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unilateral teleoperation:

bilateral teleoperation (position-exchange):

bilateral teleoperation (position forward, force feedback):

follower robot controller

master robot controller

fa2(t) = kp2(x1 � x2) + kd2(ẋ1 � ẋ2)
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<latexit sha1_base64="toiyBTn33YcFv6/OA5yBeekgqrk=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUE3QtGNywr2Au1QMmmmDc1kxuRMoQx9DjcuFHHrw7jzbUwvC239IfDxn3M4J3+QSGHQdb+d3Nr6xuZWfruws7u3f1A8PGqYONWM11ksY90KqOFSKF5HgZK3Es1pFEjeDIZ303pzxLURsXrEccL9iPaVCAWjaC0/7GbUm5TxnNwQt1ssuRV3JrIK3gJKsFCtW/zq9GKWRlwhk9SYtucm6GdUo2CSTwqd1PCEsiHt87ZFRSNu/Gx29IScWadHwljbp5DM3N8TGY2MGUeB7YwoDsxybWr+V2unGF77mVBJilyx+aIwlQRjMk2A9ITmDOXYAmVa2FsJG1BNGdqcCjYEb/nLq9C4qHiWHy5L1dtFHHk4gVMogwdXUIV7qEEdGDzBM7zCmzNyXpx352PemnMWM8fwR87nD7dVkL0=</latexit><latexit sha1_base64="toiyBTn33YcFv6/OA5yBeekgqrk=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUE3QtGNywr2Au1QMmmmDc1kxuRMoQx9DjcuFHHrw7jzbUwvC239IfDxn3M4J3+QSGHQdb+d3Nr6xuZWfruws7u3f1A8PGqYONWM11ksY90KqOFSKF5HgZK3Es1pFEjeDIZ303pzxLURsXrEccL9iPaVCAWjaC0/7GbUm5TxnNwQt1ssuRV3JrIK3gJKsFCtW/zq9GKWRlwhk9SYtucm6GdUo2CSTwqd1PCEsiHt87ZFRSNu/Gx29IScWadHwljbp5DM3N8TGY2MGUeB7YwoDsxybWr+V2unGF77mVBJilyx+aIwlQRjMk2A9ITmDOXYAmVa2FsJG1BNGdqcCjYEb/nLq9C4qHiWHy5L1dtFHHk4gVMogwdXUIV7qEEdGDzBM7zCmzNyXpx352PemnMWM8fwR87nD7dVkL0=</latexit><latexit sha1_base64="toiyBTn33YcFv6/OA5yBeekgqrk=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUE3QtGNywr2Au1QMmmmDc1kxuRMoQx9DjcuFHHrw7jzbUwvC239IfDxn3M4J3+QSGHQdb+d3Nr6xuZWfruws7u3f1A8PGqYONWM11ksY90KqOFSKF5HgZK3Es1pFEjeDIZ303pzxLURsXrEccL9iPaVCAWjaC0/7GbUm5TxnNwQt1ssuRV3JrIK3gJKsFCtW/zq9GKWRlwhk9SYtucm6GdUo2CSTwqd1PCEsiHt87ZFRSNu/Gx29IScWadHwljbp5DM3N8TGY2MGUeB7YwoDsxybWr+V2unGF77mVBJilyx+aIwlQRjMk2A9ITmDOXYAmVa2FsJG1BNGdqcCjYEb/nLq9C4qHiWHy5L1dtFHHk4gVMogwdXUIV7qEEdGDzBM7zCmzNyXpx352PemnMWM8fwR87nD7dVkL0=</latexit><latexit sha1_base64="toiyBTn33YcFv6/OA5yBeekgqrk=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUE3QtGNywr2Au1QMmmmDc1kxuRMoQx9DjcuFHHrw7jzbUwvC239IfDxn3M4J3+QSGHQdb+d3Nr6xuZWfruws7u3f1A8PGqYONWM11ksY90KqOFSKF5HgZK3Es1pFEjeDIZ303pzxLURsXrEccL9iPaVCAWjaC0/7GbUm5TxnNwQt1ssuRV3JrIK3gJKsFCtW/zq9GKWRlwhk9SYtucm6GdUo2CSTwqd1PCEsiHt87ZFRSNu/Gx29IScWadHwljbp5DM3N8TGY2MGUeB7YwoDsxybWr+V2unGF77mVBJilyx+aIwlQRjMk2A9ITmDOXYAmVa2FsJG1BNGdqcCjYEb/nLq9C4qHiWHy5L1dtFHHk4gVMogwdXUIV7qEEdGDzBM7zCmzNyXpx352PemnMWM8fwR87nD7dVkL0=</latexit>

fa1(t) = kp1(x2 � x1) + kd1(ẋ2 � ẋ1)
<latexit sha1_base64="M4aljMGgzIhIYes1sDDukf0tIMM=">AAACKHicbZDLSgMxFIYz9V5vVZdugkVoEctEBN2IRTcuK9gLtGXIpBkbmrmQnJGWYR7Hja/iRkSRbn0SM20FtR4IfPz/OZyc342k0GDbYyu3sLi0vLK6ll/f2NzaLuzsNnQYK8brLJSharlUcykCXgcBkrcixanvSt50B9eZ33zgSoswuINRxLs+vQ+EJxgFIzmFS89JKElLUMYXeOAkEUlxaeic4GM8dEgZH2ViLxM7vRCSYTqxvpmUnULRrtiTwvNAZlBEs6o5hVczzGKfB8Ak1bpN7Ai6CVUgmORpvhNrHlE2oPe8bTCgPtfdZHJoig+N0sNeqMwLAE/UnxMJ9bUe+a7p9Cn09V8vE//z2jF4591EBFEMPGDTRV4sMYQ4Sw33hOIM5MgAZUqYv2LWp4oyMNnmTQjk78nz0DipEMO3p8Xq1SyOVbSPDlAJEXSGqugG1VAdMfSIntEbereerBfrwxpPW3PWbGYP/Srr8wsDRqLr</latexit><latexit sha1_base64="M4aljMGgzIhIYes1sDDukf0tIMM=">AAACKHicbZDLSgMxFIYz9V5vVZdugkVoEctEBN2IRTcuK9gLtGXIpBkbmrmQnJGWYR7Hja/iRkSRbn0SM20FtR4IfPz/OZyc342k0GDbYyu3sLi0vLK6ll/f2NzaLuzsNnQYK8brLJSharlUcykCXgcBkrcixanvSt50B9eZ33zgSoswuINRxLs+vQ+EJxgFIzmFS89JKElLUMYXeOAkEUlxaeic4GM8dEgZH2ViLxM7vRCSYTqxvpmUnULRrtiTwvNAZlBEs6o5hVczzGKfB8Ak1bpN7Ai6CVUgmORpvhNrHlE2oPe8bTCgPtfdZHJoig+N0sNeqMwLAE/UnxMJ9bUe+a7p9Cn09V8vE//z2jF4591EBFEMPGDTRV4sMYQ4Sw33hOIM5MgAZUqYv2LWp4oyMNnmTQjk78nz0DipEMO3p8Xq1SyOVbSPDlAJEXSGqugG1VAdMfSIntEbereerBfrwxpPW3PWbGYP/Srr8wsDRqLr</latexit><latexit sha1_base64="M4aljMGgzIhIYes1sDDukf0tIMM=">AAACKHicbZDLSgMxFIYz9V5vVZdugkVoEctEBN2IRTcuK9gLtGXIpBkbmrmQnJGWYR7Hja/iRkSRbn0SM20FtR4IfPz/OZyc342k0GDbYyu3sLi0vLK6ll/f2NzaLuzsNnQYK8brLJSharlUcykCXgcBkrcixanvSt50B9eZ33zgSoswuINRxLs+vQ+EJxgFIzmFS89JKElLUMYXeOAkEUlxaeic4GM8dEgZH2ViLxM7vRCSYTqxvpmUnULRrtiTwvNAZlBEs6o5hVczzGKfB8Ak1bpN7Ai6CVUgmORpvhNrHlE2oPe8bTCgPtfdZHJoig+N0sNeqMwLAE/UnxMJ9bUe+a7p9Cn09V8vE//z2jF4591EBFEMPGDTRV4sMYQ4Sw33hOIM5MgAZUqYv2LWp4oyMNnmTQjk78nz0DipEMO3p8Xq1SyOVbSPDlAJEXSGqugG1VAdMfSIntEbereerBfrwxpPW3PWbGYP/Srr8wsDRqLr</latexit><latexit sha1_base64="M4aljMGgzIhIYes1sDDukf0tIMM=">AAACKHicbZDLSgMxFIYz9V5vVZdugkVoEctEBN2IRTcuK9gLtGXIpBkbmrmQnJGWYR7Hja/iRkSRbn0SM20FtR4IfPz/OZyc342k0GDbYyu3sLi0vLK6ll/f2NzaLuzsNnQYK8brLJSharlUcykCXgcBkrcixanvSt50B9eZ33zgSoswuINRxLs+vQ+EJxgFIzmFS89JKElLUMYXeOAkEUlxaeic4GM8dEgZH2ViLxM7vRCSYTqxvpmUnULRrtiTwvNAZlBEs6o5hVczzGKfB8Ak1bpN7Ai6CVUgmORpvhNrHlE2oPe8bTCgPtfdZHJoig+N0sNeqMwLAE/UnxMJ9bUe+a7p9Cn09V8vE//z2jF4591EBFEMPGDTRV4sMYQ4Sw33hOIM5MgAZUqYv2LWp4oyMNnmTQjk78nz0DipEMO3p8Xq1SyOVbSPDlAJEXSGqugG1VAdMfSIntEbereerBfrwxpPW3PWbGYP/Srr8wsDRqLr</latexit>

fa1(t) = fe
<latexit sha1_base64="e9Pc/fMeI8wluRBx42wFdFapIUs=">AAAB+HicbZDLSgNBEEV74ivGR6Iu3TQGIW7CjAi6EYJuXEYwD0iGoadTkzTpedBdI8QhX+LGhSJu/RR3/o2dZBaaeKHhcKuKqr5+IoVG2/62CmvrG5tbxe3Szu7efrlycNjWcao4tHgsY9X1mQYpImihQAndRAELfQkdf3w7q3ceQWkRRw84ScAN2TASgeAMjeVVyoGXMWdawzN6TQMPvErVrttz0VVwcqiSXE2v8tUfxDwNIUIumdY9x07QzZhCwSVMS/1UQ8L4mA2hZzBiIWg3mx8+pafGGdAgVuZFSOfu74mMhVpPQt90hgxHerk2M/+r9VIMrtxMREmKEPHFoiCVFGM6S4EOhAKOcmKAcSXMrZSPmGIcTVYlE4Kz/OVVaJ/XHcP3F9XGTR5HkRyTE1IjDrkkDXJHmqRFOEnJM3klb9aT9WK9Wx+L1oKVzxyRP7I+fwD8V5H8</latexit><latexit sha1_base64="e9Pc/fMeI8wluRBx42wFdFapIUs=">AAAB+HicbZDLSgNBEEV74ivGR6Iu3TQGIW7CjAi6EYJuXEYwD0iGoadTkzTpedBdI8QhX+LGhSJu/RR3/o2dZBaaeKHhcKuKqr5+IoVG2/62CmvrG5tbxe3Szu7efrlycNjWcao4tHgsY9X1mQYpImihQAndRAELfQkdf3w7q3ceQWkRRw84ScAN2TASgeAMjeVVyoGXMWdawzN6TQMPvErVrttz0VVwcqiSXE2v8tUfxDwNIUIumdY9x07QzZhCwSVMS/1UQ8L4mA2hZzBiIWg3mx8+pafGGdAgVuZFSOfu74mMhVpPQt90hgxHerk2M/+r9VIMrtxMREmKEPHFoiCVFGM6S4EOhAKOcmKAcSXMrZSPmGIcTVYlE4Kz/OVVaJ/XHcP3F9XGTR5HkRyTE1IjDrkkDXJHmqRFOEnJM3klb9aT9WK9Wx+L1oKVzxyRP7I+fwD8V5H8</latexit><latexit sha1_base64="e9Pc/fMeI8wluRBx42wFdFapIUs=">AAAB+HicbZDLSgNBEEV74ivGR6Iu3TQGIW7CjAi6EYJuXEYwD0iGoadTkzTpedBdI8QhX+LGhSJu/RR3/o2dZBaaeKHhcKuKqr5+IoVG2/62CmvrG5tbxe3Szu7efrlycNjWcao4tHgsY9X1mQYpImihQAndRAELfQkdf3w7q3ceQWkRRw84ScAN2TASgeAMjeVVyoGXMWdawzN6TQMPvErVrttz0VVwcqiSXE2v8tUfxDwNIUIumdY9x07QzZhCwSVMS/1UQ8L4mA2hZzBiIWg3mx8+pafGGdAgVuZFSOfu74mMhVpPQt90hgxHerk2M/+r9VIMrtxMREmKEPHFoiCVFGM6S4EOhAKOcmKAcSXMrZSPmGIcTVYlE4Kz/OVVaJ/XHcP3F9XGTR5HkRyTE1IjDrkkDXJHmqRFOEnJM3klb9aT9WK9Wx+L1oKVzxyRP7I+fwD8V5H8</latexit><latexit sha1_base64="e9Pc/fMeI8wluRBx42wFdFapIUs=">AAAB+HicbZDLSgNBEEV74ivGR6Iu3TQGIW7CjAi6EYJuXEYwD0iGoadTkzTpedBdI8QhX+LGhSJu/RR3/o2dZBaaeKHhcKuKqr5+IoVG2/62CmvrG5tbxe3Szu7efrlycNjWcao4tHgsY9X1mQYpImihQAndRAELfQkdf3w7q3ceQWkRRw84ScAN2TASgeAMjeVVyoGXMWdawzN6TQMPvErVrttz0VVwcqiSXE2v8tUfxDwNIUIumdY9x07QzZhCwSVMS/1UQ8L4mA2hZzBiIWg3mx8+pafGGdAgVuZFSOfu74mMhVpPQt90hgxHerk2M/+r9VIMrtxMREmKEPHFoiCVFGM6S4EOhAKOcmKAcSXMrZSPmGIcTVYlE4Kz/OVVaJ/XHcP3F9XGTR5HkRyTE1IjDrkkDXJHmqRFOEnJM3klb9aT9WK9Wx+L1oKVzxyRP7I+fwD8V5H8</latexit>



discussion
• for these control laws to work, what properties 

should the master and/or follower robot have?

• motion scaling: why would you want this, and how 
would you change the control laws to accomplish 
this?

• force amplification: why would you want this, and 
how would you change the control laws to 
accomplish this?
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discussion

• what might limit the values of the controller gains 
that you can choose?

• how do these limitations relate to those of force 
feedback for virtual environments?

• what are the comparative advantages and 
disadvantages of position- and force-based bilateral 
teleoperation?
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Reminders: 

Quiz 2 went well!

Assignment 7 due this Thursday
Assignment 8 will be posted Monday 6/1 

(not due until Monday 6/8)

Office Hours/Q&A with Allison until 10 am, if 
time. Question queue (see tab with today’s date):  

https://tinyurl.com/HapticsAllison
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