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Questions from 
prerecorded video?



effect of time delay
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review stability in the 
context of the s-plane
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common second-order system: mẍ+ bẋ+ kx = f

take the Laplace transform of both sides:

L[mẍ+ bẋ+ kx] = L[f ]

ms2X(s) + bsX(s) + kX(s) = F (s)

(ms2 + bs+ k)X(s) = F (s)

transfer function/characteristic
equation:

F (s)

X(s)
= ms2 + bs+ k
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Time Delay

KP + KDsR(s) E(s) U(s) 6(s)
+
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Js2+bsk

<latexit sha1_base64="ZF80L+LQwuTY7T259ECZL2kH4Kk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1R2M9w==</latexit>
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ms2 + bs

<latexit sha1_base64="a8Tf1RowmgyHWPrQAc2P8qap+zM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCIJSkVPRY9OKxgv2ANpbNdtMu3U3C7kYoIf4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzz485U9pxvq3C2vrG5lZxu7Szu7d/YB8etVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57TjT25mfueRSsWi8F5PY+oJPApZwAjWRhrY5X4gMUndLBXqoYbOka+ygV1xqs4caJW4OalAjubA/uoPI5IIGmrCsVI914m1l2KpGeE0K/UTRWNMJnhEe4aGWFDlpfPjM3RqlCEKImkq1Giu/p5IsVBqKnzTKbAeq2VvJv7n9RIdXHkpC+NE05AsFgUJRzpCsyTQkElKNJ8agolk5lZExtikoU1eJROCu/zyKmnXqm69enFXrzSu8ziKcAwncAYuXEIDbqEJLSAwhWd4hTfryXqx3q2PRWvBymfK8AfW5w/OAJQ6</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

xwall

<latexit sha1_base64="zFOcvva0jS1YyWSNiG7P6MpJ5fo=">AAAB9HicbVBNT8JAEN3iF+IX6tFLIzHxRFqD0SPRi0dM5COBhmyXKWzYbuvuFCENv8OLB43x6o/x5r9xgR4UfMkkL+/NZGaeHwuu0XG+rdza+sbmVn67sLO7t39QPDxq6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x/ezvzmCJTmkXzASQxeSPuSB5xRNJI37nYQxpg+USGm3WLJKTtz2KvEzUiJZKh1i1+dXsSSECQyQbVuu0 6MXkoVciZgWugkGmLKhrQPbUMlDUF76fzoqX1mlJ4dRMqURHuu/p5Iaaj1JPRNZ0hxoJe9mfif104wuPZSLuMEQbLFoiARNkb2LAG7xxUwFBNDKFPc3GqzAVWUocmpYEJwl19eJY2LslspX95XStWbLI48OSGn5Jy45IpUyR2pkTph5JE8k1fyZo2sF+vd+li05qxs5pj8gfX5A5ZukqQ=</latexit>
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<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

xwall

<latexit sha1_base64="zFOcvva0jS1YyWSNiG7P6MpJ5fo=">AAAB9HicbVBNT8JAEN3iF+IX6tFLIzHxRFqD0SPRi0dM5COBhmyXKWzYbuvuFCENv8OLB43x6o/x5r9xgR4UfMkkL+/NZGaeHwuu0XG+rdza+sbmVn67sLO7t39QPDxq6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x/ezvzmCJTmkXzASQxeSPuSB5xRNJI37nYQxpg+USGm3WLJKTtz2KvEzUiJZKh1i1+dXsSSECQyQbVuu0 6MXkoVciZgWugkGmLKhrQPbUMlDUF76fzoqX1mlJ4dRMqURHuu/p5Iaaj1JPRNZ0hxoJe9mfif104wuPZSLuMEQbLFoiARNkb2LAG7xxUwFBNDKFPc3GqzAVWUocmpYEJwl19eJY2LslspX95XStWbLI48OSGn5Jy45IpUyR2pkTph5JE8k1fyZo2sF+vd+li05qxs5pj8gfX5A5ZukqQ=</latexit>
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<latexit sha1_base64="gFd1zaOf1nx22cHjwnsQyBNDYVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF0xbaUDabSbt0swm7GyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSDlT2nG+rcra+sbmVnW7trO7t39QPzzqqCSTFD2a8ET2AqKQM4GeZppjL5VI4oBjN5jczfzuE0rFEvGo8xT9mIwEixgl2kheiJzkw3rDaTpz2KvELUkDSrSH9a9BmNAsRqEpJ0r1XSfVfkGkZpTjtDbIFKaETsgI+4YKEqPyi/mxU/vMKKEdJdKU0PZc/T1RkFipPA5MZ0z0WC17M/E/r5/p6MYvmEgzjYIuFkUZt3Vizz63QyaRap4bQqhk5labjokkVJt8aiYEd/nlVdK5aLqXzauHy0brtoyjCidwCufgwjW04B7a4AEFBs/wCm+WsF6sd+tj0Vqxyplj+APr8wfpbo7D</latexit>

delay

<latexit sha1_base64="gFd1zaOf1nx22cHjwnsQyBNDYVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF0xbaUDabSbt0swm7GyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSDlT2nG+rcra+sbmVnW7trO7t39QPzzqqCSTFD2a8ET2AqKQM4GeZppjL5VI4oBjN5jczfzuE0rFEvGo8xT9mIwEixgl2kheiJzkw3rDaTpz2KvELUkDSrSH9a9BmNAsRqEpJ0r1XSfVfkGkZpTjtDbIFKaETsgI+4YKEqPyi/mxU/vMKKEdJdKU0PZc/T1RkFipPA5MZ0z0WC17M/E/r5/p6MYvmEgzjYIuFkUZt3Vizz63QyaRap4bQqhk5labjokkVJt8aiYEd/nlVdK5aLqXzauHy0brtoyjCidwCufgwjW04B7a4AEFBs/wCm+WsF6sd+tj0Vqxyplj+APr8wfpbo7D</latexit>
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Padé approximation
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<latexit sha1_base64="ZF80L+LQwuTY7T259ECZL2kH4Kk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1R2M9w==</latexit>
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<latexit sha1_base64="a8Tf1RowmgyHWPrQAc2P8qap+zM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCIJSkVPRY9OKxgv2ANpbNdtMu3U3C7kYoIf4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzz485U9pxvq3C2vrG5lZxu7Szu7d/YB8etVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57TjT25mfueRSsWi8F5PY+oJPApZwAjWRhrY5X4gMUndLBXqoYbOka+ygV1xqs4caJW4OalAjubA/uoPI5IIGmrCsVI914m1l2KpGeE0K/UTRWNMJnhEe4aGWFDlpfPjM3RqlCEKImkq1Giu/p5IsVBqKnzTKbAeq2VvJv7n9RIdXHkpC+NE05AsFgUJRzpCsyTQkElKNJ8agolk5lZExtikoU1eJROCu/zyKmnXqm69enFXrzSu8ziKcAwncAYuXEIDbqEJLSAwhWd4hTfryXqx3q2PRWvBymfK8AfW5w/OAJQ6</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

xwall

<latexit sha1_base64="zFOcvva0jS1YyWSNiG7P6MpJ5fo=">AAAB9HicbVBNT8JAEN3iF+IX6tFLIzHxRFqD0SPRi0dM5COBhmyXKWzYbuvuFCENv8OLB43x6o/x5r9xgR4UfMkkL+/NZGaeHwuu0XG+rdza+sbmVn67sLO7t39QPDxq6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x/ezvzmCJTmkXzASQxeSPuSB5xRNJI37nYQxpg+USGm3WLJKTtz2KvEzUiJZKh1i1+dXsSSECQyQbVuu0 6MXkoVciZgWugkGmLKhrQPbUMlDUF76fzoqX1mlJ4dRMqURHuu/p5Iaaj1JPRNZ0hxoJe9mfif104wuPZSLuMEQbLFoiARNkb2LAG7xxUwFBNDKFPc3GqzAVWUocmpYEJwl19eJY2LslspX95XStWbLI48OSGn5Jy45IpUyR2pkTph5JE8k1fyZo2sF+vd+li05qxs5pj8gfX5A5ZukqQ=</latexit>

delay

<latexit sha1_base64="gFd1zaOf1nx22cHjwnsQyBNDYVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF0xbaUDabSbt0swm7GyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSDlT2nG+rcra+sbmVnW7trO7t39QPzzqqCSTFD2a8ET2AqKQM4GeZppjL5VI4oBjN5jczfzuE0rFEvGo8xT9mIwEixgl2kheiJzkw3rDaTpz2KvELUkDSrSH9a9BmNAsRqEpJ0r1XSfVfkGkZpTjtDbIFKaETsgI+4YKEqPyi/mxU/vMKKEdJdKU0PZc/T1RkFipPA5MZ0z0WC17M/E/r5/p6MYvmEgzjYIuFkUZt3Vizz63QyaRap4bQqhk5labjokkVJt8aiYEd/nlVdK5aLqXzauHy0brtoyjCidwCufgwjW04B7a4AEFBs/wCm+WsF6sd+tj0Vqxyplj+APr8wfpbo7D</latexit>

delay

<latexit sha1_base64="gFd1zaOf1nx22cHjwnsQyBNDYVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF0xbaUDabSbt0swm7GyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSDlT2nG+rcra+sbmVnW7trO7t39QPzzqqCSTFD2a8ET2AqKQM4GeZppjL5VI4oBjN5jczfzuE0rFEvGo8xT9mIwEixgl2kheiJzkw3rDaTpz2KvELUkDSrSH9a9BmNAsRqEpJ0r1XSfVfkGkZpTjtDbIFKaETsgI+4YKEqPyi/mxU/vMKKEdJdKU0PZc/T1RkFipPA5MZ0z0WC17M/E/r5/p6MYvmEgzjYIuFkUZt3Vizz63QyaRap4bQqhk5labjokkVJt8aiYEd/nlVdK5aLqXzauHy0brtoyjCidwCufgwjW04B7a4AEFBs/wCm+WsF6sd+tj0Vqxyplj+APr8wfpbo7D</latexit>

delay = e�sT

<latexit sha1_base64="v7JItM+LK2fc5z905MoCrRefVjQ=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0mkohuh6MZlhb6gjWUyuWmHTiZhZiLE0C9x40IRt36KO//G6WOhrQcuHM65l3vv8RPOlHacb2tldW19Y7OwVdze2d0r2fsHLRWnkkKTxjyWHZ8o4ExAUzPNoZNIIJHPoe2Pbid++xGkYrFo6CwBLyIDwUJGiTZS3y4FwEmGrzE85GeqMe7bZafiTIGXiTsnZTRHvW9/9YKYphEITTlRqus6ifZyIjWjHMbFXqogIXREBtA1VJAIlJdPDx/jE6MEOIylKaHxVP09kZNIqSzyTWdE9FAtehPxP6+b6vDKy5lIUg2CzhaFKcc6xpMUcMAkUM0zQwiVzNyK6ZBIQrXJqmhCcBdfXiat84pbrVzcV8u1m3kcBXSEjtEpctElqqE7VEdNRFGKntErerOerBfr3fqYta5Y85lD9AfW5w/CLZKE</latexit>
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�
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�
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2

�

<latexit sha1_base64="EXMqCX7dBTueF/t81cPVHYGAX/4="></latexit>

This adds a left half plane pole and a right half plane zero!

In breakout groups: Discuss/calculate how time delay 
affects the maximum stable stiffness of a virtual wall
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HAPKITS!!

Fill out address form TODAY
 (see announcement on Canvas)
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Reminders: 

Assignment 4 due today
Look for Assignment 5 posted later today

Quiz will be discussed later — there are still a 
couple students who need to take it

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

https://tinyurl.com/HapticsAllison
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https://tinyurl.com/HapticsAllison

