�LV�VKRZQ�LQ�>���@��7KH\�
XVH� RQO\� RQH�PRWRU� WR� PRYH� �� GHJUHHV� RI� IUHHGRP� RI� WKH� KDQG�� WDNLQJ� DGYDQWDJH� RI� WKH�
V\QHUJ\�RI�KDQG�PRYHPHQWV��0RUHRYHU��WKH\�XVH�D�%RZGHQ�FDEOH�WUDQVPLVVLRQ�WR�ORFDWH�WKH�
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PRWRU�RQ�D�EHOW�RU�LQ�D�EDFNSDFN��7KLV�ODVW�FKDUDFWHULVWLF�LV�HVVHQWLDO�LQ�WKHVH�GHYLFHV�VLQFH�
SDWLHQWV�FDQQRW�FDUU\�VLJQLILFDQW�ZHLJKW�LQ�WKHLU�KDQGV��VR�ZH�DOVR�ILQG�LW�LQ�>���@��7KLV�VRIW��
OLJKWZHLJKW�JORYH�LV�FRQWUROOHG�ZLWK�HOHFWURP\RJUDSK\�WKDW�GHWHFWV�WKH�SDWLHQW·V�LQWHQWLRQ��,W�
SUHVHQWV� WZR�PRUH�FRQWURO�PRGHV��D�SK\VLR�PRGH�DQG�D�PRELOH�DSSOLFDWLRQ��$FWXDWRUV�DQG�
FRQWUROOHUV� ORFDWHG�RQ� WKH�SDWLHQW
V�EDFN� DOORZHG� WR� UHGXFH� WKH�ZHLJKW� RI� WKH�JORYH� WR� OHVV�
WKDQ������NJ��,W�UHDOL]HV�D�IRUFH�HTXDO�WR������1�IRUFH�IRU�HDFK�ILQJHU��/HVV�IUHTXHQWO\��RWKHU�
DFWXDWRUV�OLNH�60$��6KDSH�0HPRU\�$OOR\��DUH�XVHG�LQ�WKHVH�W\SHV�RI�GHYLFHV��2QH�H[DPSOH�
LV�VKRZQ�LQ�>���@��WKH\�XVH�QLQH�60$�VSULQJ�DFWXDWRUV�IRU�WKUHH�ILQJHUV��LQGH[��PLGGOH��DQG�
ULQJ� ILQJHU�� WR�UHDOL]H�D� IRUFH�HTXDO� WR����1�DQG�SURYLGH����'2)�IRU� IRXU�GLJLWV� �WKH� OLWWOH�
ILQJHU� LV�QRW� LQYROYHG���7KHUH�DUH�WKUHH�FRQWURO�PRGHV�IRU�WKH�60$�VSULQJ�DFWXDWRUV��´RQ�µ�
´KROG�µ�DQG� ´RII�µ�7KH� WRWDO�ZHLJKW� LV����J��7KH�PDMRU�SUREOHP�ZLWK�60$�DFWXDWRUV� LV� WKH�
FRROLQJ�WLPH�WKDW�VORZV�WKH�IXQFWLRQLQJ��

)RU�WKLV�UHDVRQ��LQ�WKH�$65�JORYH�SUHVHQWHG�LQ� >���@��VRPH�IDQV�DUH�XVHG�WR�DFFHOHUDWH�WKH�
FRROLQJ� SURFHVV� RI� 60$�� 7KLV� JORYH� LV� ZHLJKWLHU� ����� J�� WKDQ� WKH� SUHYLRXV� RQH�� DQG� LW� LV�
SURYLGHG� ZLWK� $UWPDQ� DQG� IRUFH� VHQVRUV�� 3QHXPDWLF� DFWXDWRUV� DUH� DOVR� ZLGHO\� XVHG��
KRZHYHU��WKH\�KDYH�OLPLWDWLRQV�GXH�WR�WKH�FRPSUHVVRU�UHTXLUHPHQW��PDNLQJ�WKH�JORYH�QRW�VR�
SRUWDEOH�DV�WKH�RWKHU�W\SHV��,Q�>���@��D�VRIW�SQHXPDWLF�JORYH�FRQWUROOHG�E\�WKH�PRYHPHQWV�RI�
WKH�KHDOWK\�KDQG�LV�SUHVHQWHG��,W�ZHLJKV�OHVV�WKDQ�����NJ�DQG�SURYLGHV�D�WRWDO�IRUFH�RI�������
1� &RQWURO�LV�EDVHG�RQ�D�PDWKHPDWLFDO�PRGHO�WKDW�UHODWHV�WKH�WXUQHG�DQJOH�ZLWK�WKH�WHQVLRQ
WKDW�PXVW�EH�DSSOLHG�WR�WKH�DFWXDWRUV�

'XH�WR�DOO�WKH�DVSHFWV�LOOXVWUDWHG�LQ�WKLV�VWDWH�RI�WKH�DUW��LW�LV�HDV\�WR�XQGHUVWDQG�ZK\�60$�
DFWXDWRUV�KDYH�EHHQ�HPSOR\HG�WR�GHYHORS�WKH�IROORZLQJ�SURWRW\SHV��7KH\�DOORZ�D�OLJKWZHLJKW�
DQG� FRPSDFW� GHVLJQ�� 7KH� GUDZEDFN� LV� WKH� FRQWURO� DQG� WKH� DFWXDWLRQ� WLPH��+RZHYHU�� LW� LV�
FRQVLGHUHG� WKDW� LQ� UHKDELOLWDWLRQ� DSSOLFDWLRQV�� KLJK� YHORFLWLHV� DUH� QRW� VR� FULWLFDO� DV� WKH�
FRPIRUWDELOLW\�IRU�SDWLHQWV�DQG�HDVLQHVV�RI�ZHDULQJ�WKHP���
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7.2 Haptic gloves 
+XPDQ� EHLQJV� GHSHQG� RQ� ILYH� VHQVHV�� DQG� KDSWLF� WHFKQRORJ\� IRFXVHV� RQ� WRXFK�� ,W� DURVH�
EHFDXVH�RI�WKH�DPRXQW�RI�LQIRUPDWLRQ�ZH�FDQ�SHUFHLYH�WKURXJK�WRXFK��7KDQNV�WR�VFUHHQV�RU�
RWKHU� VLPLODU� GHYLFHV�� LQIRUPDWLRQ� FDQ� EH� DGGHG� WR� ZKDW� ZH� DOUHDG\� SHUFHLYH� ZLWK� RWKHU�
VHQVHV�� +RZHYHU�� KDSWLFV� LV� HVSHFLDOO\� LQWHUHVWLQJ� LQ� PHGLFLQH� IRU� GHOLFDWH� VXUJHU\� RU�
UHKDELOLWDWLRQ� >���@� RU� IRU� KDQGOLQJ� KLJKO\� XQVWDEOH� DQG� UDGLRDFWLYH� HOHPHQWV� WR� DYRLG�
H[SRVXUH� WR� FHUWDLQ� ULVNV�� +RZHYHU�� LW� DOVR� ILQGV� VLJQLILFDQW� GHYHORSPHQW� LQ� OHLVXUH�
DFWLYLWLHV�� VXFK� DV� YLGHR� JDPHV�� WR� SURYLGH� DQ� LQFUHDVLQJO\� LPPHUVLYH� H[SHULHQFH��
.LQHVWKHWLF�KDSWLF�JORYHV�DOORZ�WKH�VLPXODWLRQ�RI� WKH�JULS�RI�REMHFWV� LQ�GLIIHUHQW�ZD\V�� IRU�
H[DPSOH�� E\� SUHYHQWLQJ� WKH� DGYDQFHPHQW� RI� WKH� ILQJHUV� RU� E\� SHUIRUPLQJ� DQ� H[WHQVLRQ�
PRYHPHQW��

7.2.1 Force haptic glove 
7KLV� ILUVW� VHFWLRQ� SUHVHQWV� WKH� GHYHORSPHQW� RI� D� VRIW� KDSWLF� JORYH� DFWXDWHG� ZLWK� 60$�
VSULQJV�WR�JHQHUDWH�D�NLQHVWKHWLF�SHUFHSWLRQ�LQ�WKH�XVHU��8VXDOO\��60$�DFWXDWRUV�DUH�XVHG�
LQ� DQ� RQ�RII� PDQQHU�� +RZHYHU�� LQ� WKLV� FDVH�� WKUHH� GLIIHUHQW� DFWXDWLRQ� OHYHOV� WR� VLPXODWH�
WKUHH� GLIIHUHQW� VHQVDWLRQV� �WKUHH� GLIIHUHQW� IRUFHV�� KDYH� EHHQ� DFKLHYHG�� 5HVXOWV� KDYH� WKH�
SXUSRVH�RI� VKRZLQJ�KRZ�60$�DFWXDWRUV� FRXOG�EH�DQ� LQWHUHVWLQJ�RSWLRQ� IRU�KDSWLF�GHYLFHV��
)LUVW�� WKH� GHYHORSPHQW� RI� WKH� SURWRW\SH� LV� LOOXVWUDWHG�� H[SODLQLQJ� DOO� WKH� GHVLJQ� GHFLVLRQV�
DQG�WKH�FRPSRQHQWV��7KHQ��WKH�DFWXDWRUV�DUH�DQDO\]HG�GHHSO\�WKURXJK�ILQLWH�HOHPHQW��)(��
DQDO\VLV�� 1H[W�� WKH� FRQWURO� DQG� FKDUDFWHUL]DWLRQ� RI� WKH� V\VWHP� DUH� LOOXVWUDWHG�� )LQDOO\��
H[SHULPHQWV�DQG�UHVXOWV�DUH�GLVFXVVHG��

7KH� JORYH
V� GHVLJQ� UHTXLUHPHQWV� ZHUH�� VRIW� PDWHULDO�� VRIW� DFWXDWRUV� ZLWK� D� VPRRWK�
ZHLJKW�SRZHU� UDWLR�� OLJKWZHLJKW�� ZHDUDELOLW\�� DQG� SRUWDELOLW\�� 7KLV� GHYLFH
V� VRIWQHVV� LV�
HVVHQWLDO� VLQFH� WKH� VWLIIQHVV� ZRXOG� QRW� KDYH� DOORZHG� WKH� UHDOLVWLF� VLPXODWLRQ� RI� OLJKWHU�
REMHFWV��

7.2.1.1 Design 
7KH� GHYLFH� FRQVLVWV� RI� WZR� SULQFLSDO� SDUWV�� ���� D� JORYH� ZLWK� DFWXDWRUV� DQG� FDEOHV�� ���� DQ�
DUPEDQG� ZLWK� HOHFWURQLFV� DQG� SRZHU� FDEOH�� $� IOH[LEOH� VWUHWFK� VHQVRU� �,PDJHV� 6FLHQWLILF�
,QVWUXPHQWV��FRQQHFWV�WKH�WZR�SDUWV��7KH�VHOHFWHG�JORYH�LV�PDGH�RI�HODVWLF�IDEULF��SRO\HVWHU�
DQG�HODVWDQH��WKDW�SURYLGHV�HODVWLFLW\�DQG�WKHUPDO�LQVXODWLRQ��)LJXUH����D���

Figure 7.2 The two principal parts of the haptic glove. (a) Glove made of elastic fabric. (b) 3D printed 
finger cap (c) Flexible stretch sensors (d) Arduino UNO (e) electronic circuit for SMA control (f) 

electronic circuit for stretch sensors. 

$�Q\ORQ�WKUHDG�RI�����PP�GLDPHWHU�FRQQHFWV�WKH�ILQJHUWLSV�WR�WKH�DFWXDWRUV��7KLV�PDWHULDO�LV�
OLJKWZHLJKW��IOH[LEOH��DQG�UREXVW��7KH�Q\ORQ�WKUHDG�SDVVHV�WKURXJK�D�7HIORQ��SLSH�WR�DYRLG�
IULFWLRQ�ZLWK�WKH�JORYH�DQG�UHDOL]HV�D�VPRRWKHU�PRYHPHQW��,W�SUHVHQWV�DQ�RXWHU�GLDPHWHU�RI�
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��PP�DQG�DQ�LQQHU�GLDPHWHU�RI���PP��DQG�LW�LV�JOXHG�WR�WKH�JORYH�ZLWK�D�KRW�JOXH�JXQ��7KLV�
VROXWLRQ�ZDV�PRUH�VWUDLJKWIRUZDUG�WKDQ�WKH�RSWLRQ�RI�VHZLQJ�WXEHV�GXH�WR�WKH�IDEULF�JORYH��
7KH�SLSH� LV�GLYLGHG� LQWR� WZR�SDUWV� WR�JXLGH� WKH� WKUHDG�EXW�QRW� LQWHUIHUH�ZLWK� WKH� ILQJHU·V�
PRYHPHQW��

7KH�Q\ORQ� WKUHDG� LV�QRW�GLUHFWO\� FRQQHFWHG� WR� WKH�JORYH�EHFDXVH� WKLV� FRXOG� WHDU� WKH� IDEULF�
WKURXJK�XVH��7KHUHIRUH��WKUHH�ILQJHU�FDSV�KDYH�EHHQ�GHVLJQHG�DQG�SULQWHG�LQ��'�ZLWK�3/$��
7KH\� DUH� MRLQHG� WR� WKH� JORYH� DV� WKH� 7HIORQ� SLSH� DQG� SUHVHQW� D� VPDOO� KROH� WR� UHDOL]H� WKH�
FRQQHFWLRQ�ZLWK�WKH�WKUHDG��

2Q� WKH� RWKHU� HQG�� WKH� FDEOH� LV� FRQQHFWHG� WR� WKH� 60$� DFWXDWRU�� 7KLV� FRQQHFWLRQ� LV�
FKDOOHQJLQJ�EHFDXVH�D�KLJKHU�WHPSHUDWXUH�UHDFKHV�60$�GXULQJ�WKLV�IXQFWLRQ��7KHUHIRUH��WR�
DYRLG�IXVLRQ�RI�WKH�Q\ORQ��LWV�GLDPHWHU�LV�WLQ\���WKHUPDO�LQVXODWLRQ�ZLWK�WZR�SODVWLF� FODPSV�
LV�QHFHVVDU\��

7KH�VDPH�LQVXODWHG�FRQQHFWLRQ�EHWZHHQ�WKH�60$�DQG�WKH�IOH[LEOH�VWUHWFK�VHQVRU�LV�XVHG��,Q�
WKLV� VHFRQG� FDVH�� WKH� LQVXODWLRQ� LV� HYHQ� PRUH� LPSRUWDQW� IRU� DYRLGLQJ� LQFRUUHFW�
PHDVXUHPHQWV� WKDW� FRXOG� KDSSHQ� ZLWKRXW� LW�� &RQQHFWHG� WR� WKH� 60$V� DUH� WZR� IOH[LEOH�
VWUHWFK�VHQVRUV��

7KH�PDQXIDFWXUH� RI� WKH� JORYH�ZDV� VWUDLJKWIRUZDUG�� 7KH� RQO\� EHVSRNH� SDUWV�ZHUH� WKH� �'�
SULQWHG�ILQJHU�FDSV�DQG�WKH�DUPEDQG��DQG��RI�FRXUVH��WKH�HOHFWURQLFV���$OO�RWKHU�FRPSRQHQWV�
ZHUH�SXUFKDVHG��JORYH��VSULQJV��VHQVRUV���

7KHVH�VHQVRUV�RIIHU�UHDVRQDEO\�SUHFLVH�PHDVXUHPHQWV�RI�WKH�WHQVLRQ�VWDWH�RI�WKH�FDEOHV��7KH�
WRWDO�OHQJWK��LQFOXGLQJ�WKH�WZR�KRRNV��LV���FP��:KHQ�WKH�VHQVRU�LV�UHOD[HG��WKH�UXEEHU�KDV�D�
QRPLQDO� UHVLVWDQFH� RI� DSSUR[LPDWHO\� ���� RKPV� SHU� FHQWLPHWHU�� $FFRUGLQJ� WR� WKH�
PDQXIDFWXUHU��WKH�UHVLVWDQFH�JUDGXDOO\�LQFUHDVHV�ZLWK�WKH�VHQVRU�VWUHWFKLQJ�XS�WR������RI�
LWV�RULJLQDO�OHQJWK����FP�ð������ �����FP���

%\� HVWDEOLVKLQJ� D� FRUUHFW� UHODWLRQVKLS� EHWZHHQ� HOHFWULFDO� UHVLVWDQFH� DQG� GHIRUPDWLRQ�� ZH�
LQGLUHFWO\�REWDLQHG�D�PHDVXUHPHQW�RI�WKH�WHQVLRQ�LQ�WKH�VHQVRU�DV� ORQJ�DV�ZH�ZHUH� LQ�WKH�
OLQHDU� ]RQH� RI� GHIRUPDWLRQ�� 7KH� SURFHGXUH� IRU� REWDLQLQJ� WKHVH� PHDVXUHPHQWV� ZLOO� EH�
GHVFULEHG� LQ� GHWDLO� LQ� WKH� IROORZLQJ� VHFWLRQV�� 7KH� HODVWLF� SURSHUW\� RI� WKH� VHQVRU� ZLOO� DOVR�
IDFLOLWDWH�WKH�UHFRYHU\�RI�WKH�LQLWLDO�VWDWH�RI�WKH�60$�VLQFH�LW�ZLOO�SXOO�LW�EDFN�WR�LWV�QRPLQDO�
OHQJWK��&RROLQJ�LV�WKH�PRVW�WLPH�FRQVXPLQJ�SKDVH�LQ�WKH�60$�F\FOH��+RZHYHU��DV�H[SODLQHG�
LQ�>���@��SODFLQJ�D�ELDV�VSULQJ�ZLWK�D�IL[HG�JULS�RQ�RQH�VLGH�RI�WKH�60$�IDYRUV�WKH�UHFRYHU\�
RI�WKH�VSULQJ�VLQFH��DV�LW�FRROV�DQG�JLYHV�ZD\��WKH�V\VWHP�ZLOO�UHWXUQ�WR�LWV�LQLWLDO�GLVSRVLWLRQ�
�RU�DW�OHDVW�FORVH�WR�LW���

Figure 7.3 SMA-spring actuators (a,b) The idea as illustrated in [16] (c) the idea as implemented in our 
work 
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,Q� WKH� SUHVHQW� ZRUN�� ELDV� VSULQJV� KDYH� EHHQ� FKDQJHG� ZLWK� HODVWLF� VHQVRUV� �DV� VKRZQ� LQ�
)LJXUH����F��WR�SURYLGH�LQIRUPDWLRQ�DQG�IXOILOO�WKLV�UHFRYHU\�IXQFWLRQ��0RUHRYHU��WKLV�GHVLJQ�
VROYHG�RQH�RI�WKH�SUREOHPV�RI�KDSWLF�JORYH�GHVLJQV�ZLWK�FDEOHV�WKDW�SDVV�LQ�WKH�XSSHU�DUHD�RI�
WKH�ILQJHUV��WKH�WXUQLQJ�UDGLL�DQG�WKH�QHHG�IRU�LW�WR�KDYH�WZR�IL[HG�SRLQWV�DW�ERWK�HQGV��,I�WKH�
FDEOH�ZHUH�WR�SDVV�LQVLGH�WKH�ILQJHUV��DV�WHQGRQV�GR��WKLV�ZRXOG�QRW�LPSHGH�WKH�WRWDO�OHQJWK�
UHTXLUHG��ZKLFK�ZRXOG�DOZD\V�EH�FRQVWDQW��+RZHYHU��ZKHQ�WKHVH�SDVV�RYHU�WKH�VNLQ��VRPH�
GLVSODFHPHQW�DW�WKH�FDEOH�HQGV�EHFDXVH�RI�WKH�UDGLL�RI�J\UDWLRQ��7KLV�SKHQRPHQRQ�KDSSHQHG�
ZKHQ�ZH�DFWXDWHG�WKH�60$�ZKHQ�WKH�V\VWHP�ZDV�DW�UHVW��,W�JDYH�ULVH�WR�WKH�DSSHDUDQFH�RI�D�
IRUFH� WKDW� EORFNV� WKH� KDQGV
� IUHH� PRYHPHQW� RI� WKH� KDQGV)LJXUH� ���� VKRZV� WKLV� HIIHFW�
EHWZHHQ�WZR�MRLQWV�ZKLFK��LI�ZH�DGG�LW�WR�WKH�RQH�SURGXFHG�EHWZHHQ�WKH�RWKHU�ILQJHU�DQG�WKH�
ZULVW��ZLOO�JLYH�ULVH�GLVSODFHPHQWV�WKDW�FDQQRW�EH�LJQRUHG��

Figure 7.4 (a) Finger fully stretched (minimum distance between upper joint area). (b) Bent finger 
(maximum distance between the upper part of the joints). 

7KHUHIRUH��ZH�ZLOO�QHHG�VRPH�IUHHGRP�DW�RQH�HQG�RI�WKH�FDEOH�WR�PRYH�RXU�ILQJHUV��ZKLFK�FDQ�
EH�DFKLHYHG�E\�GHIRUPLQJ�WKHVH�VHQVRUV�RU�WKH�60$��$�KLJK�HODVWLFLW\�FRQVWDQW�ZRXOG�EORFN�
WKLV� IUHHGRP�VLQFH�ZH�ZRXOG�QHHG�D�KLJK�IRUFH� IRU�D�PRYHPHQW�WKDW�DSSDUHQWO\�VKRXOG�EH�
ZLWKRXW� ORDG�� 2Q� WKH� FRQWUDU\�� D� FRQVWDQW� WKDW� LV� WRR� ORZ� WR� DOORZ� WKH� ILQJHUV� WR� PRYH�
QDWXUDOO\�ZRXOG�FDXVH�WKDW�YDULDWLRQ�LQ�WKH�OHQJWK�RI�WKH�60$�WKDW�WKH�VSULQJ�PXVW�DEVRUE�
WR�UHVXOW�LQ�DQ�LQDSSUHFLDEOH�IRUFH��UHQGHULQJ�WKH�DFWXDWRU�XVHOHVV��,W�PDNHV�WKH�VHOHFWLRQ�RI�
VHQVRUV��XVHG�LQ�WKLV�FDVH�DOVR�DV�VSULQJV��FUXFLDO��

7KH� DUPEDQG� SURYLGHG� WKH� HOHFWURQLFV�� LW� FRQVLVWV� RI� D� VLQJOH� SDUW� LPSUHVVHG� ZLWK� �'�
SULQWLQJ��3/$���)LJXUH�������

,W� LV� SRVVLEOH� WR� LGHQWLI\� WKUHH� VHFWLRQV�� HDFK� RI� ZKLFK� KRXVHV� D� VSHFLILF� FLUFXLW� RI� WKH�
HOHFWURQLF�V\VWHP��WKH�ODUJHVW�LV�IRU�WKH�$UGXLQR�812��DQG�WKH�RWKHU�WZR�DUH��UHVSHFWLYHO\��
IRU� WZR� 3&%V� �RQH� IRU� WKH� 60$� FRQWURO� DQG� RQH� IRU� WKH� VWUHWFK� VHQVRUV� UHDGLQJ��� ,W� DOVR�
SUHVHQWV� D� JULS� ]RQH� IRU� WKH� VHQVRUV�� 7KLV� GHVLJQ� DOORZV� WKH� JORYH� WR� EH� DVVHPEOHG� DQG�
GLVDVVHPEOHG� TXLFNO\�� 7KH� IDFH� LQ� FRQWDFW� ZLWK� WKH� DUP� LV� VOLJKWO\� FXUYHG� WR� JHQHUDWH�
FRPIRUW�IRU�WKH�XVHU��$�9HOFUR�FORVXUH�LV�XVHG�WR�IDVWHQ�WKH�DUPEDQG��,Q�WKLV�ZD\��HDFK�XVHU�
FDQ�DGMXVW�WKH�VL]H��,Q�WKLV�FDVH��WKH�SRZHU�VXSSO\�LV�H[WHUQDO��,W�UHGXFHV�PRELOLW\�EXW�DW�WKH�
VDPH� WLPH� DOORZV� D�PRUH� OLJKWZHLJKW� SURWRW\SH�� ,W� ZLOO� EH� SRVVLEOH� WR� DGG� D� EDWWHU\� DQG�
UHDOL]H�D�SRUWDEOH�GHYLFH�LQ�WKH�IXWXUH��

7KH� DFWXDWRUV� VHOHFWHG� WR� UHDOL]H� WKLV� SURWRW\SH� ZHUH� 60$� VSULQJV� IRU� DOO� WKH� UHDVRQV�
H[SODLQHG�LQ�&KDSWHU����$IWHU�WKH�PHFKDQLFDO�DQDO\VLV�SUHVHQWHG�LQ�&KDSWHU����ZH�VWXGLHG�
WKH� HOHFWULFDO� FLUFXLW� WR� DFWXDWH� WKH� VSULQJV�� 7KHLU� HOHFWULFDO� UHVLVWDQFH� ZDV� YHULILHG�
H[SHULPHQWDOO\�WR�EH�HTXDO�WR�����RKPV��7KH�VRXUFH�RIIHUHG����9�DQG���$��ZLWK�D�QRPLQDO�
SRZHU� RI� ���:�� :H� VHOHFWHG� WKH� 0RVIHW� PRGHO� ,5)����� FKDQQHO� Q�� :LWK� WKLV� PRGHO�� ZH�
GLVVLSDWHG�D�PD[LPXP�RI����:��

)ROORZLQJ�WKH�FKDUDFWHULVWLF�FXUYH��GDWD�DW�����&��RIIHUHG�E\�WKH�PDQXIDFWXUHU��IRU�D�JDWH�
VRXUFH�YROWDJH�RI���9��FKDUDFWHULVWLF�YROWDJH�RI�WKH�$UGXLQR�SLQV���WKH�GUDLQ�FXUUHQW�ZLOO�EH�
DURXQG���$��7KHUHIRUH��ZH�ZLOO�QRW�EH�DEOH�WR�DFW�ZLWK�GXW\�F\FOHV�JUHDWHU�WKDQ���²����RQ�
WKH�WZR�60$V�VLPXOWDQHRXVO\�VLQFH�WKH�FDSDFLW\�RI�WKH�VRXUFH�ZLOO�EH�H[FHHGHG��
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Figure 7.5 Final Haptic Glove. 

7KH� VFKHPH�XVHG� WR� FRQWURO� WKH�0RVIHW� LV� WKDW� RI� )LJXUH� ����� 7KH� VLPXODWLRQV� KDYH� EHHQ�
FDUULHG�RXW�ZLWK�/7VSLFH��

Figure 7.6 General schematic in LTspice. 

7R�XVH�WKHVH�GHYLFHV�DV�KDSWLF�JORYH�DFWXDWRUV��WKH\�KDYH�WR�H[HUW�GLIIHUHQW�OHYHOV�RI�IRUFH��
7KHUHIRUH�� WKH�60$� LV�XVXDOO\�XVHG� LQ� DQ�RQ�RII�PDQQHU��&RQVHTXHQWO\�� WKH�RQO\�SRVVLEOH�
VWDWHV�DUH�ZKHQ�WKH�DXVWHQLWLF�WUDQVIRUPDWLRQ�KDV�EHHQ�FRPSOHWHG�RU�QRW�VWDUWHG��$QDO\]LQJ�
DQ\�JUDSK�WKDW�VKRZV�WKH�FXUUHQW�VWUDLQ�UHODWLRQVKLS�IRU�DQ�60$�VSULQJ��IRU�H[DPSOH��WKH�
RQH�VKRZQ�LQ�&KDSWHU���RI�WKH�ERRN�LQ�>���@���ZH�VDZ�WKDW�LI�ZH�FRXOG�SRVLWLRQ�RXUVHOYHV�DW�
LQWHUPHGLDWH�SRLQWV�RI�WKH�FXUYHV��ZH�REWDLQHG�GLIIHUHQW�VWDWHV�RI�VWUHVV��7KHUHIRUH��D�SHUIHFW�
WKHUPDO�EDODQFH�KDG�WR�EH�DFKLHYHG��'HSHQGLQJ�RQ�WKH�GLPHQVLRQV�RI�WKH�FKRVHQ�VSULQJ��LW�
ZLOO�EH�PRUH�RU� OHVV�FRPSOH[��,I�� IRU�H[DPSOH�� LW� LV�VPDOO�� LW�ZLOO�KHDW�XS�TXLFNO\�ZLWK� WLQ\�
YDULDWLRQV� LQ� WKH� FXUUHQW��PDNLQJ�DQ\� LQWHUPHGLDWH� SRLQW� RI� WKH� FXUYH� LQDFFHVVLEOH�� ,I�ZH�
FRXOG� DFFHVV� WKHVH� DUHDV� RI� WKH� FXUYH�� WKH� PDLQ� GUDZEDFN� EHFDPH� WKH� K\VWHUHVLV� RI� WKH�
SURFHVV��$�SULRUL��ZLWKRXW�D�IHHGEDFN�V\VWHP��ZH�FDQQRW�NQRZ�DW�ZKLFK�SRLQW�RI�WKH�FXUYH�
GLDJUDP�ZH�DUH��2QH�RSWLRQ�ZRXOG�EH�WR�XVH�WKHUPDO�VHQVRUV�WKDW�JLYH�XV�DQ�LGHD�RI�ZKDW�
SHUFHQWDJH�RI�WKH�WUDQVIRUPDWLRQ�KDV�EHHQ�FRPSOHWHG�DQG�ZKDW�VHQVH�ZH�DUH�LQ��KHDWLQJ�RU�
FRROLQJ���+RZHYHU��WKLV�SURFHVV�VHHPV�TXLWH�FRPSOH[�VLQFH�WKHVH�WZR�FXUYHV�DUH�QRW�DOZD\V�
WKH�VDPH��DQG�WKH\�YDU\��DV�ZH�KDYH�VHHQ��ZLWK�LQLWLDO�GHIRUPDWLRQ��

7KH� PRVW� VWUDLJKWIRUZDUG� DOWHUQDWLYH� ZRXOG� EH� WR� LJQRUH� WKLV� K\VWHUHVLV� DQG� ILQG� DQ�
HTXLOLEULXP�SRLQW�RQFH�WKH�GHVLUHG�IRUFH�LV�UHDFKHG�ZKHUHYHU�ZH�DUH�RQ�WKH�FXUYH��

:H�ZRXOG�DFW�DFFRUGLQJ�WR�WKH�IRUFH�EHLQJ�FDUULHG�RXW�DW�DOO�WLPHV�E\�LQFUHDVLQJ�WKH�FXUUHQW�
LI�LW�LV�QRW�HQRXJK�RU�GHFUHDVLQJ�LW�LI�LW�ZHUH�H[FHVVLYH��

:H�ZLOO��WKHUHIRUH��QHHG�D�VHQVRU�FDSDEOH�RI�PHDVXULQJ�WKLV�IRUFH��
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7.2.1.3 Control 
7KH�V\VWHP
V�FRQWURO�ZDV�FDUULHG�RXW�ZLWK�DQ�$UGXLQR�812��D�FORVHG�ORRS�FRQWURO�WKDW�JLYHV�
IHHGEDFN� IURP� WKH� VWUHWFK� VHQVRU� WKDW� SURYLGHV� WKH� WHQVLRQ� H[LVWLQJ� LQ� WKH� 60$�VHQVRU�
DVVHPEO\��

2QFH� WKH� WHQVLRQ� VWDWH� RI� WKH� FDEOHV� KDV� EHHQ�PHDVXUHG�� WKH� V\VWHP�SHUIRUPDQFH� YDULHV��
7KHUHIRUH��WKH�GLIIHUHQFH�EHWZHHQ�WKH�IRUFH�UHTXLUHG�DQG�WKH�PHDVXUHPHQW�LV�HTXDO�WR����RU��
DW�OHDVW��FORVH�WR�LW��

$� 3:0� YDOXH� WKDW� SURYLGHV� VRPH� VWDELOL]DWLRQ� LQ� WKH� DFWXDWRU� WHPSHUDWXUH� DW� URRP�
WHPSHUDWXUH� VKRXOG� EH� VRXJKW�� ,W� ZLOO� QRW� EH� FRPSOHWHO\� DFFXUDWH� EHFDXVH� LW� ZLOO� EH�
QHFHVVDU\� WR� VXSSO\� GLIIHUHQW� HQHUJ\� YDOXHV� GHSHQGLQJ� RQ� WKH� GHVLUHG� IRUFH� DQG� GLIIHUHQW�
WHPSHUDWXUHV�UHDFKHG�E\�WKH�60$�WR�UHPDLQ�VWDEOH�LQ�HDFK�VLWXDWLRQ��

,Q�DGGLWLRQ��LW�ZLOO�GHSHQG�QRW�RQO\�RQ�WKH�QHHGHG�IRUFH�EXW�DOVR�RQ�RWKHU�LQLWLDO�IDFWRUV�VXFK�
DV�WKH�LQLWLDO�GHIRUPDWLRQ��,W�ZLOO�DOVR�QRW�EH�SRVVLEOH�WR�HQVXUH�FRQVWDQW�IDFWRUV�LQ�HDFK�XVH��
7KH�HUURU�LV�GHILQHG�DV��

�௦௦ܨ�ୀܧ െ ௨ௗܨ� ������

:KHQ� WKH� IRUFH� ���௦௦ܨ� LV� OHVV� WKDQ� WKH� GHPDQG� ���௨ௗܨ� 3:0� YDOXHV� ORZHU� WKDQ�
VWDELOL]DWLRQ�ZLOO�EH�QHFHVVDU\��,I�QHFHVVDU\��LW�FRXOG�HYHQ�FRUUHVSRQG�WR�D�]HUR�GXW\�F\FOH�WR�
SURWHFW� WKH� DFWXDWRUV�� 2Q� WKH� FRQWUDU\�� ZKHQ� WKH� HUURU� LV� QHJDWLYH�� ZH� VWLOO� KDYH� WR�
FRQWULEXWH�HQHUJ\��,Q�ERWK�FDVHV��ZH�REVHUYH�WKDW� WKH�QHFHVVDU\�GXW\�F\FOH�ZLOO�QRW�H[FHHG�
����7KH�30:�YDOXHV�GHSHQG�RQ�WKH�FDOFXODWHG�HUURU��DV� H[SODLQHG�ODWHU�� VR� WKH�FRQWURO� LV�
SURSRUWLRQDO��

7R� UHDFK�D� FRQVWDQW� IRUFH� VWDUWLQJ� IURP�UHVW��ZH� FDQQRW�XVH�D�3:0�RI� WKH�RUGHU� RI� WKRVH�
XVHG�WR�VWDELOL]H�EHFDXVH�KHDWLQJ�WKH�60$�WR�LWV�WUDQVIRUPDWLRQ�WHPSHUDWXUH�ZRXOG�EH�RQ�
WKH�RUGHU�RI�PLQXWHV��)RU�WKLV�UHDVRQ��LQLWLDOO\��WKH�GXW\�F\FOH�ZLOO�EH������WKLV�FRUUHVSRQGV�
WR�D�FXUUHQW�YDOXH�RI���$���7KH�VSULQJ�ZLOO�KHDW�XS� LQ�VHFRQGV��2QFH�WKH�GHVLUHG�IRUFH�KDV�
EHHQ� UHDFKHG�� WKH�GXW\� F\FOH�PXVW� EH� UHGXFHG� LPPHGLDWHO\� WR� WKH�PHQWLRQHG� YDOXHV� �OHVV�
WKDQ�����WR�DYRLG�FRPSOHWH�DXVWHQLWLF�WUDQVIRUPDWLRQ��

,W� LV� DOVR� SRVVLEOH� WR� UHGXFH� WKH� GXW\� F\FOH� EHIRUH� UHDFKLQJ� WKH� UHTXLUHG� IRUFH� E\� WDNLQJ�
DGYDQWDJH�RI�WKH�WKHUPDO�LQHUWLD�RI�QLWLQRO��

,Q� WKH� EHJLQQLQJ��ZKHQ� WKH� YDOXH� RI� WKH� 3:0� LV� ��� WKH� 60$� VKRXOG� HQWHU� WKH�ZDUP�XS�
SKDVH��+RZHYHU�� WKH� V\VWHP�ZLOO� DOZD\V� UHPDLQ� DW� UHVW�XQWLO� WKH� IRUFH� WR� VLPXODWH� LV� QRW�
LQGLFDWHG��

2QFH�WKH�VHWXS�ZDV�ILQLVKHG��ZH�UHDG�WKH�DQDORJ�SRUWV��FRUUHVSRQGLQJ�WR�WKH�VHQVRUV��DQG�
FDOFXODWHG� WKH� FDEOHV
� WHQVLRQ�� 1H[W�� ZH� FKHFNHG� LI� WKH� ODVW� UHDGLQJ� IURP� WKH� VHULDO� SRUW�
LQGLFDWHG�D�QRQ�]HUR�YDOXH�IRU�WKH�IRUFH��,I�WKLV�ZHUH�QXOO��LW�UHWXUQHG�WR�WKH�EHJLQQLQJ�RI�WKH�
ORRS�ZLWK�WKH�GXW\�F\FOH�HTXDO�WR�]HUR�IRU�ERWK�DFWXDWRUV��

,Q�WKH�FDVH�RI�REWDLQLQJ�D�FRUUHFW�YDOXH�RWKHU�WKDQ�]HUR��WKH�60$�ZLOO�EH�KHDWHG��2QFH�WKH�
60$V� UHDFK� WKH� RSHUDWLQJ� SRLQW�� WKH\� ZLOO� EH� DVVLJQHG� D� 3:0� WKDW� VWDELOL]HV� WKHP�� ,Q�
)LJXUH������WKH�FRGH�IORZ�LV�VKRZQ��
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Figure 7.7 Code flow diagram in Arduino. 

6HYHUDO� WHVWV�KDG�WR�EH�FDUULHG�RXW� WR�UHDOL]H� WKLV� FRQWURO� SUHFLVHO\�DQG�DFKLHYH�D�UHOLDEOH�
FKDUDFWHUL]DWLRQ� RI� WKH�QLWLQRO� VSULQJV� DQG� IOH[LEOH� VHQVRUV�� 7KH� VHWXS�SUHSDUHG� WR� FROOHFW�
WKHVH�GDWD�FRQVLVWV�RI�D�VWUXFWXUH�WKDW�VXSSRUWV�D�EDU�IURP�ZKLFK�D�ZHLJKW�RI�����J�KDQJV��,W�
LV� JUHDWHU� WKDQ� WKH� ��1� UHTXLUHG� IRU� HDFK�60$��7KH�60$�ZHLJKW� ��� J�� LV� DVVXPHG� WR� EH�
QHJOLJLEOH��8QGHU�WKH�ZHLJKW�LV�D�VFDOH��)LJXUH�����VKRZV�WKH�DVVHPEO\�SUHYLRXVO\�GHVFULEHG��

Figure 7.8 General setup for the experimental characterization of the SMA spring. (a) Scheme (b,c) 
Reality. 

7KH�SURFHGXUH�IRU�REWDLQLQJ�WKH�VSULQJ�WHQVLRQ�PHDVXUHPHQWV�ZDV�DV�IROORZV��

�� 7KH� PHDVXUH� LQGLFDWHG� E\� WKH� VFDOH� ZDV� QRWHG� ZKHQ� WKHUH� ZDV� VWLOO� QR� FXUUHQW
IORZLQJ�

�� 7KH� 60$�ZDV� KHDWHG�� DQG� LW� ZDV� REVHUYHG� KRZ� YDULHV� WKH�PHDVXUHPHQW� RQ� WKH
VFDOH�XQWLO�LW�VWDELOL]HG

�� 7KH� VWDELOL]HG� YDOXH� ZDV� VXEWUDFWHG� IURP� WKH� ILUVW� RQH� QRWHG�� DQG� WKH� WHQVLRQ
H[SHULHQFHG�LQ�WKH�VSULQJ�ZDV�REWDLQHG�

,Q�WKH�ILUVW�WHVWV��VRPH�SDUDPHWHUV�WKDW�PD\�KDYH�FRQGLWLRQHG�WKH�RSHUDWLRQ�RI�WKH�1LWLQRO�
DFWXDWRU�ZHUH�YDULHG��VXFK�DV�DPELHQW�WHPSHUDWXUH��LQLWLDO�GHIRUPDWLRQ��RU�WKH�FXUUHQW�WKDW�
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SDVVHG�WKURXJK�LW��,W�ZDV�REVHUYHG�WKDW� WKHUH�ZDV�FHUWDLQ�UHSHDWDELOLW\� LQ� WKH�WHVWV� LI� WKH�
LQLWLDO� VWUHVV� DQG� GHIRUPDWLRQ� ZHUH� SUHVHUYHG�� ,I� WKLV� ZHUH� QRW� WUXH�� IRU� HTXDO� YDOXHV� RI�
3:0�� WKH� IRUFH� H[HUWHG� E\� WKH� 60$� GLIIHUHG� VLJQLILFDQWO\�� 0LQRU� YDULDWLRQV� LQ� DPELHQW�
WHPSHUDWXUH� ���²��� �&�� VHHPHG�QRW� WR�KDYH�KDG�PXFK� LQIOXHQFH��7KHUHIRUH�� WKH� VWUHQJWK�
H[HUWHG� E\� WKH� 60$� GHSHQGHG� ERWK� RQ� WKH� FXUUHQW� WKDW� FLUFXODWHG� DQG� WKH� LQLWLDO�
GHIRUPDWLRQ�� ,W� PDGH� RSHQ�FKDLQ� FRQWURO� SUDFWLFDOO\� LPSRVVLEOH� DQG� FRPSOLFDWHG� LW� LQ� D�
FORVHG�FKDLQ�E\�LQWURGXFLQJ�WKLV�QHZ�YDULDEOH�WR�FRQVLGHU��

7KHQ� WKH�HODVWLF� VHQVRU�ZDV� FKDUDFWHUL]HG� WR�SHUIRUP�FORVHG�ORRS� FRQWURO� RI� WKH�60$��)RU�
WKLV�� WKH�LQLWLDO�DVVHPEO\�ZDV�XVHG�E\�SXWWLQJ�WKH�VHQVRU�LQ�SODFH�RI�WKH�60$��7KHQ��ZLWK�
WKH�KHOS�RI�D�PXOWLPHWHU��WKH�UHVLVWDQFH�LQ�WKH�VHQVRU�ZDV�PHDVXUHG��7KH�GDWD�REWDLQHG�FDQ�
EH�VHHQ�LQ�)LJXUH������

Figure 7.9 Results of the sensor characterization tests for the Resistance²Weight function elaboration 
with the equation of the line and correlation coefficient. 

7KHUH� ZDV� D� FOHDU� UHODWLRQVKLS� EHWZHHQ� VWUHQJWK� DQG� UHVLVWDQFH� ZKHUH� WKH� SRLQWV� ILW�
SHUIHFWO\��FRUUHODWLRQ�FRHIILFLHQW�RI���������WR�D�OLQH��7KH�VORSH�RI�WKH�OLQH�ZDV�P� ���������
7KH�RUGLQDWH�DW�WKH�RULJLQ�ZDV�HTXDO�WR�Q� �ï��������7KH�HTXDWLRQ�WKDW�WKHUHIRUH�UHODWHG�WKH�
YROWDJH�LQ�WKH�60$�6HQVRU�DVVHPEO\�DV�LQGLFDWHG�LQ�(TXDWLRQ�������ZDV�

ܶ ൌ
Ǥଵହଵ�൬

ೇ�ೃೌೠ
ೇಲబ

ିோೌೠ൰ିଵ଼Ǥ଼ସ

ଽǤ଼ଵ
>1@� ������

*DXJH�UHVLVWRUV�ZHUH�XVHG�WR�UHDG�WKH�VHQVRUV�WR�REWDLQ�DQ�DYHUDJH�RI�WKHLU�UHVLVWDQFH�XVLQJ�
D� YROWDJH� GLYLGHU� DQG�� FRQVHTXHQWO\�� GHWHUPLQH� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� HOHFWULFDO�
UHVLVWDQFH� DQG� WKH� IRUFH� H[SHULHQFHG�� 7KHUHIRUH�� WKH� WHQVLRQ� VWDWH� RI� WKH� V\VWHP� ZDV�
GHILQHG��

7KH�UHJXODWRU�GHVLJQHG�WR�DGMXVW�WKH�3:0�WR�WKH�UHTXHVWHG�VWUHQJWK�ZRUNHG�RQ�WKH�HUURU�
EHWZHHQ� WKH� GHPDQGHG� IRUFH� DQG� WKH� GHVLUHG� RQH�� ,W� ZRUNHG� LQ� JUDPV�� DV� WKH� XQLW� RI�
PHDVXUHPHQW�RI�WKH�HUURU��IRU�FRQYHQLHQFH��

$IWHU�QXPHURXV�WHVWV�DW�URRP�WHPSHUDWXUH����²����&���ZH�FRQFOXGHG�WKDW�WKH�YDOXH���RI�WKH�
3:0�SURYLGHG�JRRG�WKHUPDO�VWDELOLW\�WR�WKH�V\VWHP�IRU�WKH�UDQJH�RI�IRUFHV���²��1��DQG�WKH�
LQLWLDO�GHIRUPDWLRQ�RI�WKH�VSULQJ�ZLWK�ZKLFK�LW�ZLOO�ZRUN��

7KHUHIRUH��DV�ORQJ�DV�WKH\�ZHUH�ZLWKLQ����J��WKLV�ZDV�WKH�3:0�H[HUWHG��,I�ZH�ZHUH�EHWZHHQ�
���DQG��������DQG�����RU�KLJKHU�WKDQ�����LW�ZDV�������DQG����UHVSHFWLYHO\��,I�ZH�ZHUH�EHWZHHQ
ï��DQG�ï���ï��DQG�ï���RU�ï��DQG�ï���LW�ZDV�������DQG�����UHVSHFWLYHO\��,I�LW�ZDV�OHVV�WKDQ�ï��
WKH�60$�ZHQW�GLUHFWO\�WR�WKH�ZDUP�XS�SKDVH�
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Figure 7.10 Weight vs. time graph for a 15 s test, and a demanded weight of (a) 50 g (b) 100 g (c) 150 g 
(d) 200 g.

7KH� WHVWV� FDUULHG� RXW�KDG�D�GXUDWLRQ� RI� ��� V�� 7KHUHIRUH�� ILUVW�� IRUFHV� RI� ���� ����� ����� DQG�
ILQDOO\�����J�ZHUH�UHTXHVWHG��7KH�UHVXOWV�DUH�UHSUHVHQWHG�LQ�WKH�IROORZLQJ�JUDSKV�LQ�)LJXUH�
������

7KH�H[LVWLQJ�LQLWLDO�SHDNV�GLG�QRW�H[FHHG���J�RI�GLIIHUHQFH�ZLWK�WKH�UHTXHVWHG�IRUFH��DQG�WKH�
IDOOV�WKDW�IROORZHG�WKHP�ZHUH�QRW�IDU�IURP�PRUH�WKDQ���J�LQ�DQ\�FDVH�EHFDXVH�WKHUH�ZRXOG�EH�
SHDNV�LQ�WKH�JUDSKV�GXH�WR�HQWHULQJ�WKH�KHDWLQJ�SKDVH��7KHQ�LW�PDQDJHG�WR�VWDELOL]H�DW�WKH�
LQGLFDWHG�YDOXH��7KHUHIRUH��ZH�DIILUPHG�WKDW�LW�ZDV�D�SUHWW\�SUHFLVH�V\VWHP��DOORZLQJ�XV�WR�
H[HUFLVH�UHOLDEOH��DOEHLW�VORZ��FRQWURO��

,Q�WKH�JORYH�WHVWV��VKRZHG�LQ�)LJXUH������DQG�)LJXUH��������DV�ZH�GLG�LQ�WKH�SUHYLRXV�RQHV��
ZH�WULHG�WR�REWDLQ�ZHLJKW²WLPH�JUDSKV��ZLWK�WKH�JORYH�DOUHDG\�PRXQWHG�RQ�WKH�DUP��WR�VHH�LI�
WKH\�FRUUHVSRQGHG�WR�WKRVH�DOUHDG\�DFKLHYHG��(DFK�60$�LV�UHSUHVHQWHG�LQ�D�GLIIHUHQW�FRORU�
WR� LOOXVWUDWH� WKH� RSHUDWLRQ� RI� ERWK�� 7KH� ILUVW� WKLQJ� WKDW� VWUXFN� XV�ZDV� WKH� GHOD\� EHWZHHQ�
WKHP��ZKLFK� FRUUHVSRQGHG� WR�DSSUR[LPDWHO\��� V��%\�QRW�EHLQJ�DEOH� WR�KHDW� ERWK� WRJHWKHU��
WKHUH�ZDV�QR�FKRLFH�EXW�WR�DFFHSW�WKLV�EHKDYLRU��
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Figure 7.11 Weight vs. time graph for the glove test with a simulated weight of 100 g. 

Figure 7.12. Weight vs. time graph for the glove test with a simulated weight of 150 g. 

:H�DOVR�VHH�KRZ�WKH�IRUFH�LQ�WKH�ILUVW�60$�GHFD\V�DV�WKH�VHFRQG�EHJLQV�WR�KHDW�XS�VLQFH�QR�
HQHUJ\� LV� EHLQJ� VXSSOLHG��7KXV�� DOO� RI� LW� KDV� WR� JR� WR� WKH� VHFRQG�GRFN��+RZHYHU�� RQFH� WKH�
ODWWHU�KDV�ZDUPHG�XS��WKH�IRUPHU�UHFRYHUV�TXLFNO\��

$V�EHIRUH��ZH�VDZ�KRZ�WKH�IRUFH�WHQGHG�WR�VWDELOL]H�D� OLWWOH�EHORZ�WKH�GHVLUHG�YDOXHV�ZLWK�
VOLJKWO\�KLJKHU�HUURUV�EXW�VWLOO�ORZHU�WKDQ������+RZHYHU��D�EHKDYLRU�DSSHDUHG�WKDW�ZH�GLG�
QRW�REVHUYH�EHIRUH��7KHVH�ZHUH�VPDOO�SHDNV�RI�IRUFH��7KH�V\VWHP�GHWHFWHG�WKDW�WKH�VSULQJV�
KDG� WR� EH� KHDWHG� DJDLQ� EHFDXVH� WKH� HUURU� ZDV� LQ� WKH� ODVW� DYDLODEOH� ZLQGRZ� ��� J��� ,I� ZH�
ORRNHG�FORVHO\��ZKHQ�RQH�RI�WKHVH�ZDUP�XSV�HQGHG��WKH�RWKHU�RQH�LPPHGLDWHO\�EHJDQ��
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)DFWRUV�VXFK�DV�WKH�SHUVRQ·V�SXOVH�RU�EHLQJ�IDFHG�ZLWK�D�QHZ�VHQVDWLRQ�FRXOG�KDYH�FDXVHG�
VWUDQJH�PRYHPHQWV� WKDW�HQGHG�XS�UHVXOWLQJ� LQ�D� ORVV�RI�EDODQFH�SRLQW� WKDW�� ILQDOO\�� OHG� WR�
WKRVH�SHDNV��7KH\�GLG�QRW�DSSHDU�EHIRUH�DV�WKH\�ZHUH�LQ�D�FRPSOHWHO\�VWDWLF�V\VWHP��

7.2.1.4 Tests 
7KH�JORYH�ZDV�WHVWHG�ZLWK����SDUWLFLSDQWV�WR�GHWHUPLQH�LI�LW�FRXOG�FRQYH\�D�KDSWLF�IHHOLQJ�RI�
JULS��9ROXQWHHUV�DJHG�EHWZHHQ����DQG����\HDUV� ����IHPDOHV�DQG���PDOHV��KDG�QR�SUHYLRXV�
H[SHULHQFH�ZLWK�WKLV�W\SH�RI�GHYLFH��&RQVHTXHQWO\��WUDLQLQJ�ZDV�FDUULHG�RXW��'LIIHUHQW�IRUFHV�
ZHUH�VLPXODWHG�ZLWK�WKH�JORYH��ZKLOH�RQ�WKH�RWKHU�KDQG��WKH�SDUWLFLSDQWV�KHOG�DQ�REMHFW�RI�
WKH�VDPH�VLPXODWHG�ZHLJKW�WR�QRWLFH�WKH�W\SH�RI�VHQVDWLRQV�WR�EH�H[SHULHQFHG��

$IWHU� WKH� WUDLQLQJ�� WKH\� H[SHULPHQWHG� ZLWK� WKH� IRUFHV� �LQ� UDQGRP� RUGHU�� ZLWK� WKHLU� H\HV�
FORVHG�� 7KH� GHYLFH� DOORZHG� WKH� VLPXODWLRQ� RI� WKUHH� GLIIHUHQW� IRUFHV�� ����� ����� DQG� ���� J��
7KH\�KDG�WR�GHWHUPLQH�ZKLFK�RQH�ZDV�EHLQJ�VLPXODWHG�DW�DQ\�JLYHQ�PRPHQW��)RXU�GLIIHUHQW�
W\SHV�RI�WHVWV�ZHUH�SUHVHQWHG��,Q�HDFK�RQH��WKH�VHTXHQFH�RI�VLPXODWHG�IRUFHV�YDULHG��,Q�WKH�
ILUVW�WHVW��WKH\�ZHUH�VLPXODWHG�LQ�LQFUHDVLQJ�RUGHU�����²���²������LQ�WKH�VHFRQG��GHFUHDVLQJ�
����²���²������DQG�LQ� WKH�WKLUG�DQG�IRXUWK��WKHUH�ZDV�QR� ORJLFDO�RUGHU� ����²���²����DQG�
���²���²�����UHVSHFWLYHO\���

$W� WKH� HQG� RI� WKH� WHVWV�� WKH� SDUWLFLSDQWV� DQVZHUHG� WZR� EORFNV� RI� TXHVWLRQV�� 7KH� ILUVW�
TXHVWLRQV� ZHUH� JHQHUDO�� DQG� WKH� UHVXOWV� DUH� SUHVHQWHG� LQ� 7DEOH� ����� 7KH� GLDJUDP� EHORZ�
7DEOH����� VXPPDUL]HV� WKH� UHVXOWV� RI� WKH�TXHVWLRQV�� ,W� VKRZV� WKH�PHDQ�EHWZHHQ�TXHVWLRQV�
DERXW�WKH�VDPH�WRSLF��IRU�H[DPSOH��EHWZHHQ�TXHVWLRQV���DQG����WR�FDOFXODWH�D�VLQJOH�YDOXH�IRU�
WKH�HVVHQWLDO�FKDUDFWHULVWLFV�RI�WKH�JORYH��7KH�SDUWLFLSDQWV�DVVLJQHG�D�YDOXH�IURP���WR����WR�
HDFK�TXHVWLRQ��=HUR�FRUUHVSRQGV� WR� WRWDO�GLVDJUHHPHQW�ZLWK� WKH�SURSRVHG�SURSRVLWLRQ�DQG��
WHQ�FRUUHVSRQGV�WR�FRPSOHWH�DJUHHPHQW��

Table 7.1 Results of questions about general aspects in a scale of 0 to 10 (where 0 = worst, 10 = best). 

Questions Avg. ǔ 
�� ,�IHHO�FRPIRUWDEOH�ZHDULQJ�WKH�GHYLFH ���� �����
�� 7KH�GHYLFH�LV�OLJKWZHLJKW ���� �����
�� 7KH�GHYLFH�LV�HDV\�WR�SXW�RQ�DQG�WDNH�RII ���� �����
�� 7KH�GHYLFH�LV�HDV\�WR�XVH ���� �����
�� 7KH�GHYLFH�KDV�QRW�FDXVHG�PH�DQ\�NLQG�RI�GLVFRPIRUW��KHDW��ZHLJKW��HWF�� ���� �����
�� 7KH�GHYLFH�SHUIRUPV�WKH�IXQFWLRQ�LW�SURPLVHV ���� �����
�� ,� KDYH� EHHQ� DEOH� WR� DSSUHFLDWH� WKH� GLIIHUHQW� IRUFHV� WKDW� WKH� GHYLFH� SHUIRUPV
FOHDUO\ ���� �����
�� ,�DP�VDWLVILHG�ZLWK�WKH�RYHUDOO�H[SHULHQFH ���� �����
�� 3UHYLRXV�WUDLQLQJ�KDV�EHHQ�KHOSIXO ���� �����
��� 6HQVLWLYLW\�KDV�LPSURYHG�ZLWK�WKH�XVH�RI�WKH�GHYLFH ���� �����

1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0

Comfortability

Lightweight

Simplicity

Global Satisfaction

Training
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,Q� WKH� VHFRQG� EORFN�� WKH� DQVZHUV� GXULQJ� WKH� WHVW� ZHUH� DQQRWDWHG�� 7KH� DEVROXWH� HUURU� LV�
VKRZQ� LQ�7DEOH������7KH�GLDJUDP�EHORZ�7DEOH�����JUDSKLFDOO\�GHVFULEHV� WKH� UHVXOWV�RI� WKH�
WHVWV��(DFK�FRORU�FRUUHVSRQGV�WR�D�VSHFLILF�ZHLJKW��DQG�WKH�SHUFHQWDJH�RI�HUURUV�LV�VKRZQ��

Table 7.2 Results of tests. 

Test Simulation Order 
(g) Error Avg. 

Error 

7HVW���
���� �������

20% ���� �������
���� ������

7HVW���
���� �������

13,33% ���� ��������
���� ������

7HVW���
���� �������

11,11% ���� ������
���� �������

7HVW���
���� �������

4,44% ���� ������
���� ������

7KH�SHUFHQWDJH� RI� VXFFHVV� LQ� WKH� WHVWV�ZDV� ������� ,W�ZRXOG� LPSURYH� FRQVLGHUDEO\� LI�PRUH�
WHVWV�ZHUH�FDUULHG�RXW�VLQFH��DV�ZH�VDZ��UHVXOWV�LPSURYH�PDUNHGO\�ZLWK�XVH��JRLQJ�IURP�DQ�
HUURU�RI�����LQ�WKH�ILUVW�WHVW�WR�������LQ�WKH� ODVW��0RVW�PLVWDNHV�ZHUH�PDGH�E\�FRQIXVLQJ�
WKH� IRUFH�RI�����ZLWK� WKDW� RI������6SHFLILFDOO\�� WKH� VLPXODWLRQ�RI�����J�KDG� FRUUHFWQHVV�RI�
������ DQG� WKDW� RI� ����� ������� 0DQ\� RI� WKHVH� HUURUV� HQGHG� XS� EHLQJ� UHFRJQL]HG� E\� WKH�
SDUWLFLSDQWV��

7KLV�UHVXOW�ZDV�VDWLVIDFWRU\�VLQFH�LW�ZDV�QRW�HDV\�WR�GLVWLQJXLVK�WZR�IRUFHV�RI�WKLV�W\SH�HYHQ�
ZLWK� REMHFWV� LI� WKH\� ZHUH� QRW� WDNHQ� FRQVHFXWLYHO\�� 7KH� SHUFHQWDJH� RI� VXFFHVV� ZLWK� ���� J�
DPRXQWHG�WR��������,W�ZDV�DQ�H[SHFWHG�UHVXOW��WKH�UHODWLYH�MXPS�IURP�����WR�����ZDV�������
DQG�WKH�RQH�EHWZHHQ�����DQG�����������,Q�DGGLWLRQ��WKH�SDUWLFLSDQWV�SHUIHFWO\�GLVWLQJXLVKHG�
EHWZHHQ�D�PLQLPXP�OHYHO�RI�DFWLRQ������J��DQG�QR�DFWXDWLRQ��

&RQVLGHULQJ� WKH� TXHVWLRQV� DVNHG�� ZH� FRQFOXGHG� WKDW� WKH� OHYHO� RI� VDWLVIDFWLRQ� ZDV� KLJK��
HVSHFLDOO\� LQ� TXHVWLRQV� UHJDUGLQJ� WKH� GHYHORSPHQW� RI� WKH� WHVWV�� &RPIRUW� ZDV� WKH� VHFRQG�
PRVW�SHQDOL]HG�IDFWRU�LQ�YRWLQJ��%HFDXVH�WKH�SDUWLFLSDQWV�KDG�VKRUW�IRUHDUPV�� WKH�EUDFHOHW�
KDG�WR�EH�SODFHG�DERYH�WKH�HOERZ�IRU�VRPH�WHVWV�EHFDXVH��DV�ZH�VDLG�EHIRUH��WKHUH�KDG�WR�EH�D�
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PLQLPXP�OHQJWK�LQ�WKH�VSULQJ²VHQVRU�DVVHPEO\�WR�HQVXUH�FRUUHFW�RSHUDWLRQ��,W�FUHDWHG�VRPH�
GLVFRPIRUW��

7.2.1.5 Conclusions 
7KH�VRIW�KDSWLF�JORYH�SUHVHQWHG�DOORZV�VLPXODWLQJ�VPDOO�IRUFHV��7KH�60$�VSULQJV�ZHUH�XVHG�
DV�DFWXDWRUV�EHFDXVH�RI�WKHLU�H[FHOOHQW�SRZHU�WR�ZHLJKW�UDWLR��,Q�DGGLWLRQ��WKH�GHYLFH�LV�VRIW��
OLJKWZHLJKW��DQG�HDV\�WR�SXW�RQ��

7KH� JORYH� DOORZHG� WKH� VLPXODWLRQ� RI� WKUHH� GLIIHUHQW� IRUFHV� ������ ����� DQG� ���� J�� DQG�
JHQHUDWHG�WKH�VHQVDWLRQ�RI�KROGLQJ�DQ�REMHFW�LQ�WKH�XVHU��7R�UH�IHHG�WKH�JORYH��HODVWLF�VHQVRUV�
ZHUH� XVHG�� 7KXV�� WKH\� KDG� D� GRXEOH� IXQFWLRQ�� RQ� WKH� RQH� KDQG�� WKH\� KHOSHG� WKH� VSULQJV�
UHFRYHU�LQ�WKH�FRROLQJ�SKDVH��DQG�RQ�WKH�RWKHU��WKH\�SURYLGHG�XV�ZLWK�LQIRUPDWLRQ�DERXW�WKH�
IRUFH�EHLQJ�H[HUWHG�� ,Q�DGGLWLRQ�� VHYHUDO�H[SHULPHQWV�ZHUH�FDUULHG�RXW� WR�FKDUDFWHUL]H� WKH�
VSULQJV�XVHG�LQ�WKH�SURWRW\SH�WR�FDUU\�RXW�FRUUHFW�FRQWURO�RI�WKHP��

7HVWV�ZLWK�UHDO�XVHUV�ZHUH�FDUULHG�RXW�WR�YDOLGDWH�WKH�GHYLFH��,Q�WKH�ILUVW�SKDVH��XVHUV�ZLWK�
WKH�JORYH�RQ�H[SHULHQFHG�GLIIHUHQW�IRUFHV�LQ�FDXVDO�RUGHU��3HRSOH�JXHVVHG�WKH�IRUFH�WKH\�ZHUH�
H[SHULHQFLQJ�ZLWK�DQ�LQLWLDO�SUHFLVLRQ�RI�����DQG�D�ILQDO���������,W�VKRZHG�WKDW�DIWHU�D�IHZ�
XVHV��SHRSOH�UHFRJQL]HG�ZLWKRXW�SUREOHPV�WKH�VHQVDWLRQ�WKH\�ZHUH�H[SHULHQFLQJ��8VHUV�ZHUH�
DOVR� DVNHG� DERXW� WKHLU� H[SHULHQFH� ZLWK� WKH� JORYH� WR� GHWHUPLQH� WKH� OHYHO� RI� FRPIRUW�� 7KH�
DQVZHUV�VKRZHG�D�KLJK�OHYHO�RI�VDWLVIDFWLRQ�ZLWK�WKH�GHYLFH�DQG�DQ�RYHUDOO�JRRG�H[SHULHQFH��

,Q�FRQFOXVLRQ��WKH�60$�VSULQJV�FRPELQHG�ZLWK�HODVWLF�VHQVRUV�DOORZHG�PRUH�SUHFLVH�FRQWURO�
RI� WKLV� W\SH�RI�DFWXDWRU��1HYHUWKHOHVV�� WKH�GHYLFH�QHHGV� VRPH� LPSURYHPHQW� LQ� WKH�GHVLJQ��
)RU� H[DPSOH�� DGGLQJ�D� FRROLQJ� V\VWHP� WR� VSHHG�XS� WKH� FRROLQJ�SURFHVV�ZLOO� DOORZ�XVHUV� WR�
JULS� GLIIHUHQW� REMHFWV� IDVWHU�� $QRWKHU� LQWHUHVWLQJ� IXWXUH� ZRUN� ZRXOG� EH� WR� GHYHORS� DQ�
DSSOLFDWLRQ�ZLWK�YLUWXDO�UHDOLW\��
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7.2.2 Tactile, haptic gloves 
$IWHU� WKH� SURPLVLQJ� UHVXOWV� RI� WKH� ILUVW� KDSWLF� SURWRW\SHV�� WKH� QH[W� DLP�ZDV� WR� WHVW� 60$�
DFWXDWRUV�IRU�WDFWLOH��KDSWLF�GHYLFHV��6R��WZR�VRIW�KDSWLF�WDFWLOH�JORYHV�WKDW�JLYH�IHHGEDFN�LQ�
WKH� ILQJHUWLSV� DQG�SDOP�KDYH�EHHQ�GHYHORSHG��7KH� JORYH
V� GHVLJQ� LV� UHODWLYHO\�PLQLPDO� WR�
OHDYH� WKH� KDQG� UHODWLYHO\� IUHH� DQG� IDFLOLWDWH� WKHLU� ZHDULQJ� DV� PXFK� DV� SRVVLEOH� DQG�
SURSRUWLRQDWH� D� PRUH� QDWXUDO� H[SHULHQFH�� ,W� LV� DOVR� LPSRUWDQW� WR� UHPHPEHU� WKDW� LW� ZDV�
GHYHORSHG�ZLWK� D� UHKDELOLWDWLRQ� SXUSRVH�� WKHUHIRUH�� SDWLHQWV� SRVVLEO\� GR� QRW� KDYH� HQRXJK�
PXVFXODU� WRQH� RU� SUHVHQW�PXVFXODU� VWLIIQHVV�� VR� D� OLJKWZHLJKW� DQG� HDV\�WR�ZHDU� GHYLFH� LV�
HVVHQWLDO���

$V� H[SODLQHG� LQ� VWDWH�RI�WKH�DUW�� WKUHH� WHFKQLTXHV� H[LVW� WR� SURYLGH� WDFWLOH� IHHGEDFN� ���
YLEUDWLRQV�����QRUPDO�LQGHQWDWLRQ��DQG����ODWHUDO�VWUHWFKLQJ��,Q�RXU�VWXG\��ZH�KDYH�UHDOL]HG�
WZR� RI� WKHP�� WKH� ILUVW� WKURXJK� VPDOO� YLEUDWLRQ�PRWRUV� DQG� WKH� VHFRQG� WKURXJK� D� WHQGRQ�
GULYHQ�V\VWHP�DFWXDWHG�E\�60$�VSULQJV�WKDW�JHQHUDWH�SUHVVXUH�RQ�WKH�ILQJHUWLS���

)URP� D� PHGLFDO� SRLQW� RI� YLHZ�� IRXU� PDLQ� PHFKDQRUHFHSWRUV� SURYLGH� LQIRUPDWLRQ� WR� WKH�
FHQWUDO�QHUYRXV�V\VWHP�DERXW�WRXFK��SUHVVXUH��YLEUDWLRQ��DQG�FXWDQHRXV�WHQVLRQ��0HLVVQHU
V�
FRUSXVFOHV��UDSLGO\�DGDSWLQJ��UHVSRQG�WR�ORZ�IUHTXHQF\�YLEUDWLRQV�DQG�ILQH�WRXFK���3DFLQLDQ�
FRUSXVFOHV� �UDSLGO\�DGDSWLQJ�� UHVSRQG� WR� GHHS� SUHVVXUH� DQG� KLJK�IUHTXHQF\� YLEUDWLRQ���
0HUNHO
V� GLVNV� �VORZ�DGDSWLQJ�� UHVSRQG� WR� OLJKW� WRXFK��� DQG� 5XIILQL
V� FRUSXVFOHV� �VORZ�
DGDSWLQJ��UHVSRQG�WR�VNLQ�VWUHWFK���>���@�,Q�RXU�FDVH��WKH�ILUVW�WKUHH�W\SHV�DUH�VWLPXODWHG�E\�
WKH�JORYH���

7.2.2.1 Design 
7KH� JORYH� FRPSULVHV� WKUHH� SDUWV�� WKH� ILQJHUWLSV�� WKH� SDOP�� DQG� DQ� DUPEDQG�� $OO� WKH�
FRPSRQHQWV� DUH� �'� SULQWHG� ZLWK� 3/$� DQG� LQGHSHQGHQW� RI� HDFK� RWKHU�� 7ZR� W\SHV� RI�
ILQJHUWLSV�KDYH�EHHQ�GHYHORSHG��RQH�XVHV�YLEUDWLRQ�PRWRUV��DQG�WKH�RWKHUV�D�WHQGRQ�GULYHQ�
V\VWHP�DFWXDWHG�E\�60$�VSULQJV��6R��WKH�QDPH�WKDW�ZLOO�EH�XVHG�ZKHQ�UHIHUULQJ�WR�WKH�ILUVW�
SURWRW\SH� ZLOO� EH� WKH� YLEURWDFWLOH� JORYH�� ZKLOH� IRU� WKH� VHFRQG�� LW� ZLOO� EH� WKH� 60$�WDFWLOH�
JORYH���

7KH� WKUHH� SDUWV� RI� WKH� YLEURWDFWLOH� JORYH� DUH� VKRZQ� LQ� )LJXUH� ������ HDFK� WKLPEOH� �)LJXUH�
������ KRXVHV� D� VPDOO� YLEUDWRU\� PRWRU�� ZKLOH� D� VPDOO� HODVWLF� EDQG� DOORZV� LW� WR� DGDSW� WR�
GLIIHUHQW� KDQGV�� 7KH� SDOP�KRXVHV� ILYH�PRWRUV�� 7KH� VHOHFWLRQ� RI� WKHVH�PRWRUV
� SRVLWLRQV� LV�
EDVHG�RQ�SUHYLRXV�ZRUNV�DQG�PHGLFDO�SDSHUV�WKDW�VKRZ�WKH�KDQG
V�]RQHV�ZLWK�PRUH�WDFWLOH�
UHFHSWRUV��>�������@�,W�DOVR�SUHVHQWV�WKH�HODVWLFV�EDQG���

Figure 7.13 The three parts of the vibrotactile glove: (a) thimbles, (b) palm, and (c) armband 
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Figure 7.14 Thimble design. 

7KH�DUPEDQG�KRXVHV�WKH�$UGXLQR�DQG�WKH�HOHFWULF�FLUFXLW��$Q�DGMXVWDEOH�VWLII�ZHEELQJ�ZLWK�
D�SODVWLF�EXFNOH�VHFXUHV�LW�WR�WKH�DUP��7KH�ILQDO�YHUVLRQ�RI�WKH�YLEURWDFWLOH�JORYH�LV�VKRZQ�LQ�
)LJXUH�������

Figure 7.15 Final version of the vibrotactile glove (a) dorsal view and (b) palm view 

7KH� FLUFXLW� LV� SULPDU\�� 7KH� WHQ�PRWRUV� �ILYH� IRU� ILQJHUWLSV� DQG� ILYH� IRU� WKH� SDOP�� RSHUDWH�
ZLWK� DQ� LQSXW� YROWDJH� RI� �9�� (DFK� RI� WKH� ILQJHUWLS
V�PRWRUV� LV� DVVRFLDWHG� GLUHFWO\� ZLWK� D�
3:0�SLQ�WR�VHW�WKH�YLEUDWLRQ�YDOXH�IRU�HDFK�XVHU��7KH�UHPDLQLQJ�ILYH�PRWRUV�LQ�WKH�SDOP�
KDYH�EHHQ�SDUDOOHOHG�WR�FRQWURO�WKHP�ZLWK�D�VLQJOH�3:0��,W�KDV�EHHQ�FRQVLGHUHG�WKDW�HDFK�
ILQJHU�FDQ�EH�XVHG�LQGHSHQGHQWO\��ZKLOH�WKH�SDOP�LV�DOO�LQWHUHVWHG�ZKHQ�SDWLHQWV�JUDVS�DQ�
REMHFW��+RZHYHU��WKH�$UGXLQR�GRHV�QRW�KDYH�HQRXJK�SRZHU�WR�GULYH�ILYH�PRWRUV�SDUDOOHO�DV�
WKH\�DUH�OLPLWHG�LQ�YROWDJH�DQG�FXUUHQW��7KHUHIRUH��WR�VROYH�WKLV�SUREOHP��LW�ZDV�GHFLGHG�WR�
PDNH�D�VZLWFKLQJ�FLUFXLW��7KH�026)(7�FKRVHQ�IRU�WKLV�DSSOLFDWLRQ�KDV�EHHQ�WKH�1�FKDQQHO�
,5)���1��7KH�FLUFXLW�LV�RXWOLQHG�LQ�)LJXUH�������

Figure 7.16 Vibrotactile glove electric circuits. 
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7KH�60$�KDSWLF�JORYH�SUHVHQWV�D�PRUH�FRPSOH[�VWUXFWXUH��

7KH� LQLWLDO� FRQFHSW�ZDV� WR�ZUDS�60$�WKUHDGV�DURXQG�WKH� ILQJHUWLSV�DV�SURSRVHG� LQ� >���@��
:KHQ�WKUHDGV�DUH�KHDWHG�DQG�FRQWUDFW��WKH\�WRXFK�WKH�VNLQ�DQG�SURYLGH�D�KDSWLF�SHUFHSWLRQ��
7KH�60$�FKRVHQ�ZDV�D������P�GLDPHWHU�)OH[LQRO�ZLUH� IURP� WKH�PDQXIDFWXUHU�'\QDOOR\��
+RZHYHU�� WKH� ILUVW� WHVWV� VKRZHG� WKDW� WKH� FDEOH� EXUQHG� WKH� XVHU��PDNLQJ� LW� LPSRVVLEOH� WR�
FRQWLQXH� ZLWK� WKLV� GHVLJQ�� 2Q� WKH� RWKHU�� WKH� FRQWUDFWLRQ� ZDV� PLQLPDO� DQG� EDUHO\�
SHUFHSWLEOH���

6R�� WKH�GHVLJQ�ZDV�FKDQJHG��)LUVW�RI�DOO��60$�ZDV�PRYHG�DZD\� IURP�WKH� ILQJHUV� WR�DYRLG�
WHPSHUDWXUH�SUREOHPV��7KHUHIRUH��WKH�DOWHUQDWLYH�SURSRVHG�FRQVLVWV�RI�WKLPEOHV�ZLWK�PRELOH�
SODWIRUPV�� 5RSHV� ZRXOG� EH� DWWDFKHG� WR� WKHVH� PRELOH� SODWIRUPV�� ZKLFK� LQ� WXUQ� ZRXOG� EH�
DWWDFKHG�WR�60$�VSULQJV��7KH�VWULQJV�ZRXOG�SXOO�WKHVH�SODWIRUPV�XS�DQG�LQWR�FRQWDFW�ZLWK�
WKH�ILQJHUWLSV�E\�FRQWUDFWLQJ�WKH�VSULQJV��WKXV�VLPXODWLQJ�WRXFK�VHQVDWLRQ���

Figure 7.17 The thimble (a) The final version worn by a user (b) Cad model (c) Section view 

7KH� FRQGXLW� WR� JXLGH� WKH� VWULQJ�ZDV� SODFHG� RQ� WRS� RI� WKH� ILQJHU��(ODVWLF� EDQGV� DOORZ� WKH�
ZUDSSLQJ� RI� WKH� ILQJHU��PDNLQJ� WKH� WKLPEOH� DGDSWDEOH� IRU� HYHU\RQH��7KH�PRELOH� SODWIRUP�
SUHVHQWV� D� FXUYHG� VKDSH� WR� DGDSW� EHWWHU� WR� WKH� VKDSH� RI� WKH� ILQJHU� DQG� WRXFK� WKH�ZKROH�
ILQJHUWLS�ZKHQ�OLIWLQJ��7KH�UHVXOWLQJ�WKLPEOH�LV�VKRZQ�LQ�)LJXUH�������

$�FRQYHQWLRQDO�ZRUN�JORYH�DQG�SODVWLF� WXEHV�ZHUH�JOXHG�WR�JXLGH� WKH�URSH�XS�WR� WKH�60$�
VSULQJV��7KHQ�DOO�WKH�WKLPEOH�VWULQJV�ZHUH�MRLQHG�LQ�D�PHWDO�KRRN�DW�WKH�ZULVW��

60$�VSULQJV�DUH�SODFHG�LQ�DQ�DUPEDQG�RQ�WKH�IRUHDUP��,Q�WKLV�FDVH��WZR�60$�VSULQJV� LQ�
VHULHV�KDYH�EHHQ�XVHG�WR�DFWXDWH�WKH�ILYH�WKLPEOHV��2QH�60$�LV�WKH�HIIHFWLYH�DFWXDWRU��ZKLOH�
WKH�RWKHU�ZRUNV�DV�D�ELDV�VSULQJ� WKDW� IRUFHV� WKH�DFWXDWRU� WR�UHWXUQ�WR�WKH�UHVW�SRVLWLRQ��$�
VPDOO� IDQ� DFFHOHUDWHV� WKH� RSHUDWLRQ�� FRROLQJ� WKH� DFWXDWRU� VLPXOWDQHRXVO\� WKH� ELDV� VSULQJ�
VWUHWFK�LW��7KH�IDQ�ZRUNV�ZLWK�D�VXSSO\�YROWDJH�RI���9�DQG�D�FXUUHQW�RI�����$��2QH�HQG�RI�WKH�
60$�VSULQJ�DFWXDWRU�LV�DQFKRUHG�WR�WKLV�VWUXFWXUH��ZKLOH�WKH�RWKHU�LV�FRQQHFWHG�WR�WKH�HQG�
RI� WKH� ELDV� VSULQJ� WKURXJK� D� PRELOH� DQFKRU�� 7KH� RWKHU� HQG� RI� WKH� ELDV� VSULQJ� LV� WKHQ�
FRQQHFWHG�WR�WKH�WKLPEOHV�WKUHDGV��7KH�DFWXDWLRQ�XQLW�LV�VKRZQ�LQ�)LJXUH�������5HVXOWV�ZLWK�
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WKLV�DVVHPEO\�ZHUH�VDWLVIDFWRU\��JLYLQJ�D�UHDVRQDEO\�TXLFN�UHVSRQVH�ERWK�LQ�WKH�FRQWUDFWLRQ�
DQG�FRROLQJ�SKDVHV��

Figure 7.18 Actuation unit. 

7KH�60$�VSULQJV�DUH�WKH�VDPH�DV�WKRVH�XVHG�LQ�WKH�SUHYLRXV�KDSWLF�JORYH�LQ�6HFWLRQ��������
7KH�FLUFXLW��)LJXUH�������DOVR�ZDV�WKH�VDPH��WKH�RQO\�GLIIHUHQFH�ZDV�WKH�DGGLWLRQ�RI�WKH�IDQ��
DOVR�FRQWUROOHG�ZLWK�D�0RVIHW���

Figure 7.19 Electric circuit. 

7KH�ILQDO�GHVLJQ�LV�VKRZQ�LQ�)LJXUH�������

Figure 7.20 Final design of the SMA haptic glove.  
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7.2.2.2 Control 
&RQWUROOLQJ� WKH� YLEURWDFWLOH� JORYH� LV� YHU\� VLPSOH�� 7KURXJK� WKH� $UGXLQR� VHULDO� SRUW�� WKH�
SURJUDP�DOORZV�WR�VHQG�WZR�YDOXHV�E\�NH\ERDUG��WKH�ILUVW�LV�WKH�YDOXH�FRUUHVSRQGLQJ�WR�WKH�
ILQJHU�PRWRUV��DQG�WKH�VHFRQG�LV�WKH�YDOXH�FRUUHVSRQGLQJ�WR�SDOP�PRWRUV��$QRWKHU�SURJUDP�
DOORZV�WKH�ILQJHUV�WR�EH�WXUQHG�RQ�DQG�RII�VHSDUDWHO\��

&RQWUROOLQJ� WKH� 60$�KDSWLF� JORYH� LV� VRPHZKDW� PRUH� FRPSOH[� VLQFH� LW� LV� QHFHVVDU\� WR�
UHJXODWH�WKH�DFWLYDWLRQ�DQG�GHDFWLYDWLRQ�RI�WKH�60$�VSULQJV�DQG�WKH�IDQ���

Figure 7.21 State diagram of SMA-haptic glove control. 

7KH� VWDWH� GLDJUDP� LV� VKRZQ� LQ� )LJXUH� ������*UHHQ� DUURZV� UHIOHFW� WKH� QRUPDO� IORZ� RI� WKH�
SURJUDP��2Q�WKH�RWKHU�VLGH��\HOORZ�DUURZV�VKRZ�RWKHU�DOWHUQDWLYH�URXWHV��:LWKLQ�WKH�VWDWHV��
WKHUH�ZHUH�WKH�IROORZLQJ�IXQFWLRQV��

� SMA contraction(pin)�� 7KLV� IXQFWLRQ� UHFHLYHV� DV� DQ� DUJXPHQW� WKH� SLQ� WR� ZKLFK� WKH
VLJQDO� LV� WR�EH�VHQW�� WKH�60$�DFWXDWRU�60$�SLQ��RU� WKH�DQWDJRQLVWLF�60$�SLQ��$�YDULDEOH
3:0� VLJQDO� LV� VHQW� WR� SHUIRUP� WKH� FRQWUDFWLRQ�� 3:0� YDOXHV� ZHUH� FKRVHQ� EDVHG� RQ
H[SHULPHQWDO� WHVWV�� FKRRVLQJ� WKH� YDOXHV� WKDW� DOORZ� WKH� IDVWHVW� VSULQJ� FRQWUDFWLRQ� EXW
ZLWKRXW�JLYLQJ�DQ�H[FHVVLYH�FXUUHQW��7KXV��D�3:0�LV�VHQW�LQLWLDOO\������IRU���VHFRQGV��WKHQ
����IRU���VHFRQGV��DQG�ILQDOO\�����IRU���VHFRQGV�

� SMA hold ()��7KLV�IXQFWLRQ�VHQGV�DQ�LQWHUPLWWHQW�3:0�VLJQDO�WR�WKH�SLQ�FRQQHFWHG�WR�WKH
60$�DFWXDWRU��$�����VLJQDO�LV�VHQW�IRU�RQH�VHFRQG�DQG�WKHQ�GHDFWLYDWHG�IRU�DQRWKHU�VHFRQG�
7KXV�WKH�60$�DFWXDWRU�NHHSV�ZDUP�RQFH�LW�KDV�IXOO\�FRQWUDFWHG�

� SMA stretch ()��7KLV�IXQFWLRQ�KRXVHV�WKH�60$�FRQWUDFWLRQ����IXQFWLRQ�GHVFULEHG�DERYH�WR
FRQWUDFW� WKH� DQWDJRQLVWLF� 60$�DQG� WKXV� VWUHWFK� WKH� 60$� DFWXDWRU��$W� WKH� VDPH� WLPH�� LW
DFWLYDWHV�WKH�IDQ�VLJQDO�

,Q�LGOH�VWDWH������DOO�VLJQDOV�DUH�GHDFWLYDWHG��,Q�VWDWXV����WKH�FROODSVH����IXQFWLRQ�LV�DVVRFLDWHG�
ZLWK�WKH�60$�DFWXDWRU�SLQ��:KHQ�WKLV�FRQWUDFWLRQ�FHDVHV��LW�DXWRPDWLFDOO\�JRHV�WR�VWDWH����
LQ�ZKLFK�WKH�60$�KROG����IXQFWLRQ�SUHVHUYHV�WKH�FRQWUDFWHG�FRQYHQWLRQDO�60$��,Q�VWDWXV����
WKH�60$�VWUHWFK����IXQFWLRQ�LV�HQFRXQWHUHG��:KHQ�WKLV�SURFHVV�FHDVHV��LW�DXWRPDWLFDOO\�JRHV�
WR� LGOH�VWDWH����7KH�RUGHUV�DUH�VHQW� WKURXJK�WKH�$UGXLQR�VHULDO�SRUW��VR� WKH�FRUUHVSRQGLQJ�
VWDWH
V�QXPEHU�SDVVHV�WKDW�VWDWH��3UDFWLFDOO\��D�
�
�LV�VHQW�WR�JLYH�WRXFK�VHQVDWLRQ��DQG�D�
�
�LV�
VHQW�WR�VWRS�WKLV�VHQVDWLRQ��

$�VHULHV�RI�H[SHULPHQWV�ZLOO�EH�FDUULHG�RXW�WR�HYDOXDWH� WKH�SURWRW\SHV�DQG�FRPSDUH�WKHP��
7KH\�ZLOO�EH�DQDO\]HG�LQ�6HFWLRQ������
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7.3 Exoskeletons 
7KH�ZRUN�RQ�H[RVNHOHWRQV� LQYROYHG�WKH�GHYHORSPHQW�RI�WZR�GLIIHUHQW�W\SHV�RI�GHYLFHV��7KH�
ILUVW�RQH�SUHVHQWV�D�IRXU�EDU� OLQNDJH�VWUXFWXUH�IRU�HDFK�ILQJHU��ZKLOH�WKH�VHFRQG�LV�D�JORYH�
DFWXDWHG�ZLWK�WHQGRQV��7KH�WZR�VROXWLRQV�SUHVHQW�VLPLODULWLHV��DFWXDWRUV�DQG�VHQVRUV���EXW�
WKH�GHVLJQV�DUH�TXLWH�GLIIHUHQW��EHLQJ�LQ�WKH�VHFRQG�FDVH�PRUH�FRPIRUWDEOH�DQG�HDVLHU�WR�SXW�
RQ�IRU�SDWLHQWV���

7.3.1 Superficial Electromyography Sensors 
6XSHUILFLDO�HOHFWURP\RJUDSK\��V(0*��LV�D�QRQ�LQYDVLYH�GHWHFWLRQ�PHWKRG�XVHG�WR�PHDVXUH�
P\RHOHFWULF� DFWLYLW\�� WKH� PXVFOH� UHVSRQVH�� RU� HOHFWULFDO� DFWLYLW\� LQ� UHVSRQVH� WR� D� QHUYH·V�
VWLPXODWLRQ�RI�WKH�PXVFOH���

7KH�HOHFWULFDO�VLJQDOV�WKDW�DUH�UHVSRQVLEOH�IRU�WKH�FRQWUDFWLRQ�RI�WKH�PXVFOHV�WR�UHDOL]H�WKH�
GLIIHUHQW�PRYHPHQWV�RI�RXU�ERG\��RSHQ�RU�FORVH�WKH�KDQG��OLIWLQJ�WKH�DUP��RU�PRYLQJ�ILQJHUV��
DUH�SURGXFHG�LQ�WKH�PRWRU�XQLW��7KH�PRWRU�XQLW�FRPSULVHV�D�QHUYH�FHOO��D�EUDQFK�FDOOHG�WKH�
D[RQ��DQG�D�VHULHV�RI�LQQHUYDWHG�ILEHUV��7KLV�XQLW�JHQHUDWHV�PXVFOH�FRQWUDFWLRQ��UHDFKLQJ�D�
���� GLVSODFHPHQW� FRQFHUQLQJ� LWV� UHOD[HG� SRVLWLRQ� >���@�� :KHQ� WKH� EUDLQ� RU� VSLQDO� FRUG�
JHQHUDWHV� WKH� PRYHPHQW� VLJQDO�� D� PRYHPHQW� RI� LRQV� LV� JHQHUDWHG�� FUHDWLQJ� D� SRWHQWLDO�
GLIIHUHQFH�EHWZHHQ�WKH�RXWHU�DQG�LQQHU�PHPEUDQHV�RI�WKH�PXVFOH�ILEHUV��:KHQ�WKHVH�PXVFOH�
ILEHUV�DUH�DFWLYDWHG��WKH�(0*�VLJQDO�LV�JHQHUDWHG���

7KH�DPSOLWXGH�RI�WKLV�VLJQDO�GHSHQGV�RQ�WKH�DGLSRVH�WLVVXH�EHWZHHQ�WKH�VHQVRU�DQG�WKH�ILEHU�
EHFDXVH� WKH� WLVVXH� EHKDYHV� OLNH� D� ORZ�SDVV� ILOWHU� WKDW� DWWHQXDWHV� KLJK�IUHTXHQF\� VLJQDOV�
>���@��7KXV��YDULDWLRQV�LQ�WKH�VLJQDO�FRXOG�DSSHDU�GHSHQGLQJ�RQ�WKH�SODFHPHQW�RI�WKH�VHQVRU�
DQG�GHSHQGLQJ�RQ� WKH�XVHU��6RPH�PXVFOH�JURXSV�ZLOO� FRQWDLQ�PRUH�RU� OHVV� DGLSRVH� WLVVXH�
EHWZHHQ�WKH�VHQVRU�DQG�WKH�PXVFOH���

7KH�QRQ�LQYDVLYH�GHWHFWLRQ�PHWKRG�XVHV�WKUHH�GLIIHUHQW�VXUIDFH�HOHFWURGHV�DWWDFKHG�WR� WKH�
VNLQ��7ZR�HOHFWURGHV�DUH� SODFHG�DORQJ�ZLWK� WKH�PXVFOH� IURP�ZKLFK� WKH�HOHFWURP\RJUDSKLF�
VLJQDO� KDV� WR� EH� REWDLQHG�� 7KH� WKLUG� HOHFWURGH� VHUYHV� DV� D� UHIHUHQFH� DQG� LV� ORFDWHG� LQ� D�
UHPRWH�SDUW�ZLWKRXW�FRQWDFW�ZLWK�WKH�PXVFOH��,Q�WKLV�ZD\��WKH�SRWHQWLDO�GLIIHUHQFH�EHWZHHQ�
WKH� WZR� HOHFWURGHV� FRQFHUQLQJ� WKH� UHIHUHQFH� LV�PHDVXUHG�� WKXV� REWDLQLQJ� WKH� VLJQDO�� 7KLV�
HOHFWURGH�FRQILJXUDWLRQ�LV�FDOOHG�D�ELSRODU�FRQILJXUDWLRQ��

%\�UHDGLQJ�WKH�PXVFXODU�ELRSRWHQWLDO��LW�LV�SRVVLEOH�WR�PRQLWRU�WKH�FRQWUDFWLRQ�RI�WKH�PXVFOH�
ILEHUV�� ZKLFK� PDNHV� WKLV� D� YDOXDEOH� VLJQDO� WR� FRQWURO� WKH� KDQG� H[RVNHOHWRQ�� 7KH� (0*�
VHQVRUV� FDQ� EH� SRVLWLRQHG� LQ� GLIIHUHQW� ERG\� SDUWV�� DQG� GLIIHUHQW�PXVFXODU� VLJQDOV� FDQ� EH�
ZLWKGUDZQ��/DWHU��IURP�WKH�DQDO\VLV�RI�WKH�V(0*�VLJQDO��LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�IRUFHV�
H[HUWHG�E\�WKH�VSHFLILF�PXVFOHV���

,Q� WKH� FDVH� RI� D� KDQG� H[RVNHOHWRQ�� WKH�PXVFOHV� WKDW� FRQWURO� WKH� ILQJHUV
� PRYHPHQWV� DUH�
ORFDWHG� LQ� WKH� IRUHDUP�� ,Q� SDUWLFXODU�� WKH� PXVFXODU� IDVFLFOHV� UHVSRQVLEOH� IRU� WKH� ILQJHU�
IOH[XUH�DUH�ORFDWHG�LQ�WKH�LQWHUQDO��SDOPDU��VLGH�RI�WKH�IRUHDUP��DQG�WKH�PXVFXODU�IDVFLFOHV�
UHVSRQVLEOH� IRU� WKH� ILQJHU� H[WHQVLRQ� DUH� ORFDWHG� LQ� WKH� H[WHUQDO� �GRUVDO�� VLGH� �VHH� )LJXUH�
������� 6LQFH� WKH� H[RVNHOHWRQV� VWXGLHG� DUH� IRFXVHG� RQ� WKH� UHKDELOLWDWLRQ� RI� WKH� ILQJHU�
H[WHQVLRQ�� RQO\� WKH� PXVFOH� IDVFLFOHV� ORFDWHG� RQ� WKH� GRUVDO� VLGH� RI� WKH� IRUHDUP� DUH� WR� EH�
VHQVHG��

)LJXUH� ����� VKRZV� WKH� FRUUHFW� SODFHPHQW� IRU� WKH� HOHFWURGHV� LQ� WKH� IRUHDUP�� 7KH� VHQVRU�
VKRXOG�EH�SODFHG�RQ�WKH�EHOO\�RI�WKH�PXVFOH��)XUWKHUPRUH��LW�PXVW�EH�FRUUHFWO\�DOLJQHG�ZLWK�
WKH�PXVFOH�ILEHU�WR�DFKLHYH�DQ�DGHTXDWH�VLJQDO�SRVVLEOH��
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Figure 7.22 Scheme of the different muscles in the forearm. 

Figure 7.23 Correct placement of electrodes [450] 

:KHQ�WKH�VHQVRU�SODFHPHQW�LV�LQFRUUHFW��WKH�VLJQDO
V�LQWHQVLW\�DQG�TXDOLW\�DUH�PXFK�ORZHU�
WKDQ�ZKHQ�WKH�SODFHPHQW�LV�FRUUHFW��,W�LV�EHFDXVH�D�PHDVXUHPHQW�WDNHQ�LQ�WKH�FHQWUDO�SDUW�
RI� WKH� PXVFOH� LQYROYHV� D� JUHDWHU� QXPEHU� RI� PRWRU� XQLWV� RI� WKH� PXVFOH�� $QRWKHU� IDFWRU�
DVVRFLDWHG�ZLWK�WKH�ORVV�RI�VLJQDO�TXDOLW\�LV�LQWHUIHUHQFH�SURGXFHG�E\�FURVVWDON��

7KH�HOHFWURP\RJUDSK�VHQVRUV�VHOHFWHG�XWLOL]H�WKUHH�VHQVRUV�LQ�RUGHU�WR�PHDVXUH�WZR�HOHFWULF�
SRWHQWLDO� GLIIHUHQFHV�� ,Q� SDUWLFXODU�� WZR� HOHFWURGHV� DUH� SRVLWLRQHG� RQ� WKH� H[WHQVRU�PXVFOH�
IDVFLFOH�WR�VHQVH�WKH�PXVFXODU�ELRSRWHQWLDO��7KH�WKLUG�HOHFWURGH�LV�SRVLWLRQHG�DV�D�UHIHUHQFH�
IRU� WKH� (0*� VLJQDO� LQ� D� QHXWUDO�� ERQ\� SRVLWLRQ�ZKHUH� QR� VSHFLILF�PXVFXODU� ELRSRWHQWLDOV�
H[LVW��VXFK�DV�WKH�HOERZ�RU�WKH�ZULVW���

7KH� UHIHUHQFH� HOHFWURGH� LV� QHFHVVDU\� EHFDXVH� WKH� VXSHUILFLDO� (0*� FROOHFWV� WKH� PXVFXODU�
VLJQDO�RQ� WKH�VNLQ�DERYH� WKH�PXVFXODU� IDVFLFOHV�XQGHU�H[DP��VR� WKH�EDFNJURXQG�PXVFXODU�
DFWLYLW\� LV� DOVR� VHQVHG�� ,W� DOVR� HOLPLQDWHV� WKH� FRPPRQ�PXVFXODU� HOHFWULFDO� QRLVH� IURP� WKH�
VLJQDO�FROOHFWHG�E\�WKH�VHQVLQJ�HOHFWURGHV���

7KH� (0*� VLJQDO� ZLWKGUDZQ� E\� WKH� HOHFWURGHV� QHHGV� WR� EH� SURFHVVHG� DQG� DQDO\]HG�� 7KH�
VHQVRU�HOHFWURQLF� ILOWHUV�DQG�FRQGLWLRQV� WKH� VLJQDO�� UHPRYLQJ� WKH�QRLVH�DQG�DPSOLI\LQJ� WKH�
RXWSXW�DFFRUGLQJ�WR�WKH�UHTXLUHPHQWV���

$IWHU�SURFHVVLQJ��WKH�ELRSRWHQWLDO�VLJQDOV�RI�WKH�VHQVHG�PXVFOH�DUH�WUDQVODWHG�LQWR�DQ�RXWSXW�
YROWDJH��W\SLFDOO\�UHSUHVHQWHG�JUDSKLFDOO\�DV�>P9@�YV��WLPH�>VHF@��

7KH�RXWSXW� VLJQDO�GHSHQGV�RQ� WKH� ILOWHU�DQG� FRQGLWLRQLQJ� FKDLQ��DQG�VR� LW�GHSHQGV�RQ� WKH�
VHQVRU�ERDUG�XVHG��LQ�WKLV�FDVH��WKH�RXWSXW�VLJQDO�LV�D�GLJLWDO�VLJQDO�ZKLFK�UDQJHV�EHWZHHQ���
WR��������
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7KH�(0*�VHQVRUV�XVHG�DUH�WKH�WZR�YHUVLRQV�RI�WKH�VDPH�VHQVRU�)LJXUH�������7KH�VHFRQG�LV�
PRUH�FRPSDFW�DQG�OLJKWZHLJKW��7KHUH�DUH�QR�FDEOHV�RU�EDWWHULHV�WR�FRQQHFW��,W�LV�GLUHFWO\�SXW�
RQ�WKH�DUP���

Figure 7.24 EMG sensors (a) the one used in the first exoskeleton and (b) the Myoware sensor used in the 
second prototype 

6LQFH�PRVW� VWURNH� SDWLHQWV� KDYH� XQLODWHUDO� LPSDLUHG�PXVFXODU� DFWLYLW\�� WKH� (0*� VHQVRU�
FDQQRW�EH�SODFHG�LQ�WKH�LQMXUHG�DUP��7KXV��WKH�(0*�VLJQDO�FDQ�EH�VHQVHG�IURP�WKH�KHDOWK\�
DUP�� WKH� H[RVNHOHWRQ� UHSOLFDWHV� WKH�PRYHPHQW� RI� WKH� KHDOWK\� KDQG� RQ� WKH� LQMXUHG� KDQG��
WKXV�ZRUNLQJ�LQ�D�PLUURU�ZD\��7KLV�FRQWURO�PHWKRG�LV�WKH�VR�FDOOHG�VHOI�PRWLRQ�FRQWURO���

7KH�VLJQDO�REWDLQHG�IURP�WKH�KHDOWK\�KDQG�LV�VHQW�WR�WKH�$UGXLQR�ERDUG�DQG�XVHG�WR�FRQWURO�
WKH� GHYLFH��$FWXDWRUV�ZLOO� EH� DFWLYDWHG� RU� GHDFWLYDWHG� WR� SHUIRUP� WKH�PRYHPHQW� WKDW� WKH�
XVHU� LV� UHTXHVWLQJ��8OWLPDWHO\�� WKH� UHVXOW� LV� D�PDVWHU�VODYH� V\VWHP� LQ�ZKLFK� WKH� KHDOWK\�
KDQG�FDQ�FRQWURO�WKH�GDPDJHG�KDQG�WKURXJK�WKH�JORYH��

7.3.2 First exoskeleton prototype 
7KH�H[RVNHOHWRQ�VWUXFWXUH�LV�D�WZR���EDU�OLQNDJH�VWUXFWXUH�DQG�LV�WHQGRQ�GULYHQ�E\�FDEOHV��
7KH�WHQGRQ�GULYHQ�WUDQVPLVVLRQ�LV�FRQVLGHUHG�WR�ZRUN�ZLWK�GLVSODFHG�DFWXDWRUV��VR�WKH�60$�
XQLW� LV� ORFDWHG�RQ� WKH�GRUVDO� VLGH�RI� WKH�KDQG��7KH�H[RVNHOHWRQ� LV�XQGHUDFWXDWHG�� WKH� WZR�
FRQVLGHUHG� MRLQWV� RI� HDFK� ILQJHU� DUH� FRXSOHG�� DQG� D� VLQJOH� 60$� XQLW� PRYHV� WKH� ZKROH�
VWUXFWXUH�� 7KH� ��EDU� PHFKDQLVP� KDV� WKH� DGYDQWDJH� RI� EHLQJ� FRPSDWLEOH� ZLWK� ILQJHUV� RI�
GLIIHUHQW�OHQJWKV��'XH�WR�WKH�UHGXFHG�FRPSOH[LW\�RI�WKH�60$�VSULQJV�DFWXDWRU��WKH�GHYLFH�LV�
FRPSDFW�DQG�OLJKWZHLJKW��

7KH�H[RVNHOHWRQ�KDV�WKH�VDPH�VWUXFWXUH�IRU�HDFK�ILQJHU��DQG�WKH�60$�VSULQJV�DFWXDWRUV�DUH�
FRQQHFWHG� WR� WKH� FDEOH� WR� DFWXDWH� WKH� WZR� ILQJHUV� WRJHWKHU� WKURXJK� D� SXOOH\� V\VWHP�� 7KH�
H[RVNHOHWRQ
V�DLP�LV�WR�WKH�H[WHQGHG�ILQJHUV��:KHQ�WKH�H[WHQGHG�SRVLWLRQ�LV�UHDFKHG�DQG�WKH�
DFWXDWRU� LV� QR� ORQJHU� DFWLYH�� WKH� SDWLHQWV� FDQ� IOH[� WKH� ILQJHUV� DQG� UHWXUQ� WR� WKH� RULJLQDO�
SRVLWLRQ�ZLWK�WKH�KDQG�FORVHG��7KH�SDWLHQWV�PXVW�DXWRQRPRXVO\�GR�WKLV�PRYHPHQW��

7KH�VWDUWLQJ�SRLQW�RI�KDQG�H[RVNHOHWRQ�GHVLJQ�LV�KDQG�DQDWRP\�FRPSUHKHQVLRQ��7KH�KXPDQ�
KDQG� FRPSULVHV� ��� ERQHV�� ��� MRLQWV�� DQG� PRUH� WKDQ� ��� GHJUHHV� RI� IUHHGRP� '2)V� >���@��
,QGH[��PLGGOH��ULQJ��DQG�OLWWOH�ILQJHUV�DUH�FRPSRVHG�RI�IRXU�SKDODQJHV��7KH�WKXPE��LQVWHDG��
LV�FRPSRVHG�RI�WKUHH�SKDODQJHV��DV�VKRZQ�LQ�)LJXUH�������
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Figure 7.25 Hand structure and joints [435] 

7KH�0&3�MRLQWV�RI�WKH�IRXU�ILQJHUV�FDQ�EH�PRGHOHG�E\�WZR�'2)V�MRLQWV�HDFK��DOORZLQJ�ERWK�
IOH[LRQ�H[WHQVLRQ� DQG� DGGXFWLRQ�DEGXFWLRQ� PRWLRQV� �)LJXUH� ������� 7KH� VDPH� PRWLRQV� RI�
IOH[LRQ�H[WHQVLRQ�DQG�DGGXFWLRQ�DEGXFWLRQ�DUH�JXDUDQWHHG�IRU�WKH�&0&�DUWLFXODWLRQ�RI�WKH�
WKXPE��

Figure 7.26 (a) Finger kinematics [453] (b) Physiological structure of finger [454] 

7KXV��HDFK�ILQJHU�FDQ�EH�FRQVLGHUHG�DV�D�VHW�RI�OLQNV�FRQQHFWHG�E\�MRLQWV��

7KH� VHFRQG�VWHS� FRQVLVWHG�RI� ORRNLQJ� IRU�D�QRUPDOL]HG� OHQJWK�RI� ILQJHU�SKDODQJHV�DQG� WKH�
DUWLFXODWLRQ� VWDWLF� FRQVWUDLQWV� ZKLFK� GHILQH� WKH� IXQFWLRQDO� KDQG� UDQJH� RI�PRWLRQ� �520���
520V�DUH�GHILQHG�DV�WKH�DQJXODU�UDQJH�WR�SHUIRUP�����RI�WKH�KDQG�DFWLYLWLHV��$UWLFXODWLRQ�
520�FDQ� EH� FRQVLGHUHG� D� OLPLWDWLRQ� RI� IUHH�PRYHPHQWV�� 7KH� IROORZLQJ� VWXGLHV�KDYH� EHHQ�
FRQVLGHUHG��>���²���@�

6R��LQ�WKH�GHVLJQHG�V\VWHP��WKH�ILUVW���EDU�OLQNDJH�VWUXFWXUH�GULYHV�WKH�0&3�MRLQW��ZKLOH�WKH�
VHFRQG���EDU�OLQNDJH�PRYHV�WKH�3,3�MRLQW��7KH�DFWXDWLRQ�RI�WKH�',3�MRLQW�LV�QRW�FRQVLGHUHG�WR�
UHGXFH�WKH�FRPSOH[LW\���

7KH�PHFKDQLVP�LV�FDOOHG���EDU�EHFDXVH�RI�WZR�H[WHUQDO�OLQNDJHV�5��DQG�5���DQG�WZR�YLUWXDO�
OLQNDJHV�WKDW�FRQQHFW�WKH�0&3�MRLQW�ZLWK�WKH�URWDWLRQDO�SRLQW�RQ�WKH�IL[HG�VWUXFWXUHV��7KH�
ILUVW�YLUWXDO�OLQNDJH�RI�WKH�ILUVW���EDU�PHFKDQLVP��FDOOHG�3��LQ�WKH�ILJXUH�EHORZ��JRHV�IURP�
WKH�URWDWLRQDO�SRLQW�RI�WKH�VXSSRUW�6���RQ�WKH�GRUVDO�VLGH�RI�WKH�KDQG��WR�WKH�0&3�MRLQW��7KH�
VHFRQG�YLUWXDO� OLQNDJH��3��� FRQQHFWV� WKH�0&3� MRLQW�ZLWK� WKH�VXSSRUW�6�� IL[HG�RQ� WKH� ILUVW�
SKDODQ[� �VHH� )LJXUH� ������� 7KH� VDPH� PHFKDQLVP� FKDUDFWHUL]HV� WKH� VHFRQG� ��EDU� OLQNDJH�
VWUXFWXUH��DQG�LW�ZRUNV�IRU�WKH�3,3�MRLQW�LQ�WKH�VDPH�ZD\�DV�WKH�SUHYLRXV�VWUXFWXUH�ZRUNHG�
IRU�WKH�0&3�MRLQW��7KH�QDPHV�RI�WKLV�VHFRQG�PHFKDQLVP�OLQNDJHV�DUH�WKH�VDPH�DV�WKH�ILUVWV�
EXW�ZLWK�ORZHU�FDVH�OHWWHUV��
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Figure 7.27 The four-bar linkage structure 

7KH�H[RVNHOHWRQ�VWUXFWXUH�EXLOW�LQYROYHV�WZR�ILQJHUV��WKH�LQGH[�DQG�PLGGOH�ILQJHU��

6LQFH� VWURNH� FDXVHV� D� FRQWLQXRXV� FRQWUDFWLRQ� RI� WKH� KDQG� PXVFOHV�� WKDW� LV� DFWV� DV� D�
UHVLVWDQFH�WR�WKH�ILQJHU�H[WHQVLRQ��7R�HYDOXDWH�WKH�GHVLJQ��WKHVH�IRUFHV�YDOXHVݔݎܨ� ���ܰ��
��ܰ�� ݈݁݀݀݅݉ܨ �ܰ�� ݐݏ݅݀ܨ DUH� DSSOLHG� WR� WKH� FHQWHU� RI� PDVV� RI� HDFK� SKDODQ[� UHVSHFWLYHO\�
>���@��,W� LV� LPSRUWDQW� WR�UHPHPEHU�WKDW�WKH�GHYLFH�ZDQWV� WR�KHOS�DQG�DVVLVW�SDWLHQWV�ZLWK�
WKH�ILQJHU�H[WHQVLRQ�VWDUWLQJ�IURP�WKH�IOH[HG�SRVLWLRQ��

'\QDPLFDO�VLPXODWLRQV�KDYH�EHHQ�UHDOL]HG�WR�YHULI\�DFWXDWRUV
�IRUFH�ZLWK�GLIIHUHQW�OHQJWKV�RI�
WKH�OLQNDJH�EDUV�DQG�PLQLPL]H�WKH�UHTXLUHG�DFWXDWLRQ�IRUFH�E\�VHOHFWLQJ�WKH�RSWLPDO�OHQJWKV�
RI�WKH�H[RVNHOHWRQ�OLQNV���

6LPXODWLRQV�KDYH�EHHQ�UHDOL]HG�IRU�WKH�WZR�ILQJHUV�VHSDUDWHO\�LQ�$XWRGHVN�,QYHQWRU�ZLWK�D�
VLPSOLILHG�PRGHO��$�KDQG�PRGHO�LV�LQWURGXFHG�WR�FRUUHFWO\�VLPXODWH�WKH�LQWHUDFWLRQ�EHWZHHQ�
WKH�H[RVNHOHWRQ�DQG�WKH�KDQG�LWVHOI��,Q�WKH�VLPXODWLRQ��WKH�VWURNH�ULJLGLW\�RQ�WKH�0&3�DQG�
3,3� MRLQWV� LV� FRQVLGHUHG� RSSRVLQJ� WRUTXHV� DSSOLHG� RQ� WKH� ILQJHU� MRLQWV�� 7KH� H[RVNHOHWRQ�
IRUFHV�DUH�LQVHUWHG�LQ�WKH�PRGHO�DV�H[WHUQDO�IRUFHV�DSSOLHG�WR�WKH�H[RVNHOHWRQ�VWUXFWXUH���

7KH�KDQG�PRGHO�GLPHQVLRQV�DUH�EDVHG�RQ�WKH�SUHYLRXVO\�FLWHG�VWXGLHV��

7KH�XVDJH�RI�URWDWLRQDO�MRLQWV�FRQVWUDLQV�WKH�SKDODQJHV�VLQFH�3,3�DQG�',3�MRLQWV�RQO\�DOORZ�
IOH[LRQ�DQG�H[WHQVLRQ��6SKHULFDO� MRLQWV�FRQQHFW�WKH�KDQG�EDVH�DQG�WKH�ILUVW�SKDODQ[�RI�WKH�
ILQJHUV�EHFDXVH� WKH�0&3�DOVR� DGPLWV�DEGXFWLRQ�DQG�DGGXFWLRQ��DQG� WKH� VSKHULFDO� MRLQW� LV�
QHFHVVDU\�WR�FDUU\�RXW�WKH�VLPXODWLRQV�FRUUHFWO\��

7KH� UHVLVWLYH� IRUFH� DFWLQJ� RQ� WKH� DUWLFXODWLRQ� MRLQWV� GXH� WR� VWURNH� PXVFXODU� ULJLGLW\� LV�
DSSOLHG�DV�DQ�LQWHUQDO�MRLQW�PRPHQW��ZLWK�WKH�GLUHFWLRQ�RSSRVLQJ�WKH�H[WHQVLRQ�RI�WKH�ILQJHU��

7KH�WRUTXHV�DFWLQJ�DW�HDFK�MRLQW�FDQ�EH�FRPSXWHG�NQRZLQJ�WKH�SKDODQJHV�OHQJWKV�DQG�WKH�
IRUFH�YDOXHV�GXH�WR�VWURNH��ZKLFK�FDXVHV�D�PXVFXODU�ULJLGLW\�RI�WKH�ILQJHU�>���@��7KH�YDOXHV�
XVHG�LQ�WKH�VLPXODWLRQV�DUH�UHSRUWHG�LQ�WKH�IROORZLQJ�7DEOH�������

Table 7.3 Simulation values 

Index Middle 
3UR[LPDO� 0LGGOH� 'LVWDO� 3UR[LPDO� 0LGGOH� 'LVWDO�

'LDPHWHU�>PP@� ��� ��� ��� ��� ��� ���
3KDODQJHV�/HQJKW�>PP@� ��� ����� ����� ��� ����� �����
)RUFHV�DW�FHQWHU�RI�PDVV�>1@� ��� �� �� ��� �� ��
5HVXOWLQJ�WRUTXHV�>1P@� ������ ������ ������ ������ ������ ������

7KH�IRUFHV�LPSRVHG�E\�WKH�H[RVNHOHWRQ�WUDQVPLVVLRQ�FDEOH�RQ�WKH�H[RVNHOHWRQ�DUH�LQFOXGHG�
LQ� WKH� VLPXODWLRQV� DV� H[WHUQDO� IRUFHV� RI� WKH� VDPH�YDOXH� DSSOLHG� GLUHFWO\� RQ� WKH� VWUXFWXUH�
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VXSSRUWV��7KH�IRUFHV�GLUHFWLRQV�DUH�FKRVHQ�DFFRUGLQJ�WR�WKH�GLUHFWLRQ�RI�WKH� FDEOH�WKDW�UXQV�
RYHU�WKH�SXOOH\V���

Figure 7.28 Dynamical simulation of the index finger 

7KH� EODFN� DUURZV� LQ� )LJXUH� ����� UHSUHVHQW� WKH� IRUFHV� DSSOLHG� DV� H[WHUQDO� IRUFHV� E\� WKH�
H[RVNHOHWRQ�RQ�WKH�KDQG��WKH�WKUHH�YDOXHV�DUH�NHSW�HTXDO�WR�HDFK�RWKHU�LQ�HYHU\�VLPXODWLRQ��
2Q�WKH�MRLQWV�DUH�DSSOLHG�WKH�LQWHUQDO�WRUTXHV��

'LIIHUHQW� GLVSRVLWLRQV� DUH� VLPXODWHG�� %\� FKDQJLQJ� WKH� OLQNDJH� GLPHQVLRQV�� WKH� LQGH[�
DUWLFXODWLRQ�IROORZV�GLIIHUHQW�PRWLRQ�WUHQGV��$V�D�UHVXOW�RI�WKLV�DQDO\VLV�� LW�ZDV�SRVVLEOH�WR�
YHULI\�WKDW��ZLWK�WKH�OHQJWKV�RI�WKH�OLQNDJHV�LQ�>���@��IRUFHV�RI�DERXW�����1�DUH�VXIILFLHQW�WR�
PRYH�WKH�H[RVNHOHWRQ�DV�UHTXHVWHG�DQG�EULQJ�WKH�ILQJHUV�WR�D�IXOO\�H[WHQGHG�SRVLWLRQ���

2QFH� WKH� IRUFHV� DUH� VHW�� WKH� OLQNDJH� UHODWLRQV� DUH� HYDOXDWHG�� FKDQJLQJ� WKH� OHQJWKV� RI� WKH�
VLQJOH� OLQNDJHV� RQH� E\� RQH�� WKXV� PRGLI\LQJ� WKH� UDWLRV� RI� WKH� OHQJWKV�� ,Q� FRQFOXVLRQ�� WKH�
OLQNDJH� OHQJWKV� DUH� VHOHFWHG�� DQG� WKH� PHDVXUHV� RI� WKH� WZR� ��EDU� OLQNDJH� VWUXFWXUHV� DUH�
UHSRUWHG�LQ�WKH�IROORZLQJ�WDEOH��7DEOH�������

Table 7.4 Dimensions of index finger bars 

4-bar linkage 1 Lengths [mm] 4-bar linkage 2 Lengths [mm] 
5�� ����� 5�� �����
5�� ����� 5�� �����
3�� ����� 3�� �����
3�� ����� 3�� �����

:LWK�WKHVH�ILQDO�OLQNDJH�OHQJWKV��WKH�ODVW�VLPXODWLRQ�LV�GRQH�WR�YHULI\�WKH�QHHGHG�DFWXDWLRQ�
IRUFH��$V�D�UHVXOW�� WKH�YDOXH�RI���1�WXUQV�RXW�WR�EH�VXIILFLHQW�WR�PRYH�WKH�ZKROH�VWUXFWXUH�
FRUUHFWO\��

$IWHUZDUG�� WKH�PLGGOH� ILQJHU LV� FRQVLGHUHG�� 7KH� VDPH� VLPXODWLRQ� ZDV� UHDOL]HG� XVLQJ� WKH�
YDOXHV�RI�WKH�PLGGOH�ILQJHU�SUHVHQWHG�LQ�7DEOH�������

7KH� UHVXOWV� LQ� WHUPV� RI� OHQJWKV� UHODWLRQV� EHWZHHQ� OLQNDJHV� REWDLQHG� LQ� WKLV� FDVH� DUH�
SUHVHQWHG�LQ�WKH�IROORZLQJ�WDEOH��7DEOH�������

Table 7.5 Dimensions of middle finger bars 

4-bar linkage 1 Lengths [mm] 4-bar linkage 2 Lengths [mm] 
5�� ����� 5�� �����
5�� ����� 5�� �����
3�� ����� 3�� �����
3�� ����� 3�� �����
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$OVR�� LQ�WKLV�FDVH�� WKH�YDOXH�RI���1�WXUQV�RXW� WR�EH�VXIILFLHQW� WR�PRYH�WKH�ZKROH�VWUXFWXUH�
FRUUHFWO\��7KHUHIRUH��WKH�IRUFH�RI�WKH�DFWXDWRU�VKDOO�EH��1�SHU�ILQJHU��IRU�D�WRWDO�RI����1��

,Q�DGGLWLRQ��WKH�VLPXODWLRQ�PRGHO�KDV�EHHQ�XVHG�WR�SHUIRUP�VRPH�DGGLWLRQDO�YHULILFDWLRQV��
6R��IRU�H[DPSOH��LW�LV�YHULILHG�WKDW�UHVXOWV�DUH�VWLOO�FRKHUHQW�HYHQ�LI�WKH�VWUXFWXUH�LV�GLVSODFHG�
E\�VRPH�PLOOLPHWHUV��7KXV��IL[LQJ�WKH�PHFKDQLFDO�VWUXFWXUH�RQ�WKH�SDWLHQW�KDQG�FDQQRW�EH�
KLJKO\�SUHFLVH�� ,W�KDV�DOVR�EHHQ�YHULILHG� WKDW� LI� WKH� OHQJWKV�RI� WKH�SKDODQJHV�FKDQJH�VRPH�
PLOOLPHWHUV��WKH�VLPXODWLRQ�VORSH�IROORZV�WKH�VDPH�WUHQG��7KHUHIRUH��WKH�H[RVNHOHWRQ�FDQ�EH�
ZRUQ�E\�SDWLHQWV�ZLWK�GLIIHUHQW�KDQG�VL]HV���

7KH�ILQDO�SURWRW\SH�KDV�EHHQ�UHDOL]HG�RI�DOXPLQXP�DQG��'�SULQWHG�3(*7�SDUWV��

7KH� ILUVW� VXSSRUW�� FDOOHG�6��DQG�VKRZQ� LQ�)LJXUH������� LV� WKH�HOHPHQW� IL[HG�RQ� WKH�GRUVDO�
VLGH�RI�WKH�KDQG�EDVH�DQG�LV�XVHG�DV�D�UHIHUHQFH�IRU�WKH�PRYHPHQWV�RI�WKH�RWKHU�SDUWV��

Figure 7.29 Support element S1 

7KH�WZR�FRXSOHV�RI�URXQGHG�VXSSRUWV�SUHVHQW�D�FHQWUDO�KROH�WKDW�LV�WKH�FHQWHU�RI�URWDWLRQ�RI�
WKH�ILUVW�H[WHUQDO�OLQNV�RI�WKH���EDU�PHFKDQLVP��ERWK�IRU�WKH�LQGH[�DQG�PLGGOH�ILQJHU��

2Q�WKH�RWKHU�VLGH��VRPH�KROHV�DUH�WKH�DQFKRUHG�SRLQW�IRU�60$�VSULQJV��

7KH�GLPHQVLRQV�RI�VXSSRUW�6��DOORZ�WKH�FRPSOHWH�H[WHQVLRQ�RI�WKH�60$�VSULQJV��

7KH� VXSSRUWV� 6�� DQG� 6�� �)LJXUH� ����� DUH� IRXU� VXSSRUWV� IL[HG� RQ� WKH� ILUVW� DQG� VHFRQG�
SKDODQ[�� UHVSHFWLYHO\�� RI� WKH� LQGH[�DQG�PLGGOH� ILQJHU��$�KROH� LV�SUHVHQW� RQ� WKH� WRS�RI� WKH�
VWUXFWXUH� WR� FRQQHFW� WKH� ��EDU� OLQNDJH� PHFKDQLVP�� $� UHFWDQJXODU� VORW� LV� SUHVHQW� RQ� WKH�
ORZHU�VLGH�WR�OHW�D�9HOFUR�VWUDS�WKURXJK�WR�IL[�WKH�VWUXFWXUDO�HOHPHQW�WR�WKH�SDWLHQW�ILQJHU��
7KH� ORZHU� SDUW� LV�PDGH�ZLWK� D� F\OLQGULFDO� VKDSH� WR� ILW� WKH� ILQJHUV�� 7KH� VXSSRUWV� 6�� DOVR�
SUHVHQWV�WZR�DGGLWLRQDO�KROHV�WR�DQFKRU�WKH�WHQGRQV���

Figure 7.30 The supports (a) S2 and (b) S3 

$� VLQJOH� WHQGRQ� �)LJXUH� ������ DFWXDWHV� ERWK� ILQJHUV� VLQFH� D� VLQJOH� DFWXDWRU� LV� XVHG�� 7KH�
FDEOH� EHJLQV� LQ� LQGH[� ILQJHU� 6��� SDVVHV� WKURXJK� WKH� 60$� DFWXDWRU�� DQG� HQGV� LQ� PLGGOH�
ILQJHU�6���7KH�DFWXDWRU� LV�HTXLSSHG�ZLWK�D�KRRN�FRQQHFWHG� WR�D�SXOOH\� WR�UHGLVWULEXWH� WKH�
FDEOH� IRUFHV�ZKHQ�DFWXDWHG��7KH�FDEOH� LV�PDGH�RI�Q\ORQ�VLQFH� LW� LV� IOH[LEOH�WR�ZUDS�DURXQG�
WKH�SXOOH\V��DQG�LW�FDQ�VOLGH�ZLWK�QR�VLJQLILFDQW�IULFWLRQ��
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Figure 7.31 The tendon connection scheme 

7KH�ILQDO�SURWRW\SH�LV�VKRZQ�LQ�)LJXUH�������

Figure 7.32 The final prototype (a) CAD model (b) the building model 

7KH�HOHFWURQLF�V\VWHP�LV�FRPSRVHG�RI�WKH�PLFURFRQWUROOHU�$UGXLQR��WKH�(0*�VHQVRU��DQG�WKH�
VDPH� 026)(7� FLUFXLW� WKDW� LQWHJUDWHV� WKH� 60$� VSULQJV� DV� D� UHVLVWLYH� ORDG� VHHQ� LQ� WKH�
SUHYLRXV�VHFWLRQ��$OVR��WKH�VSULQJV�DUH�WKH�VDPH�W\SH�XVHG�LQ�WKH�KDSWLF�JORYHV��

,W�ZDV�SRVVLEOH�WR�YHULI\�WKDW�HDFK�VSULQJ�FDQ�JHQHUDWH�DSSUR[LPDWHO\���1�ZLWK�GHIRUPDWLRQ�
RI�DURXQG����PP�WKURXJK�VLPLODU�H[SHULPHQWV�FDUULHG�RXW�SUHYLRXVO\��6LQFH�WR�RSHUDWH�WKH�
H[RVNHOHWRQ�����1�ZLWK�D�VSULQJ�GHIRUPDWLRQ�RI�DERXW����PP�DUH�UHTXLUHG��WZR�60$�VSULQJV�
DUH�QHHGHG�WR�DFWXDWH�WKH�WZR�ILQJHUV�SURSHUO\��)LJXUH���������

7KH�WZR�60$�VSULQJV�DUH�SODFHG�SDUDOOHOHG�XQGHU�WKH�PHFKDQLFDO�SRLQW�RI�YLHZ�WR�JHQHUDWH�
D�IRUFH�XS�WR����1�DQG�D�FRQWUDFWLRQ�RI�DERXW����PP��)URP�WKH�HOHFWULFDO�SRLQW�RI�YLHZ��WKH�
WZR�VSULQJV�DUH�DUUDQJHG�LQ�VHULHV�WR�IORZ�WKH�VDPH�FXUUHQW�LQ�ERWK�VSULQJV��

Figure 7.33 The final prototypes with the SMA springs connected (a) top view (b) lateral view 
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7KH�H[RVNHOHWRQ�LV�ZRUQ�RQ�D�ULJKW�KDQG�DQG�LV�DFWXDWHG�WR�YHULI\�LWV�FRUUHFW�EHKDYLRU��WKH�
VHW�XS�LV�UHSRUWHG�LQ�)LJXUH��������$�3:0�ZLWK�DQ�21�WLPH�RI�����LV�DSSOLHG�WR�GULYH�WKH�
DFWXDWLRQ��7KH�60$�VSULQJV�KHDW�XS�GXULQJ�WKH�RSHUDWLRQ��DQG�WKH�H[RVNHOHWRQ�H[WHQGV�WKH�
LQGH[�DQG�PLGGOH�ILQJHUV��

Figure 7.34 Integration set-up of the mechanical structure, actuators, and electronic circuit 

7KH�VHOI�PRWLRQ�FRQWURO�DQG�HOHFWURP\RJUDSKLF�VHQVRU �(0*��DUH�XVHG�WR�VHQVH�WKH�SDWLHQW·V�
LQWHQWLRQ�DQG�GULYH�WKH�KDQG�H[RVNHOHWRQ
V�DFWXDWLRQ���

7KH�DFWLYLW\�RI�WKH�H[WHQVRU�PXVFOHV�LV�VHQVHG�DV�DQ�HOHFWULF�VLJQDO�ZKLFK�WKH�(0*�GHWHFWV��
DQG� ZKHQ� WKH� PRYHPHQW� LV� VHQVHG�� WKH� FRQWURO� DOJRULWKP� LPSOHPHQWHG� RQ� WKH� $UGXLQR�
ERDUG�HYDOXDWHV�WKH�VLJQDO�UHFHLYHG�DQG�GULYHV�WKH�DFWXDWLRQ��7KH�FRQWURO�DOJRULWKP�LV�EDVHG�
RQ�D�WKUHVKROG�FRQWURO�ZKLFK�DFWLYDWHV�WKH�H[WHQVLRQ�RI�WKH�SDWLHQW·V�ILQJHUV�RI�WKH�LQMXUHG�
KDQG�ZKHQ�WKH�SDWLHQW�DFWLYDWHV�WKH�PLUURUHG�H[WHQVRU�PXVFOHV�RQ�WKH�KHDOWK\�IRUHDUP��

7KH�PRGH�RI�RSHUDWLRQ�KDV�EHHQ�WHVWHG�RQ�D�KHDOWK\�YROXQWHHU�WR�YLVXDOL]H�WKH�RXWSXW�UDQJH�
RI� WKH� VLJQDO� DQG� YHULI\� WKH� GLIIHUHQFH� LQ� UDQJH� EHWZHHQ� WKH� DFWLYDWLRQ� DQG� UHVW� PXVFOH�
FRQGLWLRQV��7KH�WKUHH�HOHFWURGHV�DUH�SRVLWLRQHG�RQ�WKH� YROXQWHHU�IRUHDUP�DQG�FRQQHFWHG�WR�
WKH�VHQVRU�ERDUG�FRQQHFWHG�WR�WKH�$UGXLQR�DQG�WKH�H[WHUQDO�SRZHU�VXSSOLHV��7KH�VHW�XS�LV�
VKRZQ�LQ�)LJXUH��������

Figure 7.35 (a) EMG sensor placed on forearm volunteer (b) the electrical scheme 

7KH�YROXQWHHU�LV�DVNHG�WR�DFWLYDWH�WKH�H[WHQVRU�PXVFOHV��WKH�(0*�VLJQDO�LV�ZLWKGUDZQ��DQG�
WKH�RXWSXW�UDQJH�RI�WKH�V(0*�VLJQDO� LV�YLVXDOL]HG�RQ�WKH�$UGXLQR��'LIIHUHQW�VLJQDOV�KDYH�
EHHQ� ZLWKGUDZQ� VLQFH� WKH� (0*� VLJQDO� YDULHV� DFFRUGLQJ� WR� WKH� HOHFWURGHV
� SRVLWLRQ� DQG�
PXVFXODU�DFWLYLWLHV��
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5HVXOWV�VKRZ�WKDW�WKH�(0*�VLJQDO�LV�DURXQG����������RQ�D�VFDOH�EHWZHHQ���DQG�������ZKHQ�
WKH�KDQG� LV� LQ� UHVW� FRQGLWLRQ� �IOH[HG� ILQJHUV��� ,Q� FRQWUDVW�� WKH�(0*� VLJQDO� GXULQJ� ILQJHUV�
H[WHQVLRQ�UHDFKHV�SHDNV�RI����������)LJXUH������VKRZV�RQH�VHQVHG�VLJQDO���

Figure 7.36 EMG signal from the extensor fascicle muscle on a healthy volunteer. Two muscular 
activations are withdrawn: at 13-17 seconds and 20-24 seconds. 

'HVSLWH�WKH�ILOWHU�DQG�FRQGLWLRQLQJ�FKDLQ��WKH�VLJQDO�LV�TXLWH�QRLV\��EXW�LW�VKRZV�D�GLIIHUHQW�
UDQJH�RI�YDOXHV�ZKHQ�WKH�PXVFXODU�IDVFLFOH�LV�LQ�UHVW�FRQGLWLRQ�DQG�DFWLYDWHG��7KHUHIRUH��LW�
LV�SRVVLEOH�WR�XVH�WKLV�VLJQDO�WR�FRQWURO�WKH�UHKDELOLWDWLYH�PRWLRQ��

7KH� H[RVNHOHWRQ� FRQWURO� LV� EDVHG� RQ� D� WKUHVKROG� RQ� WKH�(0*�YDOXHV�� 7KH�(0*� VLJQDO� LV�
VHQVHG�RQ�WKH�KHDOWK\�IRUHDUP�H[WHQVRU�PXVFOHV��DQG�LW� LV�VHQW� WR�WKH�$UGXLQR�ERDUG�WKDW�
XVHV� WKH� LQSXW� VLJQDO� LQ� WKH� FRQWURO� DOJRULWKP�� 7KH�$UGXLQR� JHQHUDWHV� D� 3:0� VLJQDO� DV�
RXWSXW�ZKLFK�LV�UHVSRQVLEOH�IRU�HQDEOLQJ�WKH�DFWXDWRUV��7KLV�RXWSXW�FKDQJHV�WKH�DFWLYDWLRQ�
21�WLPH� RI� WKH� 3:0� DFFRUGLQJ� WR� WKH� (0*� UHDG� DV� LQSXW�� ,I� WKH� PXVFXODU� DFWLYLW\� LV�
VHQVHG�� WKH� UHKDELOLWDWLRQ�PRYHPHQW� LV� DFWLYDWHG�� DQG� IRU� D�SUHGHILQHG� WLPH� LQWHUYDO�� WKH�
$UGXLQR�VWRSV�UHDGLQJ� WKH�(0*�LQSXW�VLJQDO��7KLV� WLPH� LQWHUYDO� LV� FRQVLGHUHG� WLPH�WR� OHW�
WKH� SDWLHQW� SHUIRUP� WKH� H[WHQVLRQ� RI� WKH� ILQJHU� DQG� OHW� KLP�KHU� JHW� EDFN� WR� WKH� LQLWLDO�
SRVLWLRQ�RI�WKH�IOH[HG�ILQJHU�EHIRUH�SHUIRUPLQJ�DQRWKHU�F\FOH�RI�UHKDELOLWDWLRQ��

7KH� FRQWURO� V\VWHP� LV� EDVHG� RQ� D� VZLWFKLQJ� FRQWURO� DOJRULWKP� EDVHG� RQ� D� SUHGHILQHG�
WKUHVKROG�RQ�WKH�(0*�VLJQDO��6LQFH�WKH�V(0*�VLJQDO�LV�SDWLHQW�VSHFLILF��WKH�WKUHVKROG�PXVW�
EH�FKRVHQ�EHIRUH�WKH�UHKDELOLWDWLRQ���

7KLV�NLQG�RI�FRQWURO�V\VWHP�LV�VXLWDEOH�IRU�KDQG�UHKDELOLWDWLRQ�VLQFH�LW�DOORZV�WKH�SDWLHQW�WR�
SHUIRUP�UHSHWLWLYH�H[HUFLVHV�IRU�WKH�IOH[LRQ�H[WHQVLRQ�PRYHPHQWV��

3DWLHQWV� FDQ� EH� DZDUH� DQG� JXLGH� WKHLU� UHKDELOLWDWLRQ�� LW� LV� H[SHFWHG� WKDW� WKH� VHOI�PRWLRQ�
FRQWURO�IDFLOLWDWHV�WKH�UHFRYHU\�RI�WKH�LQMXUHG�IXQFWLRQDOLWLHV�>���@��

$�KHDOWK\�YROXQWHHU�ZHDUV�WKH�ZKROH�V\VWHP�WR�VLPXODWH�WKH�ZKROH�V\VWHP
V�EHKDYLRU�DQG�
YHULI\�WKH�FRUUHFW�UHKDELOLWDWLRQ�PRYHPHQW��7KH�WKUHH�HOHFWURGHV�KDYH�EHHQ�IL[HG�RQ�WKH�OHIW�
IRUHDUP�WR�VHQVH� WKH�ILQJHUV
�H[WHQVRU�PXVFOH� IDVFLFOH��DQG�WKH�H[RVNHOHWRQ� LV�PRXQWHG�RQ�
WKH�ULJKW�KDQG��7KH�FRPSOHWH�VHW�XS��ZKLFK�LQFOXGHV�WKH�H[RVNHOHWRQ�PHFKDQLFDO�VWUXFWXUH��
WKH�HOHFWURQLF�LPSOHPHQWDWLRQ��WKH�FRQWURO�XQLW��DQG�WKH�VHQVRUV��LV�VKRZQ�LQ�)LJXUH�������
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Figure 7.37 Complete set-up of the exoskeleton 

$V�H[SHFWHG��ZKHQ�WKH�SDWLHQW�DFWLYDWHV�WKH�H[WHQVRU�PXVFOH�RQ�WKH�OHIW�KHDOWK\�KDQG��WKH�
FRQWURO�DOJRULWKP�UHFRJQL]HV�WKH�VLJQDO�DQG�DFWLYDWHV�WKH�3:0�RXWSXW�VLJQDO��VR�WKH�60$�
VSULQJV��,Q�WKLV�ZD\��WKH�H[RVNHOHWRQ�LV�DFWLYDWHG��DQG�WKH�UHKDELOLWDWLYH�PRYHPHQW�EHJLQV��
7KH�GHYLFH�ZRUNV�DV�H[SHFWHG���

6LQFH� WKLV� SURWRW\SH� LV� OLPLWHG� WR� RQO\� WZR� ILQJHUV�� DQRWKHU� SURWRW\SH� LV� EHLQJ� VWXGLHG�
�)LJXUH���������

Figure 7.38 The following design of 4-bar linkage structure 

7.3.3 Second exoskeleton prototype 
7KH�VHFRQG�GHYLFH�GHYHORSHG�LV�D�VRIW�H[RVNHOHWRQ�WKDW�KHOSV�SDWLHQWV�WR�H[WHQG�WKHLU�KDQGV�
SURSHUO\��7KH� IOH[LRQ�PRYHPHQW�GRHV�QRW�QHHG� WR�EH�DVVLVWHG�E\� FRQVLGHULQJ� WKH�SDWLHQW
V�
KDQG� VWLIIQHVV� VXIILFLHQW� WR� SHUIRUP� WKLV�PRYHPHQW�� ,Q� WKLV� FDVH��ZH� XVHG� D� JORYH� DV� WKH�
SULQFLSDO� VWUXFWXUH�� ,W� LV� D� WHQGRQ�GULYHQ� VWUXFWXUH� DFWXDWHG�ZLWK� 60$� VSULQJV�� 7HQGRQV�
WUDQVPLW� WKH� IRUFH� RI� WKH� DFWXDWRU� WR� HDFK� RI� WKH� ILQJHUV�� ,WV� GLVWULEXWLRQ� JXDUDQWHHV� WKH�
FRUUHFW�WUDQVPLVVLRQ�RI�HIIRUWV�DQG�HQVXUHV�DGHTXDWH�PRYHPHQWV�RI�ILQJHUV��7R�PDLQWDLQ�WKH�
GHYLFH�DV�VRIW�DV�SRVVLEOH�DQG�DYRLG�DQ\�GLVFRPIRUW�WR�XVHUV��ZH�GLVFDUGHG�WKH�SRVVLELOLW\�RI�
XVLQJ�ULJLG�HOHPHQWV�WR�JXLGH�WKH�FDEOHV��

)RU� WKLV� UHDVRQ�� WKH� FDEOH� ZDV� VHZQ� WR� WKH� JORYH�� ,Q� WKLV� ZD\�� D� KLJKO\� FRKHVLYH� MRLQW�
EHWZHHQ� WKH� FDEOH� DQG� WKH� JORYH�ZDV� JXDUDQWHHG�� 7KXV�� WKH� IRUFHV� WUDQVPLWWHG� IURP� WKH�
DFWXDWRUV�DUH�DSSOLHG�DW�KLJKO\�FRQWUROOHG�SRLQWV�DQG�GLUHFWO\�RQ�WKH�ILQJHU��7KH�ZD\�WR�VHZ�
LW� ZDV� FKRVHQ� DIWHU� FDUU\LQJ� RXW� GLIIHUHQW� WHVWV�� $� UHLQIRUFHG� ILVKLQJ� OLQH� ZDV� XVHG� DV� D�
FDEOH��DV�LW�LV�KLJKO\�UHVLVWDQW�ZLWK�QRW�WRR�WKLFN�GLPHQVLRQV�WKDW�DOORZHG�LW�WR�EH�VHZQ��+RZ�
WKH� FDEOH� ZDV� ILQDOO\� VHZQ� LV� YLVLEOH� LQ� )LJXUH� ������ (DFK� SKDODQ[� RI� WKH� ILQJHU� KDV� LWV�
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WKUHDG�WKDW�ODWHU�MRLQV�LQ�WKH�VDPH�DFWXDWRU��1HYHUWKHOHVV��WR�DFKLHYH�WKH�FRUUHFW�XQLRQ�ZLWK�
WKH�ILQJHU��WKH�FDEOH�GHVFULEHV�D�ULQJ�VKDSH�DURXQG�HDFK�SKDODQ[��ZUDSSLQJ�LW�LQ�VXFK�D�ZD\�
WKDW� WKH� FDEOH� ZHOO� KROGV� LW��:LWK� WKLV� GHVLJQ�� WKH� H[WHQVLRQ�PRYHPHQW� RI� WKH� ILQJHUV� LV�
FDUULHG�RXW�FRUUHFWO\��

Figure 7.39 Detail of the sewn cable (a) dorsal view (b) palm view 

+RZHYHU�� WKH� H[RVNHOHWRQ� KDV� WR� SURYLGH� VXSSRUW� WR� WKH� KDQG
V� SDWLHQW� DQG� DYRLG� ZULVW�
WRUVLRQ�PRYHPHQW��6R��DQ�H[WHUQDO�VWUXFWXUH��'�SULQWHG�ZKLW�3(7*�KDV�EHHQ�GHYHORSHG��,W�
FRQVLVWV� RI� WKUHH� SDUWV�ZLWK� ODFHV� WKDW� DOORZ� WKH� XQLRQ� EHWZHHQ� WKHP�� XSSHU�� ORZHU�� DQG�
SDOP�SDUWV��7KH� WZR� ILUVW�SDUWV� FRUUHVSRQG� WR� WKH�DUPEDQG� �)LJXUH��������$� VWULS�RI� FORWK�
ZLWK� YHOFUR� VWUHQJWKHQV� WKH� XQLRQ� EHWZHHQ� WKHVH� WZR� SDUWV�� DOORZLQJ� WKH� EUDFHOHW� WR� EH�
RSHQHG�DQG� FORVHG�ZLWKRXW� GLIILFXOW\� DQG� DOORZLQJ� D� FHUWDLQ�PDUJLQ� RI� DGDSWDWLRQ� IRU� WKH�
GLIIHUHQW�ZULVW�VL]HV�WKDW�GLIIHUHQW�SDWLHQWV�PD\�KDYH��7KH�XSSHU�SDUW�LQFOXGHV�KRRNV�IRU�WKH�
DFWXDWRUV�DQG�SURYLGHV� VRPH�SURWHFWLRQ� IURP� WKH�KHDWLQJ�RI� WKH�DFWXDWRUV��7KH� WKLUG�SDUW�
�WKH� SDOP� SDUW�� LV� ILWWHG� ZLWK� WKH� ORZHU� SDUW� WKURXJK� D� WUDSH]RLGDO�PDOH�IHPDOH� V\VWHP��
ZKLFK�DOORZV�D�FRUUHFW�IL[DWLRQ�EHWZHHQ�ERWK�SLHFHV��'LIIHUHQW�W\SHV�RI�SDOP�FDQ�EH�PDGH�WR�
ILW� EHWWHU� WKH� XVHU�ZKR�ZLOO� XVH� WKH� JORYH� HDFK� WLPH� DQG� DOORZ�PRGLILFDWLRQV� WR� EH�PDGH�
ZLWKRXW�WKH�QHHG�WR�UH�SULQW�WKH�SDUW�VLQFH�LW�LV�DQ�LQGHSHQGHQW�SDUW��7KH�GHVLJQ�RI�WKH�SDOP�
SLHFH�LV�GHVLJQHG�QRW�WR�KLQGHU�WKH�PRYHPHQW�RI�WKH�WKXPE�DQG�KDV�D�FXUYHG�VKDSH�VR�WKDW�
WKH�KDQG�FDQ�UHVW�FRPIRUWDEO\�RQ�WKH�SLHFH��

Figure 7.40 3D printed parts (a)the upper part, (b) the lower part, and (c) the palm part 

:H�XVHG� WKUHH� DFWXDWRUV� WR� VLPSOLI\� WKH�GHVLJQ�� RQH� VSULQJ� IRU� WKH� WKXPE� ILQJHU�� RQH� IRU�
LQGH[�DQG�PHGLXP� ILQJHUV��DQG�RQH� VSULQJ� IRU� WKH� ULQJ�DQG� VPDOOHU� ILQJHUV�� $Q�DUPEDQG�
FRQWDLQV�WKH�$UGXLQR�DQG�WKH�HOHFWULF�FLUFXLW��WKH�VDPH�DV�WKH�KDSWLF�JORYHV���

7KH�ILQDO�SURWRW\SH�LV�VKRZQ�LQ�)LJXUH�������
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Figure 7.41 Final prototype 

7KH�0\RZDUH�VHQVRU��(0*�VHQVRU��ZDV�XVHG�WR�FRQWURO�WKH�H[RVNHOHWRQ��,Q�FRQWUDVW�WR�WKH�
SUHYLRXV�VHQVRU�GRHV�QRW�UHTXLUH�DQ�H[WHUQDO�VXSSO\�ZLWK�WKH�WZR��9�EDWWHULHV�VLQFH�SRZHU�
LV� SURYLGHG� GLUHFWO\� ZLWK� �9� IURP� WKH� $UGXLQR� ERDUG� XVHG� WR� UHDG� WKH� VLJQDO�� $QRWKHU�
DGYDQWDJH� LV� WKDW� WKH� HOHFWURGHV� DUH� SDUW� RI� WKH� VDPH� VHQVRU�� VR�QR� FDEOHV� DUH�QHHGHG� WR�
FRQQHFW� WKH� VHQVRU�ZLWK�HOHFWURGHV��&RQVHTXHQWO\�� LW� LV�SRVVLEOH� WR� REWDLQ�D�PRUH� FRPSDFW�
DQG�OLJKWZHLJKW�GHVLJQ���

7KH�FRQWURO�VRIWZDUH�KDV�EHHQ�GHYHORSHG�RQ�$UGXLQR��7KH�VHQVRU�LV�SODFHG�RQ�WKH�KHDOWK\�
IRUHDUP�DV�LQ�WKH�SUHYLRXV�FDVH��6HQVRU�UHDGLQJV�GR�QRW�SUHVHQW�KLJK�VWDELOLW\��VR�WUHDWPHQW�
RI�VDLG�YDOXHV�ZLOO�KDYH�WR�EH�FDUULHG�RXW�WR�XVH�WKHVH�GDWD�FRUUHFWO\��

7KH�FRGH�LV�GLYLGHG�LQWR�WKUHH�PDLQ�SDUWV��GDWD�FROOHFWLRQ�DQG�PDQDJHPHQW��FRQWURO�RI�WKH�
DOWHUQDWLRQ� RI� DFWXDWRUV�� GDWD� GLVSOD\HG� RQ� WKH� VFUHHQ� WR� DOORZ� WKH� XVHU� WR� PDQDJH� WKH�
DFWLYDWLRQ�RU�GHDFWLYDWLRQ�RI�WKH�JORYH�YLVXDOO\��

$V�SUHYLRXVO\�PHQWLRQHG�� WKH� VLJQDO� LV� KLJKO\�XQVWDEOH��ZLWK� VLJQLILFDQW� YDULDWLRQV� DQG�D�
VWURQJ� GHSHQGHQFH� RQ� WKH� XVHU� DQG� WKH� PXVFOH� JURXS� ZKHUH� WKH� VHQVRU� LV� SODFHG�� 7KH�
PHDVXUHG�VLJQDO�YDULHV�EHWZHHQ���WR�������ZKLFK�FRUUHVSRQG�WR���DQG���P9��

7KH� FRPPXQLFDWLRQ� VSHHG�RI� WKLV� VLJQDO�ZLWK� WKH�PLFURFRQWUROOHU� LV��������EDXG�� WKDW� LV��
�������VDPSOHV�RI�WKH�VLJQDO�HYHU\�VHFRQG��7KLV�VSHHG�FRPSOLFDWHV�WKH�LQWHUSUHWDWLRQ�RI�WKH�
VLJQDO�� 7KHUHIRUH�� D� ���PV� GHOD\� LV� LQWURGXFHG� LQWR� WKH� FRGH� VR� WKDW� WKH� FDSWXUH� RI� VDLG�
VLJQDO�LV�FDUULHG�RXW�DW�D�VORZHU�VSHHG��IDFLOLWDWLQJ�WKH�DQDO\VLV�DQG�GLVSOD\�RI�WKH�VLJQDO�RQ�
WKH�VFUHHQ��ZKLFK�ZLOO�EH�LQWHUHVWLQJ�WR�IDFLOLWDWH�XVH�E\�WKH�SDWLHQW��

2QFH� WKH� VLJQDO� KDV� EHHQ� FDSWXUHG�� D� VLJQDO� FDOLEUDWLRQ� LV� FDUULHG� RXW� WR� HVWDEOLVK� DQ�
DYHUDJH� RI� YDOXHV� WR� SHUIRUP� WKH� FRQWURO�� 7KLV� FDOLEUDWLRQ� LV� DFWLYDWHG� E\� D� FRQWURO� IODJ�
FDOOHG�VWDUW��6DLG�IODJ�LV�LQLWLDOL]HG�WR�]HUR�VR�WKDW�ZKHQ�WKH�V\VWHP�LV�VWDUWHG� IRU�WKH�ILUVW�
WLPH��D�ILUVW�FDOLEUDWLRQ�LV�FDUULHG�RXW��

7KLV� IODJ�ZLOO�FKDQJH�WR���ZKHQ�WKH�GDWD�FROOHFWLRQ�QHFHVVDU\�IRU�WKH�FDOLEUDWLRQ�KDV�EHHQ�
FRPSOHWHG���,W�ZLOO�FKDQJH�WR���ZKHQ�WKH�FDOLEUDWLRQ�KDV�ILQLVKHG���

&DOLEUDWLRQ�EHJLQV�ZLWK�FROOHFWLQJ�D�GDWD�VDPSOH�RI�WKH�VLJQDO�KLJK�HQRXJK�IRU�LW�WR�EH�YDOLG��
,Q�WKLV�FDVH��D�VDPSOH�RI����GDWD�LV�FRQVLGHUHG��7KH�FROOHFWLRQ�LV�FDUULHG�RXW�LQ�HDFK�F\FOH�RI�
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WKH� ORRS� IXQFWLRQ�� WKXV� UHTXLULQJ� ��� F\FOHV� WR� SHUIRUP� WKH� FRPSOHWH� GDWD� FROOHFWLRQ�� 6DLG�
GDWD�LV�VWRUHG�LQ�D�FDOLEUDWLRQ�YHFWRU��DQG�ZKHQ�LW�LV�ILOOHG��WKH�FROOHFWLRQ�FRPSOHWLRQ�IODJ�LV�
DFWLYDWHG��

2QFH� WKH� DYHUDJH� LV� REWDLQHG�� WKH� FDOLEUDWLRQ� FRPSOHWLRQ� IODJ� LV� DFWLYDWHG�� DQG� WKH�
FDOLEUDWLRQ�YHFWRU�LQGH[�LV�UHVHW�IRU�WKH�QH[W�FDOLEUDWLRQ�F\FOH��

6LQFH�WKLV�DYHUDJH�LV�WKH�SULQFLSDO�YDOXH�XVHG�WR�PDQDJH�WKH�DFWLYDWLRQ�DQG�GLVFRQQHFWLRQ�RI�
WKH� DFWXDWRUV�� WKLV� YDOXH� QHHGV� WR� EH� DV� DFFXUDWH� DV� SRVVLEOH�� 'XH� WR� VLJQDO� LQVWDELOLW\��
UHFDOLEUDWLRQ� LV�VRPHWLPHV�QHFHVVDU\��)RU� WKLV�UHDVRQ�� LW�KDV�EHHQ�HVWDEOLVKHG�D�FRQGLWLRQ�
IRU�FDUU\LQJ�RXW�WKH�UHFDOLEUDWLRQ��

2QFH�WKH�VLJQDO�KDV�EHHQ�FRUUHFWO\�PDQDJHG��ZLWK�D�YDOXH�WKDW�RIIHUV�VXIILFLHQW�VWDELOLW\�WR�
ZRUN�ZLWK�LW��LW�LV�SRVVLEOH�WR�DFWXDWH�60$�VSULQJV��

,W�ZDV�REVHUYHG�WKDW�WKH�FUHVW�DPSOLWXGH� WR�DFWLYDWH�DFWXDWRUV�ZDV�RQO\�DGHTXDWH�ZKHQ�D�
FORVLQJ� PRYHPHQW� RI� WKH� KDQG� ZDV� SHUIRUPHG� ZLWK� D� VLJQLILFDQW� IRUFH� ZLWK� WKH� KHDOWK\�
KDQG��7KXV�� WKH�FRQWURO� LV�EDVHG�RQ�DFWLYDWLQJ�RU�GHDFWLYDWLQJ� WKH�DFWXDWRUV�ZKHQ�FORVLQJ�
KDQG�PRYHPHQWV�WKDW�SURGXFH�SHDNV�LQ�WKH�VLJQDO�UHSUHVHQWDWLRQ��

)RU�DQ�DFWLYDWLRQ�VLJQDO�WR�EH�YDOLG��WKDW�LV��IRU�WKH�FUHVW�WR�KDYH�D�VXIILFLHQW�DPSOLWXGH�WR�EH�
FRQVLGHUHG�DFWLYDWLRQ�PRYHPHQW�DQG�QRW�SURGXFHG�E\�WKH� LQVWDELOLW\�RI� WKH�VLJQDO� LWVHOI��D�
YDOXH�LV�VHW�WKDW�LV�HTXDO�WR�WKH�PHDQ�FDOFXODWHG�LQ�D�JLYHQ�PRPHQW�SOXV�����SRLQWV��RU�ZKDW�
LV�WKH�VDPH��D�YDULDWLRQ�RI�����P9�FRQFHUQLQJ�WKH�YDOXH�RI�WKH�FDOFXODWHG�PHDQ��:KHQ�WKLV�
FRQGLWLRQ�LV�IXOILOOHG��WKH�DFWLYDWLRQ�IODJ�RI�WKH�DFWLYDWHG�VHQVRUV�LV�VHW�WR�RQH��VWDUWLQJ�WKH�
SDVVDJH�RI�FXUUHQW�WKURXJK�WKH�DFWXDWRUV��LQLWLDWLQJ�WKHLU�KHDWLQJ�SKDVH��

%RWK�DFWLYDWLRQ�DQG�GHDFWLYDWLRQ�RI� WKH�DFWXDWRUV�DUH�GRQH�E\� UHDGLQJ�SHDNV� LQ� WKH�(0*�
VLJQDO��7KXV��DQ�DFWLYDWLRQ�SHDN�PXVW� HQG�EHIRUH�GHDFWLYDWLQJ�� ,I� WKLV�ZHUH�QRW�GRQH�� WKH�
IODJ�ZRXOG�EH�DFWLYDWHG�DQG�GHDFWLYDWHG�VHYHUDO�WLPHV�GXH�WR�WKH�HIIHFW�RI�WKH�VDPH�ULGJH��
FUHDWLQJ�SUREOHPV�LQ�RSHUDWLRQ��

7KH�DFWLYDWLRQ�LV�DFFHOHUDWHG�LI�WZR�FRQVHFXWLYH�SHDNV�DUH�UHFHLYHG�LQ�D�JLYHQ�SHULRG��

7KHUHIRUH��XVLQJ�DQ�DX[LOLDU\�YDULDEOH�WKDW�DOORZV�XV�WR�FRXQW�WKH�QXPEHU�RI�F\FOHV�RI� WKH�
GXUDWLRQ� RI� D� SHDN�� ZH� FDQ� HVWDEOLVK� D� PLQLPXP� GXUDWLRQ� WLPH� VR� WKDW� HDFK� SHDN� LV�
FRQVLGHUHG� YDOLG� DQG� DOORZV� XV� WR� DYRLG� RYHUODSSLQJ� SUREOHPV� EHWZHHQ� DFWLYDWLRQ� DQG�
DFFHOHUDWLRQ�GHDFWLYDWLRQ���

$IWHU�VHYHUDO�WHVWV��D�GXUDWLRQ�RI�����F\FOHV�KDV�EHHQ�HVWDEOLVKHG�DV�WKH�YDOLG�GXUDWLRQ�IRU�D�
SHDN�� %HFDXVH� D� VHFRQG� SHDN� FDQ� DUULYH�� WKDW� LPSOLHV� WKH� DFFHOHUDWLRQ� RI� ZDUPLQJ�� D�
GXUDWLRQ�FRXQW�RI�����F\FOHV�LV�FDUULHG�RXW��WKH�HTXLYDOHQW�RI�WZR�SHDNV��

7R�IDFLOLWDWH�WKH�XVHU
V�XVH�DQG�FUHDWH�D�PRUH�XQGHUVWDQGDEOH�GHYLFH��WKH�OHG�LQFOXGHG�LQ�WKH�
$UGXLQR�ERDUG�LV�XVHG�WR�VLJQDO�WKH�DFWLYDWLRQ�DQG�GHDFWLYDWLRQ�RI�WKH�DFWXDWRUV���

7KH�DFWLYDWLRQ�RI�WKH�VSULQJV�FDQ�EH�FDUULHG�RXW�ZLWK�JUHDWHU�RU�OHVVHU�SRZHU��PRGLI\LQJ�WKH�
YDOXH� RI� WKH�3:0� �EHWZHHQ�����DQG�������6DLG�SRZHU� FDQ�EH� DGMXVWHG�GHSHQGLQJ� RQ� WKH�
IRUFH�UHTXLUHG�IRU�WKH�XVHU��

,Q� WKH� ODVW� SDUW� RI� WKH� FRGH�� WKH� YDULDEOHV� XVHIXO� ZKHQ� XVLQJ� WKH� JORYH� DUH� JUDSKLFDOO\�
UHSUHVHQWHG��DV�VKRZQ�LQ�)LJXUH�������:LWK�WKH�VLJQDO�YDOXH�DQG�WKH�PHDQ�YDOXH��LW�FDQ�EH�
VHHQ� LI� WKH� SHDN� SURGXFHG� E\� WKH� PRYHPHQW� KDV� EHHQ� KLJK� HQRXJK� WR� JHQHUDWH� WKH�
DFWLYDWLRQ���
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Figure 7.42 Graphic values seen for the user: the signal (in blue), the mean of the signal ( in red), the 
cycle duration of the peak (in green), and the duty cycle (in yellow). 

7KH� F\FOH�GXUDWLRQ�RI� WKH�SHDN�DOORZV� WR�NQRZ� LI�D�QHZ�DFWLYDWLRQ�RU�GHDFWLYDWLRQ� FDQ�EH�
SHUIRUPHG�� ZKLFK� LV� REVHUYHG� ZKHQ� VDLG� JUDSK� UHPDLQV� FRQVWDQW� DW� ����� :LWK� WKH� GXW\�
F\FOH��LW�LV�REVHUYHG�ZKLFK�DFWXDWRU�LV�DFWLYDWHG�WR�GHWHFW�SRVVLEOH�PDOIXQFWLRQV��

:LWK�WKH�FRPSOHWLRQ�RI�WKH�H[HFXWLYH�SDUW�RI�WKH�SURMHFW��WHVWLQJ�EHJDQ�WR�YHULI\�WKH�FRUUHFW�
IXQFWLRQLQJ�RI�WKH�EXLOW�SURWRW\SH���
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7.4 Virtual Reality for wearable soft robots 
9LUWXDO� UHDOLW\� LV� HPSOR\HG� LQ� WKLV� ZRUN� DV� WKH� QDWXUDO� FRPSOHPHQW� RI� WKH� SURWRW\SHV�
H[SODLQHG�EHORZ��$V�VDLG�EHIRUH��LW�DOORZV�D�PRUH�LPPHUVLYH�H[SHULHQFH�DQG�WKH�SRVVLELOLW\�
WR�UHDOL]H�KRPH�UHKDELOLWDWLRQ��,Q�RXU�VWXG\��DOO�SURSRVHG�JDPHV�DUH�WKRXJKW�WR�EH�UHDOL]HG�
ZLWK� RU�ZLWKRXW� WKH� JORYH� RU� WKH� H[RVNHOHWRQ��7KH� WZR�SULQFLSDO� GHYLFHV� HPSOR\HG�DUH� DQ�
+'0�95��LQ�RXU�FDVH��DQ�+7&�9,9(�+HDGVHW��DQG�WKH�/HDS�0RWLRQ�FRQWUROOHU�FRQQHFWHG�WR�
D�3&��,W�LV�SRVVLEOH�WR�UHDOL]H�JDPHV�HYHQ�ZLWK�WKH�/HDS�0RWLRQ�DQG�WKH�3&��,W�UHSUHVHQWV�D�
VLJQLILFDQW� DGYDQWDJH� EHFDXVH� LW� UHGXFHV� QRWDEO\� FRVWV� DQG� GRHV� QRW� QHHG� EDVH� VWDWLRQV��
7KHUHIRUH�� LW� LV�SRVVLEOH�WR�UHDOL]H�UHKDELOLWDWLRQ�DQ\ZKHUH��DQG�IOH[LELOLW\�UHSUHVHQWV�HDFK�
GD\�PRUH�DQ�HVVHQWLDO�FKDUDFWHULVWLF�GXULQJ�WKH�UHKDELOLWDWLRQ�SURFHVV��*LYHQ�WKLV��+'0�95�
JLYHV�D�PRUH�HQMR\DEOH�H[SHULHQFH�DQG�SRVVLEO\�LQFUHDVHV�SDWLHQWV
�PRWLYDWLRQ���

/HDS�0RWLRQ��/0��LV�DQ�RSWLFDO�KDQG�WUDFNLQJ�PRGXOH�WKDW�FDSWXUHV�WKH�KDQGV
�PRYHPHQWV��
DQG�DV�H[SODLQHG�EHIRUH��WKH�IRFXV�RI�WKLV�ZRUN�LV�WKH�UHKDELOLWDWLRQ�RI�WKH�KDQG��WKHUHIRUH�
VHOHFWLQJ� WKLV� W\SH� RI� VHQVRU�� ,WV� SULFH�� XVDELOLW\�� DQG� GLPHQVLRQV� UHSUHVHQW� RWKHU�
DGYDQWDJHV��7KURXJK�/0��LW�LV�SRVVLEOH�WR�GHWHFW�ERWK�WKH�KDQG�DQG�WKH�ILQJHUV
�SRVLWLRQ�DQG�
UHDOL]H�VSHFLILF�UHKDELOLWDWLRQ�H[HUFLVHV���

$OO� JDPHV� DUH� UHDOL]HG�ZLWK�8QLW\� �'�� DQG� DQ� DSSOLFDWLRQ� KDV� EHHQ� ILQDOO\� GHYHORSHG�� VR�
LQVWDOOLQJ�WKH�VRIWZDUH� LV�XQQHFHVVDU\��DQG�LW� LV�SRVVLEOH�WR�UHDOL]H�WKH�UHKDELOLWDWLRQ�ZLWK�
HYHU\�3&���

$� GDWDEDVH� FRQQHFWHG� GLUHFWO\� ZLWK� 8QLW\� KDV� DOVR� EHHQ� LPSOHPHQWHG� WR� VWRUH� SDWLHQWV
�
LQIRUPDWLRQ�DQG�SURJUHVV��7KH�FRPSOHWH�IUDPHZRUN�LV�VKRZQ�LQ�)LJXUH�������

Figure 7.43 Framework of virtual reality for wearable soft robots 

7KH� GDWDEDVH� KDV� EHHQ� LPSOHPHQWHG� ZLWK� *RRJOH� )LUHEDVH�� ,W� ZDV� FKRVHQ� GXH� WR� LWV�
VLPSOLFLW\�DQG�LWV�KLJK�OHYHO�LQWHJUDWLRQ�ZLWK�8QLW\��0RUHRYHU��LW�SURYLGHV�PDQ\�WRROV�VXFK�
DV�DXWKHQWLFDWLRQ��VWRUDJH��KRVWLQJ��IXQFWLRQV��DQG�DQDO\WLFV��:H�PDLQO\�XVHG�WZR�RI�WKHP��
�� DXWKHQWLFDWLRQ�DQG����UHDO�WLPH�GDWDEDVH��$XWKHQWLFDWLRQ�DOORZV�XVHUV�WR�UHJLVWHU�LQ�WKH
DSSOLFDWLRQ�ZLWK�DQ�HPDLO�DQG�D�SDVVZRUG�DQG�PDQDJH�VLJQ�LQ�VHVVLRQV��LQFOXGLQJ�SDVVZRUG
UHFRYHU\��� $OO� GDWD� DUH� VDYHG� VDIHO\� LQ� *RRJOH� &ORXG�� 7KH� UHDO�WLPH� GDWDEDVH� DOORZV
PDQDJLQJ�D�GDWDEDVH�ZLWK�DOO�DXWKHQWLFDWHG�XVHUV��$V�EHIRUH��DOO�GDWD�DUH�VWRUHG�LQ�*RRJOH
&ORXG�LQ�D�-621�IRUPDW�

)LUVW� RI� DOO�� SDWLHQWV� FDQ� UHJLVWHU� WKHPVHOI� RQ� WKH� SODWIRUP� WKH� ILUVW� WLPH� WKH\� HQWHU� WKH�
DSSOLFDWLRQ�� 7KH\� KDYH� WR� LQWURGXFH� D� QDPH�� DQ� DFWXDO� HPDLO� �DQ� DFWLYDWLRQ�PDLO� ZLOO� EH�
VHQW���DQG�D�SDVVZRUG�WR�FUHDWH�WKH�DFFRXQW��2QFH�WKH�HPDLO�KDV�EHHQ�YHULILHG��WKH�QH[W�VWHS�
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LV�WR�HQWHU�WKH�DSSOLFDWLRQ��+HUH��ZH�FDQ�FKRRVH�EHWZHHQ�D�JDPH�RU�FKHFNLQJ�RXU�SURJUHVV�
DQG�UHFRUGV��,I�ZH�FKRRVH�WKH�ILUVW�RSWLRQ��ZH�WKHQ�FKRRVH�EHWZHHQ�WKH�GLIIHUHQW�JDPHV��

6.4.1 Games 
*DPHV�DUH�GLYLGHG�LQWR�WZR�JURXSV�GHSHQGLQJ�RQ�WKH�UHKDELOLWDWLRQ�GHYLFH��WKH�KDSWLF�JORYH�
RU�WKH�H[RVNHOHWRQ���

,Q�WKH�FDVH�RI�WKH�VRIW�KDSWLF�JORYH��WKUHH�VFHQDULRV�KDYH�EHHQ�GHYHORSHG��7KHVH�VFHQDULRV�
KDYH� EHHQ� XVHG� WR� WHVW� WKH� SURWRW\SH� DQG� YHULI\� LWV� SURSHU� IXQFWLRQLQJ�� +RZHYHU�� WKH\�
UHSUHVHQW�H[LVWHQW�H[HUFLVH�UHDOL]HG�E\�SDWLHQWV�GXULQJ�RFFXSDWLRQDO�WKHUDS\��(DFK�VFHQDULR�
LV�D�OLWWOH�JDPH�WKDW�UHSURGXFHV�FRQFUHWH�REMHFWV��:KHQ�WKH�JDPH�VWDUWV��XVHUV�FDQ�VHH�WKH�
VFUHHQ�VKRZQ�LQ�)LJXUH�������ZKHUH�WKH\�FDQ�VHOHFW�WKH�JDPH�ZLWK�WKHLU�ILQJHUV�SUHVVLQJ�WKH�
FRUUHVSRQGLQJ� EXWWRQ�� 7KH� �'RQXWV� JDPH�� LV� VKRZQ� LQ� )LJXUH� ����E�� ,Q� WKLV� VFHQDULR�� LW�
UHFUHDWHV�WKH�FODVVLFDO�ULQJ�VWDFNLQJ�WR\��7KH�H[HUFLVH�FRQVLVWV�LQ�VWDFNLQJ�ULQJV�GHSHQGLQJ�
RQ�WKHLU�GLDPHWHU��7KH��.H\ERDUG�JDPH��LV�VKRZQ�LQ�)LJXUH�����F��,Q�WKLV�VFHQDULR��WKHUH�LV�
D�NH\ERDUG��DQG�SDWLHQWV�FDQ�SUHVV�GLIIHUHQW�EXWWRQV�WR�ZULWH�ZRUGV�RU�SKUDVHV��7KH�WKLUG�
JDPH��FDOOHG��)LUVW�EORFNV���LV�VKRZQ�LQ�)LJXUH�����D��,Q�WKLV�FDVH��WKHUH�DUH�D�ER[�DQG�VL[�
JHRPHWULF�VKDSHV�WKDW�KDYH�WR�EH� LQVHUWHG�LQ�WKH�ER[�PDWFKLQJ�WKH�FRUUHFW�VKDSH��$W�HDFK�
PRPHQW�� LW� LV� SRVVLEOH� WR� UHWXUQ� WR� WKH� PDLQ� PHQX� DQG� TXLW� WKH� DSSOLFDWLRQ�� $OO� WKHVH�
FRPPDQGV� DUH� DFFHVVLEOH� XVLQJ� WKH� KDQGV�� :KHQ� SDWLHQWV� JUDVS� DQ� REMHFW� ZHDULQJ� WKH�
KDSWLF�JORYH��WKH\�SHUFHLYH�WDFWLOH�IHHGEDFN�WKDW�GHSHQGV�RQ�WKH�W\SH�RI�WRXFK��)RU�H[DPSOH��
LQ� WKH�NH\ERDUG� JDPH�� WKH� IHHGEDFN� LV� RQO\� SHUFHLYHG� LQ� WKH� ILQJHUSULQW��ZKLOH� WKH�ZKROH�
KDQG� LV� LQWHUHVWHG� LQ� WKH� GRQXWV� JDPH�� ,Q� WKLV� JURXS� RI� JDPHV�� LW� KDV� EHHQ� FRQVLGHUHG�
LUUHOHYDQW�WR�VXP�SRLQWV�VLQFH�LW�LV�QRW�FRQVLGHUHG�WKH�VSHHG�RI�UHDOL]DWLRQ�RI�WKH�JDPHV��EXW�
RQO\�WKH�FRUUHFW�H[HFXWLRQ��

Figure 7.44 Tactile, haptic glove scenarios (a) Box game (b) Donuts game and (c) Keyboard 

,Q�WKH�FDVH�RI�WKH�H[RVNHOHWRQ��RQO\�RQH�JDPH�KDV�EHHQ�GHYHORSHG�EHFDXVH�RI�WKH�OLPLWDWLRQV�
RI� WKH� SURWRW\SH�� ,Q� WKLV� FDVH�� WKH� JDPH� LV� IRFXVHG� RQ� WKUHH� SRVLWLRQV� WKDW� FDQ� DGRSW� WKH�
KDQG�� D� ZKROH� H[WHQGHG� KDQG�� D� ILVW�� DQG� DQ� LQWHUPHGLDWH� SRVLWLRQ� EHWZHHQ� WKHP�� 7KH�
VFHQDULR�LV�VKRZQ�LQ�)LJXUH��������
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Figure 7.45 The airplane game 

,Q� WKLV� FDVH�� SDWLHQWV� DUH� DQ� DLUSODQH� WKDW� PRYHV� WRZDUG� ULQJV� DW� D� GLIIHUHQW� KHLJKW�� 7R�
DFKLHYH�SDVV�WKURXJK�WKHVH�ULQJV��WKH\�KDYH�WR�RSHQ�WKH�KDQG�WR�PRYH�XS��FORVH�WKH�KDQG�WR�
PRYH�GRZQ��DQG�PDLQWDLQ� WKH� LQWHUPHGLDWH�SRVLWLRQ�QRW� WR�PRYH��(YHU\� WLPH�WKH\�UHDOL]H�
FRUUHFW�WKH�WDVN�VXP�SRLQWV��WKH\�FDQ�VHH�WKH�WRWDO�VFRUH�DW�WKH�HQG�RI�WKH�JDPH��$Q�DUURZ�LQ�
WKH� OHIW�RI�WKH�VFUHHQ�KHOSV�SDWLHQWV�NQRZ�WKH�QH[W�SRVLWLRQ�RI�WKH�KDQG��7KH�VSHHG�RI�WKH�
JDPH�FDQ�EH�FKDQJHG�GHSHQGLQJ�RQ�WKH�SDWLHQW
V�FRQGLWLRQV���

7KH� ODVW� JDPH� IRFXVHV� RQ� ILQH�PRWULFLW\� DQG�ZRUNV� RQ�SLQFK�PRYHPHQW�� ,Q� WKLV� VFHQDULR��
VKRZQ�LQ�)LJXUH�������LW�LV�SRVVLEOH�WR�VHH�D�SLDQR�DQG�IRXU�VSKHUHV�DERYH�LW���

Figure 7.46 The piano game 

(DFK� VSKHUH� UHSUHVHQWV� D�SLQFKLQJ�PRYHPHQW�� WKH� ILUVW� LV� WKH� WKXPE�ZLWK� WKH� LQGH[�� WKH�
VHFRQG�LV�WKH�WKXPE�ZLWK�WKH�PLGGOH�ILQJHU��WKH�WKLUG�LV�WKH�WKXPE�ZLWK�WKH�ULQJ�ILQJHU��DQG�
WKH� IRXUWK� LV� WKH� WKXPE� ZLWK� WKH� OLWWOH� ILQJHU�� :KHQ� WKH� JDPH� VWDUWV�� SDWLHQWV� KDYH� WR�
H[WHQG� WKHLU� KDQGV�� 7KHQ�� RQH� RI� WKH� VSKHUHV� WXUQV� JUHHQ�� DQG� XVHUV� UHDOL]H� WKH�
FRUUHVSRQGLQJ�PRYHPHQW�� ,I� WKH�PRYHPHQW� LV� FRUUHFW�� RQH� RI� WKH� SLDQR� NH\V� VRXQGV�� DQG�
WKH\� H[WHQG� WKH� KDQG� DJDLQ� DQG�ZDLW� IRU� WKH� QH[W� VSKHUH� WR� UHSHDW� WKH� SURFHVV�� 2Q� WKH�
FRQWUDU\��RQH�RI�WKH�SLDQR�NH\V�WXUQV�UHG��DQG�SDWLHQWV�KDYH�WR�H[WHQG�WKHLU�KDQGV�EHIRUH�
UHSHDWLQJ� WKH� SRVLWLRQ�� $OVR�� LQ� WKLV� FDVH�� XVHUV� VXP� SRLQWV� HYHU\� WLPH� WKH\� UHDOL]H� WKH�
FRUUHFW�SRVLWLRQ�GHSHQGLQJ�RQ�WKH�WLPH�WKH\�QHHG�WR�UHDOL]H�LW�FRUUHFWO\��

$OO�GDWD�DUH�VWRUHG�LQ�WKH�GDWDEDVH��VR�LW�LV�SRVVLEOH�WR�YLHZ�WKH�VFRUHV�UHODWLQJ�WR�WKH�ODVW�
WHQ� GD\V� LQ� ZKLFK� WKH� FRUUHVSRQGLQJ� H[HUFLVH� KDV� EHHQ� UHDOL]HG� WR� REVHUYH� SDWLHQW�
SURJUHVVLRQ��,W�LV�ZRUWK�PHQWLRQLQJ�WKDW�WKLV�WLPH�LQWHUYDO�KDV�EHHQ�FKRVHQ�EHFDXVH�VWXGLHV�
>���@ DIILUP� WKDW� D� UHPDUNDEOH� SURJUHVVLRQ� FDQ� EH� UHFRUGHG� LQ� WKLV� SHULRG�� IROORZLQJ� D
FRQVWDQW� URXWLQH�� (YHQ� VR�� LI� QHFHVVDU\�� LW� LV� SRVVLEOH� WR� PRGLI\� DQG� DGDSW� LW�� 7KH
UHKDELOLWDWRU�FDQ�FKRRVH�ZKLFK�UHVXOWV�WR�H[KLELW��WKRVH�FRUUHVSRQGLQJ�WR�WKH�SLDQR�JDPH�RU
WKH�DLUSODQH�JDPH�
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6.4.2 Experiments 
([SHULPHQWV�KDYH�EHHQ�UHDOL]HG�VHSDUDWHO\�IRU�HDFK�DSSOLFDWLRQ��

6.4.2.1 Experiments only with virtual reality 
,Q� WKH� ILUVW�SKDVH�� WKH� ODVW� WZR�JDPHV�KDYH�EHHQ� WHVWHG�ZLWKRXW�DQ\�GHYLFH� �)LJXUH�������
VLQFH�WKH\�UHSUHVHQW�FODVVLFDO�H[HUFLVH�UHDOL]HG�E\�SRVW�VWURNH�SDWLHQWV��6R�WKH�LGHD�ZDV�WR�
WHVW� LI� WKH\� ZRUNHG� FRUUHFWO\� DQG� LI� XVHUV� FRXOG� UHJLVWHU� DQG� XVH� WKH� SODWIRUP� ZLWKRXW�
SUREOHPV���

Figure 7.47 Virtual Reality Experiments 

,Q�RUGHU�WR�VWDQGDUGL]H�WKH�H[SHULPHQWV��HDFK�VXEMHFW�SHUIRUPV�RQO\�WHQ�DFWLRQV�DQG�UHSHDWV�
WKH�JDPH�WKUHH�WLPHV�WR�REVHUYH�WKH�SURJUHVVLRQ�WKDW�LW�SUHVHQWV�DV�LW�EHFRPHV�IDPLOLDU�ZLWK�
WKH�DSSOLFDWLRQ��$V�LW�ZDV�QRW�SRVVLEOH�WR�FRXQW�RQ�SDWLHQWV��KHDOWK�VXEMHFWV�FDUULHG�RXW�WKH�
WHVWV�ZLWK�WKH�QRQ�GRPLQDQW�KDQG�LQ�RUGHU�WR�UHGXFH�DV�PXFK�DV�SRVVLEOH�WKH�FRQWURO�WKH\�
KDYH�RYHU�LW�ZKHQ�SHUIRUPLQJ�WKH�H[HUFLVHV��$OO�VXEMHFWV�KDYH�UHDOL]HG�D�SUHYLRXV�WUDLQLQJ�
SKDVH��

7KH� WHVWV�KDYH� EHHQ� FDUULHG� RXW� E\� ���SHRSOH� RI� GLIIHUHQW� JHQGHUV� ���ZRPHQ�DQG���PHQ���
DJHV��EHWZHHQ����DQG����\HDUV���(DFK�RI�WKH�WHQ�YROXQWHHUV�ZDV�VXEMHFWHG�WR�WZR�WHVWV��WKH�
SLDQR� DQG� WKH� DLUSODQH�� ,QIRUPDWLRQ� KDV� EHHQ� FROOHFWHG� WR� FDOFXODWH� D� VFRUH� ODWHU� DQG�
GHWHUPLQH�WKH�SHUIRUPDQFH�DQG�SURJUHVV�DFKLHYHG��

,Q�WKH�SLDQR�WHVW��WKH�VFRUH�REWDLQHG�KDV�EHHQ�FDOFXODWHG�FRQVLGHULQJ�WKH�FXUUHQW�WLPH��WKH�
WLPH� LW� WDNHV� WKH�SDWLHQW� WR�SHUIRUP�WKH�PRYHPHQW�FRUUHFWO\��� WKH�DFFXPXODWHG�VFRUH��DQG�
WKH�QXPEHU�RI�PRYHPHQWV�FRPSOHWHG�FRUUHFWO\��7KH�UHVXOWV�RI�WKH�SLDQR�JDPH�DUH�VKRZQ�LQ�
WKH�IROORZLQJ�7DEOH�����

Table 7.6 Score Piano Game 
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5HVXOWV�VKRZ�D�OHDUQLQJ�FXUYH�H[SHULHQFHG�E\�PRVW�RI�WKH�YROXQWHHUV��7KH�DYHUDJH�VFRUH�RI�
WKH� ODVW� WHVW� LV� PXFK� KLJKHU� WKDQ� WKDW� RI� WKH� ILUVW�� ,W� LV� DOVR� UHIOHFWHG� LQ� WKH� VWDQGDUG�
GHYLDWLRQ�� ZKLFK� LV� YHU\� KLJK� LQ� WKH� ILUVW� WZR� WHVWV�� ZKLOH� LQ� WKH� ODVW� RQH�� LW� GHFUHDVHV�
QRWDEO\��7KXV��WKH�UHVXOW�REWDLQHG�GHSHQGV�RQ�WKH�SDWLHQW·V�VNLOOV�� WKH�IOXHQF\�DFKLHYHG�LQ�
WUDLQLQJ�SULRU��DQG�WKH�FRQWUROOHU
V�HIIHFWLYHQHVV�LQ�UHFRJQL]LQJ�JHVWXUHV��7KHVH�GLIIHUHQFHV�
GLPLQLVK�DV�WKH�XVHU�EHFRPHV�PRUH�IDPLOLDU�ZLWK�WKH�JDPH�DQG�ZLWK�WKH�VHQVRU��

,Q� WKH� DLUSODQH� WHVW�� WKH� VFRUH� REWDLQHG�KDV� EHHQ� WDNHQ� LQWR� DFFRXQW� E\� WKH� DFFXPXODWHG�
VFRUH��DQG�WKH�QXPEHU�RI�ULQJV�H[FHHGHG��

7KH�UHVXOWV�RI�WKH�DLUSODQH�JDPH�DUH�VKRZQ�LQ�WKH�IROORZLQJ�7DEOH������$OVR��LQ�WKLV�FDVH��LW�
LV�SRVVLEOH�WR�DSSUHFLDWH�WKH�OHDUQLQJ�FXUYH�H[SHULHQFHG�E\�XVHUV��7KH�VFRUHV�DUH�KLJKHU�DV�
WKH�QXPEHU�RI�WHVWV�FDUULHG�RXW�LQFUHDVHV���

Table 7.7 Score Airplane Game 

$W� WKH� HQG� RI� WKH� WHVWV�� HDFK� RI� WKH� YROXQWHHUV� KDV� ILOOHG� RXW� D� IRUP�� 7KH\� DUH� DVNHG� WR�
DQVZHU� D� VHULHV� RI� TXHVWLRQV� DERXW� JHQHUDO� DVSHFWV� RI� WKH� DSSOLFDWLRQ�� HYDOXDWLRQ� RI� WKH�
JDPHV��HYDOXDWLRQ�RI�WKH�LQWHUIDFH��5HVXOWV�DUH�SUHVHQWHG�LQ�WKH�IROORZLQJ�7DEOHV��

Table 7.8 Results concerning general aspects (1-Low, 10-High) 

Mental 
Demand 

Physical 
Demand 

Temporal 
Demand Effort Performance Frustration 

�� �� �� �� �� �� ��
�� ��� �� ��� �� �� ��
�� �� �� �� �� �� ��
�� �� �� �� �� �� ��
�� �� �� �� �� �� ��
�� �� �� �� �� �� ��
�� �� �� �� �� ��� ��
�� �� �� �� �� �� ��
�� �� �� �� �� �� ��
��� �� �� �� �� �� ��
$YJ�� ���� ���� ���� ���� ���� ����
ǔ� ����� ����� ����� ����� ����� �����
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7KH� VWDQGDUG� GHYLDWLRQV� RI� PRVW� RI� WKH� ILHOGV� LQGLFDWH� WKDW� WKH� UHVXOWV� REWDLQHG� LQ� WKLV�
VHFWLRQ�DUH�YHU\�GLVSHUVHG��IURP�ZKLFK�LW�IROORZV�WKDW�LW�GHSHQGV�RQ�WKH�H[SHULHQFH�OLYHG�E\�
HDFK�RQH��,W�FDQ�EH�DWWULEXWHG�WR�WKH�JHVWXUH�UHFRJQLWLRQ�SURFHVV�SULRU�WR�WKH�WHVWV��LQ�ZKLFK�
WKH�WLPH�GLIIHUHQFH�UHTXLUHG�EHWZHHQ�VXEMHFWV�ZDV�FRQVLGHUDEOH��

&RQFHUQLQJ�JDPHV�HYDOXDWLRQ��RSLQLRQV�UHJDUGLQJ�ERWK�JDPHV�DUH�YHU\�SRVLWLYH���� ��7RWDOO\�
GLVDJUHH���� ��6WURQJO\�DJUHH���DV� VKRZQ� LQ�)LJXUH�������7KH�$LUSODQH�*DPH�UHVXOWV�HDVLHU�
DQG�WKH�PRVW�HQWHUWDLQLQJ�RI�WKH�WZR�JDPHV��)LJXUH���������

Figure 7.48 Games evaluation 

Figure 7.49 Comparison between the two games 

)LQDOO\��FRQFHUQLQJ�WKH�LQWHUIDFH��YROXQWHHUV�FRQVLGHU�LW�XVHU�IULHQGO\��$YJ��������

6.4.2.2 Experiments with soft glove exoskeleton 
$V�LQ�WKH�SUHYLRXV�H[SHULPHQWV�� WHQ�KHDOWK\�YROXQWHHUV�KDYH�UHDOL]HG�WKH�WHVWV��,W� LPSOLHV�
WKDW� WKH\� GR� QRW� SUHVHQW� ULJLGLW\� LQ� KDQG�� 7KXV�� WKH� SDUWLFLSDQWV� LQ� DOO� WKH� WHVWV� ZHUH�
LQVWUXFWHG�WR�VWDUW�ZLWK�WKH�KDQG�LQ�D�IOH[HG�SRVLWLRQ��FORVHG��EXW�OHDYLQJ�LW�TXLWH�UHOD[HG�WR�
JHQHUDWH�WKH�RSHQLQJ�PRYHPHQW�DQG�REWDLQ�YDOLG�WHVWV��
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7KH�VWLIIQHVV�RI�WKH�VWURNH�VXUYLYRUV�ZRXOG�SHUIRUP�WKH�FORVLQJ�PRYHPHQW�LQ�SDWLHQWV��6R��WR�
VLPXODWH�LW��XVHUV�ZHUH�WROG�WKDW��RQFH�WKH�RSHQLQJ�PRYHPHQW�RI�WKH�KDQG�KDG�EHHQ�FDUULHG�
RXW�DQG�WKH�JORYH�ZDV�GHDFWLYDWHG��WKH\�FRXOG�H[HUW�WKHLU�IRUFH�WR�PDNH�WKH�JULSV�RU�FORVXUHV�
RI�WKH�KDQG���

2QO\�IRXU�RI�WKH�WHQ�YROXQWHHUV�FRXOG�FDUU\�RXW�WKH�YLUWXDO�UHDOLW\�WHVWV��WKH�RWKHU�ILYH�RQO\�
SHUIRUPHG�EDVLF�H[HUFLVHV��

7KH� EDVLF� H[HUFLVHV� FRQVLVWHG� RI� JORYH�DVVLVWHG� JULS� H[HUFLVHV�� 7KH� DLP� ZDV� WR� FKHFN� WKH�
EDVLF�IXQFWLRQDOLW\�RI�WKH�JORYH��WKDW�LV��WR�DOORZ�WKH�XVHU�WR�FDUU\�RXW�VLPSOH�WDVNV�WKDW�PD\�
DSSHDU�RQ�D�GD\�WR�GD\�EDVLV��)XUWKHUPRUH��LW�ZDV�GHVLUHG�WR�GHPRQVWUDWH�WKH�YHUVDWLOLW\�RI�
WKH�JULS�DFKLHYHG��SURSRVLQJ�WZR�GLIIHUHQW�REMHFW�PRUSKRORJLHV�� LQ�WKH�ILUVW�FDVH��WKH�XVHUV�
KDG�WR�JULS�D�VSKHULFDO�VKDSH��)LJXUH��������ZKLFK�UHTXLUHV�D�UHDVRQDEO\�ZLGH�KDQG�RSHQLQJ��
DQG� LQ� D� VHFRQG� FDVH�� WKH� REMHFW� XVHG� ZDV� LQ� WKH� VKDSH� RI� D� WRUXV� �)LJXUH� ������� ZKLFK�
UHTXLUHG�JUHDWHU�JULSSLQJ�SUHFLVLRQ��

Figure 7.50 Basic exercise with soft exoskeleton (a) Extension of the fingers (b) Gripping task 

7KH� XVHU� EHJLQV� ZLWK� WKH� KDQG� FORVHG�� LQ� D� IOH[HG� SRVLWLRQ�� UHFUHDWLQJ� DQG� SRVVLEO\� WKH�
LQLWLDO�SRVLWLRQ�RI�WKH�KDQG�RI�VWURNH�SDWLHQWV��7KH�XVHU�VHQGV�DQ�RSHQLQJ�VWDUW�VLJQDO�XVLQJ�
WKH�(0*�VHQVRU�SODFHG�LQ�WKH�KHDOWK\�KDQG��:KHQ�WKH�FRPSUHVVLRQ�RI�WKH�VSULQJV�EHJLQV��
WKH�RSHQLQJ�PRYHPHQW�RI�WKH�KDQG�RFFXUV��

2QFH�WKH�SURSHU�RSHQLQJ�IRU�JUDVSLQJ�WKH�REMHFW�KDV�EHHQ�DFKLHYHG��WKH�XVHU�GHDFWLYDWHV�WKH�
JORYH�WR�FORVH�WKH�KDQG�DURXQG�WKH�REMHFW��PDNLQJ�WKH�JULS��8SRQ�FRPSOHWLRQ�RI�WKH�JULS��WKH�
XVHU�SHUIRUPV�D�PRYHPHQW�RI�WKH�REMHFW�WR�DQRWKHU�SRLQW��7KDQNV�WR�WKH�FRPSDFW�GHVLJQ�RI�
WKH�SURWRW\SH�� WKH�XVHU�KDV�FRPSOHWH�PRELOLW\�DQG�FDQ�FKDQJH� WKH�REMHFW�SRVLWLRQ�ZLWKRXW�
DQ\�LPSHGLPHQW�GXH�WR�HOHFWURQLFV��

2QFH�WKH�REMHFW�LV�GHSRVLWHG�DW�WKH�ILQDO�SRLQW��WKH�XVHU�DFWLYDWHV�WKH�JORYH�DJDLQ�WR�SHUIRUP�
WKH�RSHQLQJ�PRYHPHQW�DQG� UHOHDVH� WKH�REMHFW��2QFH� WKLV� LV�GRQH�� WKH�H[HUFLVH� LV� ILQLVKHG��
7KLV�SURFHGXUH�LV�FDUULHG�RXW�VLPLODUO\�IRU�ERWK�PRUSKRORJLHV��

D�� E��
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Figure 7.51 Basic exercise with the torus shape 

2QFH� WKH� EDVLF� IXQFWLRQDOLW\� RI� WKH� SURWRW\SH� KDG� EHHQ� WHVWHG�� D� VHFRQG� H[SHULPHQW� ZDV�
FDUULHG�RXW�WR�HYDOXDWH�WKH�IHDVLELOLW\�RI�XVLQJ�LW�LQ�YLUWXDO�UHDOLW\�H[SHULHQFHV���

7KH�SURSRVHG�YLUWXDO�UHDOLW\�JDPH�LV�WKH�$LUSODQH�JDPH�SUHYLRXVO\�H[SODLQHG��)LJXUH��������
7KH�JDPH�VRIWZDUH�ZDV�PRGLILHG� WR�VORZ�LWV�VSHHG��DGDSWLQJ�LWVHOI�WR�WKH�JORYH
V�DFWXDWLRQ�
VSHHG��

Figure 7.52 Soft glove exoskeleton tested with virtual reality 

8VHUV�UHDOL]H�WKH�PRYHPHQWV�UHTXLUHG�E\�WKH�JDPH�ZLWK�WKH�KHOS�RI�WKH�JORYH��DFWLYDWLQJ�WKH�
JORYH�WR�FOLPE�DQG�GHDFWLYDWLQJ�LW�WR�GHVFHQG���

,Q�)LJXUH�������WKH�XVHU
V�SHUVSHFWLYH�RQ�ZKR�SHUIRUPV�WKH�WHVWV��7KH�JDPH�WKDW�WKH�XVHU�LV�
ZDWFKLQJ�LQ�WKH�+7&�9LYH�ZKLOH�SHUIRUPLQJ�WKH�WHVWV�LV�REVHUYHG�RQ�WKH�ULJKW�VFUHHQ��ZKLOH�
RQ�WKH�OHIW�VFUHHQ�LV�WKH�JUDSKLF�UHSUHVHQWDWLRQ�RI�WKH�VLJQDOV�UHFHLYHG�E\�WKH�(0*�VHQVRU��
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Figure 7.53 User·s perspective. The screen on the left shows the EMG signal while the screen on the right 
the VR game. 

$W�WKH�HQG�RI�HDFK�WHVW��XVHUV�ZHUH�VHQW�D�VXUYH\�WR�DVVHVV�WKH�H[SHULPHQWV�FDUULHG�RXW�DQG�
WKH�JORYH
V�IXQFWLRQ��9ROXQWHHUV�DUH�DGXOWV�EHWZHHQ�WKH�DJHV�RI����DQG����ZLWKRXW�SUHYLRXV�
H[SHULHQFHV�UHODWHG�WR�DVVLVWHG�URERWLFV�DQG�YLUWXDO�UHDOLW\��

3ULQFLSDO�TXHVWLRQV�DQG�WKHLU�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH�������

Figure 7.54 General aspects of the experience, as before (1 - Totally disagree, 2 - Strongly agree) 

7KH� ILUVW� TXHVWLRQV� LQ� WKH� VXUYH\� IRFXVHG� RQ� WKH� XVHU
V� SHUVSHFWLYH� RQ� WKH� FRUUHFW�
IXQFWLRQLQJ�RI�WKH�JORYH��WKH�HDVH�RI�FDUU\LQJ�RXW�WKH�H[SHULPHQWV
�WDVNV��DQG�WKH�SURWRW\SH
V�
FRQWUROODELOLW\�� ����� RI� WKH� SDUWLFLSDQWV� UDWH� WKH� SURWRW\SH� ZLWK� D� VFRUH� JUHDWHU� WKDQ� RU�
HTXDO� WR� �� RXW� RI� ���SRLQWV�� 7KXV�� LW� LV� SRVVLEOH� WR� FRQFOXGH� WKDW� WKH�SURWRW\SH�PHHWV� WKH�
GHVLUHG�VSHFLILFDWLRQV��$PRQJ�WKHVH�DVSHFWV��WKH�HDVH�FRQWURO�JORYH�VWDQGV�RXW��REWDLQLQJ�D�
VFRUH� JUHDWHU� WKDQ� �� SRLQWV� RXW� RI� ��� E\� DOO� WKH� SDUWLFLSDQWV�� 5HJDUGLQJ� WKH� JORYH
V�
IXQFWLRQDOLW\��DOO�UHVSRQGHQWV�FODLP�WR�KDYH�VROYHG�DOO�WKH�WDVNV�VHW�RXW�LQ�WKH�H[SHULPHQWV��

5HJDUGLQJ�WKH�VXSSRUW�RIIHUHG�E\�WKH�ZULVWEDQG��XVHUV�FRQVLGHU�WKDW�LW�LV�FRUUHFWO\�KROGLQJ�
WKH�KDQG�DQG�LV�DGMXVWHG�WR�LW���
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$QRWKHU� DVSHFW� DQDO\]HG�ZDV� WKH� FRPIRUW� RI� WKH� XVHU�� 7KH�PDLQ� IDFWRUV�ZHUH� WKH� FRUUHFW�
GLVWULEXWLRQ�RI� IRUFHV� WKURXJK�WKH�FDEOH�JXLGDQFH�V\VWHP�DQG�WKH�DFWXDWRUV
�KHDWLQJ�ZKHQ�
DFWLYDWHG��2QO\�D�SDUWLFLSDQW�FRPSODLQHG�DERXW�LW��

,Q�WKH�TXHVWLRQV�UHIHUULQJ�WR�YLUWXDO�UHDOLW\��WKH�DLP�ZDV�WR�DQDO\]H�WKH�UHVXOWV�REWDLQHG�E\�
WKH� XVHUV� LQ� WKH� JDPH� DQG� WKHLU� JHQHUDO� RSLQLRQ� DERXW� WKH� H[SHULHQFH�� 0RVW� RI� WKH�
SDUWLFLSDQWV�ZKR�SHUIRUPHG�WKLV�H[SHULPHQWDO�SDUW�REWDLQHG�JRRG�UHVXOWV�LQ�WKH�JDPH�DQG�
YDOXHG� WKH� HQWHUWDLQPHQW� RI� VDLG� H[SHULHQFH� ZLWK� KLJK� VFRUHV�� ,Q� DGGLWLRQ� WR� WKLV�� WKH�
GLIILFXOW\�FXUYH�RI�WKHVH�WHVWV�LV�FRQVLGHUHG�DGHTXDWH�IRU�QRYLFH�XVHUV��

6.4.2.3 Experiments with tactile, haptic gloves 
7ZR�WHVWV�KDYH�EHHQ�UHDOL]HG�ZLWK����SHRSOH��WKH�ILUVW�ZLWKRXW�95�DQG�WKH�VHFRQG�ZLWK�95��
7KH�WHVWV�ZLWKRXW�95�KDYH�EHHQ�GRQH�ZLWK�WKH�$UGXLQR�FRGHV�GHVFULEHG�DERYH��

,Q� WKLV� FDVH�� WKH� VFHQDULRV� HPSOR\HG� ZHUH� WKH� %R[� JDPH�� WKH� 'RQXWV� JDPH�� DQG� WKH�
NH\ERDUG���

7KH� WHVW� ZLWKRXW� 95� UHDOL]HG� ZLWK� WKH� YLEURWDFWLOH� JORYH� FRQVLVWHG� RI� DQ� LQLWLDO� SKDVH� RI�
FDOLEUDWLRQ� LQ� ZKLFK� WKH� XVHU� DGMXVWHG� WKH� OHYHO� RI� YLEUDWLRQ� EHWZHHQ� WKH� SDOP� DQG� WKH�
ILQJHUV� XQWLO� LW�ZDV� DV� EDODQFHG� DV� SRVVLEOH�� ,Q� D� VHFRQG� SKDVH�� WKH� XVHU�ZRXOG� EH� JLYHQ�
VRPH�REMHFWV��D�WHQQLV�EDOO�DQG�D�SODVWLF�WRUXV��WR�KROG�ZLWK�WKH�RWKHU�KDQG��0HDQZKLOH��KH�
ZRXOG� EH� LQVWUXFWHG� WR� VORZO\� SXW� WKH� JORYH� KDQG� RQ� LQ� WKH� VDPH� ZD\� ZKLOH� VXSSO\LQJ�
YLEUDWLRQ�DW�WKH�DSSURSULDWH�WLPH��

/DWHU��SUHYLRXV�WUDLQLQJ�ZLWK�WKH�YLUWXDO�UHDOLW\�H[SHULHQFH�ZRXOG�EH�GRQH�ZLWKRXW�WKH�JORYH�
WR� DOORZ� XVHUV� WR� FRPSDUH� WKH� WZR� H[SHULHQFHV� DQG�PDNH� WKH� LQWHUIDFH� PRUH� IDPLOLDU� WR�
WKHP��7KHQ��WKH�VDPH�WHVW�ZRXOG�EH�GRQH�ZLWK�95�EXW�ZLWK�WKH�JORYH�RQ��)LJXUH��������

Figure 7.55 Experiments with the vibrotactile glove and VR 

$IWHU�WKLV��XVHUV�UHSHDW�WKH�VDPH�ZLWK�WKH�60$�KDSWLF�JORYH��+RZHYHU��LW�ZDV�QRW�SRVVLEOH�
WR� WHVW� WKLV� VHFRQG� GHYLFH� ZLWK� YLUWXDO� UHDOLW\� GXH� WR� /HDS� 0RWLRQ� SUREOHPV� FRUUHFWO\�
GHWHFWLQJ� WKH� KDQG�ZLWK� WKH� JORYH�� $� IDLOXUH� RI� WKLV� W\SH� ZRXOG� VLJQLILFDQWO\� ZRUVHQ� WKH�
H[SHULHQFH� VLQFH� WKH� 60$�ZRXOG� UHFHLYH� FRQWUDGLFWRU\�PHVVDJHV�� DQG� LWV� VORZHU� UHVSRQVH�
PHDQV�WKDW�LW�FDQQRW�SURFHVV�DOO�RI�WKHP�DQG�ZRXOG�HQG�XS�JLYLQJ�WKH�ZURQJ�DQVZHU��

:LWK�VRPH�YROXQWHHUV��DQ�DGGLWLRQDO�WHVW�LQ�ZKLFK�WKH\�ZRXOG�KDYH�WKH�SDOP�SODWIRUP�RI�WKH�
YLEURWDFWLOH�JORYH�SODFHG�WRJHWKHU�ZLWK�WKH�60$�KDSWLF�JORYH��
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)LQDOO\��D�VXUYH\�ZRXOG�EH�FRQGXFWHG�WR�HYDOXDWH�WKH�H[SHULHQFH��

5HVXOWV�RI�WKHVH�ODVW�H[SHULPHQWV�DUH�VKRZQ�LQ�WKH�IROORZLQJ�)LJXUH�������

Figure 7.56 Comparison between the two haptic devices from the point of view of usability. 

7KH�YLEURWDFWLOH�SURWRW\SH�LV�WKH�HDVLHVW�WR�SXW�DQG�WKH�PRVW�FRPIRUWDEOH�WR�ZHDU��+RZHYHU��
WKH� 60$�KDSWLF� JORYH� SUHVHQWV� D� EHWWHU� KDQG� DGDSWDWLRQ� DQG� SURYLGHV� D� EHWWHU� KDSWLF�
VHQVDWLRQ�ZLWK�95��

7KH� JOREDO� H[SHULHQFH� LPSURYHV� ZKHQ� WKH� 60$�KDSWLF� JORYH� LV� FRPELQHG� ZLWK� WKH�
YLEURWDFWLOH�SDOP���

&RQFHUQLQJ� WKH� H[SHULHQFH� ZLWK� WKH� YLEURWDFWLOH� JORYH� DQG� 95�� WKH� UHVXOWV� KDYH� EHHQ�
VLJQLILFDQWO\�JRRG��9ROXQWHHUV�EHOLHYH�WKDW�WKH�JORYH�LPSURYHV�WKH�YLUWXDO�UHDOLW\�H[SHULHQFH�
������DYHUDJH�VFRUH���2QO\�RQH�YROXQWHHU�KDV�QRW�DJUHHG�ZLWK�WKLV��ZLWK�D�VFRUH�RI������

7KH�JDPH�WKDW��ZLWK�WKH�JORYH��JDYH�WKH�EHVW�KDSWLF�IHHGEDFN�ZDV�WKH�'RQXWV�JDPH��)LJXUH�
�������

Figure 7.57 VR game that provides the best haptic sensation 
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6.5 Discussion 
7KH�ZHDUDEOH� VRIW� GHYLFHV� GHYHORSHG� LQ� WKLV� ZRUN� VKRZ� KRZ� VRIW� VROXWLRQV� DOORZ� D� PRUH�
FRPIRUWDEOH� DQG� QDWXUDO� H[SHULHQFH� WKDQ� FRQYHQWLRQDO� GHYLFHV�� 7KH\� DUH� OLJKWZHLJKW� DQG�
DGDSW�EHWWHU�WR�WKH�KDQG��%RWK�KDSWLF�GHYLFHV�DQG�H[RVNHOHWRQ�EHQHILW�IURP�WKH�XVH�RI�VRIW�
PDWHULDOV�DQG�DFWXDWRUV��,Q�WKH�GLIIHUHQW�WHVWV�UHDOL]HG��LW�KDV�EHHQ�SRVVLEOH�WR�REVHUYH�WKH�
SRVLWLYH� DWWLWXGH� RI� YROXQWHHUV� WRZDUGV� WKH� SRVVLELOLW\� RI� WU\LQJ� WKHVH� GHYLFHV� VLQFH� WKH\�
ZHUH�JHQHUDOO\� OLJKW�DQG�GLG�QRW�JHQHUDWH�GLVFRPIRUW��)RU� WKLV�UHDVRQ�� WKH�ROGHU�SHRSOH� WR�
ZKRP�WKH\�FDQ�EH�PDLQO\�GLUHFWHG�PD\�HYHQ�IHHO�PRUH�FRPIRUWDEOH�LQ�IURQW�RI�WKHVH�GHYLFHV�
WKDW�DUH�QRW�DV�EXON\�DV�WKH�FRQYHQWLRQDO�RQHV���

7KH� LVVXH� RI�ZHLJKW� WKHQ� EHFRPHV� FULWLFDO� LQ� WKH� FDVH� RI� H[RVNHOHWRQV� VLQFH� SDWLHQWV�ZKR�
KDYH� WR� XVH� WKHP� PD\� KDYH� PXVFOH� ZHDNQHVV� WKDW� SUHYHQWV� WKHP� IURP� FDUU\LQJ� PXFK�
ZHLJKW��'HVNWRS�GHYLFHV�DUH�XVHG�LQ�PDQ\�FDVHV�WR�DYRLG�WKLV�SUREOHP��EXW�WKHVH�KDYH�WKH�
GLVDGYDQWDJH� RI� EHLQJ� IL[HG� DQG� QRW� DOORZLQJ� WKH� SDWLHQW� PXFK� IUHHGRP� RI� PRYHPHQW��
)XUWKHUPRUH��WKHVH�GHYLFHV�FDQ�KDUGO\�EH�XVHG�E\�WKH�SDWLHQW�DW�KRPH���

7KH�IXWXUH�RI�ZHDUDEOH�GHYLFHV�LV�XQGRXEWHGO\�LQ�VRIW�URERWLFV�EHFDXVH�PRUH�DQG�PRUH�XVHUV�
QHHG� GHYLFHV� WKDW� DUH� FRPIRUWDEOH� WR� ZHDU� DQG� GR� QRW� WLUH� RXW� WKH� H[WUHPLWLHV� WKDW� KROG�
WKHP��60$�DFWXDWRUV�KDYH�SURYHQ�WR�KDYH�SRWHQWLDO�LQ�WKLV�ILHOG��DQG�DOWKRXJK�WKH\�SUHVHQW�
VRPH�GLVDGYDQWDJHV��WKH\�VLJQLILFDQWO\�UHGXFH�ZHLJKW�DQG�EXON���

7KH�SRVVLELOLW\�RI�XVLQJ� WKHVH�GHYLFHV�ZLWK�YLUWXDO�UHDOLW\�KDV�EHFRPH�DQ�DOPRVW�HVVHQWLDO�
IHDWXUH�RI�WKHP�VLQFH�LW�DOORZV�WR�LPSURYH�WKH�RYHUDOO�H[SHULHQFH��$OO�WKH�DSSDUDWXV�VKRZQ�
LQ� WKLV� FKDSWHU� FDQ� EH� HQKDQFHG� E\� IXUWKHU� OLJKWHQLQJ� WKH� VWUXFWXUHV� DW� VSHFLILF� SRLQWV��
PLQLDWXUL]LQJ�WKH�HOHFWURQLFV��DQG�SRVLWLRQLQJ�LW�DW�WKH�ZDLVW�WR�UHGXFH�SRWHQWLDO�GLVFRPIRUW�
DQG�DOORZ�XVHUV�HYHQ�PRUH�IUHHGRP�RI�PRYHPHQW���

)LQDOO\�� LW� LV�LPSRUWDQW�WR�WDNH�LQWR�DFFRXQW�WKH�ORZ�FRVW�RI�UHDOL]DWLRQ�RI�WKHVH�GHYLFHV�� ,W�
DOORZV� WKHP� WR� EH� DFFHVVLEOH� E\� PDQ\� PRUH� SHRSOH� WKDQ� FDQ� FXUUHQWO\� EHQHILW� IURP�
UHKDELOLWDWLRQ� GHYLFHV�� $FFRUGLQJ� WR� D� UHFHQW� VWXG\�� RQO\� ���� RI� SRVW�VWURNH� SDWLHQWV� LQ�
6SDLQ�FRXOG�DFFHVV�WKH�UHFRPPHQGHG�FRPSUHKHQVLYH�UHKDELOLWDWLRQ��7ZR�SUHGLFWRU�YDULDEOHV�
VLJQLILFDQWO\� LQIOXHQFHG� WKLV� QXPEHU�� WKH� UHVLGHQFH� LQ� DQ� XUEDQ� HQYLURQPHQW� DQG� WKH�
SRVVLELOLW\� RI� FRPSOHPHQWLQJ�SULYDWH� UHKDELOLWDWLRQ� >���@�� ,W� LV�GXH� WR�D� ODFN�RI� VWUXFWXUHV�
WKDW� FDQ� DFFRPPRGDWH� DQG� WUHDW� WKHVH� SHRSOH� IRU� PRQWKV�� ZKLFK� LV� ZK\� LW� LV� DOVR� YHU\�
LQWHUHVWLQJ� WKDW� WKHVH� GHYLFHV� FDQ� EH� WDNHQ� KRPH� DQG� XVHG� LQGHSHQGHQWO\�� ZKLOH� WKH�
WKHUDSLVW�FDQ�UHPRWHO\�DFFHVV�GDWD�DQG�FKHFN�WKH�SDWLHQWV·�SURJUHVV��0RUHRYHU��SDWLHQWV�DUH�
PRUH�OLNHO\�WR�XVH�D�GHYLFH�ZKHQ�LW�LV�HDV\�WR�XVH��SXW�RQ��GRHV�QRW�JHQHUDWH�GLVFRPIRUW��DQG�
LV�HQWHUWDLQLQJ�WKDQNV�WR�DFWLYLWLHV�ZLWK�YLUWXDO�UHDOLW\��
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��We judge ourselves by what we feel capable of doing,�
while others judge us by what we have already done." 

+HQU\�:DGVZRUWK�/RQJIHOORZ�

7KLV�VHFWLRQ�ZLOO�VXPPDUL]H�WKH�SUHVHQW�ZRUN
V�PDLQ�FRQWULEXWLRQV��FRQFOXVLRQV��DQG�IXWXUH�
UHVHDUFK�OLQHV��

8. Conclusions
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8.1 Conclusions 
7KLV�ZRUN�VWDUWHG�ZLWK�DQ�XSGDWHG�FRQWH[WXDOL]DWLRQ� WR�EHWWHU�XQGHUVWDQG�WKH�FKDOOHQJHV�
HQFRXQWHUHG� LQ� GHYHORSLQJ�� PRGHOLQJ�� DQG� FRQWUROOLQJ� WKH� GLIIHUHQW� SURWRW\SHV� SUHVHQWHG��
0RUHRYHU�� VRIW� URERWV� KDYH� EHHQ� GLYLGHG� LQWR� IRXU� JURXSV�� ELR�LQVSLUHG�� PDQLSXODWRUV��
JULSSHUV��DQG�ZHDUDEOHV���

'LIIHUHQW�SURWRW\SHV�KDYH�EHHQ�UHDOL]HG�IRU�HDFK�JURXS��SURSRVLQJ�QHZ�GHVLJQV��PRGHOLQJV��
RU� FRQWURO� GHSHQGLQJ� RQ� WKH� SURWRW\SHV�� 60$V� DFWXDWRUV� KDYH� EHHQ� HPSOR\HG� LQ� WKH�
PDMRULW\�RI�WKH�FDVH��6RPH�60$�VSULQJV�KDYH�EHHQ�PDQXIDFWXUHG��ZKLOH�RWKHUV�KDYH�EHHQ�
GLUHFWO\�DFTXLUHG�DIWHU�)(0�VLPXODWLRQV��

)RU�ELR�LQVSLUHG�VRIW�URERWV��D�VWDUILVK�DQG�D�MHOO\ILVK�KDYH�EHHQ�UHDOL]HG��7ZR�GLIIHUHQW�VRIW�
FRQWLQXRXV�PDQLSXODWRUV�KDYH�EHHQ�GHVLJQHG�DQG�EXLOW��.\PD�DQG�5XᐻQ��)RU�VRIW�JULSSHUV��
IRXU�W\SHV�RI�WKHP�KDYH�EHHQ�GHYHORSHG��)LQDOO\��WZR�W\SHV�RI�H[RVNHOHWRQV�DQG�WZR�W\SHV�RI�
KDSWLF�JORYHV�KDYH�EHHQ�PDQXIDFWXUHG�IRU�ZHDUDEOH�VRIW�URERWV���)LJXUH�������

$OO�WKHVH�SURWRW\SHV�KDYH�EHHQ�WHVWHG�WR�YHULI\�WKHLU�SURSHU�IXQFWLRQLQJ��'LIIHUHQW�VWUDWHJLHV�
KDYH�EHHQ�DSSOLHG�WR�FRQWURO�DQG�PRGHO�WKHP��

0RUHRYHU�� YLUWXDO� UHDOLW\� KDV� EHHQ� LQWHJUDWHG� LQWR� VRPH� RI� WKHVH� GHYLFHV�� WR� UHDOL]H�
WHOHRSHUDWLRQ� WDVNV��DV� LQ� WKH� FDVH�RI�.\PD�� RU� WR� LPSURYH� WKH�XVHU� H[SHULHQFH��DV� LQ� WKH�
FDVH�RI�ZHDUDEOH�GHYLFHV���

Figure 8.1 The different prototypes of soft robots developed. Soft Manipulators: Aeruca Robot [462], 
Kyma, and Ruؕn. Wearable soft robots: haptic force glove [406], haptic tactile glove, and exoskeletons. 

Soft grippers [368] Bio-inspired soft robots: the starfish Asforb, JellyRobcib [16], and soft plant. 
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8.2 Contributions 
7KH�PDLQ�FRQWULEXWLRQV�RI�WKLV�WKHVLV�WR�VWDWH�RI�WKH�DUW�DUH�WKH�IROORZLQJ��

Contributions 

State-of-the-art 

3URSRVDO� RI� D� QHZ� GLYLVLRQ� EHWZHHQ� VRIW� URERWV� DQG�
FRQYHQWLRQDO�URERWV�
3URSRVDO� RI� D� QHZ� GLYLVLRQ� RI� VRIW� URERWV� LQ� IRXU� DSSOLFDWLRQ�
JURXSV��

Bio-inspired soft robots 

$V� IDU� DV� ZH� NQRZ�� WKH� GHYHORSPHQW� RI� WKH� ILUVW� VRIW� URERWLF�
MHOO\ILVK� DFWXDWHG� ZLWK� 60$V� VSULQJV� DEOH� WR� PRYH� ERWK�
YHUWLFDOO\�DQG�ODWHUDOO\��
'HVLJQ�DQG�FRQVWUXFWLRQ�RI�D�VRIW�URERWLF�VWDUILVK�DFWXDWHG�ZLWK�
60$���
&RQFHSW�DQG�SURSRVDO�GHVLJQ�RI�D�VRIW�URERWLF�FOLPELQJ�SODQW�

Soft manipulators 

'HVLJQ� DQG� FRQVWUXFWLRQ� RI� .\PD�� D� WHQGRQ�GULYHQ� VRIW� URERW�
ZLWK�EHQGLQJ�DQG�SULVPDWLF�FDSDELOLWLHV����
'HVLJQ�RI�5XᐻQ��D�WKUHH�PRGXOH�VRIW�URERW�DFWXDWHG�ZLWK�60$�
$SSOLFDWLRQ� RI� GLIIHUHQW� PRGHOLQJ� WHFKQLTXHV� IRU� VRIW�
PDQLSXODWRUV�URERWV�WR�DFKLHYH�DQ�HIILFLHQW�UHDO�WLPH�PRGHO��

Soft grippers $V� IDU� DV� ZH� NQRZ�� WKH� ILUVW� FRPSDULVRQ� RI� VRIW� JULSSHUV�
WHFKQRORJLHV��

Wearable soft robots 

'HVLJQ� DQG� UH�GHVLJQ� RI� GLIIHUHQW� SURWRW\SHV� RI� VRIW�
H[RVNHOHWRQV�DQG�KDSWLF�JORYHV���
7KH� XVH� RI� D� VWUHWFKDEOH� VHQVRU� DV� D� ELDV� VSULQJ� LQ� D� KDSWLF�
JORYH��7KLV�VWUDWHJ\�DOORZV�WKLV�VHQVRU�WR�PHDVXUH�WKH�VSULQJ
V�
GLVSODFHPHQW� DQG� KHOS� WKH� 60$� VSULQJ� GHIRUP� DJDLQ��
OLJKWHQLQJ�WKH�GHVLJQ��
&RPSDULVRQ� RI� FRQYHQWLRQDO� DFWXDWRUV� DQG� 60$V� LQ� D� KDSWLF�
WDFWLOH�JORYH���
,QWHJUDWLRQ� RI� 95� LQWR� ZHDUDEOH� GHYLFHV� WR� LPSURYH� WKH� XVHU�
H[SHULHQFH��

8.3 Achievements 
7R�WKLV�GD\��WKH�WKHVLV�KDV�SURGXFHG���MRXUQDO�SDSHUV��7ZR�RWKHU�SDSHUV�DUH�FXUUHQWO\�XQGHU�
UHYLHZ��7KH�DOUHDG\�SXEOLVKHG�SDSHUV�DUH�WKH�IROORZLQJ���

9 7HUULOH��6���0LJXHODxH]��-���	�%DUULHQWRV��$�� ��������$�6RIW�+DSWLF�*ORYH�$FWXDWHG
ZLWK�6KDSH�0HPRU\�$OOR\�DQG�)OH[LEOH�6WUHWFK�6HQVRUV��Sensors��21�������������4��

9 7HUULOH�� 6��� $UJ�HOOHV�� 0��� 	� %DUULHQWRV�� $�� �������� &RPSDULVRQ� RI� 'LIIHUHQW
7HFKQRORJLHV�IRU�6RIW�5RERWLFV�*ULSSHUV��Sensors��21������������4��

9 &UX]�8OORD��&���7HUULOH��6���	�%DUULHQWRV��$����������6RIW�XQGHUZDWHU�URERW�DFWXDWHG
E\� VKDSH�PHPRU\� DOOR\V� ´-HOO\5REFLEµ� IRU� SDWK� WUDFNLQJ� WKURXJK� IX]]\� YLVXDO
FRQWURO��Applied Sciences��10�������������4��

9 0DUWLQǦ%DUULR�� $��� 7HUULOH�� 6��� 'LD]Ǧ&DUUDVFR�� 0��� GHO� &HUUR�� -��� 	� %DUULHQWRV�� $�
������� 6HSWHPEHU��� 0RGHOOLQJ� WKH� 6RIW� 5RERW� .\PD� %DVHG� RQ� 5HDOǦ7LPH� )LQLWH
(OHPHQW�0HWKRG��,Q�Computer Graphics Forum��9RO������1R�����SS�������������4��

9 0DUWtQ� %DUULR�� $��� 7HUULOH�� 6��� %DUULHQWRV�� $��� 	� GHO� &HUUR�� -�� �������� +\SHU�
5HGXQGDQW� 5RERWV�� &ODVVLILFDWLRQ�� 6WDWH�RI�WKH�$UW� DQG� ,VVXHV��Revista
Iberoamericana de Automática e Informática industrial��15���������������4��
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9 0DUWtQ�%DUULR��$���5ROGiQ��-��-���7HUULOH��6���GHO�&HUUR��-���	�%DUULHQWRV��$�� �������
$SSOLFDWLRQ� RI� LPPHUVLYH� WHFKQRORJLHV� DQG� QDWXUDO� ODQJXDJH� WR� K\SHU�UHGXQGDQW
URERW�WHOHRSHUDWLRQ��Virtual Reality��24���������������4��

9 5ROGiQ�*yPH]��-��-���*DU]yQ�2YLHGR��0��$���/HyQ�5LYDV��-��'���*DU]yQ�5DPRV��'��$��
0DUWtQ� %DUULR�� $��� 7HUULOH�� 6��� ���� 	� %DUULHQWRV� &UX]�� $�� �������� 3UR\HFWR� SULF�
SURWHFFLyQ�URERWL]DGD�GH�LQIUDHVWUXFWXUDV�FUtWLFDV�

$GGLWLRQDOO\��D�WRWDO�RI����%6F��7)*��DQG�06F��7)0��WKHVHV�ZHUH�VXSHUYLVHG�ZLWK�3URIHVVRU�
$QWRQLR�%DUULHQWRV�&UX]��7DEOH�������

Table 8.1 Co-supervised BSc and MSc projects during the execution of this thesis. 

Title Author Type Year 
1. 'HVDUUROOR�GH�XQ�5REERW�0DQLSXODGRU�%ODQGR�H�+tSHU�5HGXQGDQWH &HFLOLD�0DUWtQH]�0DUWtQ� 7)*� �����

2. 'HVDUUROOR� GH� KHUUDPLHQWDV� GH� DJDUUH� EDVDGDV� HQ� UREyWLFD� EODQGD
SDUD�URERWV�PDQLSXODGRUHV�FRODERUDWLYRV

0LJXHO�$UJ�HOOHV�+RUWHODQR� 7)*� �����

3. 'LVHxR� H� LPSOHPHQWDFLyQ� GH� XQ� URERW� EODQGR� ELRLQVSLUDGR� DFWXDGR
PHGLDQWH�PDWHULDOHV� LQWHOLJHQWHV� FRQ�PHPRULD�GH� IRUPD� �60$��SDUD
OD�DGTXLVLFLyQ�\�PRQLWRUHR�GH�GDWRV�WpUPLFRV�HQ�HQWRUQRV�VXEPDULQRV�

&KULVW\DQ�0DULR�&UX]�8OORD� 7)0� �����

4. 5RERW�FRQWLQXR�DFWXDGR�FRQ�60$ 0LJXHO�*X]PiQ�0HULQR� 7)0� �����
5. 'HYHORSPHQW�RI�D�KDQG�H[RVNHOHWRQ�DFWXDWHG�ZLWK�60$ 0DWLOGH�%URVVD� 7)0� �����
6. 'HVDUUROOR�GH�XQ�JXDQWH�KiSWLFR�VRIW -HVXV�3HUH]�0LJXHODxH]� 7)*� �����
7. 'LVHxR�\�FRQVWUXFFLyQ�GH�XQ�URERW�EODQGR 'LHJR�-HUHPtDV�(IOHU�

+HUUDQ]�
7)*� �����

8. 0RGHODGR�\�FRQWURO�GH�XQ�URERW�EODQGR�DFWXDGR�FRQ�VPD $QGUHD�/RSH]�3HUH]� 7)0� �����
9. 'HVDUUROOR� GH� XQ� URERW� EODQGR� ELRLQVSLUDGR� HQ� XQD� HVWUHOOD� GH� PDU

DFWXDGR� PHGLDQWH� PDWHULDOHV� LQWHOLJHQWHV� FRQ� PHPRULD� GH� IRUPD
�60$�

$OHMDQGUR�-LPHQH]� 7)*� �����

10. 'HVDUUROOR�GH�XQ�JXDQWH�KiSWLFR�FRQ�IHHGEDFN�WiFWLO 0DQXHO�5HSXOOR�0HQpQGH]� 7)*� �����
11. 'HVDUUROOR�GH�XQ�H[RHVTXHOHWR�SDUD�UHKDELOLWDFLyQ�GH�OD�PDQR�EDVDGR

HQ�PDWHULDOHV�EODQGRV
-DLPH�*XWLpUUH]�1RUPDQG� 7)*� �����

12. $SOLFDFLyQ�GH�UHDOLGDG�YLUWXDO�SDUD�OD�UHKDELOLWDFLyQ�GH�OD�PDQR�SRVW�
LFWXV

&DUORV�-LPpQH]�*DUFtD� 7)*� �����

13. ([RVTXHOHWR�GH�PDQR�SDUD�UHKDELOLWDFLyQ�SRVW�LFWXV 'DYLG�6DQFKH]�*RQDOH]� 7)*� �����
14. 5HGHV�QHXURQDOHV�DSOLFDGDV�HQ� OD�FODVLILFDFLyQ�GH�VHxDOHV�QHXURQDOHV

((*
%ODQFD�*XLOOHQ�&HEULDQ� 7)0� �����

15. 6HQVRUL]DFLyQ�\�FRQWURO�GH�XQ�URERW�EODQGR�DFWXDGR�FRQ�60$ &HOLD�*DULMR�GHO�5tR� 7)0� �����

6SDQLVK�DQG�(XURSHDQ�SURMHFWV�GHILQHG�WKH�IXQGLQJ�UHVRXUFHV�WR�ILQLVK�WKLV�ZRUN��

,Q� DGGLWLRQ�� D� UHVHDUFK� VWD\� DW� ,,7� �,WDOLDQ� ,QVWLWXWH� RI� 7HFKQRORJ\�� ZDV� UHDOL]HG� GXULQJ�
VXPPHU� ����� DW� %LRLQVSLUHG� 6RIW� 5RERWLFV� /DERUDWRU\� XQGHU� WKH� VXSHUYLVLRQ� RI� %DUEDUD�
0D]]RODL��7KH�DXWKRU�RI�WKLV�ZRUN�ZDV�JUDQWHG�ZLWK�D�VFKRODUVKLS�WR�UHVHDUFK�VRIW�URERWLFV�
FOLPELQJ�SODQWV�

Name of the project Funding body Code 

1 5RERWLF�3URWHFWLRQ�IRU�&ULWLFDO�,QIUDVWUXFWXUHV�
�35,&��

0LQLVWU\�RI�(FRQRP\�DQG�
&RPSHWLWLYHQHVV�RI�WKH�

*RYHUQPHQWV�
'3,�����������5�

2 *5RE�830��5RER&LW\�����0DGULG�5RERWLFV�
'LJLWDO�,QQRYDWLRQ�+XE� &RPPXQLW\�RI�0DGULG� 6�����107������

3 52%Ð7,&$��5REyWLFD�DSOLFDGD�D�OD�PHMRUD�GH�OD�
FDOLGDG�GH�YLGD�GH�ORV�FLXGDGDQRV��IDVH�,,,�� &RPPXQLW\�RI�0DGULG� 6�����0,7������
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8.4 Repercussions 
'HVLJQ��PRGHOLQJ��FRQWURO��DQG�DSSOLFDWLRQ�ZLWK�95�RI�VRIW�URERWV�FDQ�JHQHUDWH�XQFRXQWDEOH�
EHQHILWV��DV�WKLV�ZRUN�DQG�SUHYLRXV�ZRUNV�KDYH�DOUHDG\�GHPRQVWUDWHG��

6RIW� URERWV� SOD\� D� FUXFLDO� UROH� LQ�PHGLFDO� DSSOLFDWLRQV�� 7KLV�ZRUN� IRFXVHV�PDLQO\� RQ� VRIW�
ZHDUDEOH�GHYLFHV�IRU�SRVW�VWURNH�KDQG�UHKDELOLWDWLRQ��7KH�GHYHORSPHQW�RI�ZHDUDEOH�GHYLFHV�
WKDW� FDQ� KHOS� LQ� WKH� UHKDELOLWDWLRQ� SURFHVV� LV� HVVHQWLDO� GXH� WR� WKH� LQFUHDVLQJ� QXPEHU� RI�
SHRSOH�ZKR�QHHG�WKHP���

$OVR��VRIW�PDQLSXODWRUV��WKDQNV�WR�WKHLU�KLJK�QXPEHU�RI�'2)V��KDYH�SURYHQ�WR�EH�XVHIXO�LQ�
PDQ\�ILHOGV�RI�DSSOLFDWLRQV��EHLQJ�DEOH�WR�EH�XVHG�LQ�DSSOLFDWLRQV�ZKHUH�D� VWDQGDUG�URERWLF�
DUP� FRXOG� QRW�� 1RW� RQO\� LQ� PHGLFDO� WDVNV� EXW� DOVR� DJULFXOWXUH�� DUFKHRORJ\�� RU� LQVSHFWLRQ�
WDVNV�� ,W� LV� LPSRUWDQW� WR� UHPHPEHU� WKDW� LW� LV� QRW� QHFHVVDU\� WR� UHDOL]H� D� VRIW� SURWRW\SH� LQ�
PDQ\� FDVHV� VLQFH� DOVR� D� K\SHU�UHGXQGDQW� URERW� SUHVHQWV� WKH� DGYDQWDJH� RI� PDQ\� '2)V�
ZLWKRXW�HPSOR\LQJ�VRIW�PDWHULDOV�WR�PDQXIDFWXUH�WKH�ERG\��

1RZDGD\V�� VRIW� JULSSHUV� UHSUHVHQW� WKH�PRVW� DGYDQFHG� ILHOG� RI� VRIW� URERWV� VLQFH� WKH\� DUH�
DOUHDG\�DSSOLHG�LQ�LQGXVWULDO�HQYLURQPHQWV�ZLWK�PDQ\�DGYDQWDJHV��7KH\�FDQ�EH�HPSOR\HG�
LQ�GLIIHUHQW�VHFWRUV��OLNH�VRIW�PDQLSXODWRUV��VLQFH�WKH\�FDQ�DGDSW�WKHLU�VKDSH�WR�WKH�REMHFW�WR�
JUDVS�ZLWKRXW�GDPDJLQJ�LW��

)LQDOO\�� WKH� VWXG\� RI� ELR�LQVSLUHG� VRIW� URERWV� FDQ� DOORZ� GHYHORSLQJ� URERWV�PRUH� VLPLODU� WR�
DQLPDOV�WKDW��OLNH�WKHVH��FDQ�EH�VRIW�HQRXJK�VR�WKDW�LW�LV�VDIH�WR�LQWHUDFW�ZLWK�WKHP�EXW�WKDW�
DW�WKH�VDPH�WLPH�WKH\�FDQ�SHUIRUP�FRPSOH[�DQG�KHDYLHU�WDVNV�WKDQ�PRVW�VRIW�URERWV�FDQ�GR�
WRGD\��

7KHUHIRUH��WKH�LPSDFW�DUHDV�RI�WKLV�URERWLF�ILHOG�DUH�H[WHQVLYH�DQG�FDQ�SURYLGH�FRQWULEXWLRQV�
LQ�PDQ\�RWKHUV�ILHOGV��SURYLGLQJ�URERWV�ZLWK�QHZ�FDSDELOLWLHV��

8.5 Future Research Lines 
)XWXUH� UHVHDUFK� OLQHV� LQYROYH� DOO� WKH�SURWRW\SHV�GHYHORSHG�GXULQJ� WKLV� WKHVLV��(DFK� FRXOG�
JHQHUDWH�PDQ\�IXWXUH�GHYHORSPHQWV�VLQFH� VRIW�URERWLFV� LV�D�FRQWLQXRXVO\�HYROYLQJ�ILHOG��VR�
QHZ� PDWHULDOV�� DFWXDWRUV�� DQG� IDEULFDWLRQ� WHFKQRORJLHV� FDQ� LPSURYH� WKHLU� SHUIRUPDQFH�
VLJQLILFDQWO\����

&RQFHUQLQJ� ELR�LQVSLUHG� VRIW� URERWV�� WKH� VWDUILVK� $VIRUE� FDQ� EH� WHVWHG� LQ� DQ� XQGHUZDWHU�
HQYLURQPHQW�WR�YHULI\�LI�LW�KHOSV�SDWWHUQ�UHDOL]DWLRQ��DOORZLQJ�LW�WR�DGYDQFH�PRUH�TXLFNO\��,I�
VR��LW�ZLOO�EH�SRVVLEOH�WR�FROODERUDWH�ZLWK�-HOO\5RE&LE�WR�SHUIRUP�PRQLWRULQJ�WDVNV��

&RQFHUQLQJ� VRIW� PDQLSXODWRUV�� LW� ZLOO� EH� LQWHUHVWLQJ� WR� YHULI\� WKH� VLPXODWLRQV� UHVXOWV� RI�
5XᐻQ�DQG�WKH�SURSHU� IXQFWLRQLQJ�RI�WKH�QHXUDO�QHWZRUN�H[SHULPHQWDOO\��7KXV��5XᐻQ�FRXOG�
EH�HTXLSSHG�ZLWK�VHQVRUV�WR�SUHFLVHO\�PHDVXUH�HDFK�VHJPHQW
V�LQFOLQDWLRQ�DQG�IOH[LRQ��

&RQFHUQLQJ� VRIW� JULSSHUV�� LW� ZLOO� EH� LQWHUHVWLQJ� WR� HTXLS� WKH�PRVW� YHUVDWLOH� RI� WKHP�ZLWK�
VHQVRUV� �IRU� H[DPSOH�� IRUFH� VHQVRUV�� DQG� DSSO\� QHXUDO� QHWZRUNV� WR� UHDOL]H� DQ� REMHFW�
UHFRJQLWLRQ�DQG�JUDVS�LW�VXFFHVVIXOO\��

)LQDOO\��GHVLJQV�FDQ�EH�LPSURYHG�FRQFHUQLQJ�ZHDUDEOH�VRIW�URERWV��HVSHFLDOO\�UHJDUGLQJ�WKH�
HOHFWURQLFV�SDUW�� �&LUFXLWV�FDQ�EH�PLQLDWXUL]HG�DQG�SRVLWLRQHG�LQ�DQRWKHU�DUHD�RI�WKH�ERG\��
0RUHRYHU��60$�DFWXDWRUV�QHHG�D�FRROLQJ�V\VWHP�WR�DFWXDWH�IDVWHU���
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>�@ .�� 6X]XPRUL�� 6�� ,LNXUD�� +�� 7DQDND�
$SSO\LQJ�D�IOH[LEOH�PLFURDFWXDWRU�WR�URERWLF
PHFKDQLVPV�� ,(((� &RQWURO� 6\VW�� 0DJ�� ��
���������²���

>�@ %��7RQGX��3��/RSH]��0RGHOLQJ�DQG�FRQWURO�RI
0F.LEEHQ�DUWLILFLDO�PXVFOH�URERW�DFWXDWRUV�
,(((�&RQWURO�6\VW��0DJ��������������²���

>�@ *��%DR��+��)DQJ��/��&KHQ��<��:DQ��)��;X��4�
<DQJ�� /�� =KDQJ�� 6RIW� URERWLFV�� $FDGHPLF
LQVLJKWV� DQG� SHUVSHFWLYHV� WKURXJK
ELEOLRPHWULF� DQDO\VLV�� 6RIW� 5RERW�� �� ������
���²����

>�@ :�� 0F0DKDQ�� 9�� &KLWUDNDUDQ�� 0�
&VHQFVLWV�� '�� 'DZVRQ�� ,�'�� :DONHU�� %�$�
-RQHV�� 0�� 3ULWWV�� '�� 'LHQQR�� 0�� *ULVVRP�
&�'�� 5DKQ�� )LHOG� WULDOV� DQG� WHVWLQJ� RI� WKH
2FW$UP� FRQWLQXXP� PDQLSXODWRU�� LQ�� 3URF�
����� ,(((� ,QW��&RQI��5RERW��$XWRP�� �����
,&5$��������,(((��������SS������²�����

>�@ 6��6HRN��&�'��2QDO��.��-��&KR��5�-��:RRG��'�
5XV�� 6�� .LP��0HVKZRUP�� D� SHULVWDOWLF� VRIW
URERW�ZLWK�DQWDJRQLVWLF�QLFNHO�WLWDQLXP�FRLO
DFWXDWRUV�� ,(((�$60(� 7UDQV�
0HFKDWURQLFV����������������²�����

>�@ '�� 7ULYHGL�� &�'�� 5DKQ�� :�0�� .LHU�� ,�'�
:DONHU�� 6RIW� URERWLFV�� %LRORJLFDO
LQVSLUDWLRQ�� VWDWH� RI� WKH� DUW�� DQG� IXWXUH
UHVHDUFK�� $SSO�� %LRQLFV� %LRPHFK�� �� ������
��²����

>�@ &�� 0DMLGL�� 6RIW� URERWLFV�� D� SHUVSHFWLYH³
FXUUHQW�WUHQGV�DQG�SURVSHFWV�IRU�WKH�IXWXUH�
6RIW�5RERW������������²���

>�@ '��5XV��0�7��7ROOH\��'HVLJQ��IDEULFDWLRQ�DQG
FRQWURO� RI� VRIW� URERWV�� 1DWXUH�� ���� ������
���²����

>�@ 1��.DVWRU��9��9LNDV��(��&RKHQ��5�'��:KLWH�
$�GHILQLWLRQ�RI�VRIW�PDWHULDOV�IRU�XVH�LQ�WKH
GHVLJQ�RI� URERWV��6RIW�5RERW�� �� ������� ���²
����

>��@ $�� &KHQ�� 5�� <LQ�� /�� &DR�� &�� <XDQ�� +�.�
'LQJ��:�-��=KDQJ�� 6RIW� URERWLFV��'HILQLWLRQ
DQG� UHVHDUFK� LVVXHV�� LQ�� ����� ��WK� ,QW�
&RQI�� 0HFKDWURQLFV� 0DFK�� 9LV�� 3UDFW��
,(((��������SS�����²����

>��@ .��&KXEE��'��%HUU\��7��%XUNH��7RZDUGV�DQ
RQWRORJ\� IRU� VRIW� URERWV�� ZKDW� LV� VRIW"�
%LRLQVSLU��%LRPLP������������������

>��@ )�� 6FKPLWW�� 2�� 3LFFLQ�� /�� %DUEp�� %�� %D\OH�
6RIW�URERWV�PDQXIDFWXULQJ��D�UHYLHZ��)URQW�
5RERW��$,��������������

>��@ 0��%UDQGVW|WWHU��6��0�KOEDFKHU�.DUUHU��'�
6FKHWW��+��=DQJO��9LUWXDO�FRPSOLDQFH�FRQWURO�
RI� D� NLQHPDWLFDOO\� UHGXQGDQW� VHULDO�
PDQLSXODWRU�ZLWK���GRI��LQ��,QW��&RQI��5RERW�
$OSH�$GULD� 'DQXEH� 5HJ��� 6SULQJHU�� �����
SS����²���

>��@ $�� 0DUWtQ�%DUULR�� -�-�� 5ROGiQ�*yPH]�� ,�
5RGUtJXH]�� -�� 'HO� &HUUR�� $�� %DUULHQWRV�
'HVLJQ� RI� D� +\SHU�5HGXQGDQW� 5RERW� DQG
7HOHRSHUDWLRQ� 8VLQJ� 0L[HG� 5HDOLW\� IRU
,QVSHFWLRQ�7DVNV��6HQVRUV�����������������

>��@ +�'�� <DQJ�� $�7�� $VEHFN�� $� QHZ
PDQXIDFWXULQJ� SURFHVV� IRU� VRIW� URERWV� DQG
VRIW�ULJLG�K\EULG�URERWV��LQ�������,(((�56-
,QW��&RQI�� ,QWHOO�� 5RERW�� 6\VW��� ,(((�� �����
SS������²�����

>��@ &�� &UX]� 8OORD�� 6�� 7HUULOH�� $�� %DUULHQWRV�
6RIW�8QGHUZDWHU�5RERW�$FWXDWHG�E\�6KDSH�
0HPRU\� $OOR\V� ´-HOO\5REFLEµ� IRU� 3DWK
7UDFNLQJ� WKURXJK� )X]]\� 9LVXDO� &RQWURO�
$SSO��6FL�����������������

>��@ $�6�� &XULHO�� *HQHUDFLRQ� GH� SDWURQHV� GH
PDUFKD� SDUD� VRIW� URERW� FDPLQDQWH�� �������
KWWS���RD�XSP�HV��������

>��@ &�� /DVFKL�� 0�� &LDQFKHWWL�� %�� 0D]]RODL�� /�
0DUJKHUL��0��)ROODGRU��3��'DULR��6RIW�URERW�
DUP�LQVSLUHG�E\�WKH�RFWRSXV��$GY��5RERW�����
����������²����

>��@ $��0DUWLQ�� 6��7HUULOH��$��%DUULHQWRV�� -�� GHO�
&HUUR�� +\SHU�UHGXQGDQW� URERWV�
FODVVLILFDWLRQ�� VWDWH�RI�WKH�DUW� DQG� LVVXHV�
5HY�� ,EHURDP�� $XWRPiWLFD� H� ,QIRUPiWLFD�
,QG���������������²����

>��@ %��=KDQJ��<��)DQ��3��<DQJ��7��&DR��+��/LDR�
:RUP�OLNH� VRIW� URERW� IRU� FRPSOLFDWHG
WXEXODU�HQYLURQPHQWV��6RIW�5RERW���� ������
���²����

>��@ 6��5R]HQ�/HY\��:��0HVVQHU��%�$��7ULPPHU�

9. References

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'



����

7KH�GHVLJQ�DQG�GHYHORSPHQW�RI�EUDQFK�ERW��
D�EUDQFK�FUDZOLQJ��FDWHUSLOODU�LQVSLUHG��VRIW�
URERW�� ,QW�� -�� 5RE�� 5HV�� �������
������������������

>��@ 6��0DR��(��'RQJ��6��=KDQJ��0��;X��-��<DQJ�
$�QHZ�VRIW�ELRQLF�VWDUILVK�URERW�ZLWK�PXOWL�
JDLWV�� LQ�������,(((�$60(�,QW��&RQI��$GY�
,QWHOO��0HFKDWURQLFV��,(((��������SS������²
�����

>��@ +��7��/LQ��*�*��/HLVN��%��7ULPPHU��*R4%RW�
D� FDWHUSLOODU�LQVSLUHG� VRIW�ERGLHG� UROOLQJ
URERW��%LRLQVSLU��%LRPLP�����������������

>��@ $��$ULHQWL��0��&DOLVWL��)��*LRUJLR�6HUFKL��&�
/DVFKL�� 3RVHL'521(�� GHVLJQ� RI� D� VRIW�
ERGLHG� 529�ZLWK� FUDZOLQJ�� VZLPPLQJ� DQG
PDQLSXODWLRQ� DELOLW\�� LQ�� ����� 2FHDQ�
'LHJR��,(((��������SS���²��

>��@ )��5HQGD��)�*��6HUFKL��)��%R\HU��&��/DVFKL�
6WUXFWXUDO� G\QDPLFV� RI� D� SXOVHG�MHW
SURSXOVLRQ� V\VWHP� IRU� XQGHUZDWHU� VRIW
URERWV�� ,QW�� -�� $GY�� 5RERW�� 6\VW�� ��� ������
���

>��@ &��/DVFKL��%��0D]]RODL��0��&LDQFKHWWL��6RIW
URERWLFV��7HFKQRORJLHV�DQG�V\VWHPV�SXVKLQJ�
WKH�ERXQGDULHV�RI�URERW�DELOLWLHV��6FL��5RERW�
���������

>��@ 6�� .LP�� &�� /DVFKL�� %�� 7ULPPHU�� 6RIW
URERWLFV��D�ELRLQVSLUHG�HYROXWLRQ�LQ�URERWLFV�
7UHQGV�%LRWHFKQRO���������������²����

>��@ +�� :DQJ�� 0�� 7RWDUR�� /�� %HFFDL�� 7RZDUG
SHUFHSWLYH� VRIW� URERWV�� 3URJUHVV� DQG
FKDOOHQJHV��$GY��6FL�������������������

>��@ 6�� &R\OH�� &�� 0DMLGL�� 3�� /H'XF�� .�-�� +VLD�
%LR�LQVSLUHG� VRIW� URERWLFV�� 0DWHULDO
VHOHFWLRQ�� DFWXDWLRQ�� DQG� GHVLJQ�� ([WUHP�
0HFK��/HWW��������������²���

>��@ :�� 0F0DKDQ�� %�$�� -RQHV�� ,�'�� :DONHU�
'HVLJQ� DQG� LPSOHPHQWDWLRQ� RI� D� PXOWL�
VHFWLRQ�FRQWLQXXP�URERW��$LU�RFWRU��LQ������
,(((�56-� ,QW�� &RQI�� ,QWHOO�� 5RERW�� 6\VW��
,(((��������SS������²�����

>��@ 0�� 5ROI�� -�-�� 6WHLO�� &RQVWDQW� FXUYDWXUH
FRQWLQXXP�NLQHPDWLFV� DV� IDVW� DSSUR[LPDWH
PRGHO�IRU�WKH�%LRQLF�+DQGOLQJ�$VVLVWDQW��LQ�
����� ,(((�56-� ,QW�� &RQI�� ,QWHOO�� 5RERW�
6\VW���,(((��������SS������²�����

>��@ +�� <DQJ�� 0�� ;X�� :�� /L�� 6�� =KDQJ�� 'HVLJQ
DQG� LPSOHPHQWDWLRQ� RI� D� VRIW� URERWLF� DUP
GULYHQ� E\� 60$� FRLOV�� ,(((� 7UDQV�� ,QG�
(OHFWURQ����������������²�����

>��@ 0�:��*LIDUL��+��1DJKLEL��6��6WUDPLJLROL��0�
$ED\D]LG�� $� UHYLHZ� RQ� UHFHQW� DGYDQFHV� LQ�
VRIW� VXUJLFDO� URERWV� IRU� HQGRVFRSLF
DSSOLFDWLRQV�� ,QW�� -�� 0HG�� 5RERW�� &RPSXW�
$VVLVW��6XUJ������������H�����

>��@ :��'RX��*��=KRQJ��-��&DR��=��6KL��%��3HQJ�
/� -LDQJ�� 6RIW� 5RERWLF� 0DQLSXODWRUV�
'HVLJQV�� $FWXDWLRQ�� 6WLIIQHVV� 7XQLQJ�� DQG
6HQVLQJ�� $GY�� 0DWHU�� 7HFKQRO�� ������
��������

>��@ ,��+XVVDLQ��0��0DOYH]]L�� '��*DQ�� =�� ,TEDO�

/� 6HQHYLUDWQH�� '�� 3UDWWLFKL]]R�� )�� 5HQGD�
&RPSOLDQW�JULSSHU�GHVLJQ��SURWRW\SLQJ��DQG
PRGHOLQJ� XVLQJ� VFUHZ� WKHRU\� IRUPXODWLRQ�
,QW��-��5RE��5HV��������������������������

>��@ /�8��2GKQHU��/�3��-HQWRIW��0�5��&ODIIHH��1�
&RUVRQ��<��7HQ]HU��5�5��0D��0��%XHKOHU��5�
.RKRXW�� 5�'�� +RZH�� $�0�� 'ROODU�� $
FRPSOLDQW�� XQGHUDFWXDWHG� KDQG� IRU� UREXVW
PDQLSXODWLRQ�� ,QW�� -�� 5RE�� 5HV�� ��� ������
���²����

>��@ $�� 7KDOOHPHU�� '�� 'LHQVWKXEHU�� *ULSSHU
GHYLFH� IRU� JULSSLQJ� REMHFWV�� �����
KWWSV���SDWHQWV�JRRJOH�FRP�SDWHQW�(3������
�$��HQ�

>��@ 6RIW�5RERWLFV�,QF���6RIW�5RERWLFV�,QF����Q�G���
KWWSV���ZZZ�VRIWURERWLFVLQF�FRP�� �DFFHVVHG
$SULO�����������

>��@ -�� 6KLQWDNH�� 6�� 5RVVHW�� %�� 6FKXEHUW�� '�
)ORUHDQR�� +�� 6KHD�� 9HUVDWLOH� VRIW� JULSSHUV
ZLWK� LQWULQVLF� HOHFWURDGKHVLRQ� EDVHG� RQ
PXOWLIXQFWLRQDO� SRO\PHU� DFWXDWRUV�� $GY�
0DWHU���������������²����

>��@ -�� *XR�� &�� ;LDQJ�� -�� 5RVVLWHU�� $� VRIW� DQG
VKDSH�DGDSWLYH� HOHFWURDGKHVLYH� FRPSRVLWH
JULSSHU� ZLWK� SURSULRFHSWLYH� DQG
H[WHURFHSWLYH� FDSDELOLWLHV��0DWHU�� 'HV�� ����
����������²����

>��@ (�� %URZQ�� 1�� 5RGHQEHUJ�� -�� $PHQG�� $�
0R]HLND��(��6WHOW]��0�5��=DNLQ��+��/LSVRQ�
+�0�� -DHJHU�� 8QLYHUVDO� URERWLF� JULSSHU
EDVHG�RQ�WKH�MDPPLQJ�RI�JUDQXODU�PDWHULDO�
3URF�� 1DWO�� $FDG�� 6FL�� ���� ������� �����²
������

>��@ *�� .RIRG�� :�� :LUJHV�� 0�� 3DDMDQHQ�� 6�
%DXHU�� (QHUJ\� PLQLPL]DWLRQ� IRU� VHOI�
RUJDQL]HG� VWUXFWXUH� IRUPDWLRQ� DQG
DFWXDWLRQ�� $SSO�� 3K\V�� /HWW�� ��� ������
������

>��@ -�� +XJKHV�� 8�� &XOKD�� )�� *LDUGLQD�� )�
*XHQWKHU�� $�� 5RVHQGR�� )�� ,LGD�� 6RIW�
PDQLSXODWRUV�DQG�JULSSHUV��D�UHYLHZ��)URQW�
5RERW��$,��������������

>��@ -��6KLQWDNH��9��&DFXFFLROR��'��)ORUHDQR��+�
6KHD��6RIW�5RERWLF�*ULSSHUV��$GY��0DWHU����
�������
KWWSV���GRL�RUJ���������DGPD�����������

>��@ %�� =KDQJ�� <�� ;LH�� -�� =KRX�� .�� :DQJ�� =�
=KDQJ�� 6WDWH�RI�WKH�DUW� URERWLF� JULSSHUV�
JUDVSLQJ� DQG� FRQWURO� VWUDWHJLHV�� DV�ZHOO� DV�
WKHLU� DSSOLFDWLRQV� LQ� DJULFXOWXUDO� URERWV�� $�
UHYLHZ��&RPSXW��(OHFWURQ��$JULF������������
�������

>��@ 0�� &LDQFKHWWL�� &�� /DVFKL�� $�� 0HQFLDVVL�� 3�
'DULR�� %LRPHGLFDO� DSSOLFDWLRQV� RI� VRIW�
URERWLFV��1DW��5HY��0DWHU��������������²����

>��@ 0��5XQFLPDQ��$��'DU]L��*�3��0\ORQDV��6RIW
URERWLFV�LQ�PLQLPDOO\�LQYDVLYH�VXUJHU\��6RIW
5RERW��������������²����

>��@ 0��6LWWL��0LQLDWXUH�VRIW�URERWV³URDG�WR�WKH
FOLQLF��1DW��5HY��0DWHU�������������²���

>��@ (�7�� 5RFKH�� 0�$�� +RUYDWK�� ,�� :DPDOD�� $�

6,/9,$�7(55,/(

62)7�52%27,&6��$33/,&$7,216��'(6,*1�$1'�&21752/



����

$OD]PDQL�� 6��(�� 6RQJ�� :�� :K\WH�� =��
0DFKDLG]H�� &�-�� 3D\QH�� -�&�� :HDYHU�� *��
)LVKEHLQ��6RIW�URERWLF�VOHHYH�VXSSRUWV�KHDUW�
IXQFWLRQ��6FL��7UDQVO��0HG������������

>��@ ,��%DOGROL��$��&XWWDQR��5�7��6FDUDPX]]R��6�
7RJQDUHOOL�� 0�� &LDQWHOOL�� )�� &HFFKL�� 0�
*HQWLOH�� (�� 6LJDOL�� &�� /DVFKL�� 3�� *KLUUL�� $
QRYHO� VLPXODWRU� IRU� PHFKDQLFDO� YHQWLODWLRQ
LQ� QHZERUQV�� 0(FKDWURQLF� 5(VSLUDWRU\�
6\VWHP� 6,PXODWRU� IRU� 1HRQDWDO
$SSOLFDWLRQV��3URF��,QVW��0HFK��(QJ��3DUW�+
-� (QJ��0HG����������������²����

>��@ &�<�� &KX�� 5�0�� 3DWWHUVRQ�� 6RIW� URERWLF
GHYLFHV� IRU� KDQG� UHKDELOLWDWLRQ� DQG
DVVLVWDQFH�� $� QDUUDWLYH� UHYLHZ�� -�
1HXURHQJ�� 5HKDELO�� ��� ������� �²���
KWWSV���GRL�RUJ���������V�����������������

>��@ <��.LP��6�6��&KHQJ��$��(FLQV��&��)HUP�OOHU�
.�3�� :HVWODNH�� -�3�� 'HVDL�� 7RZDUGV� D�
URERWLF� KDQG� UHKDELOLWDWLRQ� H[RVNHOHWRQ� IRU
VWURNH�WKHUDS\��LQ��'\Q��6\VW��&RQWURO�&RQI��
$PHULFDQ�6RFLHW\�RI�0HFKDQLFDO�(QJLQHHUV�
������S��9���7��$����

>��@ $�-�� 9HDOH�� 6�4�� ;LH�� 7RZDUGV� FRPSOLDQW�
DQG�ZHDUDEOH� URERWLF� RUWKRVHV��$� UHYLHZ�RI
FXUUHQW� DQG� HPHUJLQJ� DFWXDWRU
WHFKQRORJLHV�� 0HG�� (QJ�� 3K\V�� ��� ������
���²����
KWWSV���GRL�RUJ���������M�PHGHQJSK\�������
������

>��@ 7�� 6KDKLG�� '�� *RXZDQGD�� 6�*�� 1XU]DPDQ�
$�$��*RSDODL��0RYLQJ� WRZDUG� VRIW� URERWLFV�
$� GHFDGH� UHYLHZ� RI� WKH� GHVLJQ� RI� KDQG
H[RVNHOHWRQV�� %LRPLPHWLFV�� �� �������
KWWSV���GRL�RUJ���������ELRPLPHWLFV��������

>��@ -��2UWL]��(��5RFRQ��9��3RZHU��$��GH�(\WR��/�
2·6XOOLYDQ��0��:LU]��&��%DXHU��6��6FK�OHLQ�
.�6�� 6WDGOHU�� %�� 0D]]RODL�� ;RVRIW�D� YLVLRQ
IRU� D� VRIW�PRGXODU� ORZHU� OLPE� H[RVNHOHWRQ�
LQ�� :HDUDEOH� 5RERW�� &KDOOHQJHV� 7UHQGV�
6SULQJHU��������SS����²���

>��@ 1��$JKDUHVH��7��&OR\G��/�+��%OXPHQVFKHLQ�
0� 5DLWRU�� (�:�� +DZNHV�� +�� &XOEHUWVRQ�
$�0�� 2NDPXUD�� +DS:5$3�� 6RIW� JURZLQJ
ZHDUDEOH�KDSWLF�GHYLFH�� LQ�� ����� ,(((� ,QW�
&RQI��5RERW��$XWRP���,(((��������SS������²
�����

>��@ 6�� -DGKDY�� 9�� .DQQDQGD�� %�� .DQJ�� 0�7�
7ROOH\�� -�3�� 6FKXO]H�� 6RIW� URERWLF� JORYH� IRU
NLQHVWKHWLF� KDSWLF� IHHGEDFN� LQ� YLUWXDO�
UHDOLW\� HQYLURQPHQWV�� (OHFWURQ�� ,PDJLQJ�
��������������²���

>��@ &�� 5RJQRQ�� 0�� .RHKOHU�� &�� 'XULH]�� '�
)ORUHDQR��$�0��2NDPXUD��6RIW�KDSWLF�GHYLFH
WR� UHQGHU� WKH� VHQVDWLRQ� RI� IO\LQJ� OLNH� D�
GURQH�� ,(((� 5RERW�� $XWRP�� /HWW�� �� ������
����²�����

>��@ (�+�� 6NRULQD�� 0�� /XR�� &�'�� 2QDO�� $� VRIW�
URERWLF� ZHDUDEOH� ZULVW� GHYLFH� IRU
NLQHVWKHWLF� KDSWLF� IHHGEDFN�� )URQW�� 5RERW�
$,��������������

>��@ 7�� $VKXUL�� $�� $UPDQL�� 5�� -DOLO]DGHK
+DPLGL�� 7�� 5HDVQRU�� 6�� $KPDGL�� .�� ,TEDO�

%LRPHGLFDO� VRIW� URERWV�� FXUUHQW� VWDWXV� DQG�
SHUVSHFWLYH�� %LRPHG�� (QJ�� /HWW�� ��� �������
���²�����

>��@ -��+��+VLDR��-��<��&KDQJ��&��0��&KHQJ��6RIW
PHGLFDO� URERWLFV�� FOLQLFDO� DQG� ELRPHGLFDO�
DSSOLFDWLRQV�� FKDOOHQJHV�� DQG� IXWXUH
GLUHFWLRQV�� $GY�� 5RERW�� ��� ������� ����²
�����

>��@ <�� =KDQJ�� 0�� /X�� $� UHYLHZ� RI� UHFHQW
DGYDQFHPHQWV�LQ�VRIW�DQG�IOH[LEOH�URERWV�IRU
PHGLFDO� DSSOLFDWLRQV�� ,QW�� -�� 0HG�� 5RERW�
&RPSXW��$VVLVW��6XUJ������������H�����

>��@ -�� <LQ�� 5�� +LQFKHW�� +�� 6KHD�� &�� 0DMLGL�
:HDUDEOH� 6RIW� 7HFKQRORJLHV� IRU� +DSWLF
6HQVLQJ�DQG�)HHGEDFN��$GY��)XQFW��0DWHU�
���������������

>��@ &��7KDOPDQ��3��$UWHPLDGLV��$�UHYLHZ�RI�VRIW
ZHDUDEOH� URERWV� WKDW� SURYLGH� DFWLYH
DVVLVWDQFH�� WUHQGV�� FRPPRQ� DFWXDWLRQ
PHWKRGV�� IDEULFDWLRQ�� DQG� DSSOLFDWLRQV�
:HDUDEOH�7HFKQRO�����������

>��@ )�� 5HQGD�� 0�� *LRUHOOL�� 0�� &DOLVWL�� 0�
&LDQFKHWWL�� &��/DVFKL��'\QDPLF�PRGHO� RI� D
PXOWLEHQGLQJ� VRIW� URERW� DUP� GULYHQ� E\
FDEOHV��,(((�7UDQV��5RERW����������������²
�����

>��@ $�� $O�,EDGL�� 6�� 1HIWL�0H]LDQL�� 6�� 'DYLV�� 7�
7KHRGRULGLV�� 1RYHO� GHVLJQ� DQG� SRVLWLRQ
FRQWURO� VWUDWHJ\� RI� D� VRIW� URERW� DUP�
5RERWLFV��������������

>��@ 3�� 3RO\JHULQRV�� =�� :DQJ�� .�&�� *DOORZD\�
5�-��:RRG��&�-��:DOVK��6RIW�URERWLF�JORYH�IRU
FRPELQHG� DVVLVWDQFH� DQG� DW�KRPH
UHKDELOLWDWLRQ�� 5RE�� $XWRQ�� 6\VW�� ��� ������
���²����

>��@ 7�(�7�� 6HDK�� 7�1�� 'R�� 1�� 7DNHVKLWD�� .�<�
+R�� 6�-�� 3KHH�� )XWXUH� RI� IOH[LEOH� URERWLF
HQGRVFRS\� V\VWHPV�� $U;LY� 3UHSU�
$U;LY�������������������

>��@ 0��:HKQHU��5�/��7UXE\��'�-��)LW]JHUDOG��%�
0RVDGHJK�� *�0�� :KLWHVLGHV�� -�$�� /HZLV�
5�-�� :RRG�� $Q� LQWHJUDWHG� GHVLJQ� DQG
IDEULFDWLRQ� VWUDWHJ\� IRU� HQWLUHO\� VRIW�
DXWRQRPRXV� URERWV�� 1DWXUH�� ���� ������
���²����

>��@ (PSLUH� 5RERWLFV�� (PSLUH� 5RERWLFV�� �Q�G���
KWWSV���ZZZ�HPSLUHURERWLFV�FRP�SURGXFWV�
�DFFHVVHG�$SULO�����������

>��@ 2Q5RERW�� 2Q5RERW�� �Q�G���
KWWSV���RQURERW�FRP�HQ�SURGXFWV�VRIW�JULSSHU
�DFFHVVHG�1RYHPEHU�����������

>��@ 6�� /L�� +�� %DL�� 5�)�� 6KHSKHUG�� +�� =KDR�
%LRဨLQVSLUHG� 'HVLJQ� DQG� $GGLWLYH
0DQXIDFWXULQJ�RI�6RIW�0DWHULDOV��0DFKLQHV�
5RERWV�� DQG� +DSWLF� ,QWHUIDFHV�� $QJHZ�
&KHPLH�,QW��(G�����������������²������

>��@ -�7�� 0XWK�� '�0�� 9RJW�� 5�/�� 7UXE\�� <�
0HQJ�o�� '�%�� .ROHVN\�� 5�-�� :RRG�� -�$�
/HZLV�� (PEHGGHG� �'� SULQWLQJ� RI� VWUDLQ
VHQVRUV� ZLWKLQ� KLJKO\� VWUHWFKDEOH
HODVWRPHUV�� $GY�� 0DWHU�� ��� ������� ����²

81,9(56,'$'�32/,7e&1,&$�'(�0$'5,'

��5()(5(1&(6



����

������

>��@ -�� 3DHN�� ,�� &KR�� -�� .LP�� 0LFURURERWLF
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���������������
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���������²���
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7RWDUR��/��%HFFDL��6��0DJGDVVL���'�3ULQWLQJ
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���������������

>��@ 7�� 1DJDL�� -�� 6KLQWDNH�� &KDUDFWHUL]DWLRQ� RI
%LR�'HJUDGDEOH�0DWHULDOV�IRU�6RIW�5RERWLFV�
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(QJ���,(((��������SS�����²����

>���@ <�� /L�� <�� &KHQ�� 7�� 5HQ�� <�� /L�� 6�+�� &KRL�
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7XWFX��(��6DPXU��'HVLJQ�DQG�'HYHORSPHQW
RI� D� *URZLQJ� 3QHXPDWLF� 6RIW� 5RERW�� 6RIW
5RERW��������������²����

>���@ 5��;LH��0��6X��<��=KDQJ��0��/L��+��=KX��<�
*XDQ�� 3,65RE�� $� SQHXPDWLF� VRIW� URERW� IRU
ORFRPRWLQJ� OLNH� DQ� LQFKZRUP�� LQ�� �����
,(((�,QW��&RQI��5RERW��$XWRP���,(((�������
SS������²�����

>���@ 3�� 3RO\JHULQRV�� 1�� &RUUHOO�� 6�$�� 0RULQ�� %�
0RVDGHJK�� &�'�� 2QDO�� .�� 3HWHUVHQ�� 0�
&LDQFKHWWL��0�7��7ROOH\��5�)��6KHSKHUG��6RIW
URERWLFV��5HYLHZ�RI�IOXLGဨGULYHQ�LQWULQVLFDOO\
VRIW� GHYLFHV�� PDQXIDFWXULQJ�� VHQVLQJ�
FRQWURO�� DQG� DSSOLFDWLRQV� LQ� KXPDQဨURERW
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ELR�IDEULFDWLRQ� RI� K\GURJHO� FDQWLOHYHUV� DQG
DFWXDWRUV�ZLWK�VWHUHROLWKRJUDSK\��/DE�&KLS�
������������²���

>���@ /��*H��/��'RQJ��'��:DQJ��4��*H��*��*X��$
GLJLWDO� OLJKW� SURFHVVLQJ� �'� SULQWHU� IRU� IDVW
DQG� KLJK�SUHFLVLRQ� IDEULFDWLRQ� RI� VRIW
SQHXPDWLF� DFWXDWRUV�� 6HQVRUV� $FWXDWRUV� $
3K\V����������������²����

>���@ '�� +DQ�� &�� )DULQR�� &�� <DQJ�� 7�� 6FRWW�� '�
%URZH��:��&KRL��-�:��)UHHPDQ��+��/HH��6RIW
URERWLF�PDQLSXODWLRQ�DQG�ORFRPRWLRQ�ZLWK�D�
�'� SULQWHG� HOHFWURDFWLYH� K\GURJHO�� $&6
$SSO�� 0DWHU�� ,QWHUIDFHV�� ��� ������� �����²
������

>���@ '�� 'URWPDQ�� 6�� -DGKDY�� 0�� .DULPL�� 3�� GH
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=RQLD�� 0�7�� 7ROOH\�� �'� SULQWHG� VRIW�
DFWXDWRUV� IRU� D� OHJJHG� URERW� FDSDEOH� RI�
QDYLJDWLQJ� XQVWUXFWXUHG� WHUUDLQ�� LQ�� �����
,(((�,QW��&RQI��5RERW��$XWRP���,(((��������
SS������²������

>���@ $��=DWRSD��6��:DONHU��<��0HQJXF��)XOO\�VRIW
�'�SULQWHG� HOHFWURDFWLYH� IOXLGLF� YDOYH� IRU
VRIW� K\GUDXOLF� URERWV�� 6RIW� 5RERW�� �� ������
���²����

>���@ $��5RVW�� 6�� 6FKlGOH��7KH� VOV�JHQHUDWHG� VRIW
URERWLF� KDQG�DQ� LQWHJUDWHG� DSSURDFK� XVLQJ
DGGLWLYH� PDQXIDFWXULQJ� DQG� UHLQIRUFHPHQW
OHDUQLQJ�� LQ�� ����� ��WK� ,QW�� &RQI�� 0DFK�
/HDUQ��$SSO���,(((��������SS�����²����

>���@ $�0��'ROODU��5�'��+RZH��$�UREXVW�FRPSOLDQW�
JUDVSHU� YLD� VKDSH� GHSRVLWLRQ�
PDQXIDFWXULQJ�� ,(((�$60(� 7UDQV��
0HFKDWURQLFV���������������²�����

>���@ -�� 5RVVLWHU�� 3�� :DOWHUV�� %�� 6WRLPHQRY�
3ULQWLQJ� �'� GLHOHFWULF� HODVWRPHU� DFWXDWRUV�
IRU� VRIW� URERWLFV�� LQ�� (OHFWURDFW�� 3RO\P�
$FWXDWRUV� 'HYLFHV� ������ ,QWHUQDWLRQDO�
6RFLHW\� IRU� 2SWLFV� DQG� 3KRWRQLFV�� ������ S�
�����+�

>���@ $��=ROIDJKDULDQ��$�=��.RX]DQL��6�<��.KRR��,�
*LEVRQ�� $�� .D\QDN�� �'� SULQWHG� K\GURJHO�
VRIW�DFWXDWRUV��LQ�������,(((�5HJ�����&RQI��
,(((��������SS������²�����

>���@ 6�6��5RELQVRQ��.�:��2·%ULHQ��+��=KDR��%�1�
3HHOH��&�0��/DUVRQ��%�&��0DF�0XUUD\��,�0�
9DQ� 0HHUEHHN�� 6�1�� 'XQKDP�� 5�)�
6KHSKHUG�� ,QWHJUDWHG� VRIW� VHQVRUV� DQG
HODVWRPHULF� DFWXDWRUV� IRU� WDFWLOH� PDFKLQHV
ZLWK�NLQHVWKHWLF�VHQVH��([WUHP��0HFK��/HWW�
�����������²���

>���@ +��-��.LP��6��+��6RQJ��6��+��$KQ��$�WXUWOH�
OLNH� VZLPPLQJ� URERW� XVLQJ� D� VPDUW� VRIW�
FRPSRVLWH� �66&�� VWUXFWXUH�� 6PDUW� 0DWHU�
6WUXFW������������������

>���@ 3�� 0DHGHU�<RUN�� 7�� &OLWHV�� (�� %RJJV�� 5�
1HII��3��3RO\JHULQRV��'��+ROODQG��/��6WLUOLQJ�
.��*DOORZD\��&��:HH��&��:DOVK��%LRORJLFDOO\
LQVSLUHG�VRIW�URERW�IRU�WKXPE�UHKDELOLWDWLRQ�
-� 0HG��'HYLFH�����������

>���@ &�0�� 6FKXPDFKHU�� 0�� /RHSIH�� 5�� )XKUHU�
5�1��*UDVV��:�-��6WDUN���'�SULQWHG�ORVW�ZD[�
FDVWHG� VRIW� VLOLFRQH� PRQREORFNV� HQDEOH
KHDUW�LQVSLUHG� SXPSLQJ� E\� LQWHUQDO�
FRPEXVWLRQ�� 56&� $GY�� �� ������� �����²
������

>���@ 6�� 5XVVR�� 7�� 5DQ]DQL�� &�-�� :DOVK�� 5�-�
:RRG�� $Q� DGGLWLYH� PLOOLPHWHUဨVFDOH
IDEULFDWLRQ� PHWKRG� IRU� VRIW� ELRFRPSDWLEOH
DFWXDWRUV�DQG�VHQVRUV��$GY��0DWHU��7HFKQRO�
�����������������

>���@ %�.�� 6KDUPD�� %�� -DQJ�� -�(�� /HH�� 6�� %DH�
7�:�� .LP�� +�� /HH�� -�� .LP�� -�� $KQ�
/RDGဨFRQWUROOHG� UROO� WUDQVIHU� RI� R[LGH
WUDQVLVWRUV� IRU� VWUHWFKDEOH�HOHFWURQLFV��$GY�
)XQFW��0DWHU����������������²�����

>���@ 5�-�� :RRG�� 6�� $YDGKDQXOD�� 5�� 6DKDL�� (�
6WHOW]�� 5�6�� )HDULQJ�� 0LFURURERW� GHVLJQ

XVLQJ� ILEHU� UHLQIRUFHG�FRPSRVLWHV�� -��0HFK��
'HV��������������

>���@ )��,OLHYVNL��$�'��0D]]HR��5�)��6KHSKHUG��;�
&KHQ�� *�0�� :KLWHVLGHV�� 6RIW� URERWLFV� IRU
FKHPLVWV��$QJHZ��&KHPLH�����������������²
�����

>���@ -�=�� *XO�� 0�� 6DMLG�� 0�0�� 5HKPDQ�� *�8�
6LGGLTXL�� ,�� 6KDK�� .��+�� .LP�� -��:�� /HH�
.�+�� &KRL�� �'� SULQWLQJ� IRU� VRIW� URERWLFV²D�
UHYLHZ��6FL��7HFKQRO��$GY��0DWHU�����������
���²����

>���@ <�/��<DS��6�/��6LQJ��:�<��<HRQJ��$� UHYLHZ
RI� �'�SULQWLQJ� SURFHVVHV� DQG�PDWHULDOV� IRU
VRIW�URERWLFV��5DSLG�3URWRW\S��-���������

>���@ -��&KRL��2��&��.ZRQ��:��-R��+�-��/HH��0��:�
0RRQ���'�SULQWLQJ�WHFKQRORJ\��D�UHYLHZ���'
3ULQW��$GGLW��0DQXI��������������²����

>���@ )�� 0RPHQL�� ;�� /LX�� -�� 1L�� $� UHYLHZ� RI� �'�
SULQWLQJ��0DWHU��'HV���������������²���

>���@ :�� 6KDQ�� <�� &KHQ��0�� +X�� 6�� 4LQ�� 3�� /LX�
�'� SULQWLQJ� RI� VKDSH�PHPRU\� SRO\PHU� YLD
OLTXLG� FU\VWDO� GLVSOD\� �/&'�
VWHUHROLWKRJUDSKLF��'�SULQWLQJ��0DWHU��5HV�
([SUHVV������������������

>���@ +��:HL��4��=KDQJ��<��<DR��/��/LX��<��/LX��-�
/HQJ�� 'LUHFW�ZULWH� IDEULFDWLRQ� RI� �'� DFWLYH
VKDSH�FKDQJLQJ� VWUXFWXUHV� EDVHG� RQ� D�
VKDSH� PHPRU\� SRO\PHU� DQG� LWV�
QDQRFRPSRVLWH�� $&6� $SSO�� 0DWHU�
,QWHUIDFHV��������������²����

>���@ )�� /LUDYL�� (�� 7R\VHUNDQL�� $GGLWLYH
PDQXIDFWXULQJ� RI� VLOLFRQH� VWUXFWXUHV�� $
UHYLHZ� DQG� SURVSHFWLYH�� $GGLW�� 0DQXI�� ��
����������²����

>���@ (�%��-R\HH��<��3DQ��0XOWL�PDWHULDO�DGGLWLYH
PDQXIDFWXULQJ� RI� IXQFWLRQDO� VRIW� URERW�
3URFHGLD�0DQXI���������������²����

>���@ 6�� .HH�� 0�$�� +DTXH�� '�� &RU]R�� +�1�
$OVKDUHHI�� '�� %DUDQ�� 6HOIဨKHDOLQJ� DQG
VWUHWFKDEOH� �'ဨSULQWHG� RUJDQLF
WKHUPRHOHFWULFV�� $GY�� )XQFW�� 0DWHU�� ��
���������������

>���@ +��;LDQJ��;��:DQJ��=��2X��*��/LQ��-��<LQ��=�
/LX�� /�� =KDQJ�� ;�� /LX�� 89�FXUDEOH�� �'
SULQWDEOH� DQG� ELRFRPSDWLEOH� VLOLFRQH
HODVWRPHUV��3URJ��2UJ��&RDWLQJV������������
�������

>���@ 0�� 0DQWL�� 9�� &DFXFFLROR�� 0�� &LDQFKHWWL�
6WLIIHQLQJ� LQ� VRIW� URERWLFV�� $� UHYLHZ� RI� WKH
VWDWH� RI� WKH�DUW�� ,(((�5RERW��$XWRP��0DJ�
������������²����

>���@ 1�*�� &KHQJ�� 0�%�� /RERYVN\�� 6�-�� .HDWLQJ�
$�0�� 6HWDSHQ�� .�,�� *HUR�� $�(�� +RVRL�� .�'�
,DJQHPPD��'HVLJQ�DQG�DQDO\VLV�RI�D�UREXVW�
ORZ�FRVW�� KLJKO\� DUWLFXODWHG� PDQLSXODWRU
HQDEOHG�E\�MDPPLQJ�RI�JUDQXODU�PHGLD�� LQ�
�����,(((�,QW��&RQI��5RERW��$XWRP���,(((�
������SS������²�����

>���@ )�� &KHQ��0�<��:DQJ��'HVLJQ�2SWLPL]DWLRQ
RI�6RIW�5RERWV��$�5HYLHZ�RI�WKH�6WDWH�RI�WKH
$UW��,(((�5RERW��$XWRP��0DJ���������
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>���@ -��5LHIIHO��'��.QR[�� 6�� 6PLWK��%�� 7ULPPHU�
*URZLQJ� DQG� HYROYLQJ� VRIW� URERWV�� $UWLI�
/LIH���������������²����

>���@ '�3�� +ROODQG�� (�-�� 3DUN�� 3�� 3RO\JHULQRV�
*�-��%HQQHWW��&�-��:DOVK��7KH�VRIW�URERWLFV
WRRONLW�� 6KDUHG� UHVRXUFHV� IRU� UHVHDUFK� DQG
GHVLJQ��6RIW�5RERW��������������²����

>���@ $�� 0DUWLQဨ%DUULR�� 6�� 7HUULOH�� 0�
'LD]ဨ&DUUDVFR�� -�� GHO�&HUUR��$��%DUULHQWRV�
0RGHOOLQJ� WKH� 6RIW� 5RERW� .\PD� %DVHG� RQ
5HDOဨ7LPH� )LQLWH� (OHPHQW� 0HWKRG�� LQ�
&RPSXW�� *UDSK�� )RUXP�� :LOH\� 2QOLQH
/LEUDU\�������

>���@ 7�� 0RUDOHV� %LH]H�� &RQWULEXWLRQ� WR� WKH
NLQHPDWLF� PRGHOLQJ� DQG� FRQWURO� RI� VRIW�
PDQLSXODWRUV� XVLQJ� FRPSXWDWLRQDO
PHFKDQLFV���������

>���@ *�6�� &KLULNMLDQ�� -�:�� %XUGLFN�� $� PRGDO
DSSURDFK� WR� K\SHU�UHGXQGDQW� PDQLSXODWRU
NLQHPDWLFV�� ,(((�7UDQV��5RERW��$XWRP�����
����������²����

>���@ 0�:�� +DQQDQ�� ,�'�� :DONHU�� 1RYHO
NLQHPDWLFV� IRU� FRQWLQXXP� URERWV�� LQ�� $GY�
5RERW� .LQHPDW��� 6SULQJHU�� ������ SS�� ���²
����

>���@ 0�:�� +DQQDQ�� ,�'�� :DONHU�� $QDO\VLV� DQG
H[SHULPHQWV� ZLWK� DQ� HOHSKDQW·V� WUXQN
URERW��$GY��5RERW���������������²����

>���@ 9�� )DONHQKDKQ�� $�� +LOGHEUDQGW�� 5�
1HXPDQQ�� 2�� 6DZRGQ\�� 0RGHO�EDVHG
IHHGIRUZDUG� SRVLWLRQ� FRQWURO� RI� FRQVWDQW
FXUYDWXUH�FRQWLQXXP�URERWV�XVLQJ�IHHGEDFN
OLQHDUL]DWLRQ�� LQ�� ����� ,(((� ,QW�� &RQI�
5RERW��$XWRP���,(((��������SS�����²����

>���@ &�� 'HOOD� 6DQWLQD�� 5�.�� .DW]VFKPDQQ�� $�
%LHFKL�� '�� 5XV�� '\QDPLF� FRQWURO� RI� VRIW
URERWV�LQWHUDFWLQJ�ZLWK�WKH�HQYLURQPHQW��LQ�
����� ,(((� ,QW�� &RQI�� 6RIW� 5RERW��� ,(((�
������SS����²���

>���@ $�� 'RURXGFKL�� 6�� %HUPDQ�� &RQILJXUDWLRQ
7UDFNLQJ�IRU�6RIW�&RQWLQXXP�5RERWLF�$UPV�
8VLQJ� ,QYHUVH� '\QDPLF� &RQWURO� RI� D
&RVVHUDW� 5RG� 0RGHO�� LQ�� ����� ,(((� ,QW�
&RQI��6RIW�5RERW��5RER6RIW�������

>���@ )�� 5HQGD�� 9�� &DFXFFLROR�� -�� 'LDV�� /�
6HQHYLUDWQH�� 'LVFUHWH� &RVVHUDW� DSSURDFK
IRU� VRIW� URERW� G\QDPLFV�� $� QHZ� SLHFH�ZLVH
FRQVWDQW� VWUDLQ� PRGHO� ZLWK� WRUVLRQ� DQG
VKHDUV��LQ�������,(((�56-�,QW��&RQI��,QWHOO�
5RERW��6\VW���,(((��������SS������²�����

>���@ -�� 7LOO�� 9�� $ORL�� &�� 5XFNHU�� 5HDO�WLPH
G\QDPLFV� RI� VRIW� DQG� FRQWLQXXP� URERWV�
EDVHG� RQ�&RVVHUDW� URG�PRGHOV�� ,QW�� -��5RE�
5HV���������������²����

>���@ *�� 2OVRQ�� 5�/�� +DWWRQ�� -�$�� $GDPV�� <�
0HQJ�o�� $Q� (XOHU²%HUQRXOOL� EHDP� PRGHO
IRU�VRIW�URERW�DUPV�EHQW�WKURXJK�VHOI�VWUHVV�
DQG� H[WHUQDO� ORDGV�� ,QW�� -�� 6ROLGV� 6WUXFW�
��������������²����

>���@ 7�� =KHQJ�� '�7�� %UDQVRQ�� 5�� .DQJ�� 0�
&LDQFKHWWL�� (�� *XJOLHOPLQR�� 0�� )ROODGRU�

*�$�� 0HGUDQR�&HUGD�� ,�6�� *RGDJH�� '�*��
&DOGZHOO�� '\QDPLF� FRQWLQXXP� DUP� PRGHO�
IRU� XVH� ZLWK� XQGHUZDWHU� URERWLF�
PDQLSXODWRUV� LQVSLUHG� E\� RFWRSXV� YXOJDULV��
LQ�� ����� ,(((� ,QW�� &RQI�� 5RERW�� $XWRP���
,(((��������SS������²������

>���@ .��+��/HH��0�&�:��/HRQJ��0�&�.��&KRZ��+��
&� )X��:��/XN��.��<��6]H��&��.��<HXQJ��.��
:� .ZRN�� )(0�EDVHG� VRIW� URERWLF� FRQWURO
IUDPHZRUN�IRU� LQWUDFDYLWDU\�QDYLJDWLRQ�� LQ�
����� ,(((� ,QW�� &RQI�� 5HDO�7LPH� &RPSXW�
5RERW���,(((��������SS����²���

>���@ &�� 'XULH]�� &RQWURO� RI� HODVWLF� VRIW� URERWV
EDVHG� RQ� UHDO�WLPH� ILQLWH� HOHPHQW� PHWKRG�
LQ�� ����� ,(((� ,QW�� &RQI�� 5RERW�� $XWRP��
,(((��������SS������²�����

>���@ 2�� *RXU\�� &�� 'XULH]�� )DVW�� JHQHULF�� DQG
UHOLDEOH� FRQWURO� DQG� VLPXODWLRQ� RI� VRIW
URERWV� XVLQJ� PRGHO� RUGHU� UHGXFWLRQ�� ,(((
7UDQV��5RERW����������������²�����

>���@ 2��*RXU\��%��&DUUH]��&��'XULH]��5HDO�7LPH
6LPXODWLRQ�)RU�&RQWURO�2I�6RIW�5RERWV�:LWK
6HOI�&ROOLVLRQV� 8VLQJ� 0RGHO� 2UGHU
5HGXFWLRQ�)RU�&RQWDFW�)RUFHV��,(((�5RERW�
$XWRP��/HWW���������������²�����

>���@ -�� &ROOLQV�� 6�� &KDQG�� $�� 9DQGHUNRS�� '�
+RZDUG�� $� 5HYLHZ� RI� 3K\VLFV� 6LPXODWRUV�
IRU� 5RERWLF� $SSOLFDWLRQV�� ,(((� $FFHVV�
�������

>���@ *��5XQJH��0��:LHVH��/��*�QWKHU��$��5DDW]�
$�IUDPHZRUN�IRU�WKH�NLQHPDWLF�PRGHOLQJ�RI
VRIW� PDWHULDO� URERWV� FRPELQLQJ� ILQLWH
HOHPHQW� DQDO\VLV� DQG� SLHFHZLVH� FRQVWDQW
FXUYDWXUH� NLQHPDWLFV�� LQ�� ����� �UG� ,QW�
&RQI�� &RQWURO�� $XWRP�� 5RERW��� ,(((�� �����
SS���²���

>���@ $�$��$PLUL�0RJKDGDP��0��0RDYHQLDQ��+�(�
7RXVVL�� 0RGHOOLQJ� DQG� UREXVW� FRQWURO� RI� D�
VRIW� URERW� EDVHG� RQ� FRQMXJDWHG� SRO\PHU
DFWXDWRUV��,QW��-��0RGHO��,GHQWLI��&RQWURO����
����������²����

>���@ 0��*LRUHOOL��)��5HQGD��*��)HUUL��&��/DVFKL��$�
IHHG�IRUZDUG� QHXUDO� QHWZRUN� OHDUQLQJ� WKH
LQYHUVH� NLQHWLFV� RI� D� VRIW� FDEOH�GULYHQ
PDQLSXODWRU� PRYLQJ� LQ� WKUHH�GLPHQVLRQDO
VSDFH�� LQ������� ,(((�56-�,QW��&RQI�� ,QWHOO�
5RERW��6\VW���,(((��������SS������²�����

>���@ -�� /LDQJ�� 0�&�� /LQ�� 'LIIHUHQWLDEOH� SK\VLFV
VLPXODWLRQ�� LQ�� ,&/5� ����� :RUN�� ,QWHJU�
'HHS� 1HXUDO� 0RGHO�� 'LIIHU�� (TXDWLRQV�
�����

>���@ <�� +X�� -�� /LX�� $�� 6SLHOEHUJ�� -�%�
7HQHQEDXP��:�7��)UHHPDQ��-��:X��'��5XV�
:� 0DWXVLN�� &KDLQTXHHQ�� $� UHDO�WLPH
GLIIHUHQWLDEOH� SK\VLFDO� VLPXODWRU� IRU� VRIW�
URERWLFV�� LQ�������,QW��&RQI��5RERW��$XWRP��
,(((��������SS������²�����

>���@ 0�� %lFKHU�� (�� .QRRS�� &�� 6FKXPDFKHU�
'HVLJQ� DQG� &RQWURO� RI� 6RIW� 5RERWV� 8VLQJ�
'LIIHUHQWLDEOH� 6LPXODWLRQ�� &XUU�� 5RERW�
5HSRUWV����������²���

>���@ *�$�� 1DVHOOL�� %�� 0D]]RODL�� 7KH� VRIWQHVV
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GLVWULEXWLRQ� LQGH[�� WRZDUGV� WKH� FUHDWLRQ� RI�
JXLGHOLQHV� IRU� WKH� PRGHOLQJ� RI� VRIW�ERGLHG�
URERWV��,QW��-��5RE��5HV���������������²�����

>���@ 7��*HRUJH�7KXUXWKHO��<��$QVDUL��(��)DORWLFR�
&� /DVFKL��&RQWURO�VWUDWHJLHV�IRU�VRIW�URERWLF
PDQLSXODWRUV�� $� VXUYH\�� 6RIW� 5RERW�� �
����������²����

>���@ 0��7KLHIIU\��0RGHO�%DVHG�'\QDPLF�&RQWURO
RI�6RIW�5RERWV���������

>���@ 7�*�� 7KXUXWKHO�� (�� )DORWLFR�� 0�� 0DQWL�� &�
/DVFKL�� 6WDEOH� RSHQ� ORRS� FRQWURO� RI� VRIW
URERWLF�PDQLSXODWRUV�� ,(((� 5RERW�� $XWRP�
/HWW���������������²�����

>���@ &�� 'HOOD� 6DQWLQD�� 5�.�� .DW]VFKPDQQ�� $�
%LFFKL�� '�� 5XV�� 0RGHO�EDVHG� G\QDPLF
IHHGEDFN� FRQWURO� RI� D� SODQDU� VRIW� URERW�
WUDMHFWRU\�WUDFNLQJ�DQG�LQWHUDFWLRQ�ZLWK�WKH
HQYLURQPHQW�� ,QW�� -�� 5RE�� 5HV�� ��� ������
���²����

>���@ =�4�� 7DQJ�� +�/�� +HXQJ�� .�<�� 7RQJ�� =�� /L�
0RGHO�EDVHG� RQOLQH� OHDUQLQJ� DQG� DGDSWLYH
FRQWURO� IRU� D� ´KXPDQ�ZHDUDEOH� VRIW� URERWµ
LQWHJUDWHG� V\VWHP�� ,QW�� -�� 5RE�� 5HV�� ���
����������²����

>���@ .��1DNDMLPD��+��+DXVHU�� 7�� /L�� 5�� 3IHLIHU�
([SORLWLQJ� WKH� G\QDPLFV� RI� VRIW� PDWHULDOV
IRU�PDFKLQH� OHDUQLQJ�� 6RIW� 5RERW�� �� ������
���²����

>���@ <�� =KRX�� 0�� -X�� *�� =KHQJ�� &ORVHG�ORRS
FRQWURO� RI� VRIW� URERW� EDVHG� RQ� PDFKLQH
OHDUQLQJ�� LQ�� ����� &KLQHVH� &RQWURO� &RQI��
,(((��������SS������²�����

>���@ +��=KDQJ��5��&DR��6��=LOEHUVWHLQ��)��:X��;�
&KHQ�� 7RZDUG� HIIHFWLYH� VRIW� URERW� FRQWURO�
YLD� UHLQIRUFHPHQW� OHDUQLQJ�� LQ�� ,QW�� &RQI�
,QWHOO�� 5RERW�� $SSO��� 6SULQJHU�� ������ SS�
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&KDOOHQJHV��6SULQJHU��������SS����²���

>���@ 7�/�� 'DQLHO�� &RVW� RI� ORFRPRWLRQ�� XQVWHDG\�
PHGXVDQ� VZLPPLQJ�� -�� ([S�� %LRO�� ���
����������²����

>���@ 7�/�� 'DQLHO�� 8QVWHDG\� DVSHFWV� RI� DTXDWLF
ORFRPRWLRQ��$P��=RRO���������������²����

>���@ &�.�� %DWFKHORU�� *�.�� %DWFKHORU�� $Q
LQWURGXFWLRQ� WR� IOXLG� G\QDPLFV�� &DPEULGJH
XQLYHUVLW\�SUHVV�������

>���@ -�+��5LIH��6�0��5RFN��'HVLJQ�DQG�YDOLGDWLRQ
RI� D� URERWLF� FRQWURO� ODZ� IRU� REVHUYDWLRQ� RI
GHHS�RFHDQ�MHOO\ILVK��,(((�7UDQV��5RERW����
����������²����

>���@ %��0D]]RODL��/��%HFFDL��9��0DWWROL��3ODQWV�DV
PRGHO� LQ� ELRPLPHWLFV� DQG� ELRURERWLFV�� QHZ�
SHUVSHFWLYHV�� )URQW�� %LRHQJ�� %LRWHFKQRO�� ��
���������

>���@ 6�$��9HOFUR��,PSURYHPHQWV�LQ�RU�UHODWLQJ�WR
D� PHWKRG� DQG� D� GHYLFH� IRU� SURGXFLQJ� D
YHOYHW�W\SH�IDEULF��6ZLVV�3DW���������

>���@ ,�� 0XVW�� (�� 6LQLEDOGL�� %�� 0D]]RODL�� $
YDULDEOH�VWLIIQHVV� WHQGULO�OLNH� VRIW� URERW�
EDVHG�RQ�UHYHUVLEOH�RVPRWLF�DFWXDWLRQ��1DW�
&RPPXQ�������������²��

>���@ $��0DUWtQ�%DUULR��6��7HUULOH��$��%DUULHQWRV�
-� GHO� &HUUR�� 5RERWV� +LSHU�5HGXQGDQWHV�
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&ODVLILFDFLyQ�� (VWDGR� GHO� $UWH� \�
3UREOHPiWLFD�� 5HY�� ,EHURDP�� $XWRPiWLFD� H�
,QIRUPiWLFD�,QG���������������²�����

>���@ $�� 0DUWLQဨ%DUULR�� 6�� 7HUULOH�� 0�
'LD]ဨ&DUUDVFR�� -�� GHO�&HUUR��$��%DUULHQWRV�
0RGHOOLQJ� WKH� 6RIW� 5RERW� .\PD� %DVHG� RQ
5HDOဨ7LPH� )LQLWH� (OHPHQW� 0HWKRG�� LQ�
&RPSXW�� *UDSK�� )RUXP�� :LOH\� 2QOLQH
/LEUDU\��������SS�����²����

>���@ $��0DUWtQ�%DUULR��-�-��5ROGiQ��6��7HUULOH��-�
GHO� &HUUR�� $�� %DUULHQWRV�� $SSOLFDWLRQ� RI�
LPPHUVLYH� WHFKQRORJLHV� DQG� QDWXUDO
ODQJXDJH� WR� K\SHU�UHGXQGDQW� URERW�
WHOHRSHUDWLRQ��9LUWXDO�5HDO����������²���

>���@ *�6�� &KLULNMLDQ�� -�:�� %XUGLFN�� 'HVLJQ� DQG
([SHULPHQWV� ZLWK� D� ��� '2)� 5RERW�� LQ�
>����@�3URF��,(((�,QW��&RQI��5RERW��$XWRP��
,(((��������SS�����²����

>���@ /�6��&RZDQ��,�'��:DONHU��7KH�LPSRUWDQFH�RI�
FRQWLQXRXV� DQG� GLVFUHWH� HOHPHQWV� LQ�
FRQWLQXXP�URERWV�� ,QW��-��$GY��5RERW��6\VW�
��������������

>���@ 7�� 5DQ]DQL�� *�� *HUERQL�� 0�� &LDQFKHWWL�� $�
0HQFLDVVL�� $� ELRLQVSLUHG� VRIW� PDQLSXODWRU
IRU� PLQLPDOO\� LQYDVLYH� VXUJHU\�� %LRLQVSLU�
%LRPLP������������������

>���@ %�/�� &RQUDG�� 0�5�� =LQQ�� ,QWHUOHDYHG
FRQWLQXXP�ULJLG� PDQLSXODWLRQ�� $Q
DSSURDFK� WR� LQFUHDVH� WKH� FDSDELOLW\� RI
PLQLPDOO\� LQYDVLYH� VXUJLFDO� V\VWHPV�
,(((�$60(� 7UDQV�� 0HFKDWURQLFV�� ���
���������²���

>���@ $�� (LFNKRII�� -�� 9DQ� 'DP�� 5�� -DNREV�� 9�
.XGLV�� '�� +DUWPDQQ�� 8�� 'DPLDQ�� 8�
:HLFNHUW�� '�� 6FKLOOLQJ�� -�)�� 5LHPDQQ�
&RPSXWHU�DVVLVWHG� FRORQRVFRS\� �WKH
1HR*XLGH� (QGRVFRS\� 6\VWHP��� UHVXOWV� RI
WKH� ILUVW� KXPDQ� FOLQLFDO� WULDO� �´3$&(
VWXG\µ��� 2II�� -�� $P�� &ROO�� *DVWURHQWHURO�
$&*����������������²����

>���@ -�6�� 0HKOLQJ�� 0�$�� 'LIWOHU�� 0�� &KX�� 0�
9DOYR�� $� PLQLPDOO\� LQYDVLYH� WHQGULO� URERW�
IRU�LQ�VSDFH�LQVSHFWLRQ��LQ��)LUVW�,(((�5$6�
(0%6� ,QW�� &RQI�� %LRPHG�� 5RERW�
%LRPHFKDWURQLFV�� ������ %LR5RE� ������
,(((��������SS�����²����

>���@ <�� <DQJ�� :�� =KDQJ�� $Q� HOHSKDQW�WUXQN
PDQLSXODWRU� ZLWK� WZLVWLQJ� IOH[LRQDO� URGV�
LQ�� ����� ,(((� ,QW�� &RQI�� 5RERW�
%LRPLPHWLFV��,(((��������SS����²���

>���@ $�$��6WRNHV��5�)��6KHSKHUG��6�$��0RULQ��)�
,OLHYVNL�� *�0�� :KLWHVLGHV�� $� K\EULG
FRPELQLQJ�KDUG�DQG�VRIW�URERWV��6RIW�5RERW�
�����������²���

>���@ ;��'RQJ��'��$[LQWH��'��3DOPHU��6��&RERV��0�
5DIIOHV��$��5DEDQL��-��.HOO��'HYHORSPHQW�RI
D�VOHQGHU�FRQWLQXXP�URERWLF�V\VWHP�IRU�RQ�
ZLQJ� LQVSHFWLRQ�UHSDLU� RI� JDV� WXUELQH
HQJLQHV��5RERW��&RPSXW�� ,QWHJU��0DQXI�� ��
����������²����

>���@ *�� ,PPHJD��.��$QWRQHOOL��7KH�.6,�WHQWDFOH
PDQLSXODWRU��LQ��3URF�������,(((�,QW��&RQI�

5RERW��$XWRP���,(((��������SS������²������

>���@ ,�$�� *UDYDJQH�� ,�'�� :DONHU�� .LQHPDWLF
WUDQVIRUPDWLRQV� IRU� UHPRWHO\�DFWXDWHG
SODQDU� FRQWLQXXP� URERWV�� LQ�� 3URF�� ����
,&5$�� 0LOOHQQ�� &RQI�� ,(((� ,QW�� &RQI�
5RERW�� $XWRP�� 6\PS�� 3URF�� �&DW�� 1R�
��&+��������,(((��������SS����²���

>���@ (��&RHYRHW��7��0RUDOHV�%LH]H��)��/DUJLOOLHUH�
=� =KDQJ�� 0�� 7KLHIIU\�� 0�� 6DQ]�/RSH]�� %�
&DUUH]�� '��0DUFKDO�� 2�� *RXU\�� -�� 'HTXLGW�
6RIWZDUH� WRRONLW� IRU� PRGHOLQJ�� VLPXODWLRQ�
DQG� FRQWURO� RI� VRIW� URERWV�� $GY�� 5RERW�� ��
�����������²�����

>���@ .��/X��.��=KDQJ��+��=KDQJ��;��*X��<��-LQ��6�
=KDR�� &�� )X�� <�� <DQJ�� $� 5HYLHZ� RI� 0RGHO
2UGHU� 5HGXFWLRQ� 0HWKRGV� IRU� /DUJH�6FDOH
6WUXFWXUH�6\VWHPV��6KRFN�9LE��������������

>���@ -�� $OODUG�� 6�� &RWLQ�� )�� )DXUH�� 3��-�
%HQVRXVVDQ�� )�� 3R\HU�� &�� 'XULH]�� +�
'HOLQJHWWH��/��*ULVRQL��6RID�DQ�RSHQ�VRXUFH
IUDPHZRUN� IRU� PHGLFDO� VLPXODWLRQ�� LQ�
0095� ���0HGLFLQH� 0HHWV� 9LUWXDO� 5HDO��
,23�3UHVV��������SS����²���

>���@ 0�5�� (QGVOH\�� 'HVLJQ� DQG� HYDOXDWLRQ� IRU
VLWXDWLRQ�DZDUHQHVV�HQKDQFHPHQW��LQ��3URF�
+XP�� )DFWRUV� 6RF�� $QQX�� 0HHW��� 6DJH
3XEOLFDWLRQV� 6DJH� &$�� /RV� $QJHOHV�� &$�
������SS����²����

>���@ -�-�� 5ROGiQ�� (�� 3HxD�7DSLD�� $�� 0DUWtQ�
%DUULR��0�$��2OLYDUHV�0pQGH]��-��'HO�&HUUR�
$� %DUULHQWRV�� 0XOWL�URERW� LQWHUIDFHV� DQG
RSHUDWRU� VLWXDWLRQDO� DZDUHQHVV�� 6WXG\� RI
WKH� LPSDFW� RI� LPPHUVLRQ� DQG� SUHGLFWLRQ�
6HQVRUV�����������������

>���@ -�� 5DVNLQ�� 7KH� KXPDQH� LQWHUIDFH�� QHZ�
GLUHFWLRQV� IRU� GHVLJQLQJ� LQWHUDFWLYH
V\VWHPV�� $GGLVRQ�:HVOH\� 3URIHVVLRQDO�
�����

>���@ 6�*�� +DUW�� 1$6$�WDVN� ORDG� LQGH[� �1$6$�
7/;������\HDUV�ODWHU��LQ��3URF��+XP��)DFWRUV�
(UJRQ��6RF��$QQX��0HHW���6DJH�SXEOLFDWLRQV
6DJH�&$��/RV�$QJHOHV��&$�� ������ SS�� ���²
����

>���@ 6�*��+DUW��/�(��6WDYHODQG��'HYHORSPHQW�RI
1$6$�7/;� �7DVN� /RDG� ,QGH[��� 5HVXOWV� RI
HPSLULFDO�DQG�WKHRUHWLFDO�UHVHDUFK��LQ��$GY�
3V\FKRO���(OVHYLHU��������SS�����²����

>���@ .�� 6DQJSUDGLW�� +�� /LX�� 3�� 'DVJXSWD�� .�
$OWKRHIHU��/�'��6HQHYLUDWQH��)LQLWH�HOHPHQW
PRGHOLQJ� RI� VRIW� WLVVXH� UROOLQJ� LQGHQWDWLRQ�
,(((�7UDQV��%LRPHG��(QJ����������������²
�����

>���@ *�� 5XQJH�� $�� 5DDW]�� $� IUDPHZRUN� IRU� WKH
DXWRPDWHG� GHVLJQ� DQG� PRGHOOLQJ� RI� VRIW�
URERWLF�V\VWHPV��&,53�$QQ�������������²���

>���@ 5�-�� :HEVWHU� ,,,�� %�$�� -RQHV�� 'HVLJQ� DQG
NLQHPDWLF� PRGHOLQJ� RI� FRQVWDQW� FXUYDWXUH
FRQWLQXXP� URERWV�� $� UHYLHZ�� ,QW�� -�� 5RE�
5HV����������������²�����

>���@ %�$�� -RQHV�� ,�'�� :DONHU�� .LQHPDWLFV� IRU
PXOWLVHFWLRQ� FRQWLQXXP� URERWV�� ,(((
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7UDQV��5RERW��������������²����

>���@ 0��.RYDQGçLþ��9��1LNROLþ��0�� 6LPRQRYLþ�� ,�
ýLULþ�� $�� $O�1RRUL�� 6RIW� 5RERW� 3RVLWLRQLQJ
XVLQJ� $UWLILFLDO� 1HXUDO� 1HWZRUN�� )DFWD�
8QLY��6HU��$XWRP��&RQWURO�5RERW�����������
��²���

>���@ 6�� 7HUULOH�� 0�� $UJ�HOOHV�� $�� %DUULHQWRV�
&RPSDULVRQ� RI� 'LIIHUHQW� 7HFKQRORJLHV� IRU
6RIW� 5RERWLFV� *ULSSHUV�� 6HQVRUV�� ��� ������
�����

>���@ 0��)RXPDQL�� ,�� *XQDZDQ��.�� 6PLWK�0LOHV�
0�<�� ,EUDKLP�� 1RWHV� RQ� IHDVLELOLW\� DQG
RSWLPDOLW\� FRQGLWLRQV� RI� VPDOO�VFDOH
PXOWLIXQFWLRQ� URERWLF� FHOO� VFKHGXOLQJ
SUREOHPV� ZLWK� SLFNXS� UHVWULFWLRQV�� ,(((
7UDQV��,QG��,QIRUPDWLFV���������������²����

>���@ .�� 7DL�� $�5�� (O�6D\HG�� 0�� 6KDKULDUL�� 0�
%LJODUEHJLDQ�� 6��0DKPXG�� 6WDWH� RI� WKH� DUW�
URERWLF�JULSSHUV�DQG�DSSOLFDWLRQV��5RERWLFV�
�� ������� �²���
KWWSV���GRL�RUJ���������URERWLFV��������

>���@ &�� 0HOFKLRUUL�� 0�� .DQHNR�� 6SULQJHU
+DQGERRN� RI� 5RERWLFV�� 6SULQJHU�
%HUOLQ�+HLGHOEHUJ��*HUPDQ\�������

>���@ 6��+LURVH��<��8PHWDQL��7KH�GHYHORSPHQW�RI
VRIW� JULSSHU� IRU� WKH� YHUVDWLOH� URERW� KDQG�
0HFK��0DFK��7KHRU\���������������²����

>���@ 0��0DQWL��7��+DVVDQ��*��3DVVHWWL��1��'·(OLD�
&� /DVFKL��0��&LDQFKHWWL��$�%LRLQVSLUHG�6RIW
5RERWLF�*ULSSHU�IRU�$GDSWDEOH�DQG�(IIHFWLYH
*UDVSLQJ�� 6RIW� 5RERW�� �� ������� ���²����
KWWSV���GRL�RUJ���������VRUR�����������

>���@ 0�� /LDURNDSLV�� $�0�� 'ROODU�� 3RVW�FRQWDFW�
LQ�KDQG� REMHFW� PRWLRQ� FRPSHQVDWLRQ� IRU
FRPSOLDQW� DQG� XQGHUDFWXDWHG� KDQGV�� LQ�
����� ��WK� ,(((� ,QW�� 6\PS�� 5RERW� +XP�
,QWHUDFW�� &RPPXQ��� ,(((�� ������ SS�� ���²
����

>���@ +�6�� 6WXDUW�� 6�� :DQJ�� 0�5�� &XWNRVN\�
7XQDEOH� &RQWDFW� &RQGLWLRQV� DQG� *UDVS
+\GURG\QDPLFV� 8VLQJ� *HQWOH� )LQJHUWLS
6XFWLRQ��,(((�7UDQV��5RERW���������������²
����

>���@ 5��0XWOX��*��$OLFL��0��LQ�KHW�3DQKXLV��*�0�
6SLQNV�� �'� SULQWHG� IOH[XUH� KLQJHV� IRU� VRIW
PRQROLWKLF�SURVWKHWLF� ILQJHUV��6RIW�5RERW���
����������²����

>���@ -��*DIIRUG��<��'LQJ��$��+DUULV��7��0F.HQQD�
3� 3RO\JHULQRV�� '�� +ROODQG�� $�� 0RVHU�� &�
:DOVK�� 6KDSH� GHSRVLWLRQ�PDQXIDFWXULQJ� RI
D� VRIW�� DWUDXPDWLF�� GHSOR\DEOH� VXUJLFDO
JUDVSHU��-��0HG��'HYLFH�����������

>���@ &��+�� /LX�� *��)�� +XDQJ�� &��+�� &KLX�� 7��<�
3DL��7RSRORJ\�V\QWKHVLV�DQG�RSWLPDO�GHVLJQ
RI� DQ� DGDSWLYH� FRPSOLDQW� JULSSHU� WR
PD[LPL]H� RXWSXW� GLVSODFHPHQW�� -�� ,QWHOO�
5RERW��6\VW���������������²����

>���@ *��8GXSD��3��6UHHGKDUDQ��3��6DL�'LQHVK��'�
.LP��$V\PPHWULF�EHOORZ�IOH[LEOH�SQHXPDWLF
DFWXDWRU� IRU�PLQLDWXUH�URERWLF� VRIW� JULSSHU�
-� 5RERW��������������

>���@ .�&��*DOORZD\��.�3��%HFNHU��%��3KLOOLSV�� -�
.LUE\�� 6�� /LFKW�� '�� 7FKHUQRY�� 5�-�� :RRG�
'�)�� *UXEHU�� 6RIW� 5RERWLF� *ULSSHUV� IRU
%LRORJLFDO� 6DPSOLQJ� RQ� 'HHS� 5HHIV�� 6RIW�
5RERW�� �� ������� ��²���
KWWSV���GRL�RUJ���������VRUR�����������

>���@ <��+DR��=��*RQJ��=��;LH��6��*XDQ��;��<DQJ�
=� 5HQ�� 7�� :DQJ�� /�� :HQ�� 8QLYHUVDO� VRIW
SQHXPDWLF� URERWLF� JULSSHU� ZLWK� YDULDEOH
HIIHFWLYH� OHQJWK�� LQ�� ����� ��WK� &KLQHVH
&RQWURO�&RQI���,(((��������SS������²�����

>���@ -�� *XR�� <�� 6XQ�� ;�� /LDQJ�� -��+�� /RZ�� <��5�
:RQJ��9�6��&��7D\��&��+��<HRZ��'HVLJQ�DQG
IDEULFDWLRQ� RI� D� SQHXPDWLF� VRIW� URERWLF
JULSSHU� IRU� GHOLFDWH� VXUJLFDO�PDQLSXODWLRQ�
LQ�� ����� ,(((� ,QW�� &RQI�� 0HFKDWURQLFV�
$XWRP���,(((��������SS������²�����

>���@ -��*XR��.��(OJHQHLG\��&��;LDQJ��1��/RKVH��/�
-XVWKDP�� -�� 5RVVLWHU�� 6RIW� SQHXPDWLF
JULSSHUV� HPEHGGHG� ZLWK� VWUHWFKDEOH
HOHFWURDGKHVLRQ�� 6PDUW� 0DWHU�� 6WUXFW�� ��
�������������

>���@ <�� /L�� <�� &KHQ�� <�� /L�� 3UH�FKDUJHG
SQHXPDWLF� VRIW� JULSSHU� ZLWK� FORVHG�ORRS
FRQWURO�� ,(((�5RERW��$XWRP��/HWW���� ������
����²�����

>���@ *�� 0DQWULRWD�� 2SWLPDO� JUDVS� RI� YDFXXP
JULSSHUV�ZLWK�PXOWLSOH� VXFWLRQ� FXSV��0HFK�
0DFK��7KHRU\��������������²���

>���@ -�0�� .UDKQ�� )�� )DEEUR�� &�� 0HQRQ�� $� VRIW�
WRXFK�JULSSHU� IRU� JUDVSLQJ�GHOLFDWH� REMHFWV�
,(((�$60(� 7UDQV�� 0HFKDWURQLFV�� ���
�����������²�����

>���@ -�� $PHQG�� 1�� &KHQJ�� 6�� )DNKRXUL�� %�
&XOOH\�� 6RIW� URERWLFV� FRPPHUFLDOL]DWLRQ�
-DPPLQJ� JULSSHUV� IURP� UHVHDUFK� WR
SURGXFW��6RIW�5RERW��������������²����

>���@ =�� *XR�� =�� 6XQ�� ;�� /L�� 'HVLJQ� DQG
)DEULFDWLRQ� RI� 3QHXPDWLF� 6RIW�*ULSSHU�� LQ�
$60(������ ,QW��0HFK��(QJ��&RQJU��([SR��
$PHULFDQ�6RFLHW\� RI�0HFKDQLFDO�(QJLQHHUV
'LJLWDO�&ROOHFWLRQ�������

>���@ .��0L]XVKLPD��7��2NX��<��6X]XNL��7��7VXML�
7� :DWDQDEH�� 0XOWL�ILQJHUHG� URERWLF� KDQG
EDVHG� RQ� K\EULG� PHFKDQLVP� RI� WHQGRQ�
GULYHQ� DQG� MDPPLQJ� WUDQVLWLRQ�� LQ�� ����
,(((� ,QW�� &RQI�� 6RIW� 5RERW��� ,(((�� �����
SS�����²����

>���@ <�� )HL�� -�� :DQJ��:�� 3DQJ�� $� QRYHO� IDEULF�
EDVHG� YHUVDWLOH� DQG� VWLIIQHVV�WXQDEOH� VRIW
JULSSHU� LQWHJUDWLQJ� VRIW� SQHXPDWLF� ILQJHUV
DQG�ZULVW��6RIW�5RERW������������²���

>���@ 3�+�� 1JX\HQ�� 6�� 6ULGDU�� 6�� $PDW\D�� &�0�
7KDOPDQ��3��3RO\JHULQRV��)DEULF�EDVHG�VRIW
JULSSHUV� FDSDEOH� RI� VHOHFWLYH� GLVWULEXWHG
EHQGLQJ�IRU�DVVLVWDQFH�RI�GDLO\�OLYLQJ�WDVNV�
LQ�� ����� �QG� ,(((� ,QW�� &RQI�� 6RIW� 5RERW��
,(((��������SS�����²����

>���@ -�� 1DVVRXU�� )�� +DPNHU�� (QIROGHG� WH[WLOH
DFWXDWRU� IRU� VRIW� ZHDUDEOH� URERWV�� LQ�� ����
,(((�,QW��&RQI��&\ERUJ�%LRQLF�6\VW���,(((�
������SS����²���
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>���@ *�� 0RQNPDQ� (OHFWURDGKHVLYH�
PLFURJULSSHUV��,QG��5RERW�$Q�,QW��-����������

>���@ +�5��6KHD��6��-XQ��)��'DULR��6RIW�FRPSOLDQW�
JULSSHU� IRU� VDIH�PDQLSXODWLRQ� RI� H[WUHPHO\
IUDJLOH�REMHFWV�������

>���@ 6�� 6RQJ��&��0DMLGL��0�� 6LWWL��*HFNRJULSSHU�
$� VRIW�� LQIODWDEOH� URERWLF� JULSSHU� XVLQJ
JHFNR�LQVSLUHG� HODVWRPHU� PLFUR�ILEHU
DGKHVLYHV�� LQ�� ����� ,(((�56-� ,QW�� &RQI�
,QWHOO��5RERW��6\VW��� ,(((�������� SS�� ����²
�����

>���@ 3�� *OLFN�� 6�$�� 6XUHVK�� '�� 5XIIDWWR�� 0�
&XWNRVN\�� 0�7�� 7ROOH\�� $�� 3DUQHVV�� $� VRIW�
URERWLF� JULSSHU� ZLWK� JHFNR�LQVSLUHG
DGKHVLYH�� ,(((� 5RERW�� $XWRP�� /HWW�� ��
����������²����

>���@ -�� 6KLQWDNH�� %�� 6FKXEHUW�� 6�� 5RVVHW�� +�
6KHD�� '�� )ORUHDQR�� 9DULDEOH� VWLIIQHVV�
DFWXDWRU� IRU� VRIW� URERWLFV� XVLQJ� GLHOHFWULF
HODVWRPHU� DQG� ORZ�PHOWLQJ�SRLQW� DOOR\�� LQ�
����� ,(((�56-� ,QW�� &RQI�� ,QWHOO�� 5RERW�
6\VW���,(((��������SS������²�����

>���@ /��;X��*��*X��%LRLQVSLUHG�9HQXV�IO\WUDS��$
GLHOHFWULF� HODVWRPHU� DFWXDWHG� VRIW� JULSSHU�
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6PDUW�0DWHU��6WUXFW������������������
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SDFNLQJ�� LQ�� ����� ,(((� ,QW�� &RQI�� 5RERW�
%LRPLPHWLFV��,(((��������SS�����²����
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KDQGOLQJ� RI� GHOLFDWH� IRRG� SURGXFWV� ZLWK�
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���²����
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KWWSV���GRL�RUJ���������ZZZ�VFLHQWLILF�QHW�D
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%��-�� <L�� 'HVLJQ� DQG� ,PSOHPHQWDWLRQ� RI� D�
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*HQHUDO�2EMHFWV��$SSO��6FL����������������

>���@ )HVWR�� 0XOWL&KRLFH*ULSSHU� �Q�G����
KWWSV���ZZZ�IHVWR�FRP�JURXS�HQ�FPV�������
KWP��DFFHVVHG�$SULO������������

>���@ 5HFUHXV�� 5HFUHXV�� �Q�G���
KWWSV���UHFUHXV�FRP�HQ�� �DFFHVVHG� $SULO� ���
������

>���@ 6�� 7HUULOH�� -��0LJXHODxH]��$��%DUULHQWRV��$
6RIW� +DSWLF� *ORYH� $FWXDWHG� ZLWK� 6KDSH
0HPRU\�$OOR\�DQG�)OH[LEOH�6WUHWFK�6HQVRUV�
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KWWSV���GRL�RUJ���������V����������

>���@ 5��%RLDQ��$�� 6KDUPD��&��+DQ��$��0HULDQV�
*� %XUGHD�� 6�� $GDPRYLFK�� 0�� 5HFFH�� 0�
7UHPDLQH��+��3RL]QHU��9LUWXDO�UHDOLW\�EDVHG
SRVW�VWURNH� KDQG� UHKDELOLWDWLRQ�� LQ�� 0HG�
0HHWV�9LUWXDO�5HDO���������,26�3UHVV�������
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>���@ $�� $ODPUL�� -�� &KD�� $�� (O� 6DGGLN�� $5�
5(+$%�� $Q� DXJPHQWHG� UHDOLW\� IUDPHZRUN
IRU� SRVWVWURNH�SDWLHQW� UHKDELOLWDWLRQ�� ,(((
7UDQV�� ,QVWUXP�� 0HDV�� ��� ������� ����²
�����

>���@ /�� &RQQHOO\�� <�� -LD�� 0�/�� 7RUR�� 0�(�
6WR\NRY�� 5�� 9� .HQ\RQ�� '�*�� .DPSHU�� $�
SQHXPDWLF� JORYH� DQG� LPPHUVLYH� YLUWXDO�
UHDOLW\�HQYLURQPHQW�IRU�KDQG�UHKDELOLWDWLYH
WUDLQLQJ� DIWHU� VWURNH�� ,(((� 7UDQV�� 1HXUDO�
6\VW��5HKDELO��(QJ���������������²����

>���@ $��$ODPUL��+��1��.LP��-��&KD��$��(O�6DGGLN�
6HULRXV�*DPHV� IRU�5HKDELOLWDWLRQ� RI� VWURNH
SDWLHQWV�ZLWK�9LEURWDFWLOH� IHHGEDFN��� ,QW��-�
&RPSXW�� 6FL�� 6SRUW� �,QWHUQDWLRQDO� $VVRF�
&RPSXW��6FL��6SRUW�����������

>���@ +�� 0RXVDYL� +RQGRUL�� 0�� .KDGHPL�� /�
'RGDNLDQ�� 6�&�� &UDPHU�� &�9�� /RSHV�� $�
VSDWLDO�DXJPHQWHG�UHDOLW\�UHKDE�V\VWHP�IRU
SRVW�VWURNH� KDQG� UHKDELOLWDWLRQ�� LQ�� 0HG�
0HHWV� 9LUWXDO� 5HDO�� ���� ,26� 3UHVV�� �����
SS�����²����

>���@ '��7VRXSLNRYD��1�� 6WR\NRY�� 5��9LFN�� <�� /L�
'� .DPSHU��0��/LVWHQEHUJHU��8VH�RI�YLUWXDO
UHDOLW\� WR� SURPRWH� KDQG� WKHUDS\� SRVW�
VWURNH�� LQ�� (QJ�� 5HDO�� 9LUWXDO� 5HDO�� �����
,QWHUQDWLRQDO� 6RFLHW\� IRU� 2SWLFV� DQG�
3KRWRQLFV��������S�������.�

>���@ 0�� .KDGHPL�� +�� 0RXVDYL� +RQGRUL�� $�
0F.HQ]LH�� /�� 'RGDNLDQ�� &�9�� /RSHV�� 6�&�
&UDPHU�� )UHH�KDQG� LQWHUDFWLRQ� ZLWK� OHDS
PRWLRQ� FRQWUROOHU� IRU� VWURNH� UHKDELOLWDWLRQ�
LQ�� &+,·��� ([W�� $EVWU�� +XP�� )DFWRUV�
&RPSXW��6\VW���������SS������²�����

>���@ $�� .DUDVKDQRY�� $�� 0DQRORYD�� 1�� 1HVKRY�
$SSOLFDWLRQ� IRU� KDQG� UHKDELOLWDWLRQ� XVLQJ
OHDS�PRWLRQ�VHQVRU�EDVHG�RQ�D�JDPLILFDWLRQ
DSSURDFK�� ,QW�� -�� $GY�� 5HV�� 6FL�� (QJ�� �
���������²���

>���@ &��<��/LQ��&��0��7VDL��3��&��6KLK��+��&��:X�
'HYHORSPHQW� RI� D� QRYHO� KDSWLF� JORYH� IRU
LPSURYLQJ� ILQJHU� GH[WHULW\� LQ� SRVWVWURNH
UHKDELOLWDWLRQ�� 7HFKQRO�� +HDO�� &DUH�� ���
�������6��²6����

>���@ ;�� <DQJ�� 6��&�� <HK�� -�� 1LX�� <�� *RQJ�� *�
<DQJ�� +DQG� UHKDELOLWDWLRQ� XVLQJ� YLUWXDO
UHDOLW\� HOHFWURP\RJUDSK\� VLJQDOV�� LQ�� �����
�WK� ,QW�� &RQI�� (QWHUS�� 6\VW��� ,(((�� �����
SS�����²����

>���@ 7�� 5RVH�� &�6��1DP�� .�%�� &KHQ�� ,PPHUVLRQ
RI� YLUWXDO� UHDOLW\� IRU� UHKDELOLWDWLRQ�5HYLHZ�
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JDPH� GHVLJQ�� -�� 1HXURHQJ�� 5HKDELO�� ���
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>���@ +��&�� :X�� <��&�� /LDR�� <��+�� &KHQJ�� 3��&�
6KLK�� &��0�� 7VDL�� &��<�� /LQ�� 7KH� SRWHQWLDO
HIIHFW� RI� D� YLEURWDFWLOH� JORYH� UHKDELOLWDWLRQ
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LQ� YLUWXDO� UHDOLW\�� WUDLQLQJ� KHPLSDUHWLF
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IROORZLQJ� VWURNH�� LQ�� �����$QQX�� ,QW��&RQI�
,(((�(QJ��0HG��%LRO��6RF���,(((��������SS�
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>���@ 5�� 6FKHLEH�� 0�� 0RHKULQJ�� %�� )URHKOLFK�
7DFWLOH� IHHGEDFN� DW� WKH� ILQJHU� WLSV� IRU
LPSURYHG� GLUHFW� LQWHUDFWLRQ� LQ� LPPHUVLYH
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JUDVSLQJ� LQ� YU� YLD� D� WKLQ� IRUP�IDFWRU
HOHFWURVWDWLF� EUDNH�� LQ�� 3URF�� ��VW� $QQX�
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IHHGEDFN�JORYH�� LQ������� ,QW��:RUN��9LUWXDO
5HKDELO���,(((��������SS����²���
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�²���KWWSV���GRL�RUJ���������������������
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(ODKLQLD�� $65� JORYH�� $� ZHDUDEOH� JORYH� IRU�
KDQG� DVVLVWDQFH� DQG� UHKDELOLWDWLRQ� XVLQJ�
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5LJKW� +DQG� LQ� 7ZHQW\�2QH� $FWLYLWLHV� RI�
'DLO\� /LYLQJ� 8VLQJ� D� +LJK� 6SDWLDO
5HVROXWLRQ� 3UHVVXUH� 6HQVRU�� 6HQVRUV�� ��
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>���@ 0�0�� .KHLULNKDK�� 6�� 5DELHH�� 0�(�� (GDODW�
$� UHYLHZ� RI� VKDSH�PHPRU\� DOOR\� DFWXDWRUV�
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