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7.  Modeling and Simulation Results

$� JRRG�� FRPSOHWH�� FUDZOLQJ� YHKLFOH� VROXWLRQ� IRU� WKH� DOO�WHUUDLQ� YHKLFOH� SUREOHP

UHTXLUHV�D�FDSDEOH�URERW�GHVLJQ�WRJHWKHU�ZLWK�HIILFLHQW�JDLWV�DQG�OHJ�VWHS�WUDMHFWRULHV�

7KH�SUHYLRXV�FKDSWHUV�KDYH�GHVFULEHG�WKH�FUHDWLRQ�RI�VLPXODWLRQ�WRROV�IRU�PRGHOLQJ

FUDZOLQJ�YHKLFOHV�DQG� VLPXODWLQJ� WKHLU�PRWLRQ��7KHVH� WRROV� IDFLOLWDWH�ERWK�KDUGZDUH

GHVLJQ�RI�WKH�SK\VLFDO�URERW�DQG�VRIWZDUH�GHVLJQ�RI�WKH�URERWªV�PRWLRQ�SURJUDPV�

,Q�WKLV�FKDSWHU��WKH�UHVXOWV�RI�D�VHULHV�RI�WHVW�FDVHV�DUH�SUHVHQWHG�WR�GHPRQVWUDWH�WKH

XVHIXOQHVV�RI�WKH�WRROV�FUHDWHG�DV�SDUW�RI�WKLV�GLVVHUWDWLRQ�ZRUN��DQG�WR�H[SORUH�VRPH

RI� WKH� GHVLJQ� SRVVLELOLWLHV� IRU� WKH� YHKLFOH� DQG� LWV�PRWLRQ� SURJUDPV�� $Q� H[KDXVWLYH

VHDUFK�RI�WKH�GHVLJQ�VSDFH�IRU�WKH�YHKLFOH�DQG�LWV�PRWLRQ�SURJUDPV�LV�QRW� LQFOXGHG

KHUH���6XFK�D�VWXG\�FRXOG�HDVLO\�EH�WKH�VXEMHFW�RI�DQRWKHU�GLVVHUWDWLRQ���+RZHYHU��WKH

PDMRULW\�RI�H[DPSOHV�SUHVHQWHG�KHUH�JR�EH\RQG�VLPSO\�VKRZLQJ�WKDW�WKH�VLPXODWLRQ

ZRUNV��7KH\�DOVR�KDYH�GHVLJQ�VLJQLILFDQFH�

)LUVW�� WKH� SDUDPHWULF�PRGHOLQJ� FDSDELOLW\� RI� WKH� VLPXODWLRQ� FRGH� LV� LOOXVWUDWHG� ZLWK

UHQGHUHG� H[DPSOHV� RI� VHYHUDO� URERWV� WKDW� ZHUH� FUHDWHG� XVLQJ� WKH� SDUDPHWULF

JHRPHWU\�VFKHPH�GHVFULEHG�LQ�6HFWLRQ�����

6HFRQG��WKH�VWDELOLW\�DQDO\VLV�IXQFWLRQV�RI�WKH�VLPXODWLRQ�FRGH�DUH�XVHG�WR�GHWHUPLQH

WKH�QXPEHU�RI�OHJ�SDLUV�UHTXLUHG�RQ�D�URERW�GHVLJQ�WR�EH�DEOH�WR�HIIHFWLYHO\�XVH�WZR

1DWXUH�GRHV�QRWKLQJ�LQ�YDLQ�

��$ULVWRWOH
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VLJQLILFDQW�ZDYH� JDLWV�� QDPHO\�� WKH� VLQJOH�OHJ�SDLU�SHU�ZDYH� JDLW� DQG� WKH� GRXEOH�OHJ�

SDLU�SHU�ZDYH�JDLW�WKDW�ZHUH�GLVFXVVHG�LQ�HDUOLHU�FKDSWHUV�

)LQDOO\�� WKH�FKDSWHU�SUHVHQWV�D� VHULHV�RI�PRWLRQ�SURJUDPPLQJ� VLPXODWLRQ� WHVW� FDVHV

WKDW� FRPSDUH� WKUHH� GLIIHUHQW� PRWLRQ� SURJUDPV� RQ� D� VLQJOH� URERW� GHVLJQ�� 7KHVH

H[DPSOHV� ZLOO� IRFXV� RQ� XVLQJ� WKH� VLPXODWLRQ� WRROV� WR� H[SORUH� WKH� EHQHILWV� RI

FDWHUSLOODU�OLNH�PRWLRQ�SURJUDPV�LQ�LPSURYLQJ�ORFRPRWLRQ�

7.1 Example Robot Models

$V�H[SODLQHG�LQ�6HFWLRQ������WKH�VLPXODWLRQ�SURJUDPV�GHYHORSHG�DV�SDUW�RI�WKLV�ZRUN

DOORZ�D�ZLGH�YDULHW\�RI�SRVVLEOH� FUDZOLQJ� URERW�GHVLJQV� WR�EH�PRGHOHG�E\�YDU\LQJ

RQH�RU�PRUH�RI� WKH����JHRPHWULF�SDUDPHWHUV� WKDW�VSHFLI\�HDFK�GHVLJQ��)LJXUHV����

DQG�����VKRZ�IRXU�GLIIHUHQW�FUDZOLQJ�URERWV�WKDW�ZHUH�PRGHOHG�DQG�UHQGHUHG�XVLQJ

WKH�VLPXODWLRQ�FRGH��7KHVH� WHVW�FDVHV�GHPRQVWUDWH�D� IHZ�RI� WKH�GHVLJQ�SRVVLELOLWLHV

IRU�WKH�PXOWLERG\�SDVVLYH�OHJJHG�FODVV�RI�FUDZOLQJ�YHKLFOHV��7KH�GHVLJQ�VKRZQ�LQ�)LJ�

����ZLOO�DOVR�EH�XVHG�LQ�WKH�PRWLRQ�SURJUDPPLQJ�WHVW�FDVHV�ODWHU�LQ�WKLV�FKDSWHU�

Figure 7.1 — A Crawling Robot Design Rendered with the Simulation Programs.
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Figure 7.2 — More Example Crawling Robot Designs Rendered with the Simulation

Programs. (Note the differing actuation unit arrangements and geometries.)
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7.2 The Design Implications of Stability

7KLV� VHFWLRQ� GHPRQVWUDWHV� WKH� VWDELOLW\� PDUJLQ� FDOFXODWLRQ� FDSDELOLWLHV� RI� WKH

VLPXODWLRQ�FRGH�DQG�LWV�DSSOLFDWLRQ�WR�YHKLFOH�GHVLJQ��6SHFLILFDOO\��WKH�WRRO�LV�XVHG�WR

FRPSDUH� WKH� VWDELOLW\� RI� WZR� JDLWV� DQG� WR� GHWHUPLQH� WKH�PLQLPXP� QXPEHU� RI� OHJ

SDLUV�UHTXLUHG�IRU�D�FUDZOLQJ�YHKLFOH�GHVLJQ�WR�VDIHO\�XVH�HDFK�JDLW�

6RQJ�DQG�:DOGURQ��������GHILQH�WKH�§JDLW�VWDELOLW\�PDUJLQ¨�IRU�D�SHULRGLF�JDLW�DV�WKH

PLQLPXP�ORQJLWXGLQDO�VWDELOLW\�PDUJLQ�RYHU�DQ�HQWLUH�ORFRPRWLRQ�F\FOH�DV�WKH�URERW

SHUIRUPV� WKH�JDLW��7KH\�JR�RQ� WR�H[SODLQ� WKDW� WKH� ORQJLWXGLQDO� VWDELOLW\�PDUJLQV�DUH

PLQLPL]HG�DW�§FULWLFDO�HYHQWV¨�GXULQJ�WKH�ORFRPRWLRQ�F\FOH�¥�ZKHQ�IHHW�DUH�OLIWHG�RU

SODFHG�DW�HLWKHU�HQG�RI� WKH�URERW��FDXVLQJ� WKH�VXSSRUW�SRO\JRQ�WR�DEUXSWO\�FKDQJH

VKDSH�� 7KHVH� §FULWLFDO� HYHQWV¨� FDQ� EH� UHFRJQL]HG� XVLQJ� WKH� VLPXODWLRQ� FRGH� E\

GLVSOD\LQJ� WKH� VWDELOLW\� SORWV� LQ� VLQJOH�VWHS� PRGH�� DQG� WKHQ� ZDWFKLQJ� WKH� UHVXOWLQJ

VORZ�PRWLRQ�DQLPDWLRQ�IRU�WKH�VKLIWV�LQ�WKH�VKDSH�DQG�VL]H�RI�WKH�VXSSRUW�SRO\JRQ�

7KH�WZR�JDLWV�FRPSDUHG�KHUH�DUH�WKH�VWHS�LQWHUYDO�����ZDYH�JDLW�DQG�WKH�VWHS�LQWHUYDO

����� ZDYH� JDLW�� 7KHVH� DUH� HVVHQWLDOO\� ZKDW� ZHUH� UHIHUUHG� WR� LQ� &KDSWHU� �� DV� WKH

§VLQJOH�OHJ�SDLU�SHU�ZDYH¨� JDLW� DQG� WKH� §GRXEOH�OHJ�SDLU�SHU�ZDYH¨� JDLW�� UHVSHFWLYHO\�

7KXV��WKH�σ = �����JDLW�LV�VLPLODU�WR�WKH�JDLW�XVHG�E\�FDWHUSLOODUV��$�YDOXH�RI������ZDV

FKRVHQ�UDWKHU� WKDQ�WKH�VLQJXODU�JDLW�YDOXH�RI������DV�D�VDIHW\� IDFWRU� WR�HQVXUH� WKDW�

ZLWK�D�UHDO�URERW�DQG�LWV�FRQWUROOHU�HUURUV��WKH�nWK�OHJ�SDLU�ZRXOG�WUXO\�EH�EDFN�RQ�WKH

JURXQG�EHIRUH�OHJ�SDLU�n -1�OLIWHG�RII�RI�WKH�JURXQG�

7DEOHV�����DQG�����ZHUH�FUHDWHG�E\�UXQQLQJ�WKH�VLPXODWLRQ�FRGH�VHYHUDO�WLPHV�XVLQJ

PRWLRQ� SURJUDPV� WKDW� HPERG\� WKH� WZR� JDLWV� DQG� XVLQJ� VHYHUDO� URERW� GHVLJQV� WKDW

YDU\�RQO\�LQ�WKH�QXPEHU�RI�OHJ�SDLUV�WKH\�SRVVHVV��)RU�WKHVH�WHVWV��WKH�SURJUDP�ZDV

UXQ� DW� D� KLJK� WLPH� UHVROXWLRQ� VR� WKDW� HDFK� WLPH�VOLFH� ZDV� VPDOO�� DQG� WKXV�� WKH

VQDSVKRW�RI�WKH�ZRUVW�FDVH�ORQJLWXGLQDO�VWDELOLW\�PDUJLQ�ZRXOG�EH�DFFXUDWH�
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&RPSDULQJ�WKH�WZR�WDEOHV� LW�FDQ�EH�VHHQ�WKDW�� IRU�D�JLYHQ�QXPEHU�RI� OHJ�SDLUV�� WKH

σ = ���� �JDLW�KDV�JUHDWHU�ORQJLWXGLQDO�VWDELOLW\�WKDQ�WKH�σ = �����JDLW�

/RRNLQJ�DW�7DEOH�����ZH�VHH� WKDW�D�PLQLPXP�RI��� OHJ�SDLUV�DUH� UHTXLUHG� WR�REWDLQ

VWDEOH� ORFRPRWLRQ�XVLQJ�WKH�σ = ���� �JDLW�RQ�IODW�� OHYHO� WHUUDLQ��%\�DGGLQJ�PRUH� OHJ

SDLUV��WKH�ORQJLWXGLQDO�VWDELOLW\�PDUJLQ�LQFUHDVHV��HQDEOLQJ�WKH�URERW�WR�FOLPE�VWHHSHU

VORSHV�ZLWKRXW�WLSSLQJ�RYHU��7KH�VWDELOLW\�SORW�GLDJUDPV�LQ�7DEOH�����GHPRQVWUDWH�WKDW

WKH�σ = �����JDLW�UHTXLUHV�DW�OHDVW���OHJ�SDLUV�WR�EH�FRPIRUWDEO\�VWDEOH�HYHQ�RQ�IODW�

OHYHO�JURXQG�

3XEOLFDWLRQV�E\�0DKDOLQJKDP� ������� DQG�'ZLYHGL� DQG�0DKDOLQJKDP� ������� SRLQW

RXW�WKDW�WKH�ORDG�EHDULQJ�FDSDFLW\�RI�WKH�WHUUDLQ�XQGHU�HDFK�IRRW�RI�D�OHJJHG�YHKLFOH

FDQQRW� EH� UHOLDEO\� GHWHUPLQHG� XQWLO� WKH� IRRW� DFWXDOO\� FRQWDFWV� WKH� JURXQG�� 6KLIWLQJ

URFNV�� VLQNDJH� RI� VRIW� VRLOV�� IRRW� VOLSSDJH�� DQG� VWUXFWXUDO� GDPDJH� FDQ� DOO� FDXVH

VXSSRUW� IDLOXUH�RI�D� OHJ��7KHUHIRUH�WKH\�VWUHVV� WKH� LPSRUWDQFH�RI�UHGXQGDQW�VWDELOLW\

IRU�OHJJHG�YHKLFOHV��7KH\�H[WHQG�WKH�VXSSRUW�SRO\JRQ�FRQFHSW�LQ�WKH�IROORZLQJ�ZD\�

,W� LV�SURSRVHG� WKDW� WKH�SRLQW�RI� LQWHUVHFWLRQ�RI� WKH�ZHLJKW� YHFWRU�ZLWK� WKH
VXSSRUW� SRO\JRQ� EH� NHSW�ZLWKLQ� D� VXE�UHJLRQ� RI� WKH� VXSSRUW� SDWWHUQ� VXFK
WKDW� VWDELOLW\� VXUYLYHV� WKH� ORVV� RI� DQ\� RI� WKH� VXSSRUWHG� OHJV�� 7KLV� UHJLRQ� LV
WHUPHG�WKH�FRQVHUYDWLYH�VXSSRUW�SRO\JRQ������0DKDOLQJKDP��������

/RRNLQJ�DW�WKH�σ = ���� �JDLW�LQ�7DEOH������ZH�VHH�WKDW��ZLWK���OHJ�SDLUV��LW�LV�VWDEOH��EXW

QRW�UHGXQGDQWO\�VWDEOH��:LWK��� OHJ�SDLUV�� WKH�JDLW� LV� UHGXQGDQWO\�VWDEOH��$QG�ZLWK��

OHJ�SDLUV��LW�DSSHDUV�WKDW�LW�LV�UHGXQGDQWO\�VWDEOH�WR�WKH�SRLQW�WKDW�DQ\�WZR�IRRWKROGV

FRXOG� EH� ORVW� DW� DQ\� WLPH� GXULQJ� LWV� ORFRPRWLRQ� F\FOH� DQG� WKH� URERW� ZRXOG� VWLOO

UHPDLQ�VWDQGLQJ�� ,Q�7DEOH������ZH�VHH� WKDW� WKH�σ = �����JDLW� UHTXLUHV�DW� OHDVW��� OHJ

SDLUV�WR�DFKLHYH�UHGXQGDQW�VWDELOLW\�E\�D�VPDOO�PDUJLQ�

7KXV��IRU�WHUUDLQV�ZLWK�QHDUO\�FHUWDLQ�ORDG�EHDULQJ�FDSDFLW\��VXFK�DV�PDQ�PDGH�URDGV

DQG�IORRUV��WKH�σ = ���� �JDLW�UHTXLUHV�D�URERW�ZLWK���OHJ�SDLUV��DQG�WKH�σ = �����JDLW

UHTXLUHV�D�URERW�ZLWK�DW�OHDVW���OHJ�SDLUV��SUHIHUDEO\���
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Table 7.1 — Worst Case Stability Plots for V Z  1.0, n  Gait and Varying Numbers of
Leg Pairs

Table 7.2 — Worst Case Stability Plots for V Z  0.52, n Gait and Varying Numbers of
Leg Pairs

3 Leg Pairs

Borderline UNSTABLE

4 Leg Pairs

Stable

5 Leg Pairs

Stable

6 Leg Pairs

Stable

4 Leg Pairs

UNSTABLE

5 Leg Pairs

Borderline UNSTABLE

6 Leg Pairs

Stable
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)RU� WHUUDLQV� RI� XQFHUWDLQ� ORDG�EHDULQJ� VXSSRUW�� VXFK� DV� PRVW� QDWXUDO� VXUIDFHV�� WKH

σ = ���� �DQG�WKH�σ = �����JDLWV�ZLOO�UHTXLUH�URERWV�KDYLQJ�D�PLQLPXP�RI���DQG���OHJ

SDLUV��UHVSHFWLYHO\��WR�DYRLG�WLS�RYHU�IDLOXUHV�WKDW�FRXOG�GDPDJH�WKH�YHKLFOH�

1RWH� WKDW� URERWV� KDYLQJ� HQRXJK� OHJ� SDLUV� WR� SHUIRUP� WKH� σ = ����� JDLW� FDQ� DOVR

WHPSRUDULO\� VZLWFK� WR� WKH� σ = ���� � JDLW�� RU� VRPH� RWKHU� JDLW�� WR� DGDSW� WKHLU

ORFRPRWLRQ�DQG�UHVXOWLQJ�VWDELOLW\�DV�QHHGHG�WR�WKH�WHUUDLQ�

$GGLQJ�VWLOO�PRUH�OHJ�SDLUV�JLYHV�D�URERW�JUHDWHU�ORQJLWXGLQDO�VWDELOLW\��EHWWHU�FOLPELQJ

DELOLW\��EHWWHU�REVWDFOH�FURVVLQJ�DELOLW\��DQG�WKH�FDSDFLW\�WR�GR�PXOWLSOH�ZDYH��ω < n�

ORFRPRWLRQ�� DOEHLW� DW� WKH� H[SHQVH� RI� JUHDWHU� FRPSOH[LW\� DQG� ILQDQFLDO� FRVW�� )RU

ORFRPRWLRQ�RYHU�YHU\�URXJK�WHUUDLQ�ZLWK�VWHHS�JUDGHV�DQG�ZLWK�VRIW�RU�URFN\�VRLOV��LW

PD\�EH�GHVLUDEOH�WR�GHVLJQ�D�FUDZOLQJ�YHKLFOH�ZLWK���RU�PRUH�OHJ�SDLUV���5HFDOO�IURP

&K����WKDW�FDWHUSLOODUV�DFWXDOO\�KDYH����VHJPHQWV�ZLWK����OHJV��

7.3 Overview of the Motion Program Test Cases

,Q�DGGLWLRQ�WR�WKH�YLVXDOL]DWLRQ�DQG�VWDELOLW\�DQDO\VLV�GLVFXVVHG�HDUOLHU��WKH�NLQHPDWLFV

PRGHO�HPERGLHG� LQ� WKH�VLPXODWLRQ�DLGV� WKH�GHVLJQHU� LQ� WZR�RWKHU� VLJQLILFDQW�ZD\V�

V\QWKHVL]LQJ�WKH�URERWªV� OLQN� OHQJWKV� IRU�D�JLYHQ�URERW�GHVLJQ�DQG�PRWLRQ�SURJUDP�

DQG� SURYLGLQJ� FRPSDUDWLYH� GDWD� IRU� MXGJLQJ� EHWZHHQ� FRPSHWLQJ� URERW�PRWLRQ

SURJUDP�GHVLJQ�FRPELQDWLRQV�

7KH� PRVW� IXQGDPHQWDO� XVH� RI� WKH� VLPXODWLRQ� LV� WR� V\QWKHVL]H� WKH� PD[LPXP� DQG

PLQLPXP�OHQJWKV�RI�DOO� WKH�SULVPDWLF� OLQNV� UHTXLUHG� IRU�D� URERW� WR� WUDFN�D�VSHFLILHG

PRWLRQ� SURJUDP�� ,I� WKH� V\QWKHVL]HG� OLQN� GLPHQVLRQV� DUH� SRVVLEOH�� WKHQ� WKH� GHVLUHG

PRWLRQV� DUH�ZLWKLQ� WKH�ZRUNVSDFH� RI� WKH� URERW�� DQG� WKH� URERW� JHRPHWU\� DQG� OLQN

OHQJWK�LQIRUPDWLRQ�FRQVWLWXWH�D�IHDVLEOH�FRQILJXUDWLRQ�GHVLJQ�IRU�SHUIRUPLQJ�WKH�JLYHQ

PRWLRQ��+HQFH��WKLV�§V\QWKHVLV�DSSURDFK¨�ILWV�WKH�URERW�WR�WKH�DSSOLFDWLRQ�UDWKHU�WKDQ
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ILWWLQJ� WKH�DSSOLFDWLRQ� WR� WKH� URERW�� 7KLV� DSSURDFK�ZDV� WDNHQ�EHFDXVH� WKH�XOWLPDWH

JRDO� LV� QRW� WR� GHYHORS� D� URERW� RI� SDUWLFXODU� GLPHQVLRQV�� EXW� UDWKHU�� WR� GHYHORS� D

ORFRPRWLRQ�V\VWHP�FDSDEOH�RI�FHUWDLQ�PRWLRQV�

$W� WKLV�VWDJH� LQ� WKH�GHYHORSPHQW�RI� WKH�FUDZOLQJ�YHKLFOH�� LW� LV�GHVLUDEOH� WR� WHVW�DQG

FRPSDUH� QXPHURXV� GHVLJQ� SRVVLELOLWLHV� LQ� RUGHU� WR� VHOHFW� D� KLJK� SHUIRUPDQFH

FRQILJXUDWLRQ� GHVLJQ� EHIRUH� SURFHHGLQJ� WR� WKH� WLPH� FRQVXPLQJ� DQG� H[SHQVLYH

GHWDLOHG�GHVLJQ�VWDJH�

%HFDXVH�D�FRPSOHWH��GHWDLOHG�GHVLJQ�GRHV�QRW�\HW�H[LVW� IRU�WKH�FUDZOLQJ�YHKLFOH�� LWV

PDVV�SURSHUWLHV�DQG�LWV�DFWXDWRU�IRUFH�VSHHG�FKDUDFWHULVWLFV�DUH�QRW�NQRZQ��:LWKRXW

WKLV�LQIRUPDWLRQ��LW�LV�QRW�SRVVLEOH�WR�SUHGLFW�WKH�DEVROXWH�PRWLRQV�RI�WKH�DFWXDWRUV�RU

WKH�DEVROXWH�VSHHG�RI�WKH�YHKLFOH��%XW�ZKLOH�WKH�NLQHPDWLFV�EDVHG�DQDO\VLV�XVHG�KHUH

GRHV�QRW�\LHOG�DFFXUDWH�DEVROXWH�TXDQWLWDWLYH� UHVXOWV�� LW�GRHV�\LHOG�DFFXUDWH� UHODWLYH

TXDOLWDWLYH�UHVXOWV�IRU�FRPSDULQJ�FRPSHWLQJ�FRQILJXUDWLRQ�GHVLJQV�

7KH�UHPDLQGHU�RI�WKLV�FKDSWHU�ZLOO�GHPRQVWUDWH�WKLV�FRPSDUDWLYH�IXQFWLRQ�RI�WKH�WRROV

E\�SUHVHQWLQJ�WKH�VLPXODWLRQ�UHVXOWV�RI�VHYHUDO�GLIIHUHQW�JDLWV�DQG�OHJ�VWHS�WUDMHFWRULHV

UXQ�RQ�D�VLQJOH�FUDZOLQJ�YHKLFOH�GHVLJQ��DQG�ZLOO�HYDOXDWH�DQG�GUDZ�FRQFOXVLRQV�IURP

WKHVH� H[DPSOHV�� 6SHFLILFDOO\�� WKH� JDLWV� XVHG� LQ� WKH� PRWLRQ� SURJUDPV� FDQ� WKHQ� EH

FRPSDUHG� EDVHG� RQ� DWWULEXWHV� VXFK� DV� WKH� UHVXOWLQJ� SHDN� DFWXDWRU� YHORFLWLHV�� WKH

UHVXOWLQJ�SHDN�DFWXDWRU�DFFHOHUDWLRQV��DQG�WKH�PDUJLQ�RI�VWDWLF�VWDELOLW\��7KH�JRDO�RI

WKHVH�WHVWV�LV�WZRIROG��ILUVW��WR�GHPRQVWUDWH�WKH�XWLOLW\�RI�WKH�VLPXODWLRQ�WRROV�E\�XVLQJ

WKHP� WR� FRPSDUH� WKUHH� GLIIHUHQW� PRWLRQ� SURJUDPV�� DQG� VHFRQG�� WR� GHWHUPLQH

ZKHWKHU� LPLWDWLQJ�FDWHUSLOODU� JDLW� DQG� OHJ� VWHS� WUDMHFWRULHV�ZLOO� LPSURYH� ORFRPRWLRQ

IRU�WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�

7KH� WKUHH� PRWLRQ� SURJUDPPLQJ� WHVW� FDVHV� DUH� DV� IROORZV�� WKH� σ = ���� � JDLW�� WKH

σ = �����JDLW��DQG�WKH�σ = �����JDLW�LQFOXGLQJ�SLWFKLQJ�PRWLRQV�RI�WKH�OHJ�SDLUV��7KH

UHVXOWLQJ�VLPXODWLRQ�RXWSXW�LQFOXGHV�JUDSKV�RI�OLQN�OHQJWKV��YHORFLW\��DQG�DFFHOHUDWLRQ

YHUVXV�WLPH��DQG�VHTXHQFHV�RI�UHQGHULQJV�DQG�VWDELOLW\�SORWV�
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7.3.1 Creating a Uniform Basis for Comparing the Motion Programs

,Q�RUGHU�WR�DFFXUDWHO\�FRPSDUH�WKH�PRWLRQ�SURJUDPV��LW�ZDV�QHFHVVDU\�WR�KROG�DOO�WKH

RWKHU� WHVW� FDVH� YDULDEOHV� FRQVWDQW�� 7R� DFFRPSOLVK� WKLV�� WKH� WHVW� FDVHV� DOO� XVHG� WKH

IROORZLQJ�FRQGLWLRQV�

• WKH�VDPH�IODW��VPRRWK��OHYHO�WHUUDLQ

• WKH�VDPH�SDUDPHWULF�JHRPHWU\�URERW�GHVLJQ

• WKH�VDPH�QHXWUDO�VWDQFH�ORQJLWXGLQDO�OHJ�SDLU�VSDFLQJ�������PHWHUV�

• WKH�VDPH�PD[LPXP�DQG�PLQLPXP�OLQN�OHQJWKV

• WKH� VDPH� OHJ�VWHS� SRVLWLRQ� FXUYH� WDQJHQW� YHFWRUV�� ZKLFK� SURGXFH� WKH� VDPH

PD[LPXP�VWHS�KHLJKW�������PHWHUV�

• VWULGH�OHQJWKV�VFDOHG�WR�IXOO\�XWLOL]H�WKH�DYDLODEOH�ZRUNVSDFH

• WKH�VDPH�ZDYH�LQWHUYDO��ω� ����IRU�RQH�ZDYH�DW�D�WLPH�

• DQG�JDLWV�VFDOHG�WR�SURSHO�WKH�URERW�IRUZDUG�DW�WKH�VDPH�DYHUDJH�YHORFLW\

7.3.2 The Robot Design for the Test Cases

$V�PHQWLRQHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� HDFK� RI� WKH� VDPSOH� UXQV� SUHVHQWHG� LQ� WKH

UHPDLQGHU� RI� WKLV� FKDSWHU� ZLOO� EH� EDVHG� RQ� D� VLQJOH� URERW� GHVLJQ�� $V� ZH� VDZ� LQ

6HFWLRQ� ����� D� JDLW� ZLWK� D� VWHS� LQWHUYDO� RI� ����� UHTXLUHV� DW� OHDVW� VL[� OHJ� SDLUV� WR

PDLQWDLQ�D�VDWLVIDFWRU\�PDUJLQ�RI�VWDELOLW\��7KHUHIRUH��WKH�URERW�XVHG�IRU�WKH�PRWLRQ

SURJUDP� WHVW� FDVHV� ZDV� GHVLJQHG� WR� KDYH� VL[� OHJ� SDLUV�� $� UHQGHULQJ� RI� WKLV� URERW

GHVLJQ�ZDV�VKRZQ�LQ�)LJ�������7KH�JHRPHWULF�SDUDPHWHUV�WKDW�GHILQH�LWV�JHRPHWU\�DUH

OLVWHG�LQ�7DEOH�����
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Table 7.3 — Geometric Parameters for the Tested Robot

1XPEHU�RI�OHJ�SDLUV��N �

3D\ORDG�%R[�+HLJKW��H���P� ������

3D\ORDG�%R[�:LGWK��W���P� ������

0LGGOH�3D\ORDG�%R[�/HQJWK��L���P� ������

/DWHUDO�6SDFH�%HWZHHQ�)HHW��F���P� ������

*URXQG�&OHDUDQFH��G���P� ������

-RLQW�2IIVHW�/HQJWK��O���P� ������

8QLYHUVDO�-RLQW�1XPEHU <�/RFDWLRQ��P� =�/RFDWLRQ��P�

����)URQW�6LGH� �������� ��������

����)URQW�6LGH� �������� ��������

����)URQW�6LGH� ��������� ���������

����)URQW�6LGH� �������� ���������

����)URQW�6LGH� ��������� ��������

����)URQW�6LGH� ��������� ��������

����%DFN�6LGH� �������� ��������

����%DFN�6LGH� �������� ���������

����%DFN�6LGH� ��������� ���������

�����%DFN�6LGH� �������� ���������

�����%DFN�6LGH� ��������� ���������

�����%DFN�6LGH� ��������� ��������

1RWH�� 7KH� <� DQG� =� ORFDWLRQV� RI� WKH� XQLYHUVDO� MRLQWV� FRQQHFWLQJ� WKH
DFWXDWHG� OLQNV� WR� WKH� SD\ORDG� ER[HV� DUH� H[SUHVVHG� UHODWLYH� WR� WKH
FHQWURLG�RI� HDFK� OHJ�SDLUªV� SD\ORDG�ER[�� 7KH�XQLYHUVDO� MRLQW� ;� YDOXHV
DUH�GHULYHG�XVLQJ�WKH�PHWKRG�GHVFULEHG�LQ�6HFWLRQ�������
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1RWH� WKDW� ZLWK� WKH� H[FHSWLRQ� RI� WKH� QXPEHU� RI� OHJ� SDLUV� DQG� WKH� QHXWUDO� VWDQFH

ORQJLWXGLQDO�IRRW�VSDFLQJ��WKLV�GHVLJQ�LV�WKH�VDPH�DV�WKDW�GHVFULEHG�E\�9LUJLQLD�7HFK

VWXGHQW� 3DXO� 0HOH� LQ� KLV� 0DVWHUªV� 7KHVLV� �������� 0RVW� VLJQLILFDQWO\�� WKH� §0HOH

FRQILJXUDWLRQ¨�6WHZDUW�*RXJK�SODWIRUP�KDV�HTXDO�OLQN�OHQJWKV�DW�DQ\�DUELWUDU\�QHXWUDO

VWDQFH�VSDFLQJ��7KDW�LV��ZKHQHYHU�DQ\�DGMDFHQW�OHJ�SDLUV�KDYH�WKHLU�X�D[HV�DOLJQHG�WR

EH� FRLQFLGHQW� DQG� KDYH� QR� UHODWLYH� UROO� DQJOH�� WKHQ� DOO� VL[� OLQNV� RI� WKH� FRQQHFWLQJ

6WHZDUW�*RXJK� 3ODWIRUP� ZLOO� KDYH� WKH� VDPH� OHQJWK�� UHJDUGOHVV� RI� WKH� GLVWDQFH

EHWZHHQ� WKH� OHJ�SDLUV�� 7KLV�SURSHUW\�HQFRXUDJHV� WKH�XVH�RI� LGHQWLFDOO\� VL]HG� OLQHDU

DFWXDWRUV�IRU�DOO�WKH�OLQNV�RI�HDFK�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVP��7KLV�JLYHV�WKH

DGYDQWDJH�RI�LQWHUFKDQJHDEOH�SDUWV��DQG�PD\�DOVR�UHVXOW�LQ�VLPSOHU�ORZ�OHYHO�FRQWUROV

DQG�ORZHU�FRVW�WKDQ�KDYLQJ�WR�XVH�WZR�RU�WKUHH�GLIIHUHQW�OLQHDU�DFWXDWRU�VL]HV�

7.3.3 Placement of the Local Coordinate Frame

5HFDOO�IURP�&KDSWHU���WKDW�WKH�PRGHO�VSHFLILHV�WKH�SRVLWLRQV�RI�WKH�OHJ�SDLUV�UHODWLYH

WR� WKH� §ORFDO¨� FRRUGLQDWH� IUDPH� RI� UHIHUHQFH�� 6LQFH�ZH� DUH� GHDOLQJ�ZLWK� D�PRELOH

URERW�� WKLV� LV� QRW� D� IL[HG� UHODWLRQVKLS�� 7KXV�� IRU� WKH� WHVW� UXQV�� ZH� FDQ� FKRRVH� DQ\

DUELWUDU\�SRVLWLRQ�UHODWLYH�WR�WKH�URERW�IRU�WKH�ORFDO�IUDPH��7KH�UHODWLRQVKLS�VHOHFWHG

IRU�WKHVH�WHVW�FDVHV�LV�VKRZQ�LQ�)LJ������

Y

X

Rearmost Leg Pair

Figure 7.3 — Coordinate System Used for Specifying Leg Pair Trajectory
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7R� NHHS� WKLQJV� VLPSOH�� WKH� RULJLQ� RI� WKH� ORFDO� IUDPH� ZDV� SODFHG� DW� WKH� FHQWHU� RI

JUDYLW\� RI� WKH� URERWªV� LQLWLDO� VWDQFH�� 7KH� X�D[LV� ZDV� DOLJQHG� ZLWK� WKH� URERWªV

ORQJLWXGLQDO�D[LV��SRLQWLQJ�SRVLWLYH�WR�WKH�IURQW�RI�WKH�URERW��DQG�WKH�Z�D[LV�SRLQWV�XS�

RXW�RI�WKH�SDJH�

7.4 Motion Program Test Case Procedure

&UHDWLQJ�HDFK�WHVW�FDVH�DQG�UXQQLQJ�WKH�VLPXODWLRQ�ZDV�D�IRXU�VWHS�SURFHGXUH��7KHVH

VWHSV�HQVXUH� WKH�YDOLGLW\�RI� WKH�PRWLRQ�SURJUDP�FRPSDULVRQ�E\�FUHDWLQJ� WHVW�FDVHV

WKDW�FRPSO\�ZLWK�WKH�OLVW�LQ�6HFWLRQ�������

5HFDOO� IURP� 6HFWLRQ� ������ WKDW� DQ� DVVHPEO\� FRQVWUDLQW�� D� ZRUNVSDFH� XQLIRUPLW\

FRQVWUDLQW��DQG�D�ZRUNVSDFH�ODWHUDO�V\PPHWU\�FRQVWUDLQW�DSSO\�WR�YLUWXDOO\�DOO�FUDZOLQJ

YHKLFOH� GHVLJQV� DQG�PRWLRQ� SURJUDPV�� DQG� WKXV� ZLOO� DSSO\� LQGLYLGXDOO\� WR� HDFK� RI

WKHVH� WHVW� FDVHV�� ,Q� RUGHU� WR� FUHDWH� PRWLRQ� SURJUDP� WHVW� FDVHV� WKDW� DUH� YDOLG� IRU

FRPSDULVRQ�� WKUHH� QHZ� FROOHFWLYH� FRQVWUDLQWV� DUH� DOVR� UHTXLUHG�� 7KHVH� QHZ

FRQVWUDLQWV�DSSO\�WR�DOO�WKH�WHVW�FDVHV�DV�D�JURXS��DQG�LQFOXGH�D�ZRUNVSDFH�HTXDOLW\

FRQVWUDLQW�� D� ZRUNVSDFH� IXOO�UDQJH� FRQVWUDLQW�� DQG� DQ� DYHUDJH� YHORFLW\� HTXDOLW\

FRQVWUDLQW�

7.4.1 The Workspace Equality Constraint

7KH�ZRUNVSDFH�HTXDOLW\�FRQVWUDLQW�HQVXUHV� WKDW� DOO� WKH� WHVW� FDVHV�DUH� VLPXODWLQJ�DQ

HVVHQWLDOO\� LGHQWLFDO� URERW�� 7KDW� LV�� WKH�PRWLRQ� SURJUDPV� IRU� DOO� WKH� WHVW� FDVHV� DUH

PDGH� VR� WKDW� WKH� UHVXOWLQJ� UDQJH� RI�PRWLRQ� RI� WKH� URERWªV� DFWXDWLRQ� XQLWV� DUH� WKH

VDPH�IURP�WHVW�FDVH�WR�WHVW�FDVH��7KXV��WKH�ZRUNVSDFH�HTXDOLW\�FRQVWUDLQW�LPSRVHV�DQ

DGGLWLRQDO�UHVWULFWLRQ�WKDW�WKH�HTXLYDOHQW�OLQNV�RI�WKH�URERW�LQ�DOO�WHVW�FDVHV�PXVW�KDYH

D�PD[LPXP�OHQJWK�OHVV�WKDQ�RU�HTXDO�WR�WKH�RYHUDOO�PD[LPXP��DQG�D�PLQLPXP�OHQJWK
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JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�RYHUDOO�PLQLPXP��%\�§RYHUDOO¨�LW�LV�PHDQW�WKDW�WKH�VDPH

QXPHULFDO� YDOXHV� IRU� WKH�PLQLPXP� DQG�PD[LPXP� OHQJWKV� IRU� HDFK� HTXLYDOHQW� OLQN

JURXS�DSSO\�WR�RI�DOO�WKH�WHVW�FDVHV�DV�D�VHW�

7.4.2 The Workspace Full-Range Constraint

,W�LV�SRVVLEOH�IRU�WZR�WHVW�FDVHV�WR�VLPXODWH�WKH�VDPH�URERW�ZLWK�WKH�VDPH�PD[LPXP

SRWHQWLDO�ZRUNVSDFH��EXW�ZLWK�RQH�RI�WKH�WHVWV�XVLQJ�D�VXEVHW�RI�WKDW�ZRUNVSDFH��)RU

H[DPSOH�� WKH�VDPH�URERW�FRXOG�EH�SURJUDPPHG� WR�ZDON�ZLWK� VWULGHV�DV� ORQJ�DV� LWV

ZRUNVSDFH�ZRXOG�DOORZ��RU�ZLWK�VKRUW�VWHSV��+RZHYHU��XVLQJ�D�ZRUNVSDFH�VXEVHW�ZLOO

QRW�SURYLGH�D�WUXVWZRUWK\�FRPSDULVRQ�RI�WKH�PRWLRQ�SURJUDPV��HVSHFLDOO\�LI�WKH\�XVH

GLIIHUHQW� JDLWV�� $� FRPSDULVRQ� RI� PRWLRQ� SURJUDPV� LV� QRW� YDOLG� XQOHVV� HDFK� WHVW

FRQVLVWHQWO\�XVHV�WKH�IXOO�UDQJH�RI�WKH�DYDLODEOH�ZRUNVSDFH�

7KHUHIRUH� D� ZRUNVSDFH� §IXOO�UDQJH¨� FRQVWUDLQW� PXVW� EH� DGGHG� WR� WKH� ZRUNVSDFH

HTXDOLW\� FRQVWUDLQW� RI� WKH� SUHYLRXV� VHFWLRQ�� 6SHFLILFDOO\�� LQ� RUGHU� WR� REWDLQ� YDOLG

PRWLRQ�SURJUDP�FRPSDULVRQV��HDFK�RI�WKH�GLIIHUHQW�WHVW�FDVH�PRWLRQ�SURJUDPV�PXVW

UHVXOW�LQ�KDYLQJ�WKH�PD[LPXP�OLQN�OHQJWK�RI�DW�OHDVW�RQH�HTXLYDOHQW�OLQN�JURXS�HTXDO

WR� WKH� RYHUDOO�PD[LPXP� IRU� WKDW� JURXS�DQG� KDYLQJ� WKH�PLQLPXP� OLQN� OHQJWK� RI� DW

OHDVW�RQH�HTXLYDOHQW�OLQN�JURXS�HTXDO�WR�WKH�RYHUDOO�PLQLPXP�IRU�WKDW�JURXS�

2I� FRXUVH� LQ� WKH� UHDO� ZRUOG�� WUXH� §HTXDOLW\¨� RI� FRQWLQXRXV� VFDODUV� LV� YLUWXDOO\

LPSRVVLEOH��7KHUHIRUH��ZKHQ�WKH�OHQJWK�YDOXHV�DUH�ZLWKLQ�D�VPDOO�WROHUDQFH�YDOXH�RI

WKH� LGHDO�� WKH\�ZLOO� EH� FRQVLGHUHG� §HTXDO¨�� ,Q� WKH� IRXU�PRWLRQ� SURJUDP� WHVW� FDVHV

SUHVHQWHG�ODWHU�LQ�WKLV�FKDSWHU��WKH�ZRUVW�FDVH�GLIIHUHQFH�LQ�WKH�PLQLPXP�OLQN�OHQJWKV

ZKHQ�FRPSDULQJ�DOO�RI�WKH�WHVW�FDVHV�ZDV�OHVV�WKDQ��������PHWHUV��RU��������,Q�WKH

VDPH� PDQQHU�� WKH� ZRUVW� FDVH� GLIIHUHQFH� IRU� WKH� PD[LPXP� OHQJWKV� ZDV� ������

PHWHUV��RU�������
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7.4.3 The Average Velocity Equality Constraint

7ZR� RI� WKH�PDLQ� RXWFRPHV� WR� EH� FRPSDUHG� LQ� WKHVH� WHVW� FDVHV� DUH� WKH� DFWXDWRU

YHORFLWLHV�DQG�DFFHOHUDWLRQV�UHTXLUHG�E\�HDFK�PRWLRQ�SURJUDP�WR�SURGXFH�WKH�VDPH

IRUZDUG�YHORFLW\�RI�WKH�YHKLFOH��7KXV��WKH�DYHUDJH�YHORFLW\�HTXDOLW\�FRQVWUDLQW�DSSOLHV

WR�DOO� WKH� WHVW�FDVHV�DV�D�VHW�DQG�HQVXUHV� WKDW� WKH�FUDZOLQJ�YHKLFOH�PRYHV�ZLWK� WKH

VDPH�DYHUDJH�YHORFLW\�LQ�HDFK�WHVW�FDVH�

7KH� DYHUDJH� YHORFLW\� RI� WKH� URERW� LV� FRQVLGHUHG� WR� EH� WKH� DYHUDJH� YHORFLW\� RI� LWV

FHQWHU�RI�JUDYLW\��5HFDOO� IURP�&K���� WKDW�HTXDWLRQV�ZHUH�SUHVHQWHG� IRU�GHWHUPLQLQJ

WKH�YHKLFOHªV�YHORFLW\� IRU�ERWK�WKH�GLVFUHWH�FDVH�RI�D�VLQJOH� ORFRPRWLRQ�F\FOH� �HDFK

OHJ�SDLU�WDNLQJ�RQH�VWHS��DQG�IRU�WKH�FRQWLQXRXV�FDVH�RI�HDFK�ORFRPRWLRQ�F\FOH�EHLQJ

LPPHGLDWHO\� IROORZHG�E\� DQRWKHU�� 6LQFH� WKH� FRQWLQXRXV� FDVH� DYHUDJH� YHORFLW\� LV� D

PRUH� UHDOLVWLF�PHDVXUH� RI� FUDZOLQJ� YHKLFOH� WUDYHOLQJ� VSHHG�� LW� ZLOO� EH� WKH�PHDVXUH

XVHG�ZKHQ�LPSRVLQJ�WKH�DYHUDJH�YHORFLW\�HTXDOLW\�FRQVWUDLQW�RI�WKH�WHVW�FDVHV�

7.4.4 The Four Step Procedure for Each Test Case

�� 'HWHUPLQH�WKH�PD[LPXP�VWULGH�OHQJWK��λ�

6SHFLILFDOO\�� ZULWH� D� PRWLRQ� SURJUDP� WKDW� VSHFLILHV� WKH� UDQJH� RI� PRWLRQ� IRU� D

VLQJOH�DFWXDWLRQ�XQLW���*HQHUDOO\��WKLV�UHTXLUHV�SURJUDPPLQJ�WKH�VWULGH�RI�RQH�OHJ

SDLU�IRU�σ ≥��RU�WZR�OHJ�SDLUV�IRU�σ <����5HFDOO�IURP�&K����WKDW�D�PRWLRQ�SURJUDP

IRU� D� OHJ� SDLU� WUDMHFWRU\� FRQVLVWV� RI� SDWK� LQIRUPDWLRQ� �WZR� SDUDPHWULF� FXELF

FRHIILFLHQW� PDWULFHV�� DQG� WLPLQJ� LQIRUPDWLRQ� �WKH� VWDUW� DQG� VWRS� WLPH� IRU� HDFK

FXELF�FXUYH���$W�WKLV�SRLQW�ZH�DUH�RQO\�FRQFHUQHG�ZLWK�WKH�SDWK��VR�DQ\�DUELWUDU\

FRQVHFXWLYH� WLPHV�FDQ�EH�XVHG� IRU� WKH�VWDUW�DQG�VWRS� WLPHV��8VH� WKH�VLPXODWLRQ

FRGH� WR� UXQ� WKLV� VKRUW� SURJUDP� RQ� WKH� JLYHQ� URERW� SDUDPHWULF� JHRPHWU\� DQG

HYDOXDWH�WKH�UHVXOWLQJ�PLQLPXP�DQG�PD[LPXP�OLQN�OHQJWKV�WR�VHH�LI�WKH\�YLRODWH

WKH� DVVHPEO\� FRQVWUDLQW�� WKH� ZRUNVSDFH� V\PPHWU\� FRQVWUDLQW�� WKH� ZRUNVSDFH
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HTXDOLW\� FRQVWUDLQW�� RU� WKH� ZRUNVSDFH� IXOO�UDQJH� FRQVWUDLQW�� ,I� DQ\� RI� WKHVH

FRQVWUDLQWV�DUH�EURNHQ��UHZULWH�WKH�PRWLRQ�SURJUDP�ZLWK�D�GLIIHUHQW�VWULGH�OHQJWK

WR�FRPSHQVDWH��DQG�UXQ� LW�DJDLQ��%\� LWHUDWLQJ� LQ� WKLV�PDQQHU��D�PD[LPXP�VWULGH

OHQJWK� FDQ� EH� IRXQG� WKDW� VDWLVILHV� WKH� ULJRURXV� ZRUNVSDFH� IXOO�UDQJH� FRQVWUDLQW

ZLWKLQ�D�VPDOO�WROHUDQFH�YDOXH�

�� &RPSXWH� WKH� VWULGH� WLPH�� τ�� VR� DV� WR� FRQIRUP� WR� WKH� DYHUDJH� YHORFLW\� HTXDOLW\

FRQVWUDLQW�

(TXDWLRQ� ����� LV� XVHG� WR� FDOFXODWH� WKH� FRQWLQXRXV� FDVH� DYHUDJH� YHORFLW\� RI� D

FUDZOLQJ� YHKLFOHªV� FHQWHU� RI� JUDYLW\�� 5HDUUDQJLQJ� WKLV� HTXDWLRQ� DQG� XVLQJ� WKH

VWULGH� OHQJWK�GHWHUPLQHG� LQ�VWHS���� WKH�VWHS� LQWHUYDO�� WKH�ZDYH� LQWHUYDO��DQG� WKH

VSHFLILHG�YHORFLW\�RI�WKH�WHVW�FDVHV��ZH�FDQ�VROYH�IRU�WKH�VWULGH�WLPH�

cgs

λτ
σ ω

= �����

�� :ULWH�WKH�PRWLRQ�SURJUDP�IRU�D�IXOO�ORFRPRWLRQ�F\FOH�

 7KH� SDWK� LQIRUPDWLRQ� IRU� WKH� SURJUDP� FRPHV� IURP� XVLQJ� IRRWKROG� SRVLWLRQV

�GHWHUPLQHG�E\�WKH�LQLWLDO�QHXWUDO�VWDQFH�VSDFLQJ�DQG�WKH�VWULGH�OHQJWK���WKH�JLYHQ

xyz�WDQJHQW�YHFWRUV�IRU�WKH�FXELF�FXUYHV��DQG�WKH�FRRUGLQDWH�V\VWHP�VKRZQ�LQ�)LJ�

�����7KH�WLPLQJ�LQIRUPDWLRQ�IRU�WKH�SURJUDP�FRQVLVWV�RI�VWDUW�WLPHV�DQG�VWRS�WLPHV

IRU� HDFK� FXELF� WKDW� DUH� GHWHUPLQHG� IURP� WKH� VWULGH� WLPH� DQG� WKH� JDLW� �VWHS

LQWHUYDO����1RWH�WKDW�LI�ω�KDG�EHHQ�OHVV�WKDQ�n�ZH�ZRXOG�KDYH�QHHGHG�WR�XVH�LW�DV

ZHOO��EXW�IRU�WKHVH�WHVW�FDVHV�LW�ZDV�QRW�QHFHVVDU\��

�� 5XQ�WKH�VLPXODWLRQ�FRGH�

 8VH� WKH� VLPXODWLRQ� FRGH� WR� UXQ� WKH� PRWLRQ� SURJUDP� ZLWK� WKH� JLYHQ� URERW

JHRPHWU\�DQG�XVH�LW�WR�RXWSXW�WKH�GDWD�IRU�JUDSKLQJ�WKH�OLQN�OHQJWK��YHORFLW\��DQG

DFFHOHUDWLRQ��DV�ZHOO�DV�VWDELOLW\�SORWV�DQG�UHQGHUHG�LPDJH�GDWD�
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7.5 Test Case #1: Step Interval ( σ) = 1.0

)RU�WKLV�WHVW�FDVH��RXU���OHJ�SDLU�FUDZOLQJ�YHKLFOH�ZDV�SURJUDPPHG�VR�WKDW�RQO\�RQH

RI� LWV� OHJ� SDLUV�PRYHG� DW� D� WLPH�� 7KH� JDLW� GLDJUDP� IRU� WKLV�PRWLRQ� SURJUDP� LV� WKH

VDPH�DV�WKDW�VKRZQ�LQ�)LJ�������H[FHSW�WKDW�WKH�QXPEHU�RI� OHJ�SDLUV�DQG�WLPH�VFDOH

DUH�GLIIHUHQW�

7KLV� LQLWLDO� WHVW� FDVH� GLIIHUHG� VOLJKWO\� IURP� WKH� ODWHU� WHVW� FDVHV� LQ� WKDW� WKH� RYHUDOO

FRQVWUDLQWV� IRU� OLQN� OHQJWKV� ZHUH� QRW� \HW� GHILQHG�� 7KHUHIRUH�� LWV� VWULGH� OHQJWK� ZDV

GHWHUPLQHG�E\�WKH�DVVHPEO\�FRQVWUDLQW�WR�EH�������PHWHUV��7KH�OLQN�OHQJWKV�UHVXOWLQJ

IURP� WKLV� VWULGH� ZHUH� WKHQ� XVHG� WR� GHILQH� WKH� RYHUDOO� ZRUNVSDFH� HTXDOLW\� DQG

ZRUNVSDFH�IXOO�UDQJH�FRQVWUDLQWV�IRU�WKH�UHPDLQGHU�RI�WKH�WHVW�FDVHV�

$JDLQ�� EHFDXVH� WKLV� ZDV� WKH� ILUVW�� EHQFKPDUN� WHVW� FDVH�� WKHUH� ZDV� QR� VSHFLILHG

YHKLFOH�YHORFLW\��)RU�WKH�VDNH�RI�VLPSOLFLW\��D�VWULGH�WLPH�RI�����VHFRQG�ZDV�VHOHFWHG�

7KH�YHKLFOH�YHORFLW\� UHVXOWLQJ� IURP�WKLV�FKRLFH�ZDV� ODWHU�PDWFKHG�E\� WKH�RWKHU� WHVW

FDVHV�XVLQJ� WKH�PHWKRG�GHVFULEHG� LQ�6WHS����RI� WKH�SUHYLRXV� VHFWLRQ�� 7KH�PRWLRQ

SDUDPHWHUV�XQLTXH�WR�WKLV�WHVW�FDVH�DUH�VXPPDUL]HG�LQ�7DEOH�����

Table 7.4 — Test Case #1 Motion Program Parameters

)RU�WKH�FDVH�RI�σ ω= =���� ����ZLWKRXW�DQ\�OHJ�SDLU�SLWFKLQJ�PRWLRQ��WKH�SDUDPHWULF

FXELF� FRHIILFLHQW�PDWULFHV� IRU� WKH� UHDUPRVW� OHJ� SDLU� DUH� VKRZQ�EHORZ�� 7KH�PRWLRQ

SURJUDP�IRU� OHJ�SDLU���VSHFLILHG�WKDW� LW�ZRXOG� IROORZ�WKH�SDWK�GHVFULEHG�E\�(T�����

DQG�(T�������VWDUWLQJ�DW�t = ���V �DQG�ILQLVKLQJ�DW�t = ���V �

6WHS�LQWHUYDO��σ ���

6WULGH�OHQJWK��λ ������P

6WULGH�WLPH��τ ����V



Chapter 7 –  Modeling and Simulation Results 277

B XYZ =

�

!

 
 
 
 

"

$

#
#
#
#

������ ����� �����

������ ����� �����

����� ����� �����

����� ����� ������

�����

Bαβγ =

�

!

 
 
 
 

"

$

#
#
#
#

����� ����� �����

����� ����� �����

����� ����� �����

����� ����� �����

���������������

1RWH�WKDW�WKH�IRRWKROG�SRVLWLRQV�RI� OHJ�SDLU���DUH�ERWK�QHJDWLYH�LQ�(T������EHFDXVH

WKH�FRRUGLQDWH�IUDPH�RULJLQ�LV� ORFDWHG�DW�WKH�URERWªV�FHQWURLG��DV�ZDV�VKRZQ�LQ�)LJ�

�����7KH�OHJ�VWHS�WUDMHFWRULHV�GHILQHG�IRU�OHJ�SDLUV���WKURXJK���KDYH�VLPLODU�FRHIILFLHQW

PDWULFHV�� ZLWK� WKH� RQO\� GLIIHUHQFHV� EHLQJ� GLIIHUHQW� VWDUWLQJ� DQG� HQGLQJ� IRRWKROG

SRVLWLRQV��DQG�WKDW�WKH�§OLIW�RII¨�DQG�§WRXFK�GRZQ¨�WLPHV�DUH�RIIVHW�DQ�DPRXQW�RI�WLPH

FRUUHVSRQGLQJ� WR� WKH� VWHS� LQWHUYDO� RI� ����� 7KH� FRHIILFLHQW� PDWUL[� IRU� WKH� SRVLWLRQ

FXUYH� �(T�� ����� LV� VSDUVHO\� SRSXODWHG� EHFDXVH� WKLV� WHVW� FDVH� LV� IRU� VWUDLJKW�OLQH

ORFRPRWLRQ�DORQJ� WKH�X�D[LV�� RYHU� IODW� WHUUDLQ�� /LNHZLVH�� VLQFH� WKH� OHJ�SDLU�ZDV�QRW

UROOLQJ��SLWFKLQJ��RU�\DZLQJ��DV�LW�ZRXOG�LI�WKH�YHKLFOH�ZHUH�FOLPELQJ�RU�WXUQLQJ���WKH

JHRPHWULF� FRHIILFLHQW� PDWUL[� IRU� WKH� RULHQWDWLRQ� FXUYH� ZDV� DOO� ]HURV� �(T�� �����

$OWKRXJK� QRW� QHHGHG� KHUH�� WKHVH� XQXVHG� DUUD\� HOHPHQWV� ZLOO� EH� HVVHQWLDO� IRU

VSHFLI\LQJ�WXUQV�DQG�WKH�PRUH�FRPSOLFDWHG�OHJ�VWHS�WUDMHFWRULHV�UHTXLUHG�IRU�FURVVLQJ

UXJJHG���'�WHUUDLQ�

7KH�WKUHH�JUDSKV�VKRZQ�LQ�)LJ������GLVSOD\�WKH�UHVXOWV�RI�WKH�LQYHUVH�NLQHPDWLFV�DQG

LWV�GHULYDWLYHV�IRU�WKH�UHDUPRVW�DFWXDWLRQ�XQLW�DV�LW�H[HFXWHG�WKLV�PRWLRQ�SURJUDP�
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Figure 7.4 — Link Length, Velocity, and Acceleration Graphs for an Actuation Unit

Performing the V Z  1.0, 6.0 Gait, with O  0.336m, No Pitching, and Constant

Parametric Variable Spacing.
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6SHFLILFDOO\�� WKH� WRS� JUDSK� VKRZV� WKH� YDULDWLRQ�RI� OHQJWK� RI� DOO� VL[� RI� WKH� SULVPDWLF

OLQNV� PDNLQJ� XS� WKH� UHDUPRVW� 6WHZDUW�*RXJK� SODWIRUP� PHFKDQLVP�� +RZHYHU�

EHFDXVH� WKH� ORFRPRWLRQ� LV� VWUDLJKW� DKHDG� DQG� GRHV� QRW� LQYROYH� WXUQLQJ�� DOO� WKH

FRUUHVSRQGLQJ�OHIW�DQG�ULJKW�DFWXDWRUV�KDYH�LGHQWLFDO�PRWLRQV�

$OVR��WKH�§0HOH¨�FRQILJXUDWLRQ�RI�WKH�6WHZDUW�*RXJK�3ODWIRUP��ZLWK�LWV�HTXDO� OHQJWK

OLQNV�� KDV� DQ� DGGLWLRQDO� V\PPHWU\� RI� LWV� WRS� DQG� ERWWRP� OLQNV�� 7KXV�� UDWKHU� WKDQ

VHHLQJ� VL[� LQGHSHQGHQW� FXUYHV� LQ� HDFK�RI� WKH� WKUHH� JUDSKV�� RQO\� WZR� LQGHSHQGHQW

FXUYHV�DUH�QHHGHG�WR�GLVSOD\�WKH�PRWLRQ�RI�DOO�VL[�OLQNV�RI�WKH�DFWXDWLRQ�XQLW�

,Q� WKH� WRS� JUDSK�ZH� VHH� D� VPRRWK� YDULDWLRQ� RI� WKH� SULVPDWLF� MRLQWV� EHWZHHQ� WKHLU

PD[LPXP�DQG�WKHLU�PLQLPXP�OHQJWKV��)LUVW��WKH�DFWXDWLRQ�XQLW�FRQWUDFWV�DV�OHJ�SDLU��

VWULGHV�IRUZDUG��7KHQ�LW�UH�H[WHQGV�DV�OHJ�SDLU���SHUIRUPV�LWV�RZQ�OHJ�VWHS�

,Q� WKH� OLQN� YHORFLW\� JUDSK� HYHU\WKLQJ� DSSHDUV� VDWLVIDFWRU\� H[FHSW� IRU� DQ� DEUXSW

FKDQJH� LQ�YHORFLW\�DW� WKH�EHJLQQLQJ�DQG�HQG�RI� WKH�DFWXDWLRQ�XQLW�PRWLRQ�� t = ���V

DQG�t = ���V ��UHVSHFWLYHO\�

,Q�WKH�DFFHOHUDWLRQ�JUDSK�DW�WKH�ERWWRP�RI�)LJ�������ZH�VHH�WKDW�WKHVH�UDSLG�YHORFLW\

FKDQJHV� GLIIHUHQWLDWH� WR� EHFRPH� ODUJH� VSLNHV� WKDW� GRPLQDWH� WKH� JUDSK��2Q� D� UHDO

URERW�� LW� LV� OLNHO\�WKDW�WKH�DFWXDWRUV�ZRXOG�VDWXUDWH�DQG�EH�XQDEOH�WR�SURGXFH�WKHVH

DFFHOHUDWLRQV��7KH�QH[W�VHFWLRQ�GHVFULEHV�D�PRGLILFDWLRQ�WR�WKH�VLPXODWLRQ�FRGH�WKDW

VROYHV�WKLV�SUREOHP�

7.6 Cycloidal Transformation of the Parametric Variable

,Q�WKH�WRS�JUDSK�LQ�)LJ�������WKH�OLQN�OHQJWK�YDULDWLRQ�YHUVXV�WLPH�FXUYH�ORRNV�VPRRWK

WR� WKH� QDNHG� H\H�� %XW� DIWHU� WZR� GLIIHUHQWLDWLRQV�� LWV� DFFHOHUDWLRQ� JUDSK� KDG� ODUJH

VSLNHV�DW� WKH�EHJLQQLQJ�DQG�HQG�RI� OHJ� VWHSV��$W� ILUVW� LW� DSSHDUHG� WKDW� WKHVH� VSLNHV
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ZHUH� WKH� UHVXOW� RI� VRPH� QXPHULFDO� RU� URXQG�RII� HUURU��+RZHYHU�� DIWHU� FDUHIXOO\� UH�

UXQQLQJ�WKLV�WHVW�FDVH�DW�D�YDULHW\�RI�WLPH�UHVROXWLRQV��DV�H[SODLQHG�LQ�6HFWLRQ������LW

ZDV� IRXQG�WKDW� WKH�VSLNHV�ZHUH�QRW�FDXVHG�E\�URXQG�RII�RU� WUXQFDWLRQ�HUURUV��7KH\

ZHUH� VLPSO\� WKH� UHVXOW� RI� LPSXOVH� PRYHV� WR� RU� IURP� D� VWDWLRQDU\� SRVLWLRQ�� 7KHVH

XQLQWHQGHG� LPSXOVH� PRYHV� ZHUH� FDXVHG� E\� WKH� VLPSOH� PHWKRG� XVHG� E\� WKH

VLPXODWLRQ� FRGH� WR� LQWHUSUHW� WKH� PRWLRQ� SURJUDPV�� 7KXV�� D� PRGLILFDWLRQ� RI� WKH

VLPXODWLRQ�FRGH�ZDV�QHFHVVDU\�

$�VROXWLRQ�ZDV�UHDFKHG�E\�ILUVW�QRWLQJ�WKH�VLPLODULW\�RI�WKLV�SUREOHP�ZLWK�WKH�GHVLJQ

RI�KLJK�VSHHG�FDPV��6FDOLQJ�WKH�UDWH�RI�PRWLRQ�DORQJ�WKH�FXELF�FXUYH�SDWKV�ZRXOG�EH

PRUH� UHDOLVWLF� DQG�ZRXOG�� LQ� WXUQ�� \LHOG�PRUH�PHDQLQJIXO� YHORFLW\� DQG�DFFHOHUDWLRQ

JUDSKV�� ,Q� WKH� VLPXODWLRQ�� WKH� SDUDPHWULF� YDULDEOH� LV� DVVXPHG� WR� EH� WLPH� RU

SURSRUWLRQDO� WR� WLPH�� 7KHUHIRUH�� WKLV� PRWLRQ� VFDOLQJ� FRXOG� EH� DFFRPSOLVKHG� E\

WUDQVIRUPLQJ� WKH� SDUDPHWULF� YDULDEOH�� X�� RI� WKH� OHJ� VWHS� WUDMHFWRU\� VR� WKDW� LWV� YDOXH

ZDV�QR�ORQJHU�OLQHDUO\�YDU\LQJ�ZLWK�WLPH��EXW�KDG�DQ�DSSHDUDQFH�OLNH�WKDW�VKRZQ�LQ

)LJ������ ��

7KH�HTXDWLRQ� IRU� D� F\FORLGDO�PRWLRQ�SURILOH�ZDV� VHOHFWHG�EHFDXVH� LW� SURYLGHV� ]HUR

DFFHOHUDWLRQ�DW�ERWK� WKH�EHJLQQLQJ�DQG�HQG�RI� WKH�PRWLRQ��$GDSWLQJ� WKH�HTXDWLRQV

IURP�.ORRPRN�DQG�0XIIOH\��������DQG�VLPSOLI\LQJ��ZH�JHW�

u u
u* sin= −�

��
�
��

2

2

π
π

�����

$SSO\LQJ� WKH� F\FORLGDO� IXQFWLRQ� LQ� (T�� ���� DV� D� WUDQVIRUPDWLRQ� RQ� WKH� SDUDPHWULF

YDULDEOH�IRU�HDFK�FXELF�FXUYH�UHVXOWV�LQ�WKH�GHVLUHG�YDULDWLRQ�LQ�SRLQW�VSDFLQJ�
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Figure 7.5 — The Cycloidal Transformation of the Parametric Variable.

)LJXUHV����� DQG�����GHPRQVWUDWH� WKH� VLWXDWLRQ�EHIRUH� DQG�DIWHU� XVLQJ� WKH� F\FORLGDO

WUDQVIRUPDWLRQ��%RWK�ILJXUHV�VKRZ�D�VLGH�YLHZ�RI�WKH�VDPH�OHJ�VWHS�SDWK�DQG�LQGLFDWH

SRLQWV�DORQJ�WKH�WUDMHFWRU\�IRU�WKH�VDPH�YDOXHV�RI�WKH�SDUDPHWULF�YDULDEOH�

,Q�WKH�ILUVW�JUDSK��ZKLFK�XVHV�WKH�XQWUDQVIRUPHG��OLQHDU�SDUDPHWULF�YDULDEOH�VSDFLQJ�

WKH� GDWD� SRLQWV� DUH� DSSUR[LPDWHO\� HYHQO\� VSDFHG� LQ� WHUPV� RI� DUF� OHQJWK� DORQJ� WKH

FXELF�FXUYH��7KLV�UHVXOWV�LQ�ODUJH�DFFHOHUDWLRQV�DW�WKH�EHJLQQLQJ�DQG�HQG�RI�WKH�VWULGH�

,Q� WKH� VHFRQG� JUDSK��ZKLFK� XVHV� WKH� F\FORLGDO� SDUDPHWULF� YDULDEOH� VSDFLQJ�� QRWLFH

WKDW�WKH�GDWD�SRLQWV�DUH�FORVHU�WRJHWKHU�DW� WKH�EHJLQQLQJ�DQG�HQG�RI� WKH�WUDMHFWRU\�

DQG�IXUWKHU�DSDUW�LQ�WKH�PLGGOH��MXVW�DV�ZRXOG�EH�H[SHFWHG�ZLWK�DQ�DFFHOHUDWLQJ�DQG

GHFHOHUDWLQJ�ERG\�
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,Q� WKH�QH[W� VHFWLRQ��ZH� VHH� WKDW� WKLV� VFDOLQJ�RI� WKH� OHJ�SDLUVª� UDWH�RI�PRWLRQ� \LHOGV

PRUH�SUDFWLFDO�DQVZHUV�IRU�WKH�DFFHOHUDWLRQV�RI�WKH�OLQNV�
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Figure 7.6 — Cubic Curve X-Z Foot Trajectory Using Linear  Spacing of the Parametric

Variable, u.
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Figure 7.7 — Cubic Curve X-Z Foot Trajectory Using Cycloidal  Spacing of the Parametric

Variable, u*.
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7.7 Test Case #2: Step Interval ( σ) = 1.0, with Cycloidal Spacing

7KH�URERW�GHVLJQ�DQG�PRWLRQ�SURJUDP�IRU�WKLV�WHVW�FDVH�DUH�LGHQWLFDO�WR�7HVW�&DVH���

ZLWK� WKH� H[FHSWLRQ� WKDW� WKH� F\FORLGDO� IXQFWLRQ� ZDV� XVHG� WR� VFDOH� WKH� SDUDPHWULF

YDULDEOH�RI�WKH�xyz�DQG�γβα�FXELF�FXUYHV�WKDW�GHILQH�WKH�PRWLRQ�RI�HDFK�OHJ�SDLU�

)LJXUH� ���� VKRZV� WKH� NLQHPDWLF� GDWD� IRU� WKH� ODVW� DFWXDWLRQ� XQLW� WKDW� UHVXOWV� IURP

UXQQLQJ� WKLV�PRWLRQ�SURJUDP��/RRNLQJ�DW� WKH� OLQN� OHQJWK�JUDSK��ZH�VHH�RQFH�DJDLQ

WKDW� EHWZHHQ� t = ���� DQG� t = ���� VHFRQGV� WKH� SULVPDWLF� OLQNV� RI� WKH� 6WHZDUW�*RXJK

3ODWIRUP�PHFKDQLVP�DUH�FRPSUHVVLQJ�DV�OHJ�SDLU���VWULGHV�IRUZDUG��7KH�OLQNV�WKHQ�UH�

H[WHQG�DJDLQ�IURP�t = ����WR�t = ����VHFRQGV�DV�OHJ�SDLU���VWHSV�IRUZDUG�

&RPSDULQJ�WKH�OLQN�OHQJWK�JUDSK�RI�)LJ������ZLWK�WKDW�RI�)LJ�������ZH�VHH�WKDW��ZKLOH

WKH� OLQNV� JR� WKURXJK� WKH� VDPH� UDQJH�RI�PRWLRQ� �IURP��������� WR���������PHWHUV

DQG�EDFN��� WKH�FXUYH�VKDSHV�DUH�GLIIHUHQW��/RRNLQJ�DW� WKH�YHORFLW\�DQG�DFFHOHUDWLRQ

JUDSKV�RI�)LJ������ZH�VHH�WKDW�WKH\�DUH�VPRRWK�DQG�KDYH�QRQH�RI�WKH�GLVFRQWLQXLWLHV

WKDW�ZHUH�SUHVHQW�LQ�)LJ�������$OVR��QRWH�WKDW�WKH�YHORFLW\�DQG�DFFHOHUDWLRQ�JUDSKV�RI

)LJ������GR�QRW�KDYH�WKH�VDPH�PDJQLWXGH�VFDOH�DV�LQ�)LJ������

)LJXUH�����VKRZV�WKDW�IRU�D�URERW�WR�DFFXUDWHO\�UXQ�WKH�PRWLRQ�SURJUDP�ZLWK� OLQHDU

SDUDPHWULF� YDULDEOH� VSDFLQJ� ZRXOG� UHTXLUH� D� SHDN� OLQN� DFFHOHUDWLRQ� RI� ��������

P�V��� %XW� DV� )LJ�� ���� UHYHDOV�� IROORZLQJ� WKH� VDPH� OHJ� VWHS� SDWK� XVLQJ� F\FORLGDO

SDUDPHWULF�YDULDEOH�VSDFLQJ�ZRXOG�UHTXLUH�D�SHDN�OLQN�DFFHOHUDWLRQ�RI�RQO\��������

P�V��

7KLV�IDFWRU�RI�WHQ�UHGXFWLRQ�LV� LPSUHVVLYH�FRQVLGHULQJ�WKDW�WKH�URERW�ZDV�PRYLQJ�DW

WKH�VDPH�DYHUDJH�YHORFLW\�DORQJ�WKH�VDPH�H[DFW�SDWK�DV�LQ�WKH�SUHYLRXV�H[DPSOH��,Q

YLHZ� RI� WKLV� LPSURYHPHQW�� F\FORLGDO� SDUDPHWULF� YDULDEOH� VSDFLQJ�ZLOO� DOVR� EH� XVHG

ZLWK�WKH�UHPDLQLQJ�H[DPSOHV�RI�WKLV�FKDSWHU�
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Figure 7.8 — Link Length, Velocity, and Acceleration Graphs for an Actuation Unit
Performing the V Z  1.00, 6.0Gait, with O  0.336m, No Pitching, and Cycloidal

Parametric Variable Spacing.
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Table 7.5 — A Sequence of Side Views and Stability Plots of a Robot Performing the
V Z  1.00, 6.0Gait.

t = 0.071

seconds

t = 0.571

t = 1.071

t = 1.571

t = 2.071

t = 2.571

t = 3.071

t = 3.571

t = 4.071
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7DEOH�����SUHVHQWV�D�VHTXHQFH�RI�UHQGHUHG�LPDJHV�DQG�VWDELOLW\�SORWV�RI�WKH�YHKLFOH

FUHDWHG�ZLWK� WKH� VLPXODWLRQ� FRGH�� 6LQFH� WKHVH� LPDJHV� ZHUH�PDGH� IURP� WKH� VDPH

URERW�GHVLJQ�DQG�PRWLRQ�SURJUDP�DV�WKH�JUDSKV�SUHVHQWHG�LQ�)LJ�������WKH�WLPH�VFDOHV

DUH�WKH�VDPH�LQ�ERWK�7DEOH�����DQG�)LJ�������:KLOH�7DEOH�����FRYHUV�D�ORQJHU�GXUDWLRQ

WKDQ� )LJ�� ����� VR� DV� WR� VKRZ�PRUH� RI� WKH� JDLW�� WKH� ILUVW� ILYH� URZV� RI� 7DEOH� ���� DUH

§VQDSVKRWV¨�FRUUHVSRQGLQJ�WR�WKH�GDWD�JUDSKHG�LQ�)LJ������

'XH� WR� WKH� VPDOO� VL]H� RI� WKH� UHQGHUHG� LPDJHV� DQG� WKH�PRGHUDWH� VWHS� KHLJKW�� LW� LV

KHOSIXO�WR�SODFH�D�VWUDLJKWHGJH�DORQJ�WKH�URERWªV�IHHW�WR�EHWWHU�VHH�ZKLFK�OHJ�SDLU�LV

RII� WKH�JURXQG�DQG�PRYLQJ� IRUZDUG��7KH� UHDU�WR�IURQW��ZDYH�OLNH�PRWLRQ�RI� WKH�JDLW

FDQ�EH�VHHQ�E\�ORRNLQJ�DW�WKLV�VHTXHQFH��,W�LV�PXFK�PRUH�REYLRXV�ZKHQ�YLHZLQJ�WKH

DQLPDWLRQ�SURGXFHG�E\�WKH�VLPXODWLRQ�WRROV�RQ�D�FRPSXWHU�PRQLWRU�

7.8 Test  Case #3: Step Interval ( σ) = 0.52

7KLV�WHVW�FDVH�GLIIHUV�IURP�WKH�SUHYLRXV�RQH�E\�XVLQJ�D�GLIIHUHQW�JDLW��QDPHO\�WKH�VWHS

LQWHUYDO� �������ZDYH�LQWHUYDO� ���JDLW��:KLOH�WKH�JDLW�XVHG�LQ�WKH�ILUVW�WZR�WHVWV�ZDV

TXLWH�VLPSOH��WKH�JDLW�XVHG�KHUH�LV�VLPLODU�WR�WKH�RQH�WKH�FDWHUSLOODUV�ZHUH�REVHUYHG

WR�XVH� �VHH�&K������7KH�JDLW�GLDJUDP� IRU� WKLV� WHVW� FDVH� LV� VLPLODU� WR� WKDW�RI� )LJ������

)LJXUH����� GHSLFWHG� WKH�σ = ����� JDLW��ZKLOH� KHUH� WKH�σ = ����� JDLW�ZDV� XVHG� DV� D

VDIHW\�IDFWRU�WR�HQVXUH�VWDELOLW\��DV�GLVFXVVHG�LQ�6HFWLRQ������

7KH� VWULGH� OHQJWK� ZDV� GHWHUPLQHG� DQG� WKH� VWULGH� WLPH� ZDV� VFDOHG� E\� H[SOLFLWO\

IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�LQ�6HFWLRQ��������VR�WKDW�WKLV�WHVW�FDVH�VDWLVILHV�DOO

WKH� FRQVWUDLQWV�� LQFOXGLQJ� WKH� RYHUDOO� FRQVWUDLQWV� VSHFLILHG� E\� 7HVW� &DVH� ���� 7KH

UHVXOWLQJ�SDUDPHWHUV�DUH�VKRZQ�LQ�7DEOH�����
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Table 7.6 — Test Case #3 Motion Program Parameters

1RWLFH�WKDW�WKH�XVH�RI�WKH�σ = �����JDLW�DOORZV�D�VOLJKWO\� ORQJHU�VWULGH� OHQJWK�DQG�D

VWULGH�WLPH�DOPRVW�GRXEOH�WKDW�RI�WKH�σ = ���� �JDLW��VHH�7DEOH������

7KH� PRWLRQ� SURJUDP� IRU� WKH� UHDUPRVW� OHJ� SDLU� ZDV� GHILQHG� DV� IROORZV�� $W� t = ���

VHFRQGV��OHJ�SDLU���EHJDQ�OLIWLQJ�RII�WKH�JURXQG��,W�IROORZHG�WKH�FXELF�SDWK�GHILQHG�E\

(T������XQWLO�LW�FRPSOHWHG�LWV�OHJ�VWHS�DW�t = ��������V �

B XYZ =

�
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#
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����� ����� ������

        �����

$V�LQ�7HVW�&DVHV����DQG�����VLQFH�WKH�URERW� LV�QRW�WXUQLQJ��UROOLQJ��RU�FOLPELQJ�� WKH

RULHQWDWLRQ�JHRPHWULF�FRHIILFLHQW�PDWUL[��Bαβγ ��LV�PDGH�XS�RI�DOO�]HURV�

8QOLNH�WKH�JDLW�XVHG�LQ�WKH�ILUVW�WZR�WHVW�FDVHV��LQ�WKLV�FDVH��OHJ�SDLU���EHJDQ�WR�PRYH

ZKLOH�OHJ�SDLU���ZDV�VWLOO�RQO\�DERXW�KDOIZD\�WKURXJK�LWV�RZQ�OHJ�VWHS��6SHFLILFDOO\��OHJ

SDLU���OLIWHG�RII�WKH�JURXQG�DW�t = ������� V ��ZKLOH�OHJ�SDLU���GLG�QRW�ILQLVK�LWV�OHJ�VWHS

XQWLO�t = ��������V ��7KH�VLPXOWDQHRXV�PRYHPHQW�RI�OHJ�SDLUV�FDQ�EH�VHHQ�LQ�WKH�ODVW

IRXU�URZV�RI�7DEOH�����

6WHS�LQWHUYDO��σ ����

6WULGH�OHQJWK��λ ������P

6WULGH�WLPH��τ ���������V
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  Figure 7.9 — Link Length, Velocity, and Acceleration Graphs for an Actuation Unit
Performing the V Z  0.52, 6.0Gait, with O  0.349m, No Pitching, and Cycloidal

Parametric Variable Spacing.
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Table 7.7 — A Sequence of Side Views and Stability Plots of a Robot Performing the
V Z  0.52, 6.0Gait, without Pitching.

t = 0.071

seconds

t = 0.571

t = 1.071

t = 1.571

t = 2.071

t = 2.571

t = 3.071

t = 3.571

t = 4.071
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/RRNLQJ� DW� WKH� JUDSKV� LQ� )LJ�� �����ZH� VHH� WKDW� WKLV� VLPXOWDQHRXV�PRYHPHQW� RI� OHJ

SDLUV�FDXVHV�QR�GLVFRQWLQXLWLHV��:KLOH�WKH�OLQNV�JR�WKURXJK�WKH�VDPH�UDQJH�RI�PRWLRQ

DV� LQ� WKH� HDUOLHU� WHVW� FDVHV�� WKH�SHDN� DFWXDWRU� YHORFLWLHV�ZLWK� WKH�σ = ����� JDLW� DUH

VLJQLILFDQWO\�ORZHU�IRU�WKH�VDPH�DYHUDJH�VSHHG�RI�WKH�FUDZOHU��0RUH�LPSRUWDQWO\��WKH

SHDN�DFFHOHUDWLRQ�RI���������P�V��IRU�WKH�σ = �����JDLW�LV�����ORZHU�WKDQ�WKH�SHDN

DFFHOHUDWLRQ�IRU�WKH�σ = ���� �JDLW�

7.9 Test  Case #4: Step Interval ( σσ) = 0.52, with Pitching

/LNH� WKH�H[DPSOH�SUHVHQWHG� LQ� WKH�SUHYLRXV� VHFWLRQ�� WKH�JDLW�XVHG� LQ� WKLV� WHVW� FDVH

XVHV�D�VWHS� LQWHUYDO�RI������DQG�D�ZDYH� LQWHUYDO�RI����%XW� LW�GLIIHUV� IURP�WKH�HDUOLHU

H[DPSOHV�E\�DGGLQJ�D�SLWFKLQJ�PRWLRQ�WR�WKH�WUDMHFWRU\�RI�HDFK�OHJ�SDLU��7KH�SLWFKLQJ

PDNHV� WKLV�PRWLRQ�SURJUDP� UHVHPEOH� WKH� FDWHUSLOODUVª�PHWKRG�RI� ORFRPRWLRQ�HYHQ

PRUH�FORVHO\�

$V�LQ�WKH�SUHYLRXV�H[DPSOH��WKH�JDLW�GLDJUDP�IRU�WKLV�WHVW�FDVH�LV�VLPLODU�WR�WKDW�VKRZQ

LQ� )LJ� ����� 7KH� DGGLWLRQDO� SLWFKLQJ� PRWLRQV� RI� WKH� OHJ� VWHSV� GR� QRW� DOWHU� WKH� JDLW

EHFDXVH��DV�HDFK�OHJ�SDLU�WLOWV��LWV�IHHW�FRQWLQXH�WR�VXSSRUW�WKH�ZHLJKW�RI�WKH�URERW�

6SHFLILFDOO\��HDFK�OHJ�SDLU�VWDUWV�SLWFKLQJ�IRUZDUG�DQG�URWDWLQJ�DERXW�LWV�DQNOHV�EHIRUH

LW�OLIWV�RII�WKH�JURXQG��7KLV�SLWFKLQJ�PRWLRQ�EHJLQV�EHIRUH�WKH�SUHYLRXV�OHJ�SDLU�LV�HYHQ

KDOIZD\�WKURXJK�LWV�RZQ�OHJ�VWHS�WUDMHFWRU\��7KHQ�WKH�OHJ�SDLU�OLIWV�RII�WKH�JURXQG�DQG

WLOWV� EDFNZDUG� DV� LW�PRYHV� IRUZDUG� DQG� UHWXUQV� WR� WKH� JURXQG��2QFH� EDFN� RQ� WKH

JURXQG��LW�SLWFKHV�IRUZDUG�DJDLQ��URWDWLQJ�DERXW�LWV�DQNOHV�XQWLO�LW�KDV�UHWXUQHG�WR�DQ

XSULJKW�SRVLWLRQ�

5HFDOO�IURP�WKH�PRWLRQ�SURJUDPPLQJ�FKDSWHU��&K�����WKDW�OHJ�VWHSV�ZLWK�SLWFKLQJ�DUH

GHVFULEHG�XVLQJ�WKUHH�SDLUV�RI�xyz�DQG�γβα�SDUDPHWULF�FXELF�FXUYHV��2QH�SDLU�GHILQHV

WKH� LQLWLDO�SLWFK� IRUZDUG��7KH�QH[W�SDLU�GHILQHV� WKH�VLPXOWDQHRXV�VWULGH� IRUZDUG�DQG
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SLWFK�EDFNZDUGV��$QG�WKH�ODVW�SDLU�GHILQHV�WKH�ILQDO�SLWFKLQJ�PRWLRQ��ZKLFK�EULQJV�WKH

OHJ�SDLU�WR�D�YHUWLFDO��XSULJKW�SRVLWLRQ�DJDLQ�

$OWKRXJK�PRUH� FXELF� FXUYHV� ZHUH� XVHG� WR� GHVFULEH� HDFK� OHJ� VWHS� RI� WKLV� PRWLRQ

SURJUDP� FRPSDUHG� WR� WKH� HDUOLHU� H[DPSOHV�� WKLV� WHVW� FDVH� FRQIRUPHG� WR� DOO� WKH

FRQVWUDLQWV�GHVFULEHG�LQ�6HFWLRQ������UHVXOWLQJ�LQ�WKH�SDUDPHWHUV�OLVWHG�LQ�7DEOH�����

Table 7.8 — Test Case #4 Motion Program Parameters

$�PD[LPXP�SLWFK�DQJOH�RI������GHJUHHV�DQG�D�SLWFK�GXUDWLRQ�RI����������VHFRQGV

ZHUH�DOVR�XVHG�WR�FUHDWH�WKLV�PRWLRQ�SURJUDP��7KH�SLWFK�GXUDWLRQ�ZDV�VHOHFWHG�WR�EH

KDOI�RI�WKH�VWULGH�GXUDWLRQ��τ��LQ�RUGHU�WR�PD[LPL]H�WKH�WLPH�DYDLODEOH�IRU�SLWFKLQJ�DQG

WKXV�UHGXFH�DFFHOHUDWLRQV��)RU�VLPSOLFLW\�� WKH�VDPH�PD[LPXP�SLWFK�DQJOH�DQG�SLWFK

GXUDWLRQ�ZHUH�XVHG�DW�ERWK�WKH�EHJLQQLQJ�DQG�HQG�RI�HDFK�VWHS�

6LQFH�WKH�VWULGH�WLPH��τ�� OLVWHG� LQ�7DEOH�����GRHV�QRW� LQFOXGH�WKH�SLWFK�GXUDWLRQV�RQ

HLWKHU�HQG�RI�WKH�VWULGH��WKH�WRWDO�WLPH�WKDW�WKH�OHJ�SDLU�LV�LQ�PRWLRQ�LV�DFWXDOO\��τ��RU

�����V��$OVR��QRWLFH�WKDW�WKH�VWULGH�OHQJWK�LQ�7DEOH�����LV�FRQVLGHUDEO\�ORQJHU�WKDQ�WKDW

RI�WKH�σ = �����JDLW�ZLWKRXW�SLWFKLQJ�

7KH�PRWLRQ�SURJUDP�IRU�WKH��WK��UHDUPRVW��OHJ�SDLU�ZDV�DV�IROORZV��%HWZHHQ� t = ���

VHFRQGV�DQG� t = ���������VHFRQGV��OHJ�SDLU���IROORZV�WKH�WUDMHFWRU\�GHVFULEHG�LQ�(T�

����DQG������7KLV�FDXVHV�WKH�OHJ�SDLU�WR�OHDQ�IRUZDUG��URWDWLQJ�LWV�FHQWHU�RI�PDVV�����

GHJUHHV� DURXQG� LWV� DQNOHV� LQ� D� FLUFXODU� DUF�� ZKLOH� LWV� IHHW� UHPDLQ� RQ� WKH� JURXQG

VXSSRUWLQJ�LW�

6WHS�LQWHUYDO��σ ����

6WULGH�OHQJWK��λ ������P

6WULGH�WLPH��τ ���������V
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%HWZHHQ�t = �������� V �DQG�t = ��������V �WKH�OHJ�SDLU�OLIWV�RII�WKH�JURXQG�DQG�VWHSV

IRUZDUG�������P�IURP�LWV�VWDUWLQJ�IRRWKROG��(T��������0HDQZKLOH��LW�URWDWHV�EDFNZDUG

�����GHJUHHV�VR�WKDW� LW� LV�DW�D� ������GHJUHH�DQJOH�ZKHQ�LWV�IHHW�WRXFK�GRZQ�RQ�WKH
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)LQDOO\�� EHWZHHQ� t = ��������V � DQG� t = �������� V �� WKH� OHJ� SDLUªV� IHHW� UHPDLQ� LQ

VWDWLRQDU\�FRQWDFW�ZLWK�WKH�JURXQG��(T���������$W�WKH�VDPH�WLPH��WKH�OHJ�SDLU�SLWFKHV

IRUZDUG�� URWDWLQJ������GHJUHHV� DURXQG� LWV� DQNOHV�� XQWLO� LW� KDV� UHWXUQHG� WR� D� YHUWLFDO

RULHQWDWLRQ��VHH�(T���������WKXV�FRPSOHWLQJ�LWV�OHJ�VWHS�
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$V�ZLWK�WKH�SUHYLRXV�H[DPSOHV��PRWLRQV�RI�WKH�ODVW�DFWXDWLRQ�XQLW�DUH�DOVR�GHSHQGHQW

RQ� WKH� SURJUDPPHG� PRWLRQ� RI� OHJ� SDLU� ��� 1RWH� WKDW� OHJ� SDLU� �� EHJDQ� SLWFKLQJ

IRUZDUG�DW� t = ��������V ��MXVW�DIWHU�OHJ�SDLU���OLIWHG�RII��$QG�OHJ�SDLU���OLIWHG�RII�WKH

JURXQG�DW� t = �������� V ��ZKHQ�OHJ�SDLU���ZDV�QHDU�WKH�SHDN�RI�LWV�VWULGH��/HJ�SDLU��

OLIWHG� RII� DW� t = �������� V �� ZKLFK� ZDV� MXVW� DIWHU� OHJ� SDLU� �� WRXFKHG� GRZQ�� EXW� D

UHODWLYHO\�ORQJ�WLPH�EHIRUH�OHJ�SDLU���KDG�ILQLVKHG�UHWXUQLQJ�WR�D�YHUWLFDO�RULHQWDWLRQ�

)LJXUH� ����� VKRZV� JUDSKV� RI� WKH� OHQJWK�� YHORFLW\�� DQG� DFFHOHUDWLRQ� RI� WKH� VL[� OLQNV

PDNLQJ�XS�WKH�UHDUPRVW�DFWXDWLRQ�XQLW�DV�LW�SHUIRUPHG�WKH�SURJUDPPHG�PRWLRQV��$V

LQ� WKH� JUDSKV� IRU� WKH� HDUOLHU� WHVW� FDVHV�� WKH� VWUDLJKW�OLQH�� IRUZDUG� ORFRPRWLRQ� DJDLQ

UHVXOWV� LQ� ODWHUDO� V\PPHWU\� VR� WKDW� WKH� OHIW� VLGH� DQG� ULJKW� VLGH� OLQNV� KDYH� LGHQWLFDO

PRWLRQV�� +RZHYHU�� XQOLNH� WKH� HDUOLHU� FDVHV�� WKH� SLWFKLQJ� PRWLRQ� RI� WKLV� WHVW� FDVH

SUHYHQWV�V\PPHWULF�PRWLRQ�RI�WKH�WRS�DQG�ERWWRP�OLQNV��7KXV��ZH�KDYH�WKUHH�FXUYHV

SHU�JUDSK�LQ�)LJ�������UDWKHU�WKDQ�RQO\�WZR�

1RWH� WKDW� WKH� F\FORLGDO� SDUDPHWULF� YDULDEOH� VSDFLQJ�ZDV� DSSOLHG� LQGLYLGXDOO\� WR� DOO

WKUHH�RI�WKH�WUDMHFWRU\�FXUYH�VHJPHQWV�IRU�HDFK�OHJ�SDLU�
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Figure 7.10 — Link Length, Velocity, and Acceleration Graphs for an Actuation Unit
Performing the V Z  0.52, 6.0Gait, with O  0.653m, 15.5° Pitching, and Cycloidal

Parametric Variable Spacing.



Chapter 7 –  Modeling and Simulation Results 295

Table 7.9 — A Sequence of Side Views and Stability Plots of a Robot Performing the
V Z  0.52, 6.0Gait with Pitching.

t = 0.000

seconds

t = 2.286

t = 3.143

t = 3.786

t = 4.500

t = 5.071

t = 5.714

t = 6.429

t = 7.143
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7KXV�ZH�VHH�WKDW��ZKHQ�OHJ�SDLU���WLOWV�IRUZDUG�EHWZHHQ�t = ���V �DQG����������V��WKH

DFFHOHUDWLRQ�JUDSK�VKRZV�WKH�OLQNV�ERWK�DFFHOHUDWLQJ�DQG�GHFHOHUDWLQJ�EDFN�WR�]HUR�

7KH�JUDSKV�DUH�FRQVLGHUDEO\�PRUH�FRPSOH[�KHUH� WKDQ� LQ� WKH�HDUOLHU� WHVW�FDVHV��<HW

HDFK�JUDSK�LV�FRQWLQXRXV��DQG�WKH�SHDN�DFFHOHUDWLRQ�UHTXLUHG�E\�WKLV�PRWLRQ�LV�RQO\

��������P�V���D�����UHGXFWLRQ�IURP�WKH�σ = �����WHVW�FDVH�ZLWKRXW�SLWFKLQJ�

7DEOH�����VKRZV�WKH�VDPH�PRWLRQ�DV�D�VHTXHQFH�RI�VLGH�YLHZ�UHQGHULQJV�DQG�VWDELOLW\

SORWV��7KH�SLWFKLQJ�PRWLRQ�RI�WKH�OHJ�SDLUV�LV�FOHDUO\�HYLGHQW�LQ�WKHVH�UHQGHULQJV�

2QFH�DJDLQ��VLQFH�WKH�VLPXODWLRQ�FRGH�PDGH�WKH�JUDSKV�RI�)LJ�������DQG�LPDJHV�RI

7DEOH� ���� IURP� WKH� VDPH� URERW� GHVLJQ� DQG� PRWLRQ� SURJUDP�� WKH� WLPH� VFDOHV� DUH

LGHQWLFDO��7KH�QLQH�§VQDSVKRWV¨��SDLUV�RI�LPDJHV�DQG�VWDELOLW\�SORWV��LQ�7DEOH�����FRYHU

DOPRVW� WKH� HQWLUH� OHJ� VWHS� PRWLRQ� RI� WKH� �WK� OHJ� SDLU�� IURP� t = � � XQWLO� t = �����

VHFRQGV��7KH�JUDSKV�RI�)LJ�������VKRZ�WKDW�WKH�UHDUPRVW�DFWXDWLRQ�XQLW�FRQWLQXHV�WR

PRYH�ORQJHU��XQWLO�t = �������� V ��LQ�RUGHU�WR�LPSDUW�PRWLRQ�WR�WKH��WK�OHJ�SDLU�

,W� FDQ� EH� VHHQ� IURP� WKH� VLPXODWLRQ� RXWSXW� WKDW� SURJUDPPLQJ� WKH� OHJ� SDLUV� WR

VLPXOWDQHRXVO\�SLWFK�IRUZDUG�ZKLOH�VXSSRUWLQJ�ZHLJKW�SURORQJV�WKH�DYDLODEOH�WLPH�IRU

HDFK�OHJ�SDLU�WR�PRYH�LWV�FHQWHU�RI�JUDYLW\�IRUZDUG��,W�DOVR�HORQJDWHV�WKH�VWULGH�RI�WKH

OHJ� SDLUV� EHFDXVH� WKH� SLWFKLQJ� OHDYHV� PRUH� URRP� IRU� WKH� UHDU� OHJ� SDLUV� WR� PRYH

IRUZDUG�ZLWKRXW�UHDFKLQJ�WKHLU�PLQLPXP�OLQN�OHQJWKV�

7.10 Chapter Summary

7KH�UHVXOWV�SUHVHQWHG� LQ� WKLV�FKDSWHU�GHPRQVWUDWH�WKH�XWLOLW\�RI� WKH�VLPXODWLRQ� WRROV

IRU� WKH� DQDO\VLV� DQG� GHVLJQ� RI� PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOHV�� 7KH

VLPXODWLRQ� WRROV� DLG� LQ� YLVXDOL]LQJ� FUDZOLQJ� YHKLFOH� GHVLJQV� DQG� WKHLU� PRWLRQV�
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DQDO\]LQJ� VWDELOLW\�� V\QWKHVL]LQJ� OLQN� OHQJWKV�� DQG� VHOHFWLQJ� PRWLRQ� SURJUDPV�� 7KH

UHVXOWV�RI�WKUHH�GLIIHUHQW�W\SHV�RI�WHVWV�ZHUH�GHVFULEHG�LQ�WKLV�FKDSWHU�

)LUVW�� VHYHUDO� GLYHUVH� H[DPSOHV� RI� URERW� GHVLJQV� ZHUH� SUHVHQWHG� WR� LOOXVWUDWH� WKH

SDUDPHWULF�JHRPHWU\�PRGHOLQJ�DQG�UHQGHULQJ�FDSDELOLWLHV�RI�WKH�VLPXODWLRQ�

1H[W�� DQ� DQDO\VLV� RI� WZR� JDLWV� ZLWK� UHJDUG� WR� VWDELOLW\� YHUVXV� QXPEHU� RI� OHJ� SDLUV

\LHOGHG�UHVXOWV�WKDW�D�VWHS�LQWHUYDO� ������JDLW�UHTXLUHV�D�URERW�ZLWK�DW�OHDVW���OHJ�SDLUV

DQG�WKDW�D�VWHS� LQWHUYDO� ������JDLW� UHTXLUHV�DW� OHDVW��� OHJ�SDLUV� WR� UHPDLQ�VWDWLFDOO\

VWDEOH� RQ� IODW�� OHYHO� WHUUDLQ� ZLWK� FRQVLVWHQW� ORDG�EHDULQJ� FDSDFLW\�� )RU� WHUUDLQV� RI

XQNQRZQ� ORDG�EHDULQJ�FDSDFLW\�� WKH�σ� ������DQG�σ� ������JDLWV� UHTXLUH�DW� OHDVW��

DQG���OHJ�SDLUV�UHVSHFWLYHO\��2I�FRXUVH��WKH�ORQJHU�URERWV�FDQ�XVH�HLWKHU�JDLW�DQG�WKXV

WUDGH�RII�VSHHG�HIILFLHQF\�IRU�VWDELOLW\�DV�DSSURSULDWH�IRU�WKH�WHUUDLQ�

)LQDOO\�� WKH� FKDSWHU� SUHVHQWHG� WKH� SURFHGXUH� IRU� XVLQJ� WKH� VLPXODWLRQ� WRROV� WR

FRPSDUH�PRWLRQ�SURJUDPV��ZLWK�DQ�H[WHQVLYH�H[DPSOH�FRQWDLQLQJ�WKUHH�QRWDEOH�WHVW

FDVHV�� 7KH� PRVW� EDVLF� XVH� RI� WKH� VLPXODWLRQ� FRGH� LV� WKH� WDVN� RI� SURJUDPPLQJ� D

GHVLUHG� ORFRPRWLRQ� IRU� D� URERW� DQG� WKHQ� V\QWKHVL]LQJ� WKH� UHTXLUHG� OLQN� OHQJWKV�

:KLOH�WKLV�PRVW�EDVLF�IXQFWLRQ�RI�WKH�VLPXODWLRQ�ZDV�RQO\�EULHIO\�PHQWLRQHG�KHUH��LWV

HIIHFWLYHQHVV�KDV�EHHQ�GHPRQVWUDWHG�LQ�HDFK�RI�WKH�WKUHH�WHVW�FDVHV�

7KH�PRWLRQ�SURJUDPPLQJ�WHVW�FDVHV�DOVR�VKRZHG�WKDW�WKH�F\FORLGDO�WUDQVIRUPDWLRQ�RI

WKH�SDUDPHWULF�YDULDEOH�ZDV�XVHIXO�IRU�VFDOLQJ�WKH�UDWH�RI�PRYHPHQW�RI�WKH�URERW�LQ�D

UHDOLVWLF�PDQQHU��:KLOH� RWKHU� UDWH� VFDOLQJ�PHWKRGV� DUH� DOVR� SRVVLEOH�� WKH� F\FORLGDO

SDUDPHWULF�YDULDEOH�VSDFLQJ�ZDV�GHILQLWHO\�VXSHULRU�WR�WKH�OLQHDU�SDUDPHWULF�YDULDEOH

VSDFLQJ�

7KH�UHVXOWV�RI�WKH�WKUHH�PRWLRQ�SURJUDPPLQJ�WHVW�FDVHV�DUH�VXPPDUL]HG�LQ�WKH�FKDUWV

RI�)LJ��������)LJ��������DQG�)LJ��������:H�FDQ�FOHDUO\�VHH�IURP�WKH�FKDUWV�WKDW�LPLWDWLQJ

WKH�FDWHUSLOODUVª�JDLW�DQG�SLWFKLQJ�OHJ�VWHS�WUDMHFWRU\�DOORZV�ORQJHU�VWULGHV��ORZHU�SHDN

OLQN�YHORFLWLHV��DQG�ORZHU�SHDN�DFFHOHUDWLRQV�IRU�D�JLYHQ�YHKLFOH�VSHHG�
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Figure 7.11 — Comparison of Motion Program Leg Step Maximum Stride Lengths
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Figure 7.12 — Comparison of Motion Program Peak Velocities

1.21

1.60

5.15

0 1 2 3 4 5 6

Step Offset = 0.52,
With Pitching

Step Offset = 0.52,
Without Pitching

Step Offset = 1.00,
Without Pitching

M
ot

io
n 

P
ro

gr
am

Peak Acceleration (m/s 2)

Figure 7.13 — Comparison of Motion Program Peak Accelerations
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,Q�VRPH�FDVHV��GHSHQGLQJ�RQ�WKH�SRZHU�WUDQVPLVVLRQ�XVHG��D�URERW�PD\�EH�OLPLWHG

E\�SHDN� MRLQW�YHORFLW\�UDWKHU� WKDQ�WRUTXH�DFFHOHUDWLRQ��)RU�H[DPSOH�� LI�DQ�DFWXDWLRQ

XQLW� XVHV� OHDG� VFUHZV� IRU� WKH� SULVPDWLF� OLQNV�� SHDN� VSHHG� PD\� EH� D� OLPLWDWLRQ�

&RPSDULQJ� WKH�SHDN�YHORFLWLHV�RI� WKH� OLQNV�GXULQJ� WKH� WKUHH�PRWLRQ�SURJUDPV� �)LJ�

�������ZH�VHH�WKDW�WKH�PRWLRQ�SURJUDPV�ZLWK�WKH�ORZHVW�SHDN�DFFHOHUDWLRQV�DOVR�KDG

WKH�ORZHVW�SHDN�YHORFLW\��7KLV�LV�VXUSULVLQJ�XQWLO�ZH�UHFDOO�WKDW�WKH�FDWHUSLOODU�OLNH�JDLW

DQG� OHJ� VWHS� WUDMHFWRULHV� XVHG� LQ� WKH� ODWHU� WHVW� FDVHV� ERWK� WHQGHG� WR� SURORQJ� WKH

GXUDWLRQ� RI� HDFK� VWULGH�� $V� VKRZQ� LQ� )LJ�� ����� DQG� )LJ� ����� DERYH�� WKH� PRWLRQ

SURJUDP� XVLQJ� WKH� VWHS� LQWHUYDO� �σ�� ����� JDLW� DQG� SLWFKLQJ� WUDMHFWRULHV� SURGXFHV� D

������ORZHU�SHDN� OLQN�YHORFLW\�DQG�D�������ORZHU�SHDN� OLQN�DFFHOHUDWLRQ� WKDQ� WKH

σ = ���� �PRWLRQ�SURJUDP�

$IWHU� FRQVLGHULQJ� WKH� WHVW� UHVXOWV� DQG� YLHZLQJ� WKH� DQLPDWLRQV� SURGXFHG� E\� WKH

VLPXODWLRQ��WKH�VXSHULRU�PD[LPXP�OLQN�YHORFLWLHV�DQG�DFFHOHUDWLRQV�RI�WKH�FDWHUSLOODU�

OLNH�JDLWV�DSSHDU�WR�EH�EURXJKW�DERXW�E\�WKUHH�IDFWRUV�

• /RQJHU� VWULGHV�ZHUH�HQDEOHG�E\�PRYLQJ� WKH� OHJ�SDLU�DW� WKH� IURQW�RI� WKH�§ZDYH¨

RXW�RI�WKH�ZD\�RI�WKH�IROORZLQJ�OHJ�SDLU�

• 7KH�GXUDWLRQ�RI�HDFK�OHJ�SDLUªV�VWULGH�ZDV�OHQJWKHQHG�

• 0RUH� OHJ�SDLUV�DQG�DFWXDWLRQ�XQLWV�ZHUH�PRYHG�VLPXOWDQHRXVO\�� VHH�7DEOH�����

EHORZ�

7KXV��FRPSDULQJ�WKH�FDWHUSLOODU�OLNH�JDLWV�ZLWK�WKH�σ� ������JDLW��VLQFH�PRUH�OHJ�SDLUV

ZHUH�PRYHG�VLPXOWDQHRXVO\�WR�DFKLHYH�WKH�VDPH�RYHUDOO�VSHHG��WKH\�GLG�QRW�QHHG�WR

EH��LQGLYLGXDOO\��PRYHG�DV�TXLFNO\�
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Table 7.10 — Comparison of Simultaneous Motions of the Motion Test Cases

7KH� NLQHPDWLFV� PRGHO� DQG� VLPXODWLRQ� GHYHORSHG� LQ� WKLV� ZRUN� FDQ� SURYLGH� WKH

LQIRUPDWLRQ� QHHGHG� IRU� FRQILJXUDWLRQ� GHVLJQ� E\� DOORZLQJ� YDULRXV� URERW

FRQILJXUDWLRQV� DQG� PRWLRQ� SURJUDPV� WR� EH� FRPSDUHG� WR� GHWHUPLQH� WKHLU� UHODWLYH

SHUIRUPDQFH�� 7KDW� LV�� WKH� VLPXODWLRQ� WRROV� FDQ� EH� XVHG� WR� GHWHUPLQH�ZKLFK� URERW

GHVLJQ�PRWLRQ�SURJUDP�FRPELQDWLRQ� LV�EHVW� IRU�D�SDUWLFXODU�FULWHULRQ��)RU�H[DPSOH�

ZKHQ�WHVWLQJ�WZR�JDLWV�ZLWK�D�URERW�GHVLJQ��LI�*DLW�$�KDV�ORZHU�DFWXDWRU�DFFHOHUDWLRQV

WKDQ�*DLW�%� IRU� WKH� VDPH� URERW� VSHHG�� WKHQ� WKH� URERW�ZLOO�GHILQLWHO\�KDYH�D�KLJKHU

VSHHG�XVLQJ�*DLW�$�ZKHQ� WKH� WZR�JDLWV�KDYH� WKH�VDPH�DFWXDWRU�DFFHOHUDWLRQV��7KH

EHQHILWV�RI�D�PRUH�HIILFLHQW�JDLW�FDQ�EH�WKRXJKW�RI�DV�HLWKHU�D�IDVWHU�URERW�ZLWK�WKH

VDPH� VL]H� DFWXDWRUV�� RU� DQ� HTXDOO\� IDVW� URERW� XVLQJ� OHVV� SRZHUIXO�� OLJKWHU� ZHLJKW

DFWXDWRUV�

7KXV��ZH�FDQ� VD\� IURP� WKH�PRWLRQ�SURJUDPPLQJ� WHVWV� LQ� WKLV� FKDSWHU�� WKDW� IRU� WKLV

SDUWLFXODU�URERW�GHVLJQ��WKH�σ� ������ZLWK�SLWFKLQJ�PRWLRQ�SURJUDP�LV�WKH�SUHIHUUHG

PHWKRG� RI� ORFRPRWLRQ� LQ� VLWXDWLRQV� ZKHUH� VWDELOLW\� LV� QRW� D� FRQFHUQ��:KHQ� H[WUD

VWDELOLW\�LV�QHHGHG��WKH�σ� ������JDLW�LV�WKH�EHVW�RI�WKH�WKUHH�H[DPSOHV�

0RWLRQ�3URJUDP 1XPEHU�RI
6LPXOWDQHRXVO\
0RYLQJ�/HJ�3DLUV

1XPEHU�RI
6LPXOWDQHRXVO\

0RYLQJ�$FWXDWLRQ
8QLWV

σ� ���� � �

σ� ����� � �

σ� ������ZLWK�SLWFKLQJ � �
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:KLOH�WKH�PRWLRQ�SURJUDPLQJ�WHVWV�SUHVHQWHG�KHUH�KDYH�RQO\�VFUDWFKHG�WKH�VXUIDFH

RI�SRVVLEOH�XVHV�RI� WKH�VLPXODWLRQ�� WKH\�GR�GHPRQVWUDWH�WKH�XVHIXOQHVV�RI� WKH�WRROV

DQG�WKH�XQGHUO\LQJ�PRGHO�IRU�PDNLQJ�FRQILJXUDWLRQ�GHVLJQ�GHFLVLRQV��%H\RQG�GHVLJQ

VHOHFWLRQ��E\�DLGLQJ�LQ�WKH�YLVXDOL]DWLRQ�RI�WKH�PRWLRQ��WKH�WRROV�DOVR�KHOSHG�DQVZHU

ZK\�WKH�FDWHUSLOODU�OLNH�PRWLRQ�SURJUDPV�ZHUH�HIIHFWLYH�

7.11 Conclusion

7KH� VLPXODWLRQ� KDV� VKRZQ� WKDW� WKH� FRQFHSWXDO� GHVLJQ� GHVFULEHG� LQ�&K�� �� DQG� WKH

PRWLRQ� SURJUDPPLQJ� WHFKQLTXH� SUHVHQWHG� LQ� &K�� �� \LHOG� UHDVRQDEOH� UHVXOWV�� 7KH

UHQGHULQJV� RI� SDUDPHWULF� JHRPHWU\�PRGHOV�� VWDELOLW\� DQDO\VLV�� DQG�PRWLRQ� SURJUDP

FRPSDULVRQV� GHPRQVWUDWH� WKDW� WKH�PDWKHPDWLFDO�PRGHO� DQG� VLPXODWLRQ� FUHDWHG� DV

SDUW� RI� WKLV� UHVHDUFK� DUH� LQGHHG� XVHIXO� WRROV� IRU� GHVLJQLQJ� ERWK� FUDZOLQJ� YHKLFOH

SK\VLFDO�KDUGZDUH�DQG�PRWLRQ�SURJUDPV�


