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&KDSWHU��� &RPSXWHU�0LFURYLVLRQ�IRU�0LFURHOHFWURPHFKDQLFDO�
6\VWHPV

$FDGHPLF�DQG�5HVHDUFK�6WDII

3URIHVVRU�'HQQLV�0��)UHHPDQ��3URIHVVRU�'RQDOG�(��7UR[HO��0LFKDHO�%��0F,OUDWK
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��� &RPSXWHU�0LFURYLVLRQ�IRU��0LFUR�
HOHFWURPHFKDQLFDO�6\VWHPV

6SRQVRUV

&KDUOHV�6��'UDSHU�/DERUDWRU\
&RQWUDFW�'/�+�������

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFW�$JHQF\
*UDQW�)����������������

:�0��.HFN�)RXQGDWLRQ
&DUHHU�'HYHORSPHQW�3URIHVVRUVKLS

$OIUHG�3��6ORDQ�)RXQGDWLRQ
,QVWUXPHQWDWLRQ�*UDQW�

3URMHFW�6WDII

3URIHVVRU� 'HQQLV� 0�� )UHHPDQ�� $OH[DQGHU� -�
$UDQ\RVL��&��4XHQWLQ�'DYLV��0LFKDHO�-��*RUGRQ��6WDQ�
OH\� 6��+RQJ��5LFKDUG� <��+XDQJ�� /DXUD�.�� -RKQVRQ�
=RKHU�=��.DUX��0LFKDHO�6��0HUPHOVWHLQ��%HQMDPLQ�'�
5HLFK

0LFURHOHFWURPHFKDQLFDO� V\VWHPV� �0(06�� DUH� IDEUL�
FDWHG� XVLQJ�9/6,�PHWKRGV� VLPLODU� WR� WKRVH� XVHG� WR
IDEULFDWH�HOHFWURQLF�GHYLFHV��8QOLNH�HOHFWURQLFV��KRZ�
HYHU�� VLPSOH�PHWKRGV� IRU� WHVWLQJ� DQG�FKDUDFWHUL]LQJ
LQWHUQDO��IDLOXUH��PRGHV��RI��PLFURPHFKDQLFDO��GHYLFHV
GR� QRW� H[LVW�� 7KLV� OLPLWDWLRQ� KDV� LPSRUWDQW� FRQVH�
TXHQFHV�IRU�GHVLJQHUV�DQG�IDEULFDWRUV�RI�0(06��)RU
WKH�GHVLJQHU��LW�FDQ�UHVXOW�LQ�ODUJH�QXPEHUV�RI�FRVWO\
SURWRW\SHV�� )RU� WKH� IDEULFDWRU�� LW� PHDQV� LQFUHDVHG
FRVWV�EHFDXVH�GHIHFWV�JR�XQGHWHFWHG�XQWLO�ODWH�LQ�WKH
PDQXIDFWXULQJ�SURFHVV��H�J���DIWHU�SDFNDJLQJ��

:H�DUH�LQWHUHVWHG�LQ�GHYHORSLQJ�WRROV�IRU�LQ�VLWX�PHD�
VXUHPHQW�RI�PLFURPHFKDQLFDO�PRWLRQV�EDVHG�RQ�WKH
FRPELQDWLRQ�RI� OLJKW�PLFURVFRS\��YLGHR� LPDJLQJ��DQG
PDFKLQH�YLVLRQ��0(06�DUH�YLHZHG�ZLWK�D�PLFURVFRSH
DQG� LPDJHG�ZLWK�D�&&'�FDPHUD�ZKLOH�EHLQJ�GULYHQ
ZLWK�D�SHULRGLF�HOHFWULFDO�VLJQDO��)LJXUH�����$Q�/('�LV
VWUREHG�RQFH�SHU�VWLPXOXV�SHULRG�DW�D�FKRVHQ�SKDVH�
WR�\LHOG�D�VQDSVKRW�RI�WKH�GHYLFH�SRVLWLRQ�DW�WKH�VSHF�
LILHG�SKDVH��7KLV�SURFHVV�LV�UHSHDWHG�DW�VHYHUDO�VWLP�
XOXV�SKDVHV�DQG� DW� VHYHUDO� IRFDO� SODQHV��&RPSXWHU
YLVLRQ�DOJRULWKPV�HVWLPDWH� WKH�FKDQJH� LQ�SRVLWLRQ�RI
WKH�GHYLFH�EHWZHHQ�VXFFHVVLYH� LPDJHV��)URP�WKHVH
HVWLPDWHV��WKH�SHULRGLF�PRWLRQ�RI�WKH�GHYLFH�LV�GHWHU�
PLQHG��7KLV�SURFHVV�LV�UHSHDWHG�DW�RWKHU�VWLPXOXV�IUH�
TXHQFLHV� DQG�RU� DPSOLWXGHV� WR� FKDUDFWHUL]H� WKH
GHYLFH�PRWLRQ��0HDVXUHG�PRWLRQV�ZHUH�GHFRPSRVHG
LQWR� WKHLU� SUHGRPLQDQW� PRGHV�� DQG� IUHTXHQF\
UHVSRQVHV�RI�WKHVH�PRGHV�ZHUH�WKHUHE\�REWDLQHG�

��� &DOLEUDWLRQ�RI�)DWLJXH�7HVW�
6WUXFWXUHV�

)DLOXUH�$QDO\VLV�$VVRFLDWHV��,QF���KDV�GHYHORSHG�WHVW
VWUXFWXUHV�WR�LQYHVWLJDWH�HIIHFWV�RI�VWLPXOXV�DQG�HQYL�
URQPHQWDO�FRQGLWLRQV��DV�ZHOO�DV�PDQXIDFWXULQJ�SUR�
FHVV� FRQGLWLRQV�� RQ� WKH� SHUIRUPDQFH�� DJLQJ�� DQG
XOWLPDWH�IDLOXUH�RI�0(06���7KH�WHVW�VWUXFWXUHV�FRQVLVW
RI�D�SURRI�PDVV�WKDW�LV�URWDWHG�DERXW�LWV�VLQJOH�SRLQW�RI
DWWDFKPHQW� WR� WKH� VXEVWUDWH� �)LJXUH� ��� OHIW� SDQHO��
0RWLRQV� DUH� LQGXFHG� E\� HOHFWULFDO� H[FLWDWLRQ� RI� RQH
FRPE�GULYH�DQG�DUH�VHQVHG�E\�WKH�FKDQJH�LQ�FDSDFL�
WDQFH�RI�WKH�RWKHU�FRPE��7KH�JRDOV�DUH�����WR�FRQWURO�
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)LJXUH��� ��&RPSXWHU�PLFURYLVLRQ�PHDVXUHPHQW�V\VWHP��7KH�WHVW�GHYLFH�LV�SODFHG�RQ�WKH�VWDJH�RI�WKH�
PLFURVFRSH��OHIW���$�3HQWLXP�EDVHG�FRPSXWHU�FRQWUROV�D�VLJQDO�JHQHUDWRU�WKDW�SURYLGHV�WZR�V\QFKURQL]HG�
ZDYHIRUPV��RQH�WR�GULYH�PRWLRQV�RI�WKH�WHVW�GHYLFH�DQG�RQH�WR�VWUREH�WKH�OLJKW�VRXUFH��7\SLFDO�ZDYHIRUPV�DUH�
VKRZQ��0RWLRQV�DUH�GULYHQ�ZLWK�D�VLQXVRLGDO�VWLPXOXV��7KH�ILUVW�LPDJH�LV�DFTXLUHG�ZKHQ�OLJKW�IURP�WKH�/('�
VDPSOHV�WKH�LPDJH�DW�WLPHV�FRUUHVSRQGLQJ�WR�SHDNV�LQ�WKH�VWLPXOXV�ZDYHIRUP��6XFFHVVLYH�LPDJHV�DUH�DFTXLUHG�
DW�GLIIHUHQW�SKDVHV��7KLV�SURFHVV�LV�WKHQ�UHSHDWHG�IRU�GLIIHUHQW�IRFDO�SODQHV�VHOHFWHG�E\�D�FRPSXWHU�FRQWUROOHG�
IRFXV�DGMXVWPHQW�

HQYLURQPHQWDO�FRQGLWLRQV�� ���� WR�PRQLWRU� FKDQJHV� LQ
UHVSRQVHV��DQG����� WR� IRUPXODWH�TXDQWLWDWLYH�PRGHOV
RI�UHOLDELOLW\�IRU�0(06�

$Q� LPSRUWDQW� UHVSRQVH� SURSHUW\� IRU� GHYHORSPHQW� RI
TXDQWLWDWLYH�UHOLDELOLW\�PRGHOV�LV�WKH�DQJXODU�GLVSODFH�
PHQW�RI� WKH�SURRI�PDVV��:H�KDYH�DSSOLHG�FRPSXWHU
PLFURYLVLRQ�WR�REWDLQ�VXFK�PHDVXUHPHQWV��7HVW�VWUXF�
WXUHV�ZHUH�H[FLWHG�ZLWK�D�YDULHW\�RI�HOHFWULFDO�VWLPXOL
DQG� LPDJHV� ZHUH� DFTXLUHG� DQG� DQDO\]HG� E\� FRP�
SXWHU�PLFURYLVLRQ�� 7R� WHVW� WKDW� WKH� URWDWLRQ� HVWLPDWH
EHWZHHQ�WZR� LPDJHV� LV�TXDOLWDWLYHO\�FRUUHFW�� WKH�ILUVW
LPDJH�FDQ�EH� URWDWHG�E\� WKH�HVWLPDWHG�DQJXODU�GLV�
SODFHPHQW�DQG�WKH�UHVXOWLQJ�LPDJH�FDQ�WKHQ�EH�FRP�
SDUHG� WR� WKH� VHFRQG�� 6XFK� D� TXDOLWDWLYH� DQDO\VLV� LV
VKRZQ� LQ� )LJXUH� �� ZKHUH� UHJLVWUDWLRQ� HUURUV� DUH
HPSKDVL]HG� LQ�D�FKHFNHUERDUG�GLVSOD\��-DJJHGQHVV

RI� WKH� HGJHV� RI� VWUXFWXUHV� LQ� WKH� FKHFNHUERDUG� GLV�
SOD\�LQGLFDWHV�UHJLVWUDWLRQ�HUURU�EHWZHHQ�WKH�LPDJHV�
$OWKRXJK�LPDJHV�DUH�EOXUUHG�E\�GLIIUDFWLRQ��WKH\�FDQ
EH�DFFXUDWHO\�UHJLVWHUHG�WR�ZLWKLQ�D�VPDOO�IUDFWLRQ�RI
WKH� EOXUULQJ� UDGLXV� XVLQJ� DOJRULWKPV� IURP� PDFKLQH
YLVLRQ�� :H� XVH� D� JUDGLHQW� PHWKRG� WKDW� UHODWHV
FKDQJHV�LQ�EULJKWQHVVHV�DFURVV�LPDJHV�WR�JUDGLHQWV
LQ�EULJKWQHVV�ZLWKLQ�DQ�LPDJH��)RU�H[DPSOH��LI�D�SL[HO
LV� LOOXPLQDWHG� E\� D� PLGGOH� SDUW� RI� D� WDUJHW� WKDW� LV
EULJKWHU� WR� WKH�ULJKW�DQG�GLPPHU�WR� WKH�OHIW��WKHQ�WKH
SL[HO�VKRXOG�JHW�EULJKWHU�LI�WKH�WDUJHW�PRYHV�WR�WKH�OHIW
DQG�GLPPHU�LI�WKH�WDUJHW�PRYHV�WR�WKH�ULJKW��7KH�JUD�
GLHQW�DOJRULWKP�FRPELQHV�FKDQJHV�LQ�EULJKWQHVVHV�RI
DOO�SL[HOV�LQ�D�UHJLRQ�RI�LQWHUHVW��ODUJH�ZKLWH�ER[�LQ�OHIW
SDQHO� RI� )LJXUH� ��� XVLQJ� D� OHDVW� VTXDUHV� PHWKRG��

)LJXUH���VKRZ�UHVXOWV�RI�WKLV�DOJRULWKP�IRU���LQGHSHQ�

1 S.B. Brown, W. Van Arsdell, and C.L. Muhlstein,  "Materials Reliability in MEMS Devices."  In Transducers ’97, International Confer-
ence on Solid-State Sensors and Actuators, Chicago, Illinois, June 1997, pp. 591-93.
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2 C.Q. Davis and D.M. Freeman, "Statistics of Subpixel Registration Algorithms Based on Spatio-Temporal Gradients or Block Match-
ing," Opt. Eng., forthcoming; C.Q. Davis and D.M. Freeman, "Using a Light Microscope to Measure Motions with Nanometer Accu-
racy," Opt. Eng., forthcoming.
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)LJXUH��� ��$FFXUDF\�RI�PRWLRQ�HVWLPDWHV�XVLQJ�FRPSXWHU�PLFURYLVLRQ��7KH�OHIW�SDQHO�VKRZV�DQ�LPDJH�RI�D�
IDWLJXH�WHVW�VWUXFWXUH�GHVLJQHG�E\�)DLOXUH�$QDO\VLV�$VVRFLDWHV��,QF��2QH�FRPE�GULYH�ZDV�VWLPXODWHG�VLQXVRLGDOO\�
DW���������+]�WR�VWLPXODWH�URWDWLRQV�DW�WKH�PHFKDQLFDO�UHVRQDQFH�IUHTXHQF\�RI���������+]���,PDJHV�ZHUH�
DFTXLUHG�DW���SKDVHV�GXULQJ�HDFK�SHULRG�RI�WKH�HOHFWULFDO�VWLPXOXV���3L[HOV�LQ�WKH�DQDO\VLV�UHJLRQ�LQGLFDWHG�E\�WKH�
ODUJH�ZKLWH�ER[�ZHUH�DQDO\]HG�WR�GHWHUPLQH�WKH�DQJXODU�GLVSODFHPHQW���3RUWLRQV�IURP�WKH�XSSHU�ULJKW�SDUWV�RI�
WKH�LPDJHV�WDNHQ�DW�WZR�SKDVHV�ZHUH�LQWHUOHDYHG�LQ�D�FKHFNHUERDUG�IDVKLRQ�DV�VKRZQ�LQ�WKH�XSSHU�ULJKW�SDQHO��
7KH�ORZHU�ULJKW�SDQHOV�LOOXVWUDWH�VLPLODU�FKHFNHUERDUG�GLVSOD\V�DIWHU�WKH�ILUVW�LPDJH�ZDV�URWDWHG�E\�WKH�FRPSXWHU�
PLFURYLVLRQ�HVWLPDWH�DQG�E\�WKH�HVWLPDWH�SOXV�DQG�PLQXV����°.

)LJXUH��� ��&DOLEUDWLRQ�RI�IDWLJXH�WHVW�VWUXFWXUH�
GHYHORSHG�E\�)DLOXUH�$QDO\VLV�$VVRFLDWHV��,QF��7KH�
GHYLFH�XVHG�LQ�)LJXUH���ZDV�VWLPXODWHG�DW�UHVRQDQFH�
ZLWK�D�VLQXVRLGDO�YROWDJH��)LYH�LQGHSHQGHQW�
PHDVXUHPHQWV��FLUFOHV��ZHUH�PDGH�DW�HDFK�RI����
GLIIHUHQW�DPSOLWXGHV��DEVFLVVD��RI�VWLPXODWLRQ��7KH�
OLQH�JLYHQ�E\�WKH�HTXDWLRQ�DW�WKH�WRS�RI�WKH�SORW�LV�D�
UHJUHVVLRQ�OLQH�ILW�E\�D�OHDVW�VTXDUHV�PHWKRG��3OXVHV�
LQGLFDWH�WKH�VWDQGDUG�GHYLDWLRQV�RI�UHVXOWV�DW�HDFK�
DPSOLWXGH�

GHQW� UHSHWLWLRQV� RI� WKH�PHDVXUHPHQW� DW� ��� GLIIHUHQW
DPSOLWXGHV�RI�VWLPXODWLRQ��7KH�VWDQGDUG�GHYLDWLRQ�IRU
UHSHDWHG�WULDOV� LV� OHVV� WKDQ���PLOOL�GHJUHHV�S�S�DW�DOO
DPSOLWXGHV�

��� 0RGDO�$QDO\VLV�RI�WKH�'UDSHU�
*\URVFRSH

7KH�&KDUOHV�6��'UDSHU�/DERUDWRU\�KDV�GHYHORSHG�D
PLFURIDEULFDWHG�J\URVFRSH�IRU�VHQVLQJ�DQJXODU�YHORF�
LW\��� 7KH� J\URVFRSH� FRQVLVWV� RI� WZR� SURRI� PDVVHV
VXVSHQGHG�E\�FDQWLOHYHUV��7KH�PDVVHV�DUH�GULYHQ�E\
FRPE�GULYHV�DORQJ�RQH�D[LV�VR� WKDW�DQJXODU�URWDWLRQ
DERXW�WKH�SHUSHQGLFXODU�LQ�SODQH�D[LV�LQGXFHV�D�FRUL�
ROLV� IRUFH� LQ� WKH� RXW�RI�SODQH� GLUHFWLRQ�� � 7KLV� IRUFH
LQGXFHV�PRWLRQ�RI�WKH�SURRI�PDVVHV�SHUSHQGLFXODU�WR
WKH�VXEVWUDWH��DQG�WKH�PRWLRQ�LV�VHQVHG�DV�D�FKDQJH
RI�FDSDFLWDQFH�EHWZHHQ�WKH�SURRI�PDVV�DQG�WKH�VXE�
VWUDWH��7KH�WZR�PDVVHV�DUH�GULYHQ�LQ�RSSRVLWH�GLUHF�
WLRQV�WR�IDFLOLWDWH�VHSDUDWLRQ�RI�DQJXODU�YHORFLW\� IURP
OLQHDU�DFFHOHUDWLRQ�

7KH�J\URVFRSH� LV�VWUXFWXUDOO\�FRPSOH[�DQG�VXSSRUWV
PDQ\� PRGHV� RI� PRWLRQ�� WKH� GRPLQDQW� PRGHV� RI
PRWLRQ�LQ�WKH�SODQH�RI�WKH�SURRI�PDVVHV�DUH�D�WXQLQJ�
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3  J. Berstein, S. Cho, A.T. King, A. Kourepenis, P. Maciel, and M. Weinberg, "A Micromachined Comb-drive Tuning Fork Rate Gyro-
scope," In Solid-State Sensor and Actuator Workshop (Cleveland, Ohio: Transducer Research Foundation, June 1993), pp. 143-48. 



  Chapter 1.  Computer Microvision for Microelectromechanical Systems

344   RLE Progress Report Number 140 

IRUN� PRGH� �WKH� GLIIHUHQFH� PRGH� RI� WKH� WZR� SURRI
PDVVHV���DQG�D�KXOD�PRGH��WKH�FRPPRQ�PRGH�RI�WKH
WZR� SURRI�PDVVHV��� 7KH� KXOD�PRGH� FDQ� FRPSOLFDWH
WKH�VHQVLQJ�RI�DQJXODU�YHORFLW\�E\�DGGLQJ�XQZDQWHG
VHQVLWLYLW\� WR� OLQHDU� DFFHOHUDWLRQ�� 'UDSHU� /DEV� KDV
DSSOLHG� GHVLJQ� DQG� VLPXODWLRQ� WRROV� WR� DQDO\]H
XQGHVLUHG� PRGHV� RI� PRWLRQ�� :H� KDYH� H[WHQGHG
WKHVH�HIIRUWV�E\�H[SHULPHQWDOO\�PHDVXULQJ� GLVSODFH�
PHQWV�RI�WKH�SURRI�PDVVHV�DQG�GHWHUPLQLQJ�WKH�FRQ�
WULEXWLRQ� RI� LQ�SODQH� PRGHV� RI� PRWLRQ� WR� WKHVH
GLVSODFHPHQWV�

0RWLRQV� RI� WKH� SURRI�PDVVHV�ZHUH�PHDVXUHG� XVLQJ
FRPSXWHU� PLFURYLVLRQ� XQGHU� WKUHH� VWLPXOXV� FRQGL�
WLRQV�� ,Q� VWLPXOXV� FRQGLWLRQ� $�� WKH� RXWHU� FRPEV� RI
ERWK�SURRI�PDVVHV�ZHUH�GULYHQ�ZLWK�D���9�S�S�VLQX�
VRLG�ZLWK� ��9�'&�RIIVHW�� WKLV� VWLPXOXV� SUHIHUHQWLDOO\
H[FLWHV�WKH�WXQLQJ�IRUN�PRGH��,Q�VWLPXOXV�FRQGLWLRQ�%�
WKH� RXWHU� FRPE� RI� WKH� OHIW�KDQG� SURRI� PDVV� ZDV
GULYHQ�� WKLV� VWLPXOXV� SUHIHUHQWLDOO\� H[FLWHV� WKH� KXOD
PRGH��,Q�VWLPXOXV�FRQGLWLRQ�&��ERWK�FRPEV�RI�WKH�OHIW�
KDQG�SURRI�PDVV�ZHUH�GULYHQ�ZLWK�WKH�VDPH�YROWDJH�
7KLV� VWLPXOXV� SUHIHUHQWLDOO\� H[FLWHV� WKH� RXW�RI�SODQH
OHYLWDWLRQ�PRGH�

,Q� DOO� VWLPXOXV� FRQGLWLRQV��ERWK� WXQLQJ�IRUN� DQG�KXOD
PRGHV�ZHUH� LQGXFHG��7R� HVWLPDWH� WXQLQJ� SURSHUWLHV
RI�WKH�WXQLQJ�IRUN�PRGH��ZH�FRPSXWHG�KDOI�WKH�GLIIHU�
HQFH� LQ�PRWLRQ�RI� WKH� WZR�SURRI�PDVVHV� LQ�VWLPXOXV
FRQGLWLRQ�$��7R�HVWLPDWH�WXQLQJ�SURSHUWLHV�RI�WKH�KXOD
PRGH��ZH�FRPSXWHG�KDOI� WKH�VXP�RI� WKH�PRWLRQV�RI
WKH� WZR� SURRI�PDVVHV� LQ� VWLPXOXV� FRQGLWLRQ� %�� 7KH
PDJQLWXGH�RI�WKH�IUHTXHQF\�UHVSRQVH�RI�HDFK�PRGH
ZDV� ILW� ZLWK� D� ORZ�SDVV� VHFRQG�RUGHU� UHVRQDQFH�
(DFK� ILW�KDG� WKUHH� IUHH�SDUDPHWHUV²'&�JDLQ�� UHVR�
QDQW�IUHTXHQF\��DQG�TXDOLW\�RI�WXQLQJ��4����7KH�PHD�
VXUHG� DQG� ILWWHG� SKDVHV� ZHUH� FRPSDUHG� ODWHU� WR
GHWHUPLQH�WKH�JRRGQHVV�RI�WKH�ILW��%RWK�PRGHV�ZHUH
ZHOO�ILW�E\�VHFRQG�RUGHU�UHVRQDQFHV��7KH�WXQLQJ�IRUN
�GLIIHUHQFH� PRGH�� UHVRQDQW� IUHTXHQF\� �LQ� DLU�� ZDV
�����N+]�ZLWK�D�4�RI�������7KH�KXOD��FRPPRQ�PRGH�
UHVRQDQW� IUHTXHQF\�ZDV� ����� N+]�ZLWK� D�4�RI� ����
)LJXUH���VKRZV�WKH�PHDVXUHG�PRGHV�DQG�FRPSXWHG
ILWV�DV�D�IXQFWLRQ�RI�IUHTXHQF\�

0RWLRQV�RI�DQ\�SRLQW�RQ�D�VWUXFWXUH�FDQ�EH�GHVFULEHG
DV�D�ZHLJKWHG�VXP�RI�WKH�GRPLQDQW�PRGHV�RI�PRWLRQ
RI� WKH� VWUXFWXUH��� )RU� H[DPSOH�� LQ�SODQH�PRWLRQV� RI
RQH� SURRI�PDVV� RI� WKH� J\URVFRSH� FDQ� EH� ILW� ZLWK� D
ZHLJKWHG� VXP� RI� WKH� WXQLQJ�IRUN� DQG� KXOD� PRGHV�
7KH�ZHLJKWV�DUH� WKH�'&�JDLQV�RI� WKH�PRGHV��ZKLFK
YDU\�ZLWK�VWLPXOXV�FRQGLWLRQ�DQG�OHYHO�DQG�GHWHUPLQH
WKH�FRQWULEXWLRQ�RI�HDFK�PRGH�WR�WKH�RYHUDOO�PRWLRQ�
7KH�VXP�RI� WKH� WXQLQJ�IRUN�DQG�KXOD�PRGHV�JLYHV�D
IRXU�SROH�� WZR�]HUR� V\VWHP� ZKHUH� WKH� UHODWLYH
ZHLJKWV�RI�WKH�PRGHV�GHWHUPLQH�WKH�ORFDWLRQV�RI�WKH
]HURHV�� EXW� QRW� RI� WKH� SROHV�� 7KH� PDJQLWXGH� RI
PRWLRQ� RI� RQH� SURRI�PDVV�ZDV� ILW� E\� WKLV� IRXU�SROH�
WZR�]HUR�V\VWHP�ZLWK�WZR�IUHH�SDUDPHWHUV��RQH��JDLQ�
DIIHFWLQJ�WKH�RYHUDOO�OHYHO�RI�WKH�ILW��DQG�RQH��UHODWLYH
PRGH�ZHLJKWV��DIIHFWLQJ� WKH�VKDSH�E\�FKDQJLQJ� WKH
IUHTXHQF\� RI� WKH� ]HURHV�� 7KH� ILW� ZDV� SHUIRUPHG� IRU
WKH� OHIW�SURRI�PDVV�XQGHU�VWLPXOXV�FRQGLWLRQ�$��DQG
IRU� WKH�ULJKW�SURRI�PDVV�XQGHU�VWLPXOXV�FRQGLWLRQ�&�
$V� ZLWK� WKH� PRGDO� ILWV�� D� SRVW� KRF� FRPSDULVRQ� RI
SKDVH�ZDV�GRQH�WR�GHWHUPLQH�WKH�JRRGQHVV�RI�WKH�ILW�
0RWLRQ�RI�WKH�SURRI�PDVVHV�XQGHU�ERWK�VWLPXOXV�FRQ�
GLWLRQV� ZDV� ZHOO� ILW� E\� WKH� ZHLJKWHG� VXP� RI� WKH
PRGHV��,Q�VWLPXOXV�FRQGLWLRQ�$��WKH�WXQLQJ�IRUN�PRGH
KDG�D�'&�JDLQ�RI��������µP��DQG�WKH�KXOD�PRGH�KDG
D�'&�JDLQ�RI�������� µP��,Q�VWLPXOXV�FRQGLWLRQ�&��WKH
WXQLQJ�IRUN�PRGH�KDG�D�'&�JDLQ�RI���������µP��DQG
WKH�KXOD�PRGH�KDG�D�'&�JDLQ�RI���������µP��)LJXUH
��VKRZV�WKH�PHDVXUHG�GLVSODFHPHQWV�DQG�FRPSXWHG
ILWV�DV�D�IXQFWLRQ�RI�IUHTXHQF\�

4 D.G. Fertis, Mechanical and Structural Vibrations (New York: John Wiley,1995).
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)LJXUH��� ��0RGHV�RI�PRWLRQ�RI�WKH�'UDSHU�
J\URVFRSH��3URRI�PDVVHV�ZHUH�GULYHQ�E\����9�SHDN�
WR�SHDN�VLQXVRLG�ZLWK����9�'&�RIIVHW��'LVSODFHPHQWV�
RI�ERWK�SURRI�PDVVHV�LQ�WKH�GLUHFWLRQ�RI�H[FLWDWLRQ�
ZHUH�PHDVXUHG�DW�HDFK�IUHTXHQF\�XVLQJ�FRPSXWHU�
PLFURYLVLRQ��7KHVH�GLVSODFHPHQWV�ZHUH�VXEWUDFWHG�
DQG�GLYLGHG�E\�WZR�WR�HVWLPDWH�WKH�WXQLQJ�IRUN�
FRPSRQHQW��DQG�ZHUH�VXPPHG�DQG�KDOYHG�WR�
HVWLPDWH�WKH�KXOD�FRPSRQHQW��7KH�PRGHV�ZHUH�WKHQ�
ILW�ZLWK�ORZ�SDVV�VHFRQG�RUGHU�UHVRQDQFHV��7KH�SORWV�
VKRZ�WKH�PHDVXUHG��V\PEROV��DQG�ILWWHG��OLQHV��
PDJQLWXGH��EODFN�FLUFOHV��DQG�SKDVH��JUD\�SOXVHV��RI�
WKH�WZR�PRGHV����D��7XQLQJ�IRUN�PRGH��7KLV�PRGH�
ZDV�SUHIHUHQWLDOO\�H[FLWHG�E\�GULYLQJ�WKH�RXWHU�FRPEV�
RI�ERWK�SURRI�PDVVHV��VWLPXOXV�FRQGLWLRQ�$���
5HVRQDQW�IUHTXHQF\� �������+]��GDPSLQJ�FRHIILFLHQW�
 ����������PHDQ�VTXDUHG�HUURU� ������QP���E��+XOD�
PRGH��7KLV�PRGH�ZDV�SUHIHUHQWLDOO\�H[FLWHG�E\�
GULYLQJ�WKH�RXWHU�FRPE�RI�WKH�OHIW�SURRI�PDVV�
�VWLPXOXV�FRQGLWLRQ�%���5HVRQDQW�IUHTXHQF\� �������
+]��GDPSLQJ�FRHIILFLHQW� ����������PHDQ�VTXDUHG�
HUURU� �������QP�

)LJXUH��� ��0RGDO�UHFRQVWUXFWLRQ�RI�SURRI�PDVV�
GLVSODFHPHQW��%RWK�SORWV�VKRZ�WKH�GLVSODFHPHQW�RI�D�
SURRI�PDVV�DV�D�IXQFWLRQ�RI�IUHTXHQF\��7KHVH�
GLVSODFHPHQWV�ZHUH�ILW�ZLWK�D�ZHLJKWHG�VXP�RI�WKH�
WZR�PRGHV�VKRZQ�LQ�)LJXUH����6\PEROV�DUH�DV�LQ�
)LJXUH����$��'LVSODFHPHQW�RI�WKH�OHIW�SURRI�PDVV��
RXWHU�FRPEV�RI�ERWK�PDVVHV�GULYHQ��VWLPXOXV�
FRQGLWLRQ�$����7KH�KXOD�PRGH�ZHLJKW�ZDV��������
UHODWLYH�WR�WKH�WXQLQJ�IRUN�PRGH��0HDQ�VTXDUHG�HUURU�
 ������QP��%���'LVSODFHPHQW�RI�WKH�ULJKW�SURRI�PDVV��
ERWK�FRPEV�RI�OHIW�SURRI�PDVV�GULYHQ��VWLPXOXV�
FRQGLWLRQ�&���7KH�KXOD�PRGH�ZHLJKW�ZDV��������
UHODWLYH�WR�WKH�WXQLQJ�IRUN�PRGH��0HDQ�VTXDUHG�HUURU�
 �������QP�

��� 6SHFNOH�+HWHURG\QH�0LFURVFRS\

:H�DUH�GHYHORSLQJ�D�QHZ�PHWKRG�RI�OLJKW�PLFURVFRS\
EDVHG�RQ� ODVHU� LOOXPLQDWLRQ�� ,Q� D� W\SLFDO� OLJKW�PLFUR�
VFRSH� )LJXUH� ��� ERWWRP� SDQHO��� WKH� OLJKW� VRXUFH� LV
RSWLFDOO\�FUXGH��SURYLGLQJ�DSSUR[LPDWHO\�XQLIRUP�LOOX�
PLQDWLRQ�WR�WKH�WDUJHW��2Q�WKH�RWKHU�KDQG��WKH�PLFUR�
VFRSH�REMHFWLYH��WKH�ILUVW�DQG�PRVW�FULWLFDO�HOHPHQW�LQ
WKH� LPDJLQJ� FKDLQ�� LV�RSWLFDOO\� VRSKLVWLFDWHG��7KHUH�
IRUH�� WKH� RSWLFDO� TXDOLW\� RI� WKH� REMHFWLYH� LV� SULPDULO\
UHVSRQVLEOH�IRU�WKH�RSWLFDO�TXDOLW\�RI�WKH�PLFURVFRSH�
,Q�VSHFNOH�KHWHURG\QH�PLFURVFRS\��ZH�DGRSW�DQ�DOWHU�
QDWH� VWUDWHJ\�� FRXSOLQJ� KLJKO\� SUHFLVH� LOOXPLQDWLRQ
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IURP�D�ODVHU�VRXUFH�ZLWK�D�UHODWLYHO\�FUXGH�GHWHFWLRQ
V\VWHP� �)LJXUH� ��� WRS� SDQHO��� 8VLQJ� EHDP�VSOLWWLQJ
DQG�VWHHULQJ�WHFKQLTXHV��LW�LV�VWUDLJKWIRUZDUG�WR�JHQ�
HUDWH�SUHFLVHO\�VWUXFWXUHG�LOOXPLQDWLRQ��VXFK�DV�KLJK�
VSDWLDO�IUHTXHQF\� IULQJH� SDWWHUQV�� WKDW� VHOHFWLYHO\
H[FLWH�IHDWXUHV�RI�WKH�WDUJHW��7KH�NH\�WR�UHVROXWLRQ�LQ
WKH�UHYLVHG�VWUDWHJ\� LV� LQ� WKH� LOOXPLQDWRU� ��QRW� LQ� WKH
GHWHFWRU��%\�VXEVWLWXWLQJ�ILQHO\�SDWWHUQHG�ODVHU�LOOXPL�
QDWLRQ�IRU�KLJK�SUHFLVLRQ�OHQVHV��VSHFNOH�KHWHURG\QH
PLFURVFRS\�ZLOO�HQDEOH�RUGHU�RI�PDJQLWXGH�LQFUHDVHV
LQ�ERWK� ILHOG�RI�YLHZ�DQG�ZRUNLQJ�GLVWDQFH�� � ,Q�DGGL�
WLRQ�� LQ�SULQFLSOH�LW�FDQ�EH�LPSOHPHQWHG�XVLQJ�PLFUR�
IDEULFDWLRQ� WHFKQLTXHV�� 7KXV� VSHFNOH� KHWHURG\QH
PLFURVFRS\� KROGV� SRWHQWLDO� WR� VLPXOWDQHRXVO\
LPSURYH�SHUIRUPDQFH�DQG�UHGXFH�FRVWV�RI�FRPSXWHU
PLFURYLVLRQ�V\VWHPV�

)LJXUH��� ��&RPSDULVLRQ�RI�VSHFNOH�KHWHUG\QH�
PLFURVFRS\�WR�FRQYHQWLRQDO�EULJKWILHOG�PLFURVFRS\�

����� 3XEOLFDWLRQV

-RXUQDO�$UWLFOHV

'DYLV��&�4��� DQG�'�0��)UHHPDQ�� �6WDWLVWLFV� RI� 6XE�
SL[HO� 5HJLVWUDWLRQ� $OJRULWKPV� %DVHG� RQ� 6SDWLR�
7HPSRUDO� *UDGLHQWV� RU� %ORFN� 0DWFKLQJ��� 2SW�
(QJ��)RUWKFRPLQJ��

'DYLV�� &�4��� DQG� '�0�� )UHHPDQ�� �8VLQJ� D� /LJKW
0LFURVFRSH�WR�0HDVXUH�0RWLRQV�ZLWK�1DQRPHWHU
$FFXUDF\���2SW��(QJ��)RUWKFRPLQJ�

7KHVHV

-RKQVRQ��/��8VLQJ�9LGHRPLFURVFRS\�WR�&KDUDFWHUL]H
WKH� 7KUHH�GLPHQVLRQDO� 0RWLRQV� RI� D� 0LFURIDEUL�
FDWHG� *\URVFRSH�� 0�6�� WKHVLV�� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�
0,7���-XQH������

.DUX��=�=��)DVW�6XESL[HO�5HJLVWUDWLRQ�RI���'�,PDJHV�
3K�'��GLVV���'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ
DQG�&RPSXWHU�6FLHQFH��0,7��6HSWHPEHU������

��� 7HVW�6WXGLHV�IRU�
0LFURHOHFWURPHFKDQLFDO�6\VWHPV

6SRQVRU

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
*UDQW�)�����������������

3URMHFW�6WDII

(ULN�-��3HGHUVRQ��-DUHG�'��&RWWUHOO��0LFKDHO�%��0F,O�
UDWK��3URIHVVRU�'RQDOG�(��7UR[HO

0LFURHOHFWRPHFKDQLFDO� V\VWHPV� �0(06�� KDYH� WKH
SRWHQWLDO� WR� UHYROXWLRQL]H� WKH� GHVLJQ� DQG� SURGXFWLRQ
RI� VHQVRUV� DQG� DFWXDWRUV�� +RZHYHU�� WKH� XOWLPDWH
LQWURGXFWLRQ� RI� 0(06� LQWR� PDMRU� PLOLWDU\� DQG� FRP�
PHUFLDO�V\VWHPV�GHSHQGV�FULWLFDOO\�RQ�WKH�VSHHG�ZLWK
ZKLFK�0(06�FDQ�EH�GHVLJQHG�DQG�GHOLYHUHG�LQWR�WKH
ILHOG��7KH�SDXFLW\�RI�WHVW�HTXLSPHQW�QRZ�DYDLODEOH�LV
DQ� REVWDFOH� WR� WKH� GLVVHPLQDWLRQ� RI� 0(06� IRU
LQFUHDVLQJ� WKH� QDWLRQ¶V� GHIHQVH� DQG� FRPPHUFLDO
FRPSHWLWLYHQHVV�

:H�FDOO�FRPSXWHU�PLFURYLVLRQ�WKH�FRPELQDWLRQ�RI�OLJKW
PLFURVFRS\��YLGHR� LPDJLQJ��DQG�PDFKLQH�YLVLRQ��:H
DUH�GHYHORSLQJ�D�VHULHV�RI�0(06�VWDWLRQV�WR�FROOHFW
LPDJH�GDWD�RQ�YDULRXV�0(06�GHYLFHV��7KH�VHULHV�RI
PHDVXUHPHQW�VWDWLRQV�ZLOO�KDYH�D�PRGXODU�VWUXFWXUH
WR�HQDEOH�WKH�GHSOR\PHQW�RI�FRVW�HIIHFWLYH�PHDVXUH�
PHQW�VWDWLRQV�IRU�WKH�WDVN�DW�KDQG��$�UHODWLYHO\�PRUH
H[SHQVLYH�0(06�VWDWLRQ�ZLOO�KDYH�H[SDQGHG�VSHFLIL�
FDWLRQV�� 2XU� XOWLPDWH� JRDO� LV� WR� GHYHORS� FRPSXWHU
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PLFURYLVLRQ�DV�D�XVHIXO�WRRO�IRU�WKH�GHVLJQ�DQG�PDQX�
IDFWXUH� RI�0(06²D� WRRO� WKDW� ZLOO� HQDEOH� WKH�PHD�
VXUHPHQW� RI� G\QDPLFDO� SURSHUWLHV� RI� WKH� PDWHULDOV
XVHG� WR� IDEULFDWH� WKH� 0(06� GHYLFH�� DV� ZHOO� DV� WR
FKDUDFWHUL]H�0(06�FRPSRQHQWV�XVHG�LQ� ODUJHU�V\V�
WHPV�

:RUN� KDV� EHJXQ� WR� FRQVWUXFW� D�0(06�VWDWLRQ� FRQ�
VLVWLQJ� RI� D� 3&�� FDPHUD�� SUREH� VWDWLRQ� �LQFOXGLQJ� D
PLFURVFRSH��� VWLPXOXV� JHQHUDWRU�� DQG� VWUREH� SXOVH
JHQHUDWRU��7KLV�V\VWHP�ZLOO�SURYLGH�SLFWXUHV� LQ�RUGHU
WR�DQDO\]H�D�FDQGLGDWH�0(06�GHYLFH��&RQVLGHUDEOH
ZRUN�KDV�EHHQ�GRQH�RQ�WKH�GHYHORSPHQW�RI�D�VWUREH
SXOVH�JHQHUDWRU� WR� WULJJHU�D� IODVK� WXEH�ZKLFK� LOOXPL�
QDWHV� WKH� LPDJH� WR� EH� FDSWXUHG��$� QRYHO� WHFKQLTXH
IRU� WKH� JHQHUDWLRQ� RI� WKHVH� SXOVHV� YLD� D� VRIWZDUH
DOJRULWKP�KDV�EHHQ�SURSRVHG�DQG�ZLOO�EH�HYDOXDWHG
DQG� FRPSDUHG� WR� WKH� WUDGLWLRQDO� DSSURDFK� XVLQJ� D
SKDVH�ORFNHG�ORRS�
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