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the genesis of teleoperation?

Typically uses a pantograph mechanism: a five-bar 
linkage with parallel bars such that motion at one 

point is reproduced at another point

a Polygraph is a 
mechanical device that 
produces a copy of a 

piece of writing 
simultaneously with the 
creation of the original, 

using pens and ink. 
Famously used by 

Thomas Jefferson ~1805.
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teleoperation history
• first telemanipulator: 1948, Ray Goertz, 

U.S. Atomic Energy Commission

– goal was to protect workers from radiation, 
while enabling precise manipulation of 
materials

– a device which is responsive to another 
device is called the “follower” and the 
controlling device is termed a “master”

• at first, mechanical linkages and cables

• 1954: electrical and hydraulic 
servomechanisms

• 1960s: closed-circuit television and 
head-mounted displays (HMDs)
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bilateral control = force feedback

• inherent in “mechanical” 
teleoperators

• forces at the follower end-
effector are reflected to 
the master end-effector

• displacements produced at 
the follower end-effector 
produce a displacement at 
the master end-effector
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modern telemanipulators
• undersea: exploration and oil acquisition

• space

– 1967: Surveyor III landed on the surface of the 
Moon (a few seconds delay in the two-way 
transmission to earth of commands and 
information)

– 1976: Viking spacecraft, landed on Mars 
was programmed to carry out strictly 
automated operations

– Shuttle Remote Manipulator 
System (SRMS): retrieves 
satellites and place them 
in the cargo bay; mobile 
work platform for astronauts 
during space walks 
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even more dexterous 
teleoperation

• Robonaut

–Robot Systems Technology Branch 
at NASA's Johnson Space Center 

–purpose is to replace astronauts in 
dangerous missions, such as space 
walk, on the space shuttle and/or 
the space station

–both autonomous operation and 
teleoperation are being developed
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images and video © Intuitive Surgical, Inc. 2012

surgical robotics
(e.g., da Vinci Surgical System)



simple system example
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Abbott and Okamura 2004

Follower Master



teleoperation 
controllers
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unilateral teleoperator model 

modified from Kuchenbecker Ph.D. Thesis (2006)
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Follower Follower



bilateral teleoperator model 
(using position)

modified from Kuchenbecker Ph.D. Thesis (2006)
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Follower Follower



bilateral teleoperator model 
(using force)

modified from Kuchenbecker Ph.D. Thesis (2006)
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Follower Follower

Scaled	Follower	Tip	Force



teleoperation block 
diagrams



typical follower robot controller
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this is a proportional-derivative controller, 
which attempts to make the follower (2) 

follow the master (1) position and velocity

follower actuator force

position of master

position of follower

follower proportional gain

follower derivative gain

for each “haptic loop" the master’s position is recorded and the 
follower robot attempts to follow the master

fa2(t) = kp2(x1 � x2) + kd2(ẋ1 � ẋ2)
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kd2
<latexit sha1_base64="Wyh8CTf/Y9ed3ThbIpXCRMSyNNk=">AAAB7XicbZDLSgMxFIZPvNZ6q7p0EyyCqzJTBF0W3bisYC/QDiWTybSxmWRIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzh6ngxnreN1pb39jc2i7tlHf39g8OK0fHbaMyTVmLKqF0NySGCS5Zy3IrWDfVjCShYJ1wfDurd56YNlzJBztJWZCQoeQxp8Q6qz0e5FF9OqhUvZo3F14Fv4AqFGoOKl/9SNEsYdJSQYzp+V5qg5xoy6lg03I/MywldEyGrOdQkoSZIJ9vO8XnzolwrLR70uK5+3siJ4kxkyR0nQmxI7Ncm5n/1XqZja+DnMs0s0zSxUdxJrBVeHY6jrhm1IqJA0I1d7tiOiKaUOsCKrsQ/OWTV6Fdr/mO7y+rjZsijhKcwhlcgA9X0IA7aEILKDzCM7zCG1LoBb2jj0XrGipmTuCP0OcPfH2PDg==</latexit><latexit sha1_base64="Wyh8CTf/Y9ed3ThbIpXCRMSyNNk=">AAAB7XicbZDLSgMxFIZPvNZ6q7p0EyyCqzJTBF0W3bisYC/QDiWTybSxmWRIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzh6ngxnreN1pb39jc2i7tlHf39g8OK0fHbaMyTVmLKqF0NySGCS5Zy3IrWDfVjCShYJ1wfDurd56YNlzJBztJWZCQoeQxp8Q6qz0e5FF9OqhUvZo3F14Fv4AqFGoOKl/9SNEsYdJSQYzp+V5qg5xoy6lg03I/MywldEyGrOdQkoSZIJ9vO8XnzolwrLR70uK5+3siJ4kxkyR0nQmxI7Ncm5n/1XqZja+DnMs0s0zSxUdxJrBVeHY6jrhm1IqJA0I1d7tiOiKaUOsCKrsQ/OWTV6Fdr/mO7y+rjZsijhKcwhlcgA9X0IA7aEILKDzCM7zCG1LoBb2jj0XrGipmTuCP0OcPfH2PDg==</latexit><latexit sha1_base64="Wyh8CTf/Y9ed3ThbIpXCRMSyNNk=">AAAB7XicbZDLSgMxFIZPvNZ6q7p0EyyCqzJTBF0W3bisYC/QDiWTybSxmWRIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzh6ngxnreN1pb39jc2i7tlHf39g8OK0fHbaMyTVmLKqF0NySGCS5Zy3IrWDfVjCShYJ1wfDurd56YNlzJBztJWZCQoeQxp8Q6qz0e5FF9OqhUvZo3F14Fv4AqFGoOKl/9SNEsYdJSQYzp+V5qg5xoy6lg03I/MywldEyGrOdQkoSZIJ9vO8XnzolwrLR70uK5+3siJ4kxkyR0nQmxI7Ncm5n/1XqZja+DnMs0s0zSxUdxJrBVeHY6jrhm1IqJA0I1d7tiOiKaUOsCKrsQ/OWTV6Fdr/mO7y+rjZsijhKcwhlcgA9X0IA7aEILKDzCM7zCG1LoBb2jj0XrGipmTuCP0OcPfH2PDg==</latexit><latexit sha1_base64="Wyh8CTf/Y9ed3ThbIpXCRMSyNNk=">AAAB7XicbZDLSgMxFIZPvNZ6q7p0EyyCqzJTBF0W3bisYC/QDiWTybSxmWRIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzh6ngxnreN1pb39jc2i7tlHf39g8OK0fHbaMyTVmLKqF0NySGCS5Zy3IrWDfVjCShYJ1wfDurd56YNlzJBztJWZCQoeQxp8Q6qz0e5FF9OqhUvZo3F14Fv4AqFGoOKl/9SNEsYdJSQYzp+V5qg5xoy6lg03I/MywldEyGrOdQkoSZIJ9vO8XnzolwrLR70uK5+3siJ4kxkyR0nQmxI7Ncm5n/1XqZja+DnMs0s0zSxUdxJrBVeHY6jrhm1IqJA0I1d7tiOiKaUOsCKrsQ/OWTV6Fdr/mO7y+rjZsijhKcwhlcgA9X0IA7aEILKDzCM7zCG1LoBb2jj0XrGipmTuCP0OcPfH2PDg==</latexit>



master robot controller 
for unilateral teleoperation

the force applied by the master actuator 
(if it exists) is zero 
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master actuator forcefa1(t)
<latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit>

fa1(t) = 0
<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>



master robot controller 
for bilateral teleoperation 

(using position)
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for each “haptic loop,” the follower’s motion is recorded 
and the master robot attempts to follow the follower

master actuator force

position of master

position of follower

master proportional gain

master derivative gain

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)
<latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit>

x1
<latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

kd1
<latexit sha1_base64="TbPN3Lwcq+ns+nLYBg0xh/BPxKo=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZTKaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4KFnCCLbOao8HeRxMB9WaX/fnQqsQFFCDQs1B9asfK5IJKi3h2Jhe4Kc2zLG2jHA6rfQzQ1NMxnhIew4lFtSE+XzbKTpzTowSpd2TFs3d3xM5FsZMROQ6BbYjs1ybmf/VeplNrsOcyTSzVJLFR0nGkVVodjqKmabE8okDTDRzuyIywhoT6wKquBCC5ZNXoX1RDxzfX9YaN0UcZTiBUziHAK6gAXfQhBYQeIRneIU3T3kv3rv3sWgtecXMMfyR9/kDeviPDQ==</latexit><latexit sha1_base64="TbPN3Lwcq+ns+nLYBg0xh/BPxKo=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZTKaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4KFnCCLbOao8HeRxMB9WaX/fnQqsQFFCDQs1B9asfK5IJKi3h2Jhe4Kc2zLG2jHA6rfQzQ1NMxnhIew4lFtSE+XzbKTpzTowSpd2TFs3d3xM5FsZMROQ6BbYjs1ybmf/VeplNrsOcyTSzVJLFR0nGkVVodjqKmabE8okDTDRzuyIywhoT6wKquBCC5ZNXoX1RDxzfX9YaN0UcZTiBUziHAK6gAXfQhBYQeIRneIU3T3kv3rv3sWgtecXMMfyR9/kDeviPDQ==</latexit><latexit sha1_base64="TbPN3Lwcq+ns+nLYBg0xh/BPxKo=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZTKaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4KFnCCLbOao8HeRxMB9WaX/fnQqsQFFCDQs1B9asfK5IJKi3h2Jhe4Kc2zLG2jHA6rfQzQ1NMxnhIew4lFtSE+XzbKTpzTowSpd2TFs3d3xM5FsZMROQ6BbYjs1ybmf/VeplNrsOcyTSzVJLFR0nGkVVodjqKmabE8okDTDRzuyIywhoT6wKquBCC5ZNXoX1RDxzfX9YaN0UcZTiBUziHAK6gAXfQhBYQeIRneIU3T3kv3rv3sWgtecXMMfyR9/kDeviPDQ==</latexit><latexit sha1_base64="TbPN3Lwcq+ns+nLYBg0xh/BPxKo=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZTKaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4KFnCCLbOao8HeRxMB9WaX/fnQqsQFFCDQs1B9asfK5IJKi3h2Jhe4Kc2zLG2jHA6rfQzQ1NMxnhIew4lFtSE+XzbKTpzTowSpd2TFs3d3xM5FsZMROQ6BbYjs1ybmf/VeplNrsOcyTSzVJLFR0nGkVVodjqKmabE8okDTDRzuyIywhoT6wKquBCC5ZNXoX1RDxzfX9YaN0UcZTiBUziHAK6gAXfQhBYQeIRneIU3T3kv3rv3sWgtecXMMfyR9/kDeviPDQ==</latexit>

kp1
<latexit sha1_base64="VhgxI5bC7ePE2jqokEQKFqbPu64=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk07SNzSZLMiuUpf/BiwdFvPp/vPlvTNs9aOsLgYd3ZsjMGyVSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlanhvEG01KbdkQtl0LxBgqUvJ0YTuNI8lY0vp3VW0/cWKHVA04SHsZ0qMRAMIrOao57WRJMe+WKX/XnIqsQ5FCBXPVe+avb1yyNuUImqbWdwE8wzKhBwSSflrqp5QllYzrkHYeKxtyG2XzbKTlzTp8MtHFPIZm7vycyGls7iSPXGVMc2eXazPyv1klxcB1mQiUpcsUWHw1SSVCT2emkLwxnKCcOKDPC7UrYiBrK0AVUciEEyyevQvOiGji+v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gj7/MHjUCPGQ==</latexit><latexit sha1_base64="VhgxI5bC7ePE2jqokEQKFqbPu64=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk07SNzSZLMiuUpf/BiwdFvPp/vPlvTNs9aOsLgYd3ZsjMGyVSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlanhvEG01KbdkQtl0LxBgqUvJ0YTuNI8lY0vp3VW0/cWKHVA04SHsZ0qMRAMIrOao57WRJMe+WKX/XnIqsQ5FCBXPVe+avb1yyNuUImqbWdwE8wzKhBwSSflrqp5QllYzrkHYeKxtyG2XzbKTlzTp8MtHFPIZm7vycyGls7iSPXGVMc2eXazPyv1klxcB1mQiUpcsUWHw1SSVCT2emkLwxnKCcOKDPC7UrYiBrK0AVUciEEyyevQvOiGji+v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gj7/MHjUCPGQ==</latexit><latexit sha1_base64="VhgxI5bC7ePE2jqokEQKFqbPu64=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk07SNzSZLMiuUpf/BiwdFvPp/vPlvTNs9aOsLgYd3ZsjMGyVSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlanhvEG01KbdkQtl0LxBgqUvJ0YTuNI8lY0vp3VW0/cWKHVA04SHsZ0qMRAMIrOao57WRJMe+WKX/XnIqsQ5FCBXPVe+avb1yyNuUImqbWdwE8wzKhBwSSflrqp5QllYzrkHYeKxtyG2XzbKTlzTp8MtHFPIZm7vycyGls7iSPXGVMc2eXazPyv1klxcB1mQiUpcsUWHw1SSVCT2emkLwxnKCcOKDPC7UrYiBrK0AVUciEEyyevQvOiGji+v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gj7/MHjUCPGQ==</latexit><latexit sha1_base64="VhgxI5bC7ePE2jqokEQKFqbPu64=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk07SNzSZLMiuUpf/BiwdFvPp/vPlvTNs9aOsLgYd3ZsjMGyVSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlanhvEG01KbdkQtl0LxBgqUvJ0YTuNI8lY0vp3VW0/cWKHVA04SHsZ0qMRAMIrOao57WRJMe+WKX/XnIqsQ5FCBXPVe+avb1yyNuUImqbWdwE8wzKhBwSSflrqp5QllYzrkHYeKxtyG2XzbKTlzTp8MtHFPIZm7vycyGls7iSPXGVMc2eXazPyv1klxcB1mQiUpcsUWHw1SSVCT2emkLwxnKCcOKDPC7UrYiBrK0AVUciEEyyevQvOiGji+v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gj7/MHjUCPGQ==</latexit>



master robot controller 
for bilateral teleoperation 

(using force)

for each “haptic loop,” the force between the follower 
and the environment is measured, and the master robot 

outputs this amount of force
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master actuator force

measured environment forcefe

fa1(t)
<latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</latexit><latexit sha1_base64="hYzROUZlgfNoy7V0Rzr0BhdVKnk=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFeyHtKFstpt26W4SdidCCf0VXjwo4tWf481/47bNQVtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZci4k0UKHkn0ZyqQPJ2ML6d1dtPXBsRRw84Sbiv6DASoWAUrfUY9jPqTat43i9X3Jo7F1kFL4cK5Gr0y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rUYUcWNn80XnpIz6wxIGGv7IiRz9/dERpUxExXYTkVxZJZrM/O/WjfF8NrPRJSkyCO2+ChMJcGYzK4nA6E5QzmxQJkWdlfCRlRThjajkg3BWz55FVoXNc/y/WWlfpPHUYQTOIUqeHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyR8/kDD+yP6A==</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>
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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)
<latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit>

fa1(t) = 0
<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>
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hapkit example

Stanford University                                 ME 327: Design and Control of Haptic Systems                              © Allison M. Okamura, 2020



implementation summary

Stanford University                                 ME 327: Design and Control of Haptic Systems                              © Allison M. Okamura, 2020

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)
<latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit><latexit sha1_base64="acGUBCHMwnbalAdRi5scIfs9aho=">AAACKHicbZBdSwJBFIZn7cvsy+qymyEJlEh2l6BuIqmbLg1SA5NldpzVwdkPZs6GsuzP6aa/0k1EEd72S5pVg9IODDy87zmcOa8bCa7ANMdGbml5ZXUtv17Y2Nza3inu7jVVGEvKGjQUobx3iWKCB6wBHAS7jyQjvitYyx1cZ37rkUnFw+AORhHr+KQXcI9TAlpyipeekxA7LUMFX+CBk0R2istDx8IneOjYFXycid1MfOiGkAzTifXDdsUplsyqOSm8CNYMSmhWdaf4podp7LMAqCBKtS0zgk5CJHAqWFp4iBWLCB2QHmtrDIjPVCeZHJriI610sRdK/QLAE/X3REJ8pUa+qzt9An0172Xif147Bu+8k/AgioEFdLrIiwWGEGep4S6XjIIYaSBUcv1XTPtEEgo624IOwZo/eRGadtXSfHtaql3N4sijA3SIyshCZ6iGblAdNRBFT+gFvaMP49l4NT6N8bQ1Z8xm9tGfMr6+AQhBou4=</latexit>

fa1(t) = 0
<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>



Suggestions
• Connect both motors to one Hapkit Board. Call the 

Hapkit with this board the “master”.

• Connect the MR sensor on the “follower” Hapkit Board 
to an analog input on the “master”.

• Duplicate all functions in code to include “follower” Hapkit 
(sections previously do not edit)

• The “follower” MR sensor still needs power!

• Add a common ground between Hapkits!

• Duplicate all functions in code to include “follower” 
Hapkit. 



Hapkit Board Pin Mapping (version 11.14.2013) 
 

ATmega 328 
chip pin # 

ATmega 328  
pin name 

Typical Arduino 
function 

Special Hapkit  
function 

Pin name printed 
on Hapkit Board 

Pin number to use in 
Arduino program 

1 PC6 (PCINT14/Reset) Reset Reset RST  
2 PD0 (PCINT16/RXD) Digital Pin 0 (RX)  D0 0 
3 PD1 (PCINT17/TXD) Digital Pin 1 (TX)  D1 1 
4 PD2 (PCINT18/INT0) Digital Pin 2  D2 2 
5 PD3 (PCINT19/OC2B/INT1) Digital Pin 3 (PWM)  D3 3 
6 PD4 (PCINT20/XCK/T0) Digital Pin 4 SD card Slave Select Line D4 4 
7 VCC VCC    
8 GND GND  GND  
9 PB6 (PCINT6/XTAL1/TOSC1) Crystal    
10 PB7 (PCINT7/XTAL2/TOSC2) Crystal    
11 PD5 (PCINT21/OC0B/T1) Digital Pin 5 (PWM) PWM Output for Motor 1 D5 5 
12 PD6 (PCINT22/OC0A/AIN0 Digital Pin 6 (PWM) PWM Output for Motor 2 D6 6 
13 PD7 (PCINT23/AIN1) Digital Pin 7 Direction Output for Motor 2 D7 7 
14 PB0 (PCINT0/CLKO/ICP1) Digital Pin 8 Direction Output for Motor 1 D8 8 
15 PB1 (OC1A/PCINT1) Digital Pin 9 (PWM) Grove Connector Output D9 9 
16 PB2 (SS/OC1B/PCINT2) Digital Pin 10 (PWM) Grove Connector Output D10 10 
17 PB3 (MOSI/OC2A/PCINT3) Digital Pin 11 (PWM) Data In for SD Card D11 11 
18 PB4 (MISO/PCINT4) Digital Pin 12 Data Out for SD Card D12 12 
19 PB5 (SCK/PCINT5) Digital Pin 13 Serial Clock Line for SD Card D13 13 
20 AVCC VCC    
21 AREF Analog Reference  AREF  
22 GND GND  GND  
23 PC0 (ADC0/PCINT8) Analog Input 0 Grove Connector Output A0 A0 
24 PC1 (ADC1/PCINT9) Analog Input 1 Grove Connector Output A1 A1 
25 PC2 (ADC2/PCINT10) Analog Input 2 MR Sensor Output A2 A2 
26 PC3 (ADC3/PCINT11) Analog Input 3 FSR Output A3 A3 
27 PC4 (ADC4/SDA/PCINT12) Analog Input 4  A4 A4 
28 PC5 (ADC5/SCL/PCINT13) Analog Input 5  A5 A5 

 
 

 

 

 

 

 

 


