
Santa Clara University Santa Clara University 

Scholar Commons Scholar Commons 

Mechanical Engineering Senior Theses Engineering Senior Theses 

6-2022 

Smart Bike Rack Smart Bike Rack 

Santiago Hinojosa Andonegui 

Max Luna 

August Rosedale 

Connor McGoldrick 

Follow this and additional works at: https://scholarcommons.scu.edu/mech_senior 

 Part of the Mechanical Engineering Commons 

https://scholarcommons.scu.edu/
https://scholarcommons.scu.edu/mech_senior
https://scholarcommons.scu.edu/eng_senior_theses
https://scholarcommons.scu.edu/mech_senior?utm_source=scholarcommons.scu.edu%2Fmech_senior%2F116&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=scholarcommons.scu.edu%2Fmech_senior%2F116&utm_medium=PDF&utm_campaign=PDFCoverPages


6$17$�&/$5$�81,9(56,7<

'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ

,�+(5(%<�5(&200(1'�7+$7�7+(�7+(6,6�35(3$5('

81'(5�0<�683(59,6,21�%<

6DQWLDJR�+LQRMRVD�$QGRQHJXL��0D[�/XQD��$XJXVW�5RVHGDOH��DQG�&RQQRU�0F*ROGULFN

(17,7/('

60$57�%,.(�5$&.

%(�$&&(37('�,1�3$57,$/�)8/),//0(17�2)�7+(�5(48,5(0(176

)25�7+(�'(*5((�2)

%$&+(/25�2)�6&,(1&(

,1

0(&+$1,&$/�(1*,1((5,1*

�������������������

7KHVLV�$GYLVRU�V���XVH�VHSDUDWH�OLQH�IRU�HDFK�DGYLVRU� GDWH

'HSDUWPHQW�&KDLU�V���XVH�VHSDUDWH�OLQH�IRU�HDFK�FKDLU� GDWH

Godfrey Mungal                       7-June-2022

06/08/22

J , __ 



6(1,25�'(6,*1�352-(&7�5(3257

6XEPLWWHG�WR

WKH�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ

RI

6$17$�&/$5$�81,9(56,7<

LQ�3DUWLDO�)XOILOOPHQW�RI�WKH�5HTXLUHPHQWV

IRU�WKH�GHJUHH�RI

%DFKHORU�RI�6FLHQFH�LQ�0HFKDQLFDO�(QJLQHHULQJ

6DQWD�&ODUD��&DOLIRUQLD

-XQH�����



60$57�%,.(�5$&.

6DQWLDJR�+LQRMRVD�$QGRQHJXL��0D[�/XQD��$XJXVW�5RVHGDOH��DQG�&RQQRU�0F*ROGULFN

$EVWUDFW

:LWK�PRUH�DQG�PRUH�SHRSOH�WXUQLQJ�WR�ELF\FOHV�DV�WKHLU�PDLQ�PHWKRG�RI�WUDQVSRUWDWLRQ�HYHU\

\HDU��ELNH�WKHIW�KDV�EHFRPH�D�SUHVVLQJ�SUREOHP�DOO�DURXQG�WKH�ZRUOG��(YHU\�\HDU��PLOOLRQV�RI

ELF\FOHV�DUH�VWROHQ�GXH�WR�KRZ�LQHIIHFWLYH�FXUUHQW�ORFNLQJ�PHFKDQLVPV�DUH�DW�SURWHFWLQJ�DOO�WKH

PDLQ�FRPSRQHQWV�RI�D�ELNH��)XUWKHUPRUH��WKH�LQHIILFLHQF\�RI�WKHVH�ORFNLQJ�PHFKDQLVPV�DQG�WKH

IHDU�RI�ELNH�WKHIW�FRQWLQXHV�WR�GLVFRXUDJH�SRWHQWLDO�XVHUV�IURP�EX\LQJ�D�ELNH�DQG�XVLQJ�LW�WR

FRPPXWH�RQ�D�GDLO\�EDVLV��2XU�WHDP�FRQVWUXFWHG�D�SURRI�RI�FRQFHSW�IRU�DQ�DXWRPDWLF�6PDUW�%LNH

5DFN�ZKLFK�HPSOR\V�D�WKUHH�SRLQW�ORFNLQJ�PHFKDQLVP��HQVXULQJ�WKDW�D�XVHU�ZDVWHV�WKH�OHDVW

DPRXQW�RI�WLPH�DQG�HQHUJ\�VHFXULQJ�WKH�ELNH�DV�ZHOO�DV�SURWHFWLQJ�LW�IURP�WKHIW�HQWLUHO\�

LL



$FNQRZOHGJHPHQWV

:H�ZRXOG�OLNH�WR�WKDQN�6DQWD�&ODUD�8QLYHUVLW\�DQG�WKH�6FKRRO�RI�(QJLQHHULQJ�IRU�SURYLGLQJ�DOO

WKH�UHVRXUFHV�DQG�IXQGLQJ�QHFHVVDU\�IRU�WKH�VXFFHVVIXO�FRPSOHWLRQ�RI�WKLV�SURMHFW��:H�ZRXOG�DOVR

OLNH�WR�H[SUHVV�RXU�GHHSHVW�JUDWLWXGH�WR�RXU�DGYLVRU��'U��*RGIUH\�0XQJDO��IRU�KLV�JXLGDQFH�DQG

FRQWLQXHG�VXSSRUW�WKURXJKRXW�WKH�SDVW�\HDU��)LQDOO\��ZH�ZRXOG�OLNH�WR�WKDQN�5RG�%URRPH�IRU�WKH

FRXQWOHVV�KRXUV�KH�VSHQW�KHOSLQJ�XV�LQ�WKH�PDFKLQH�VKRS��DV�ZHOO�DV�3URIHVVRU�7RQ\�5HVWLYR�IRU

HQVXULQJ�RXU�WHDP�VWD\HG�RQ�WUDFN�WKURXJKRXW�WKH�DFDGHPLF�\HDU�

LLL



7DEOH�RI�&RQWHQWV

$EVWUDFW LL

$FNQRZOHGJHPHQWV LLL

/LVW�RI�)LJXUHV YL

/LVW�RI�7DEOHV YLLL

&KDSWHU����,QWURGXFWLRQ �

&KDSWHU����%DFNJURXQG�5HVHDUFK �
����:K\�GRQ¶W�ELNH�ORFNV�ZRUN" �
����6FKRODUO\�6RXUFHV �
����,QWHUYLHZV �
����&RPSHWLWLRQ �
����7DUJHW�'HPRJUDSKLF ��

&KDSWHU����'HVLJQ�3URFHVV ��
����'HVLJQ�&ULWHULD ��
�����&KDLQ�'HVLJQ ��
�����<�%DU�'HVLJQ ��
�����7UDFN�'HVLJQ ��
����&RQFHSW�6HOHFWLRQ ��
�����&RQFHSW�5HILQHPHQW�DQG�3UHOLPLQDU\�3URWRW\SHV ��

&KDSWHU����&$'�0RGHOV ��
�����3UHOLPLQDU\�'HVLJQ ��
�����3URWRW\SH�0RGHO ��
�����0DWHULDO�6HOHFWLRQ ��

&KDSWHU����)LQLWH�(OHPHQW�$QDO\VLV�DQG�7KHIW�3URWHFWLRQ ��
����%LNH�7KHIW ��
����&ULWLFDO�6XEV\VWHPV�IRU�)($�$QDO\VLV ��
����6ROLGZRUNV�)LQLWH�(OHPHQW�$QDO\VLV ��
����$QDO\VLV ��

&KDSWHU����0DQXIDFWXULQJ�3URFHVVHV ��
����0HWDO�)DEULFDWLRQ ��
����3ODVWLF�&RPSRQHQWV�)DEULFDWLRQ ��
�����2YHUDOO�$VVHPEO\ ��

&KDSWHU����(OHFWURQLFV�	�6RIWZDUH ��

LY



&KDSWHU����%XVLQHVV�3ODQ ��
�����3URGXFWLRQ�0RGHO ��
�����8VHU�0DQDJHPHQW ��

&KDSWHU����([SHULPHQWDWLRQ ��

&KDSWHU�����(QYLURQPHQWDO�,PSDFW ��
�����(WKLFDO�(QJLQHHULQJ ��
�����)UDPH�0DWHULDO ��
�����3RZHU�&RQVXPSWLRQ ��
�����*UHHQ�7UDQVSRUWDWLRQ ��

&KDSWHU�����&RQFOXVLRQ ��
�����6XPPDU\ ��
�����)XWXUH�3ODQV ��
�����3HUVRQDO�5HIOHFWLRQ ��

5HIHUHQFHV ��

$SSHQGL[�$��6PDUW�%LNH�5DFN�/LVW�RI�3DUWV�DQG�'LDJUDPV ��

$SSHQGL[�%��$VVHPEO\�'UDZLQJV ��

$SSHQGL[�&��$UGXLQR�&RGH ��

Y



/LVW�RI�)LJXUHV

)LJXUH���� %LF\FOH�WKHIW�DW�6DQWD�&ODUD�8QLYHUVLW\ ��

)LJXUH���� %RWK�D�8�/RFN�DQG�D�&DEOH�/RFN�LQ�XVH ��

)LJXUH���� &LWL�%LNH�UDFN ��

)LJXUH���� %LNHHS�%LNH�5DFN ��

)LJXUH���� %LNHHS�GLDJUDP ��

)LJXUH���� &KDLQ�'HVLJQ ��

)LJXUH���� <�%DU�'HVLJQ ��

)LJXUH���� 7UDFN�'HVLJQ ��

)LJXUH���� 7UDFN�'HVLJQ�,QLWLDO�&RQFHSW ��

)LJXUH���� 7UDFN�'HVLJQ�5HILQHG�&RQFHSW ��

)LJXUH���� )RDP&RUH�3URWRW\SH ��

)LJXUH���� %LNH�0HDVXUHPHQWV�'LDJUDP ��

)LJXUH���� &$'�0RGHO���)URQW�9LHZ ��

)LJXUH���� &$'�0RGHO���5HDU�9LHZ ��

)LJXUH���� &$'�0RGHO�'UDZLQJV���)UDPH ��

)LJXUH���� &$'�0RGHO�'UDZLQJV���6WDQG ��

)LJXUH���� 3URWRW\SH�0RGHO�RI�6PDUW�%LNH�5DFN ��

)LJXUH���� ������$OXPLQXP ��

)LJXUH���� 6PDUW�%LNH�5DFN�$UP ��

)LJXUH���� $UP�)UHH�%RG\�'LDJUDP ��

)LJXUH���� $UP�&URVV�6HFWLRQ ��

YL



)LJXUH���� $UP�)UHH�%RG\�'LDJUDP ��

)LJXUH���� /LQHDU�$FWXDWRU�XVHG���LQ� ��

)LJXUH���� 6KHDU�DQG�%HQGLQJ�'LDJUDPV ��

)LJXUH���� 6LPSOLILHG�)($�0RGHOV ��

)LJXUH���� )XOO�0RGHO�)($ ��

)LJXUH���� &RPSOHWH�%LNH�5DFN�$VVHPEO\�)UDPH ��

)LJXUH���� /LQHDU�$FWXDWRU�5DLOV�7KURXJK�+ROH ��

)LJXUH���� /RFNLQJ�+ROH�IRU�3LVWRQV ��

)LJXUH���� ��'�3ULQWHG�&RQH�7LS ��

)LJXUH���� (OHFWURQLFV�+RXVLQJ ��

)LJXUH���� /LQHDU�$FWXDWRU�/RFDWLRQV ��

)LJXUH���� 0RXQWHG�(OHFWURQLFV�+RXVLQJ ��

)LJXUH���� )LQDOL]HG�3URWRW\SH�$VVHPEO\ ��

)LJXUH���� &LUFXLW�GLDJUDP ��

YLL



/LVW�RI�7DEOHV

7DEOH���� %LNH�&ULWHULD ��

7DEOH���� &RQFHSW�6HOHFWLRQ�7DEOH ��

7DEOH���� %LNH�0HDVXUHPHQW�'DWD ��

7DEOH���� &RVW�EUHDNGRZQ�SHU�%LNH�5DFN ��

YLLL



&KDSWHU����,QWURGXFWLRQ

:KHQ�RXU�WHDP�ILUVW�JRW�WRJHWKHU�WR�EHJLQ�H[SORULQJ�ZKDW�ZH�ZDQWHG�WR�EXLOG�IRU�RXU�6HQLRU

'HVLJQ�3URMHFW��ZH�DOO�KDG�GLIIHUHQW�YLVLRQV�DQG�LGHDV�RI�ZKDW�LW�ZRXOG�PHDQ�IRU�WKH�SURMHFW�WR�EH

D�VXFFHVV��1HYHUWKHOHVV��LW�ZDV�RI�WKH�XWPRVW�LPSRUWDQFH�WR�DOO�RI�XV�WKDW�RXU�SURMHFW�ZRXOG�KHOS

VROYH�D�SUREOHP�LQ�WKH�ZRUOG�WRGD\��)XUWKHUPRUH��ZH�UHFRJQL]HG�WKDW�EH\RQG�EXLOGLQJ�VRPHWKLQJ

LQQRYDWLYH��LW�ZDV�LPSRUWDQW�WR�PDNH�VXUH�WKDW�RXU�SURMHFW�FRXOG�EH�PDUNHWDEOH��DQG�WKHUHIRUH

SRWHQWLDOO\�VFDODEOH��,QVWHDG�RI�VLPSO\�EUDLQVWRUPLQJ�LGHDV�EHWZHHQ�WKH�PHPEHUV�RI�WKH�WHDP�

WKLV�HQFRXUDJHG�XV�WR�SD\�FORVHU�DWWHQWLRQ�WR�WKH�ZRUOG�DURXQG�XV��DQG�ILUVW�ILQG�DQ�LVVXH�WKDW�ZH

FRXOG�VROYH�

$V�PRUH�DQG�PRUH�SHRSOH�ORRN�IRU�HQYLURQPHQWDOO\�IULHQGO\�ZD\V�RI�WUDQVSRUW�HYHU\�\HDU��DQG

JLYHQ�WKDW�GXULQJ�WKH�&29,'����SDQGHPLF�PDQ\�SHRSOH�VWDUWHG�WR�ORRN�IRU�ZD\V�RI�WUDQVSRUW�LQ

ZKLFK�WKH\�FRXOG�VRFLDOO\�GLVWDQFH��ZH�VDZ�D�ORW�RI�SRWHQWLDO�LQ�WKH�ELF\FOH�LQGXVWU\��:H�EHJDQ�WR

WKLQN�WKDW�ZH�FRXOG�EXLOG�VRPHWKLQJ�UHODWHG�WR�ELNHV�WKDW�ZRXOG�HQFRXUDJH�PRUH�SHRSOH�WR�XVH

WKHP�DV�WKHLU�PDLQ�IRUP�RI�WUDQVSRUWDWLRQ��HVSHFLDOO\�DURXQG�D�FROOHJH�FDPSXV��)RU�ZHHNV�ZH

VWUXJJOHG�WR�GHFLGH�ZKDW�H[DFWO\�ZH�ZDQWHG�WR�EXLOG��XQWLO�RQH�GD\�ZH�ZHUH�ZDONLQJ�DURXQG�WKH

6DQWD�&ODUD�&DPSXV�DQG�VDZ�D�ELNH�UDFN�ZLWK�RQH�VLQJOH�ELNH�ZKHHO�DWWDFKHG�WR�LW��DV�ZH�FDQ�VHH

LQ�)LJXUH�����EHORZ�

�



)LJXUH����� %LF\FOH�WKHIW�DW�6DQWD�&ODUD�8QLYHUVLW\

2XU�WHDP�WKHQ�VZLWFKHG�JHDUV�DQG�EHJDQ�FRQGXFWLQJ�UHVHDUFK�RQ�WKH�LVVXH�RI�ELF\FOH�VHFXULW\�DQG

WKHIW��:H�FDPH�DFURVV�WKH�VKRFNLQJ�VWDWLVWLF�WKDW�HYHU\�VLQJOH�\HDU�WKURXJKRXW�1RUWK�$PHULFD�

WZR�PLOOLRQ�ELNHV�DUH�VWROHQ�>�@��7KLV��DORQJ�ZLWK�IXUWKHU�UHVHDUFK�ZKLFK�ZLOO�EH�GLVFXVVHG�PRUH

LQ�GHWDLO��FRQYLQFHG�RXU�WHDP�WKDW�ELF\FOH�WKHIW�ZDV�D�ELJ�LVVXH�DURXQG�WKH�ZRUOG��RQH�ZKLFK�RXU

WHDP�EHFDPH�LQFUHDVLQJO\�LQWHUHVWHG�LQ�VROYLQJ��:H�FRQFOXGHG�WKDW�RXU�6HQLRU�'HVLJQ�SURMHFW

VKRXOG�EH�IRFXVHG�RQ�FRQVWUXFWLQJ�DQ�LQQRYDWLYH�6PDUW�%LNH�5DFN��ZKLFK�LV�XVHU�IULHQGO\�DQG

SURWHFWV�WKH�HQWLUHW\�RI�\RXU�ELF\FOH�

�



&KDSWHU����%DFNJURXQG�5HVHDUFK

����:K\�GRQ¶W�ELNH�ORFNV�ZRUN"

7KH�ILUVW�VWHS�RI�RXU�UHVHDUFK�SURFHVV�ZDV�WR�WU\�DQG�XQGHUVWDQG�ZKDW�H[DFWO\�DUH�WKH�SUREOHPV

ZLWK�FRPPRQ�ELNH�ORFNLQJ�PHFKDQLVPV�DYDLODEOH�WRGD\��DV�WKH\�FOHDUO\�GR�QRW�SURWHFW�HQRXJK

ELNHV�IURP�WKHIW��:H�FDPH�WR�WKH�FRQFOXVLRQ�WKDW�WKHUH�DUH�WKUHH�PDLQ�LVVXHV�

�� 6HFXULW\

�� (IILFLHQF\

�� 6SDFH�2SWLPL]DWLRQ

7KH�ILUVW�DQG�SHUKDSV�PRVW�LPSRUWDQW�SUREOHP�WR�KLJKOLJKW�DERXW�ELNH�ORFNLQJ�PHFKDQLVPV

DYDLODEOH�WRGD\�LV�WKDW�WKH\�DUH�YHU\�LQVHFXUH��DQG�OHDYH�WKH�HQWLUH�ELNH�RU�VRPH�RI�LWV�FRPSRQHQWV

YXOQHUDEOH�WR�WKHIW��/HW�XV�WDNH�VRPH�RI�WKH�PRVW�FRPPRQO\�XVHG�ELNH�ORFNV��IRU�H[DPSOH��VXFK�DV

D�8�/RFN�RU�D�&DEOH�/RFN��7KHVH�DUH�LOOXVWUDWHG�LQ )LJXUH���� EHORZ��$�XVHU�FDQ�DWWDFK�WKHVH�WR

RQH�RU�DW�PRVW�WZR�FRPSRQHQWV�RI�WKH�ELNH�RQO\��VXFK�DV�RQH�RI�WKH�ZKHHOV�RU�WKH�IUDPH��7KLV

WKHQ�PHDQV�WKDW�DOPRVW�DOO�WKH�WLPH��WZR�RXW�RI�WKH�WKUHH�PDLQ�FRPSRQHQWV�RI�WKH�ELF\FOH�DUH

YXOQHUDEOH�WR�WKHIW��%LNH�WKHIW�LV�QRW�MXVW�D�SUREOHP�EHFDXVH�SHRSOH�VWHDO�ELNHV�HQWLUHO\��EXW�DOVR

EHFDXVH�WKH\�FDQ�HDVLO\�VWHDO�D�ZKHHO�RU�WKH�IUDPH�LI�LW�LV�QRW�VHFXUHG�ZLWK�D�VHSDUDWH�ORFN�

�



)LJXUH����� %RWK�D�8�/RFN�DQG�D�&DEOH�/RFN�LQ�XVH

6HFRQGO\��WKH�ORFNV�ZKLFK�SHRSOH�XVH�RQ�D�GD\�WR�GD\�EDVLV�DUH�H[WUHPHO\�LQHIILFLHQW��:KDW�ZH

PHDQ�E\�WKLV�LV�WKDW�QRW�RQO\�GRHV�LW�WDNH�D�XVHU�D�ORQJ�WLPH�WR�ORFN�DQG�XQORFN�WKHLU�ELNH��EXW�LW�LV

DOVR�YHU\�KDUG�WR�FDUU\�D�ODUJH�DQG�KHDY\�ORFN�HYHU\ZKHUH�\RX�JR��6RPH�RI�WKHVH�ORFNV�DOVR

UHTXLUH�NH\V��IRU�H[DPSOH��ZKLFK�FDQ�DOVR�EH�HDVLO\�ORVW�RU�VWROHQ��7R�XVH�WKH�8�/RFN�H[DPSOH

RQFH�DJDLQ��ELNH�XVHUV�ZRXOG�QHHG�WR�FDUU\�WKLV�ELJ�DQG�KHDY\�ORFN�HYHU\ZKHUH�WKH\�JR��ORFN�DQG

XQORFN�WKHLU�ELNH�PDQXDOO\��DQG�VWLOO�KRSH�WKDW�VRPHRQH�GRHV�QRW�VWHDO�RQH�RI�WKHLU�ZKHHOV�DQG�WKH

IUDPH�

/DVW�EXW�QRW�OHDVW��ZH�EHOLHYH�WKDW�DOO�RI�WKH�ELNH�ORFNLQJ�PHFKDQLVPV�ZKLFK�SHRSOH�UHO\�RQ�WRGD\

GR�QRW�RSWLPL]H�VSDFH��,W�RQO\�WDNHV�D�TXLFN�ORRN�DURXQG�RXU�FROOHJH�FDPSXV�WR�UHDOL]H�WKDW

SHRSOH�SDUN�WKHLU�ELNHV�LQ�DOO�VRUWV�RI�UDQGRP�ORFDWLRQV��DQG�HYHQ�ZKHQ�WKHUH�LV�D�ELNH�UDFN

DYDLODEOH�SHRSOH�GR�QRW�SDUN�WKHLU�ELNH�LQ�D�ZD\�ZKLFK�RSWLPL]HV�VSDFH��:H�EHOLHYH�WKDW�ELNH

ORFNLQJ�PHFKDQLVPV�DQG�ELNH�UDFNV�LQ�SDUWLFXODU�VKRXOG�KDYH�D�FOHDU�DQG�FRQVLVWHQW�PDQQHU�LQ

ZKLFK�ELNH�XVHUV�FDQ�GURS�WKHLU�ELNH�RII�DQG�JHW�RQ�ZLWK�WKHLU�GD\�

�



����6FKRODUO\�6RXUFHV

,I�RXU�WHDP�ZDV�WR�EXLOG�D�IXQFWLRQDO�6PDUW�%LNH�5DFN��ZH�ZDQWHG�WR�PDNH�VXUH�WKDW�LW�ZDV�DV

LQQRYDWLYH�DV�SRVVLEOH�DQG�LQFRUSRUDWHG�WKH�PRVW�XVHIXO�IHDWXUHV�IRU�ELNH�ULGHUV��7KURXJK�D�ORW�RI

OHQJWK\�UHVHDUFK��RXU�WHDP�QDUURZHG�GRZQ�ILYH�VFKRODUO\�DUWLFOHV�ZKLFK�GLVFXVVHG�VRPH�RI�WKH

FKDOOHQJHV�RI�6PDUW�%LNH�V\VWHPV�WRGD\�DV�ZHOO�DV�GHWDLOHG�LQIRUPDWLRQ�DERXW�ZKLFK�SUREOHPV

FRXOG�DULVH�ZLWK�RXU�PRGHO�RU�LWV�VXEV\VWHPV��:H�ZHUH�VXUSULVHG�WR�ILQG�WKDW�WKHUH�LV�QRW�PXFK

LQIRUPDWLRQ�DERXW�6PDUW�%LNH�5DFNV�VLQFH�LW�LV�D�YHU\�\RXQJ�PDUNHW��1HYHUWKHOHVV��WKHUH�LV�D�ORW

RI�LQIRUPDWLRQ�DERXW�6PDUW�%LNH�6\VWHPV��VXFK�DV�&LWL�%LNHV�RU�/\IW�ELNHV��ZKLFK�HQFRXQWHU

PDQ\�RI�WKH�VDPH�LVVXHV�WKDW�ZH�FRXOG�SRWHQWLDOO\�FRPH�DFURVV��$�SLFWXUH�RI�D�&LWL�%LNH�UDFN�FDQ

EH�IRXQG�EHORZ�LQ�)LJXUH�����

)LJXUH����� &LWL�%LNH�5DFN

7ZR�RI�WKH�DUWLFOHV�FRQILUPHG�WKDW�WKH�QXPEHU�RI�SHRSOH�XVLQJ�ELNHV�DV�RQH�RI�WKHLU�PDLQ�PHDQV

RI�WUDQVSRUWDWLRQ�LV�LQFUHDVLQJ�H[SRQHQWLDOO\��JLYHQ�WKDW�WKH\�DUH�HFR�IULHQGO\�DQG�DOVR�RIIHU�D�ZD\

WR�VWD\�VRFLDOO\�GLVWDQFHG��8VLQJ�ELF\FOHV�LQ�GHQVHO\�SRSXODWHG�FLWLHV�VXFK�DV�6DQ�)UDQFLVFR��IRU

H[DPSOH��DOVR�RIIHUV�DQ�HDV\�ZD\�WR�VWD\�DFWLYH�DQG�DYRLG�WUDIILF�FRQJHVWLRQV�>�@��+DYLQJ�VDLG

�



WKLV��6PDUW�%LNH�V\VWHPV�DUH�IDFLQJ�VRPH�FKDOOHQJHV��7KH�PDLQ�RQH�LV�WKDW�WKURXJKRXW�ELJ�FLWLHV�

WKHUH�LV�DQ�XQHYHQ�GLVWULEXWLRQ�RI�ELNHV�DFURVV�VWDWLRQV��DQG�LW�LV�KDUG�WR�SUHGLFW�ZKHWKHU�ELNHV�ZLOO

EH�DYDLODEOH�LQ�D�FHUWDLQ�VWDWLRQ�DW�D�FHUWDLQ�WLPH��,Q�RXU�FDVH��LW�LV�UHDVRQDEOH�WR�DVVXPH�WKDW�LI

6PDUW�%LNH�5DFNV�ZHUH�WR�EH�LPSOHPHQWHG�WKURXJKRXW�ELJ�FLWLHV�RU�D�FROOHJH�FDPSXV��IRU

H[DPSOH��ELNH�ULGHUV�ZRXOG�ILQG�LW�XVHIXO�WR�NQRZ�ZKLFK�UDFN�KDV�VSRWV�DYDLODEOH�DQG�ZKLFK�GR

QRW�DW�DQ\�JLYHQ�PRPHQW��$Q�DSS�FRXOG�EH�SDUWLFXODUO\�XVHIXO�LQ�VROYLQJ�WKLV�SUREOHP��2QH�RI�WKH

WZR�DUWLFOHV�SURYLGHV�UHVHDUFK�DQG�LQIRUPDWLRQ�RQ�KRZ�RQH�FRXOG�IRUHFDVW�WKH�GHPDQG�IRU

VSHFLILF�%LNH�5DFNV�XVLQJ�GDWD�IURP�ELNH�VKDULQJ�V\VWHPV�LQ�(XURSH��7KLV�FRXOG�EH�XVHIXO�VLQFH

ZH�ZDQW�RXU�V\VWHP�WR�EH�DV�HIILFLHQW�DV�SRVVLEOH�DQG�KDYH�D�TXLFN�WXUQDURXQG�WLPH�EHWZHHQ�XVHUV

>�@�

7KH�UHVW�RI�WKH�DUWLFOHV�ZHUH�IRFXVHG�SULPDULO\�RQ�WZR�WRSLFV�ZKLFK�DUH�YLWDO�IRU�WKH�VXFFHVV�RI�WKH

SURMHFW��(IILFLHQF\�DQG�6HFXULW\��,Q�RUGHU�IRU�RXU�ELNH�UDFN�WR�FRPSHWH�ZLWK�FXUUHQW�ORFNLQJ

PHFKDQLVPV�DQG�EH�PDUNHWDEOH��RXU�WHDP�KDG�WR�HQVXUH�WKDW�LW�ZRXOG�EH�HDVLHU�IRU�SHRSOH�WR�XVH

DQG�DOVR�RIIHU�D�ORW�PRUH�VHFXULW\�WKDQ�\RXU�UHJXODU�ELNH�ORFN��)RU�WKLV�UHDVRQ��RXU�WHDP�EHJDQ

H[SORULQJ�D�ELNH�UDFN�ZKLFK�FRXOG�EH�RSHQHG�ZLWK�DQ�DSS�RU�WKH�VLPSOH�WDS�RI�D�FDUG��2QH�DUWLFOH

LQ�SDUWLFXODU�GLVFXVVHG�WKH�VHFXULW\�YXOQHUDELOLWLHV�RI�1)&��1HDU�)LHOG�&RPPXQLFDWLRQ�

7HFKQRORJ\�>�@��,I�RXU�ELNH�UDFN�ZDV�WR�HYHU�LQFRUSRUDWH�DQ�DSS�LQ�\RXU�SKRQH�DV�D�ZD\�WR�ORFN

DQG�XQORFN�\RXU�ELNH��ZH�KDG�WR�HQVXUH�WKDW�LW�ZRXOG�EH�DV�VHFXUH�DV�SRVVLEOH��:H�WKHQ�DOVR

FRQGXFWHG�D�ORW�PRUH�UHVHDUFK�LQWR�5),'�WHFKQRORJ\��ZKLFK�LV�WKH�WHFKQRORJ\�XVHG�WR�RSHQ�DQG

XQORFN�WKLQJV�ZLWK�WKH�WDS�RI�D�FDUG��:H�LGHQWLILHG�WKDW�WKLV�ZRXOG�EH�SDUWLFXODUO\�XVHIXO�RQ

FROOHJH�FDPSXVHV�JLYHQ�WKDW�HYHU\�VWXGHQW�KDV�DQ�DFFHVV�FDUG�WKDW�WKH\�XVH�GDLO\��:H�DOVR

�



FROOHFWHG�LQIRUPDWLRQ�RQ�ZKDW�D�SRWHQWLDO�WKHIW�FRQWURO�V\VWHP�ZRXOG�ORRN�OLNH��DV�ZH�XQGHUVWDQG

WKDW�QRWKLQJ�LV�RQH�KXQGUHG�SHUFHQW�LQYXOQHUDEOH�WR�WKHIW�>�@�

����,QWHUYLHZV

2QH�RI�WKH�PDLQ�UHDVRQV�ZK\�RXU�WHDP�GHFLGHG�WR�GHYHORS�D�SURGXFW�LQ�WKH�ELF\FOH�LQGXVWU\�LV

EHFDXVH�OLYLQJ�DURXQG�D�FROOHJH�FDPSXV��ZH�KDYH�VHHQ�KRZ�PDQ\�SHRSOH�UHO\�RQ�ELNHV�DV�WKHLU

PDLQ�VRXUFH�RI�WUDQVSRUWDWLRQ��7KLV�SURYLGHG�D�SDUWLFXODU�RSSRUWXQLW\�WR�VLW�GRZQ�ZLWK�IHOORZ

VWXGHQWV�DQG�FRQGXFW�D�VHULHV�RI�LQWHUYLHZV�WR�XQGHUVWDQG�ZKHWKHU�RU�QRW�WKHUH�LV�D�PDUNHW�IRU�RXU

SURGXFW�DURXQG�FROOHJH�FDPSXVHV��(DFK�PHPEHU�RI�WKH�WHDP�VDW�GRZQ�ZLWK�IRXU�VWXGHQWV�WR

FRQGXFW�DQ�LQWHUYLHZ��KDOI�RI�WKHVH�VWXGHQWV�DUH�FXUUHQW�ELNH�ULGHUV�DQG�KDOI�DUH�QRW��7KLV�ZDV

LPSRUWDQW�EHFDXVH�ZH�ZDQWHG�WR�NQRZ�LI�PRUH�SHRSOH�ZRXOG�VWDUW�XVLQJ�D�ELNH�LI�WKHUH�ZHUH

6PDUW�%LNH�5DFNV�DURXQG�FDPSXV�

1RW�VXUSULVLQJO\��DOO�RI�WKH�SHRSOH�ZH�LQWHUYLHZHG�ZKR�FXUUHQWO\�ULGH�ELF\FOHV�FRQIHVVHG�WKDW�DW

VRPH�SRLQW�LQ�WLPH��WKH\�KDYH�EHHQ�FRQFHUQHG�WKDW�WKHLU�ELNH�ZRXOG�EH�VWROHQ��HYHQ�ZLWKLQ�WKH

6DQWD�&ODUD�FDPSXV��(DFK�VKDUHG�WKHLU�FXUUHQW�ORFNLQJ�PHFKDQLVP�RI�FKRLFH��DQG�ZKDW�WKH\

EHOLHYH�D�QHZHU�DQG�PRUH�PRGHUQ�VROXWLRQ�VKRXOG�ORRN�OLNH��:KHQ�DVNHG�ZKHWKHU�RU�QRW�WKH\

ZRXOG�EH�ZLOOLQJ�WR�UHSODFH�WKHLU�FXUUHQW�ORFNV�ZLWK�DQ�DXWRPDWHG�6PDUW�%LNH�5DFNV��ZH�JRW�YHU\

SRVLWLYH�IHHGEDFN��$OPRVW�DOO�RI�WKH�VWXGHQWV�DQVZHUHG�WKDW�WKH\�ZRXOG�SUHIHU�WR�XVH�D�6PDUW

%LNH�5DFN�LQVWHDG�RI�EHLQJ�UHVSRQVLEOH�IRU�WKHLU�RZQ�ORFNV��ZKLFK�GR�QRW�QHFHVVDULO\�SURWHFW�WKHLU

ELNH�

�



3HUKDSV�HYHQ�PRUH�LPSRUWDQW�WKDQ�WKH�ELNH�ULGHU¶V�UHVSRQVHV�ZHUH�WKRVH�RI�WKH�QRQ�ELNH�ULGHUV�

2QH�RI�WKH�PDLQ�REMHFWLYHV�RI�WKLV�6PDUW�%LNH�5DFN�ZRXOG�EH�WR�HQFRXUDJH�PRUH�SHRSOH�WR�ULGH

ELNHV�ZLWKRXW�WKH�IHDU�WKDW�LW�ZLOO�JHW�VWROHQ��6LPLODUO\�WR�WKH�ELNH�XVHUV��WKH�PDMRULW\�RI�WKLV�JURXS

WROG�XV�WKDW�WKH�PDLQ�UHDVRQV�WKH\�GR�QRW�XVH�D�ELNH�HYHU\�GD\�LV�EHFDXVH�LW�FDQ�JHW�VWROHQ��EXW

DOVR�EHFDXVH�LW�LV�D�SUREOHP�WR�ILQG�VRPHZKHUH�WR�OHDYH�LW�DQG�VHFXUH�LW��7KHVH�DUH��RI�FRXUVH��WKH

SUREOHPV�ZKLFK�RXU�SURMHFW�LV�DWWHPSWLQJ�WR�VROYH��)XUWKHUPRUH��PRVW�RI�WKH�QRQ�ELNH�XVHUV

VKDUHG�WKDW�LI�WKHUH�ZDV�D�PRUH�PRGHUQ�SURGXFW�ZKLFK�ZRXOG�JXDUDQWHH�OHVV�ELNH�WKHIW�DQG�PRUH

FRQYHQLHQFH�IRU�WKH�XVHU��WKH\�ZRXOG�VWURQJO\�FRQVLGHU�XVLQJ�D�ELNH�WR�PRYH�DURXQG�

$IWHU�FRQGXFWLQJ�DOO�WKH�LQWHUYLHZV��RXU�WHDP�FDPH�WR�WKH�FRQFOXVLRQ�WKDW�D�6PDUW�%LNH�5DFN

ZRXOG�LQGHHG�VROYH�D�SUREOHP�DQG�FRXOG�EH�PDUNHWDEOH��HVSHFLDOO\�DURXQG�FROOHJH�FDPSXVHV�

0RVW�LPSRUWDQWO\��WKHVH�LQWHUYLHZV�KHOSHG�WR�GLUHFW�RXU�WHDP�LQ�RXU�GHVLJQ�HIIRUWV��:KLOH

GLVFXVVLQJ�DOO�WKH�UHVXOWV�IURP�WKH�LQWHUYLHZV��LW�ZDV�FOHDU�WKDW�WKH�WKUHH�NH\�SRLQWV�ZKLFK�KDG�WR

EH�IXOILOOHG�IRU�RXU�SURGXFW�WR�EH�VXFFHVVIXO�ZHUH�WKDW�LW�ZDV�HIIRUWOHVV��IDVW��DQG�UHOLDEOH�

�



����&RPSHWLWLRQ

$V�ZLWK�DQ\�VXFFHVVIXO�HQGHDYRU��LW�LV�YLWDO�WR�XQGHUVWDQG�WKH�FRPSHWLWLRQ�DQG�ZKDW�W\SHV�RI

SURGXFWV�PD\�DOUHDG\�EH�DYDLODEOH�LQ�WKH�PDUNHW��7KH�WHDP�ZDV�VXUSULVHG�EXW�DOVR�H[FLWHG�WR�ILQG

WKDW�WKH�6PDUW�%LNH�5DFN�PDUNHW�LV�YHU\�\RXQJ��7KURXJK�DOO�RXU�SUHOLPLQDU\�UHVHDUFK��ZH�FRXOG

RQO\�ILQG�RQH�GLUHFW�FRPSHWLWRU�WR�RXU�SURGXFW��DQ�(VWRQLDQ�VWDUWXS�FDOOHG�%LNHHS�

)LJXUH����� %LNHHS�%LNH�5DFN

7KURXJKRXW�RXU�DQDO\VLV�RI�%LNHHS��ZH�OHDUQHG�DERXW�VRPH�WKLQJV�ZKLFK�FRXOG�EH�XVHIXO�LQ�D

6PDUW�%LNH�5DFN�EXW�DOVR�PDQ\�RWKHUV�ZKLFK�KDYH�PXFK�URRP�IRU�LPSURYHPHQW��7KH�ILUVW�WKLQJ

WKDW�GUHZ�RXU�DWWHQWLRQ�ZDV�WKDW�WKH�%LNHHS�UDFN��RQFH�DJDLQ��GRHV�QRW�SURWHFW�DOO�RI�WKH

FRPSRQHQWV�RI�WKH�6PDUW�%LNH�5DFN��)LJXUH�����VKRZV�D�SLFWXUH�RI�RQH�RI�WKH�ODWHVW�%LNHHS�UDFNV

LPSOHPHQWHG�LQ�D�%$57�VWDWLRQ�LQ�6DQ�)UDQFLVFR��$V�ZH�FDQ�VHH��D�ELNH�XVHU�IHOW�WKH�QHHG�WR

VHFXUH�WKHLU�EDFN�WLUH�DQG�WKHLU�ELNH¶V�IUDPH�ZLWK�D�8�/RFN�DQG�D�FDEOH�ORFN�HYHQ�DIWHU�XVLQJ�WKH

%LNHHS�UDFN��7KLV�PHDQV�WKDW�WKHLU�SURGXFW�VWLOO�OHDYHV�D�SDUW�RI�WKH�ELNH�YXOQHUDEOH�WR�WKHIW�DQG�LV

QRW�PXFK�PRUH�XVHIXO�WKDQ�\RXU�W\SLFDO�ELNH�ORFN�

�



)LJXUH����� %LNHHS�GLDJUDP

)XUWKHUPRUH��DOWKRXJK�LW�PD\�EH�HDVLHU�WR�XVH�WKDQ�RWKHU�SURGXFWV�DYDLODEOH�WRGD\��WKLV�ELNH�UDFN

VWLOO�RSHUDWHV�PDQXDOO\�DQG�UHTXLUHV�WKH�XVHU�WR�WDNH�WLPH�DQG�HQHUJ\�WR�VHFXUH�WKHLU�ELNH��,Q�RUGHU

WR�VHFXUH�WKHLU�ELNH��RQH�PXVW�SXOO�GRZQ�RQ�WKH�UDFN¶V�JUHHQ�DUP�DQG�ILQG�D�VSRW�ZKLFK�ILWV�WKH

ELNH�SURSHUO\��DV�VHHQ�DERYH�LQ�)LJXUH������2XU�WHDP�EHOLHYHV�WKDW�WKHUH�VKRXOG�EH�D�PRUH

HIIRUWOHVV�DQG�WLPH�HIILFLHQW�ZD\�WR�OHDYH�\RXU�ELNH�DQG�JHW�RQ�ZLWK�\RXU�GD\��/DVW�EXW�QRW�OHDVW�

%LNHHS�UHTXLUHV�D�SDLG�VXEVFULSWLRQ�WR�EH�DEOH�WR�XVH�LW��0RVW�SHRSOH�DUH�QRW�ZLOOLQJ�WR�VSHQG�D�ORW

RI�PRQH\�RQ�D�VXEVFULSWLRQ��DQG�WKDW�LV�LI�WKH\�HYHQ�ZDQW�WR�WDNH�WKH�WLPH�WR�FUHDWH�DQ�DFFRXQW�

%LNHHS�GRHV�KDYH�D�IHZ�IHDWXUHV�ZKLFK�DUH�LQQRYDWLYH�DQG�ZH�ZRXOG�QHHG�WR�FRPSHWH�ZLWK�

%HFDXVH�WKHLU�PRGHO�LV�RSHUDWHG�PDQXDOO\��LW�HQVXUHV�WKDW�DQ\�W\SH�RI�ELNH�ILWV�LQ�WKH�UDFN��QR

PDWWHU�WKHLU�VKDSH�RU�VL]H��7KH�%LNHHS�UDFN�DOVR�DFWV�DV�D�FKDUJLQJ�VWDWLRQ�IRU�SHRSOH�ZLWK�H�ELNHV�

ZKLFK�DUH�EHLQJ�XVHG�PRUH�DQG�PRUH�HYHU\�\HDU��7KH\�DOVR�LQFRUSRUDWHG�DQ�5),'�VFDQQHU�WR�EH

DEOH�WR�DFWLYDWH�WKH�UDFN��ZKLFK�LV�VRPHZKDW�VLPLODU�WR�RXU�LGHD�RI�VWXGHQWV�XVLQJ�WKHLU�DFFHVV

��



FDUG��IRU�H[DPSOH��2XU�WHDP�ZDQWHG�WR�HQVXUH�WKDW�RXU�GHVLJQ�ZDV�DQ�XSJUDGH�IURP�WKLV�SURGXFW

DQG�LV�PRUH�VHFXUH�DQG�HIIRUWOHVV�IRU�WKH�XVHU�

����7DUJHW�'HPRJUDSKLF

$V�ZH�PRYHG�IRUZDUG�ZLWK�WKH�SURMHFW�DQG�EHJDQ�GLYLQJ�GHHSHU�LQWR�WKH�GHVLJQ�RI�RXU�6PDUW

%LNH�5DFN��LW�ZDV�FUXFLDO�WR�UHPHPEHU�WKH�WDUJHW�GHPRJUDSKLF�IRU�RXU�SURGXFW��VR�WKDW�LW�FRXOG�EH

EHVW�VXLWHG�IRU�WKH�SHRSOH�ZKR�DUH�PRVW�OLNHO\�WR�XVH�LW��,W�ZDV�HYLGHQW�IRU�RXU�WHDP�WKDW�WKH

ELJJHVW�PDUNHW�IRU�RXU�SURGXFW�ZRXOG�EH�FROOHJH�FDPSXVHV�DOO�DURXQG�WKH�FRXQWU\��LQ�ZKLFK

WKRXVDQGV�RI�VWXGHQWV�UHO\�RQ�ELNHV�WR�FRPPXWH�DQG�PRYH�WKURXJK�FDPSXV�HYHU\�VLQJOH�GD\��7KLV

LV�HVSHFLDOO\�WUXH�LQ�VFKRROV�ZLWK�D�ODUJH�SRSXODWLRQ��ZKHUH�FODVVURRPV�DUH�RIWHQ�YHU\�VSUHDG�RXW�

$�VXUYH\�GLVWULEXWHG�DPRQJ�PRUH�WKDQ�WZR�WKRXVDQG�VWXGHQWV�LQ�WKH�8QLYHUVLW\�RI�&DOLIRUQLD�DW

6DQWD�%DUEDUD�IRXQG�WKDW�URXJKO\�����RI�VWXGHQWV�ULGH�D�ELNH�UHJXODUO\�>�@��1RW�RQO\�DUH�FROOHJH

VWXGHQWV�DPRQJ�WKRVH�ZKR�XVH�ELNHV�WKH�PRVW��EXW�WKH\�DOVR�SURYLGH�WKH�XQLTXH�RSSRUWXQLW\�WR

EXLOG�D�ELNH�UDFN�ZKLFK�FDQ�EH�RSHUDWHG�WKURXJK�WKHLU�DFFHVV�FDUG��(YHU\�VWXGHQW�DW�D�8QLYHUVLW\

DURXQG�WKH�FRXQWU\�KDV�D�XQLTXH�DFFHVV�FDUG�ZKLFK�DOORZV�WKHP�WR�SD\�IRU�IRRG��DFFHVV�WKHLU

GRUPV��HWF��7KLV�LQVSLUHG�RXU�WHDP�WR�FUHDWH�D�ELNH�UDFN�ZKLFK�PD\�EH�ORFNHG�DQG�XQORFNHG�ZLWK

DQ�DFFHVV�FDUG��PDNLQJ�LW�GHVLUDEOH�IRU�FROOHJHV�EXW�DOVR�FRQYHQLHQW�IRU�VWXGHQWV�

,W�LV�DOVR�LPSRUWDQW�IRU�RXU�WHDP¶V�WDUJHW�GHPRJUDSKLF�WR�LQFOXGH�WKH�SRSXODWLRQ�RI�ODUJH�XUEDQ

DUHDV�RU�FLWLHV��VXFK�DV�6DQ�)UDQFLVFR��(YHU\�\HDU��PRUH�DQG�PRUH�SHRSOH�GHFLGH�WR�XVH�D�ELNH�WR

JHW�WR�ZRUN��IRU�H[DPSOH��7KH�&29,'����SDQGHPLF�DOVR�HQFRXUDJHG�SHRSOH�LQ�GHQVHO\�SRSXODWHG

FLWLHV�WR�ULGH�D�ELNH�LQVWHDG�RI�WDNLQJ�EXVHV�RU�PHWURV��ZKLFK�RIWHQ�JHW�FURZGHG��$�VWXG\�LQ�1HZ

��



<RUN�IRXQG�WKDW�ELNH�XVDJH�DIWHU�WKH�SDQGHPLF�EHJDQ�LQ������LQFUHDVHG�E\�����>�@��7KLV�DOVR

HQFRXUDJHG�JRYHUQPHQW�RIILFLDOV�WR�PRGLI\�WUDIILF�SDWWHUQV�DQG�RSHQ�PRUH�PLOHV�RI�URDG�WR

DFFRPPRGDWH�ELNHUV��)XUWKHUPRUH��PDQ\�FLWLHV�LQ�(XURSH�FXUUHQWO\�EHDW�WKH�86�ZKHQ�LW�FRPHV�WR

WKH�SHUFHQWDJH�RI�SHRSOH�ULGLQJ�ELNHV��$�VWXG\�FRQGXFWHG�LQ�$PVWHUGDP��DOVR�NQRZQ�DV�WKH�ELNH

FDSLWDO�RI�WKH�ZRUOG��IRXQG�WKDW�LWV�SRSXODWLRQ�RI���������RZQV�DSSUR[LPDWHO\���������ELNHV��2XU

SURGXFW�FRXOG�EH�SDUWLFXODUO\�XVHIXO�LQ�VXFK�SODFHV�>�@�

��



&KDSWHU����'HVLJQ�3URFHVV

����'HVLJQ�&ULWHULD

:LWK�WKH�GHVLJQ�SUREOHP�LGHQWLILHG�DQG�WKH�PRWLYDWLRQ�WR�ILOO�D�JDS�LQ�WKH�PDUNHW��RXU�WHDP

VZLWFKHG�JHDUV�LQWR�EUDLQVWRUPLQJ�SRWHQWLDO�VROXWLRQV��7KH�ILUVW�VWHS�ZDV�WR�LGHQWLI\�WKH�PRVW

LPSRUWDQW�IHDWXUHV�WKDW�ZH�EHOLHYHG�KDG�WKH�SRWHQWLDO�WR�PDNH�RU�EUHDN�RXU�SURGXFW��:H�OLVWHG

HYHU\�FULWHULD�WKDW�ZH�FRXOG�WKLQN�RI��DQG�UDQNHG�WKHP�LQ�D�OLVW�EDVHG�RQ�LPSRUWDQFH��6HH�WKH�WDEOH

EHORZ�

7DEOH����� %LNH�&ULWHULD

0HWULF
� 0HWULF

,PS�����OHDVW�� �
PRVW� 8QLWV

0DUJLQDO
9DOXH ,GHDO�9DOXH

� 7RWDO�PDVV��SHU�GRFN� � OEV� ��� a��

� 8QLW�PDQXIDFWXULQJ�FRVW � 86' ��� a���SHU�GRFN

� 7LPH�WR�ORFN � VHFRQGV ��� a��

� 7LPH�WR�XQORFN � VHFRQGV ��� a��

� &RUURVLRQ�UHVLVWDQW � VXEM�

� :DWHU�UHVLVWDQW � VXEM�

� /RFN�F\FOHV�XQWLO�IDLOXUH � F\FOHV !������� !���������

� /RFN�EDU�KDUGQHVV � 1�PPA� !��� !����

�
'XUDELOLW\�RI�LQWHUQDO
HOHFWURQLFV � VXEM�

�� /RFN�SXOO�UHVLVWDQFH � WRQV !� !�

�� %LNH�UDFN�LV�YLVXDOO\�DSSHDOLQJ � VXEM�

�� 6SDFH�HIILFLHQF\�RI�UDFN � ELNHV���IWA� ��� �

��

%LNH�UDFN�LV�FDSDEOH�RI�VWRULQJ
PDQ\�GLIIHUHQW�PRGHOV�DQG
IUDPH�VL]HV � <�1 < <

� 0DLQWHQDQFH�FRVW � 86' ����\HDU ���\HDU

�� 7LPH�WR�FRQVWUXFW � +RXUV ���KRXUV ��KRXUV

�� %DFNXS�XQORFNLQJ�PHFKDQLVP � <�1 1 <

�� 7LPH�WR�/HDUQ�WR�XVH � 6HFRQGV ����VHFRQGV ���VHFRQGV

��



:H�ERLOHG�WKH�PRVW�LPSRUWDQW�IHDWXUHV�GRZQ�LQWR�D�IHZ�PDLQ�FDWHJRULHV��7KHVH�ZHUH��(DVH�RI�XVH�

6HFXULW\��'XUDELOLW\��DQG�&RPSDWLELOLW\��(DVH�RI�XVH�LQFOXGHV�WKLQJV�VXFK�DV�EHLQJ�DEOH�WR

XQGHUVWDQG�KRZ�WKH�ELNH�UDFN�IXQFWLRQV�ZLWK�OLWWOH�RU�QR�LQVWUXFWLRQ�DQG�KRZ�TXLFNO\�DQG�HDVLO\�D

XVHU�LV�DEOH�WR�ORFN�DQG�XQORFN�WKHLU�ELNH�RQFH�WKH\�XQGHUVWDQG�KRZ�WR�XVH�WKH�ELNH�UDFN��6HFXULW\

LQFOXGHV�ORFNLQJ�DOO�FRPSRQHQWV�RI�WKH�ELNH��$V�ZDV�PHQWLRQHG�EHIRUH��LW�LV�FRPPRQ�IRU�RQH�RU

WZR�SDUWV�RI�WKH�ELNH�WR�EH�VWROHQ�DQG�WKH�UHVW�OHIW�EHKLQG��,W�ZDV�YHU\�LPSRUWDQW�WR�XV�WR�PDNH

VXUH�WKDW�ZH�ORFNHG�DOO�WKH�FRPSRQHQWV�RI�WKH�ELNH�VHFXUHO\��ZH�EHOLHYHG�WKLV�ZRXOG�JLYH�XV�DQ

HGJH�RYHU�ZKDW�H[LVWV�DOUHDG\�RQ�WKH�PDUNHW��'XUDELOLW\�LV�LPSRUWDQW�IRU�D�IHZ�UHDVRQV��QR�RQH

ZDQWV�WR�LQYHVW�PRQH\�LQWR�VRPHWKLQJ�WKDW�GHJUDGHV�RU�GHSUHFLDWHV�TXLFNO\��3RWHQWLDO�FXVWRPHUV

ZRXOG�EH�RUJDQL]DWLRQV�ORRNLQJ�WR�PDNH�D�ODUJH�LQYHVWPHQW�LQ�LPSURYLQJ�WKH�TXDOLW\�RI

WUDQVSRUWDWLRQ�IRU�WKHLU�HPSOR\HHV�VWXGHQWV��7KHUHIRUH�LW�LV�FULWLFDO�WKDW�WKH\�ZLOO�IHHO�WKDW�WKHLU

LQYHVWPHQW�ZLOO�ODVW�IRU�D�ORQJ�WLPH�DQG�EH�ZRUWK�WKH�LQLWLDO�FRVW��)LQDOO\��FRPSDWLELOLW\�LV�FUXFLDO

WR�WKH�IXQFWLRQDOLW\�RI�WKLV�SURGXFW��,I�XVHUV�DUH�XQDEOH�WR�XVH�WKH�ELNH�UDFN�ZLWK�WKHLU�ELNH�LW�LV

XVHOHVV�WR�WKHP��,W�LV�RI�KLJK�SULRULW\�WR�HQVXUH�WKDW�D�ZLGH�UDQJH�RI�ELF\FOHV�DUH�FRPSDWLEOH�ZLWK

RXU�6PDUW�%LNH�5DFN��(DFK�RI�WKHVH�FDWHJRULHV�EHLQJ�LPSRUWDQW�LQ�WKHLU�RZQ�ULJKW��ZH�PDGH�VXUH

WR�SULRULWL]H�WKHP�LQ�GLIIHUHQW�ZD\V�ZKHQ�JHQHUDWLQJ�RXU�FRQFHSWV��1RZ�WKDW�RXU�SULRULWLHV�ZHUH

PDGH�FOHDU�ZH�FRXOG�JHW�WR�WKH�GUDZLQJ�ERDUG�DQG�EHJLQ�WR�JHQHUDWH�SRWHQWLDO�FRQFHSWV�DQG

VROXWLRQV�

��



�����&KDLQ�'HVLJQ

7KH�ILUVW�GHVLJQ�WKDW�ZH�JHQHUDWHG�LV�FDOOHG�WKH�FKDLQ�GHVLJQ�GXH�WR�WKH�SURPLQHQW�FKDLQV�WKDW

H[WHQG�IURP�HLWKHU�VLGH�RI�WKH�ELNH�UDFN��$�SUHOLPLQDU\�VNHWFK�LV�VKRZQ�EHORZ�LQ�)LJXUH������7KH

)LJXUH����� &KDLQ�'HVLJQ

XVHU�SURFHVV�IRU�WKH�FKDLQ�GHVLJQ�ZRXOG�EH�VRPHWKLQJ�OLNH�WKH�IROORZLQJ��$�XVHU�ZDONV�XS�WR�WKH

ELNH�UDFN��OHDQV�WKHLU�ELNH�DJDLQVW�WKH�VLGH�RI�WKH�IUDPH��WDSV�WKHLU�FDUG�RQ�WKH�5),'�VFDQQHU�WR

UHJLVWHU�WKH�UDFN��WKHQ�ILQDOO\�ZHDYHV�WKH�FKDLQV�WKURXJK�WKH�WLUHV�DV�WKH\�SOHDVH�DQG�WKHQ�SXOOV�WKH

ORFNLQJ�EDU�GRZQ�WKURXJK�WKH�FKDLQV�WR�ORFN�WKH�HQWLUH�V\VWHP��7KH�FKDLQ�GHVLJQ�KDV�D�IHZ�FUXFLDO

ZHDNQHVVHV�WKDW�GLVTXDOLILHG�LW�IURP�EHLQJ�IXUWKHU�GHYHORSHG��7KH�HDVH�RI�XVH�RI�WKH�FKDLQ�GHVLJQ

LV�IDU�WRR�FXPEHUVRPH�WR�EH�SUDFWLFDO�IRU�D�³6PDUW�%LNH�5DFN´��$V�HDVH�RI�XVH�LV�RQH�RI�RXU�WRS

SULRULWLHV�ZH�FRXOG�QRW�MXVWLI\�WKH�H[WUD�GLIILFXOW\�RI�WKH�ORFNLQJ�SURFHVV��7KH�SURFHVV�RI�ORFNLQJ

��



WKH�ELNH�LV�YLUWXDOO\�WKH�VDPH�DV�D�8�ORFN��LI�QRW�PRUH�WHGLRXV��+RZHYHU��WKH�FKDLQ�GHVLJQ�KDV�WKH

EHVW�FRPSDWLELOLW\�RI�DQ\�RI�WKH�GHVLJQV�ZH�JHQHUDWHG��DEOH�WR�ORFN�YLUWXDOO\�DQ\�VKDSH�RU�VL]H�RI

ELF\FOH��(YHQWXDOO\�ZH�GHFLGHG�WKDW�WKH�DHVWKHWLF�RI�WKH�FKDLQV�DQG�WKH�GLIILFXOW\�RI�XVLQJ�WKLV

GHVLJQ�ZHUH�HQRXJK�WR�JLYH�JURXQGV�IRU�PRYLQJ�RQ�EH\RQG�WKLV�GHVLJQ�

�����<�%DU�'HVLJQ

7KH�QH[W�FRQFHSW�WKDW�ZH�JHQHUDWHG�ZDV�GXEEHG�WKH�<�%DU�GHVLJQ�GXH�WR�WKH�<�VKDSHG�ORFNLQJ

EDU�DQG�IUDPH��6HH )LJXUH���� EHORZ�IRU�D�SUHOLPLQDU\ VNHWFK�RI�WKH�<�%DU�'HVLJQ�

)LJXUH����� <�%DU�'HVLJQ

��



7KH�<�%DU�GHVLJQ�LQFRUSRUDWHV�WKH�VDPH�VW\OH�RI�ORFNLQJ�EDU�WKDW�ZDV�IHDWXUHG�LQ�WKH�FKDLQ

GHVLJQ��H[FHSW�KHUH�LW�LV�H[WHQGHG�LQ�D�<�VKDSH�WR�DFFRPPRGDWH�WKH�UHDU�ZKHHO�RI�WKH�ELF\FOH��7KH

UHDU�SRUWLRQ�RI�WKH�ORFNLQJ�EDU�LV�D�WHOHVFRSLQJ�VOLGLQJ�EDU�WKDW�FDQ�EH�ORFNHG�LQWR�GLIIHUHQW

SRVLWLRQV�WR�ILW�GLIIHUHQW�VL]HV�RI�ELF\FOHV��$�XVHU�ORFNLQJ�WKHLU�ELNH�ZLWK�WKLV�ELNH�UDFN�ZRXOG

IROORZ�D�SURFHVV�WKDW�ORRNV�VRPHWKLQJ�OLNH�WKLV��WKH�XVHU�ZDONV�XS�WR�WKH�ELNH�UDFN��DOLJQV�WKHLU

ELNH�ZLWK�WKH�ORFNLQJ�EDU�DQG�ORFNLQJ�SRLQWV��DGMXVWLQJ�WKH�WHOHVFRSLQJ�EDU�LI�QHHG�EH��WDSV�WKHLU

FDUG�DQG�SXOOV�WKH�ORFNLQJ�DUP�GRZQ�LQWR�SRVLWLRQ��:H�IHOW�WKDW�WKH�HDVH�RI�XVH�ZLWK�WKLV�GHVLJQ

ZDV�JUHDWO\�LPSURYHG�RYHU�WKH�&KDLQ�'HVLJQ��EXW�ZHUH�VWLOO�DEOH�WR�LGHQWLI\�VRPH�SUREOHPV�WKDW

KLQGHUHG�WKH�IHDVLELOLW\�RI�WKLV�GHVLJQ��7KH�SURFHVV�RI�PDNLQJ�VXUH�WKDW�HYHU\WKLQJ�LV�DOLJQHG�DQG

WKDW�WKH�SDWK�RI�WKH�ORFNLQJ�EDU�LV�IUHH�RI�VSRNHV�DQG�RWKHU�VPDOO�REVWUXFWLRQV�LV�VWLOO�UDWKHU

DQQR\LQJ�IURP�WKH�SHUVSHFWLYH�RI�D�XVHU��$GGLWLRQDOO\��WKLV�GHVLJQ�LV�UDWKHU�ODUJH��RFFXS\LQJ�D�IDLU

ELW�RI�VSDFH��7KLV�FRXOG�SURYH�WR�EH�D�SRWHQWLDO�SUREOHP�ZKHQ�LPSOHPHQWLQJ�ODUJH�VFDOH�ELNH�UDFN

V\VWHPV��:H�DOVR�GLG�QRW�OLNH�WKDW�WKLV�GHVLJQ�ZDV�YHU\�VLPLODU�WR�ELNHHS¶V�VPDUW�ELNH�UDFN��ZH

LGHDOO\�ZDQWHG�WR�FUHDWH�VRPHWKLQJ�QHZ�DQG�LQQRYDWLYH�WKDW�FRXOG�GLVUXSW�WKH�H[LVWLQJ�PDUNHW�

��



�����7UDFN�'HVLJQ

7KH�QH[W�GHVLJQ�WKDW�ZH�JHQHUDWHG�ZDV�WKH�WUDFN�GHVLJQ��QDPHG�VR�EHFDXVH�RI�WKH�WUDFN�VW\OH�RI

UROOLQJ�D�ELNH�LQ�DQG�RXW�RI�WKLV�ELNH�UDFN��6HH�)LJXUH�����EHORZ�IRU�D�SUHOLPLQDU\�VNHWFK�RI�WKH

7UDFN�'HVLJQ�

)LJXUH����� 7UDFN�'HVLJQ

7KH�WUDFN�GHVLJQ�GLIIHUV�VLJQLILFDQWO\�IURP�RXU�SUHYLRXV�GHVLJQV�DQG�WKH�RWKHU�RSWLRQV�FXUUHQWO\

DYDLODEOH�RQ�WKH�PDUNHW��,W�GRHV�QRW�IHDWXUH�D�ORFNLQJ�EDU�ZKLFK�VZLQJV�GRZQ�WKURXJK�WKH�ELNH�

,QVWHDG�WKH�LGHD�EHKLQG�WKLV�GHVLJQ�LV�WKDW�OLQHDU�DFWXDWRUV�FDQ�EH�SURJUDPPHG�WR�H[WHQG�WKURXJK

HDFK�RI�WKH�WKUHH�FULWLFDO�VHFWLRQV�RI�WKH�ELNH��WKH�IURQW�DQG�UHDU�ZKHHOV�DQG�WKH�IUDPH��7KH

DFWXDWRUV�ZRXOG�H[WHQG�IURP�RQH�VLGH�RI�WKH�IUDPH�RI�WKH�UDFN��WKURXJK�WKH�ELNH�DQG�EDFN�LQWR�WKH

RWKHU�VLGH�RI�WKH�UDFN��7KH�ELJJHVW�VWUHQJWK�RI�WKH�WUDFN�GHVLJQ�LV�WKH�HDVH�RI�XVH�IRU�WKH�HQG�XVHU�

,Q�RUGHU�WR�XVH�WKLV�GHVLJQ��DOO�D�XVHU�ZRXOG�QHHG�WR�GR�LV��ZDON�XS�WR�WKH�ELNH�UDFN��VOLGH�WKHLU

��



ELNH�LQWR�WKH�GHVLJQ��WDS�WKHLU�FDUG��DQG�WKDW¶V�DOO��$IWHU�WKH�XVHU�WDSV�WKHLU�FDUG�RQ�WKH�5),'

VFDQQHU��WKH�ELNH�UDFN�ZRXOG�LQLWLDWH�D�ORFNLQJ�VHTXHQFH�LQ�ZKLFK�DOO�WKUHH�RI�WKH�OLQHDU�DFWXDWRUV

ZRXOG�H[WHQG�WR�ORFN�WKH�ELNH�

����&RQFHSW�6HOHFWLRQ

$W�WKLV�VWDJH�ZH�IHOW�WKDW�ZH�KDG�H[SORUHG�D�ODUJH�UDQJH�RI�LGHDV�DQG�FRQFHSWV�WKDW�ZHUH

SRWHQWLDOO\�YLDEOH�VROXWLRQV��1RZ�ZH�KDG�WR�QDUURZ�WKH�FKRLFHV�GRZQ��UHILQH�RXU�LGHDV��DQG�PRYH

IRUZDUG�ZLWK�WHVWLQJ�DQG�SURWRW\SLQJ��7R�GR�WKLV�WR�WKH�EHVW�RI�RXU�FDSDELOLWLHV��ZH�GHFLGHG�WR

RQFH�DJDLQ�FUHDWH�PHWULFV�E\�ZKLFK�ZH�FRXOG�REMHFWLYHO\�UDQN�RXU�GHVLJQV��6RPH�RI�WKHVH�PHWULFV

DUH�RI�FRXUVH�PRUH�LPSRUWDQW�WKDQ�RWKHUV�DQG�WKDW�ZDV�WDNHQ�LQWR�DFFRXQW�ZKHQ�PDNLQJ�RXU�ILQDO

GHFLVLRQV��6HH�7DEOH���� EHORZ�IRU�WKH�PHWULFV�WKDW ZHUH�XVHG�WR�UDQN�WKH�GHVLJQV�

7DEOH����� &RQFHSW�6HOHFWLRQ�7DEOH

&ULWHULD��VFRUH��������
EHLQJ�RSWLPDO

<�%DU &KDLQ 7UDFN

6LPSOLFLW\ � � �

(DVH�RI�8VH � � �

8VHU�WLPH � � �

0DQXIDFWXUDELOLW\ � � �

'XUDELOLW\ � � �

&RVW � � �

7RWDO�6FRUH �� �� ��

5DQN������ � � �

&RQWLQXH" 1R 1R <HV

��



7KHVH�PHWULFV�ZHUH�FKRVHQ�EDVHG�RQ�WKH�PRVW�LPSRUWDQW�IDFWRUV�WKDW�ZH�LGHQWLILHG�HDUOLHU�LQ�RXU

FULWHULD�VHOHFWLRQ�SURFHVV��6LPSOLFLW\��HDVH�RI�XVH��DQG�XVHU�WLPH�DOO�IDOO�XQGHU�WKH�EURDGHU

FDWHJRU\�RI�WKH�XVHU�H[SHULHQFH��ZKLFK�LV�WKH�PRVW�LPSRUWDQW�IRU�XV�WR�EH�DEOH�WR�GHPRQVWUDWH�LQ

RUGHU�WR�SURYH�WKH�IHDVLELOLW\�RI�RXU�GHVLJQ��'XUDELOLW\�LQFOXGHV�WKLQJV�VXFK�DV�UHVLVWDQFH�WR

ZHDWKHU�DQG�KRZ�ORQJ�RXU�SURGXFW�ZRXOG�EH�DEOH�WR�ODVW�XQGHU�QRUPDO�RSHUDWLQJ�FRQGLWLRQV��7KLV

LV�D�YHU\�LPSRUWDQW�FRQVLGHUDWLRQ�IRU�D�ILQDO�PDUNHW�UHDG\�PDVV�SURGXFWLRQ�SURGXFW��EXW�QRW�DV

LPSRUWDQW�IRU�FRQFHSW�GHPRQVWUDWLRQ�DQG�SURWRW\SLQJ�SXUSRVHV��)LQDOO\�PDQXIDFWXUDELOLW\�DQG

FRVW�DUH�LPSRUWDQW�FRQVLGHUDWLRQV�ZKHQ�WKLQNLQJ�DERXW�D�SRWHQWLDO�EXVLQHVV�PRGHO��DV�LW�LV�YHU\

LPSRUWDQW�WR�EH�DEOH�WR�PDQXIDFWXUH�ODUJH�TXDQWLWLHV�DIIRUGDEO\�WR�RSHUDWH�D�YLDEOH�ELNH�UDFN

EXVLQHVV��$GGLWLRQDOO\��WKHVH�PHWULFV�DUH�DOVR�LPSRUWDQW�LQ�WKH�SURWRW\SLQJ�SURFHVV�DV�LW�LV�PXFK

PRUH�GLIILFXOW�IRU�XV�DV�VWXGHQWV�WR�PDFKLQH�ODUJH�DQG�EXON\�GHVLJQV�WKDQ�VOLPPHU�DQG�PRUH

PDQDJHDEOH�RQHV�

:LWK�DOO�RI�WKHVH�PHWULFV�GHILQHG��ZH�UDQNHG�HDFK�RI�RXU�FRQFHSWV�DFFRUGLQJO\��)URP�WKLV�ZH

ZHUH�DEOH�WR�GHFLGH�WKDW�WKH�WUDFN�GHVLJQ�IHDWXUHG�WKH�EHVW�FRPELQDWLRQ�RI�VWUHQJWKV�DQG

ZHDNQHVVHV�VXLWHG�WR�RXU�JRDOV��,W�KDV�WKH�EHVW�XVHU�H[SHULHQFH��ZLWK�WKH�OHDVW�DPRXQW�RI�ZRUN

UHTXLUHG�E\�WKH�HQG�XVHU��DQG�LWV�PDFKLQLQJ�SURFHVV�ZRXOG�DOVR�QRW�EH�H[FHVVLYHO\�FXPEHUVRPH

IRU�VWXGHQWV�WR�XQGHUWDNH��)RU�WKHVH�UHDVRQV�LW�ZDV�GHFLGHG�WKDW�ZH�ZRXOG�EH�PRYLQJ�IRUZDUG

ZLWK�WKH�WUDFN�GHVLJQ��LQYHVWLQJ�DOO�RI�RXU�IXWXUH�HIIRUWV�LQWR�UHILQLQJ�WKH�GHVLJQ�DQG�FUHDWLQJ

GLIIHUHQW�GHJUHHV�RI�IXQFWLRQDO�SURWRW\SHV�

��



�����&RQFHSW�5HILQHPHQW�DQG�3UHOLPLQDU\�3URWRW\SHV

$IWHU�VHOHFWLQJ�DQG�GHFLGLQJ�WR�PRYH�IRUZDUG�ZLWK�RXU�WUDFN�GHVLJQ��ZH�EHJDQ�WR�VSHQG�RXU�WLPH

IXUWKHU�IOHVKLQJ�RXW�WKH�VPDOO�GHWDLOV�DQG�QXDQFHV�UHTXLUHG�RI�WUDQVLWLRQLQJ�IURP�WKH�FRQFHSWXDO

VWDJH�WR�D�SK\VLFDO�PRGHO��6SHQGLQJ�PRUH�WLPH�GRLQJ�WKLV��ZH�DOUHDG\�GLVFRYHUHG�D�IHZ�LVVXHV

ZKLFK�FRXOG�SURYH�WR�EH�SUREOHPV�LI�OHIW�XQDGGUHVVHG��7KH�ILUVW�WKLQJV�ZH�GHWHUPLQHG�WKDW�QHHGHG

FKDQJLQJ�ZHUH�UDWKHU�VLPSOH�VXFK�DV�WKH�ORFDWLRQ�RI�WKH�FDUG�VFDQQHU��RU�UHDOL]LQJ�ZH�ZRXOG�QHHG

PRUH�VSDFH�WR�KRXVH�WKH�OLQHDU�DFWXDWRUV�DQG�HOHFWURQLFV��%XW�WKHQ�ZH�VRRQ�GLVFRYHUHG�D�IHZ

LVVXHV�ZKLFK�ZRXOG�UHTXLUH�PRUH�FUHDWLYH�VROXWLRQV�

7KHVH�LVVXHV�ZHUH�LGHQWLILHG�DQG�ODEHOHG�DV�VXFK��WKH�SHGDO�SUREOHP��WKH�ELNH�REVWUXFWLRQ

SUREOHP��DQG�WKH�VSRNH�SUREOHP��7KH�SHGDO�SUREOHP�LV�DQ�LVVXH�RI�KRZ�WKH�ELNH¶V�SHGDOV�DUH

JHDUHG�WR�WKH�ZKHHOV��,I�D�ELNH�XVHU�UROOV�D�ELNH�IRUZDUGV�WKH�SHGDOV�UHPDLQ�VWDWLRQDU\��EXW�LI�WKH\

PRYH�WKH�ELNH�EDFNZDUGV�WKH�SHGDOV�ZLOO�EHJLQ�WR�URWDWH��7KLV�ZRUULHG�XV�DV�LW�FRXOG�SUHYHQW�XVHUV

IURP�HDVLO\�UHPRYLQJ�WKHLU�ELNHV�IURP�WKH�ELNH�UDFN��7KH�ELNH�REVWUXFWLRQ�SUREOHP�LV�D�SUREOHP

LQYROYLQJ�WKH�IUDPH�RI�WKH�ELF\FOH��LQFOXGLQJ�WKH�KDQGOHEDUV�DQG�SHGDOV�RI�WKH�ELNH��EHLQJ

SUHYHQWHG�IURP�EHLQJ�SURSHUO\�LQVHUWHG�LQWR�WKH�ELNH�UDFN�GXH�WR�D�SK\VLFDO�REVWUXFWLRQ��7KLV

LVVXH�KDV�D�ODUJH�VFRSH��DQG�ZRXOG�QHHG�WR�EH�UHHYDOXDWHG�ZLWK�DQ\�FKDQJHV�WR�WKH�GLPHQVLRQV�RI

WKH�6PDUW�%LNH�5DFN��7KH�ILUVW�SK\VLFDO�REVWUXFWLRQ�LVVXH�WKDW�ZH�FDPH�DFURVV�ZDV�ZLWK�WKH�SDUW

RI�WKH�IUDPH�RI�WKH�ELNH�UDFN�WKDW�H[WHQGV�XSZDUGV�WR�SURYLGH�D�KRXVLQJ�IRU�WKH�OLQHDU�DFWXDWRU

WKDW�ORFNV�WKH�IUDPH�RI�WKH�ELNH�UDFN�

��



6HH�)LJXUH�����IRU�DQ�LPDJH�RI�WKLV�SLHFH�RI�WKH�IUDPH�

)LJXUH����� 7UDFN�'HVLJQ�,QLWLDO�&RQFHSW

2XU�VROXWLRQ�WR�WKLV�SUREOHP�ZDV�WR�WLOW�WKLV�SLHFH�RI�WKH�IUDPH��WKDW�ZD\�ZH�FRXOG�SURYLGH�D�PXFK

ODUJHU�DPRXQW�RI�FOHDUDQFH�IRU�ELNH�SHGDOV�WR�SDVV�WKURXJK��)LJXUH�����SURYLGHV�DQ�LPDJH�RI�WKH

UHYLVHG�GHVLJQ�

)LJXUH����� 7UDFN�'HVLJQ�5HILQHG�&RQFHSW

$�VLPLODU�SUREOHP�RFFXUUHG�ZLWK�WKH�ORFDWLRQ�RI�WKH�5),'�VFDQQHU��EXW�WKH�VROXWLRQ�ZDV�PXFK

VLPSOHU�DQG�FDQ�DOVR�EH�VHHQ�LQ�)LJXUH�����DQG�����

��



7KH�VSRNH�SUREOHP�LV�WKH�ODVW�RI�WKH�SRWHQWLDOO\�VLJQLILFDQW�LVVXHV�WKDW�ZH�GLVFRYHUHG�DW�WKLV�VWDJH�

,W�LV�WKH�SUREOHP�RI�WKH�OLQHDU�DFWXDWRUV�FRQWDFWLQJ�D�VSRNH�ZKHQ�H[WHQGLQJ�WR�ORFN�WKH�ZKHHOV�

:H�VROYHG�WKLV�SUREOHP�ZLWK�WKH�LPSOHPHQWDWLRQ�RI�WZR�V\VWHPV�WKDW�ZLOO�EH�IXUWKHU�GLVFXVVHG�LQ

&KDSWHUV�����DQG����9HU\�EULHIO\�WKH\�DUH�WKH�DFWXDWRU�DXWRPDWLF�UHWUDFWLRQ�V\VWHP�WR�UHWUDFW�WKH

DFWXDWRUV�LI�WRR�PXFK�IRUFH�ZDV�GHWHFWHG��DQG�WKH�SODVWLF�WLSV�SODFHG�RQ�WKH�DFWXDWRU�URGV�WR

UHGXFH�WKH�OLNHOLKRRG�RI�FRQWDFW�ZLWK�D�VSRNH�

:LWK�WKHVH�SUREOHPV�LGHQWLILHG�DQG�SUHOLPLQDU\�PHDVXUHV�WDNHQ�WR�UHGXFH�WKH�PDJQLWXGH�RI�WKHP�

ZH�PRYHG�RQ�WR�FUHDWLQJ�RXU�ILUVW�SK\VLFDO�SURWRW\SH��:H�GLVFXVVHG�D�IHZ�LGHDV�IRU�ZKDW�WR�EXLOG

RXU�ILUVW�SURWRW\SH�IURP��EXW�GHFLGHG�RQ�IRDP�FRUH�SXUHO\�GXH�WR�WKH�HDVH�RI�FRQVWUXFWLRQ��7KLV

SURWRW\SH�ZRXOG�QRW�KDYH�DQ\�IXQFWLRQDO�SDUWV�DQG�LWV�SXUSRVH�ZRXOG�EH�WR�PHUHO\�VHUYH�DV�D�UHDO

VL]HG�SK\VLFDO�PRGHO�WKDW�FDQ�EH�XVHG�IRU�PHDVXUHPHQWV�DQG�REVWUXFWLRQ�WHVWLQJ��$IWHU�WDNLQJ�D

IHZ�PHDVXUHPHQWV�RQ�VRPH�ROG�ELF\FOHV��ZH�YHU\�URXJKO\�FUHDWHG�GLPHQVLRQV�DQG�SURSRUWLRQV�E\

ZKLFK�WR�FRQVWUXFW�WKLV�SURWRW\SH�

)LJXUH����� )RDP&RUH�3URWRW\SH

��



&KDSWHU����&$'�0RGHOV
�����3UHOLPLQDU\�'HVLJQ

'UDIWLQJ�WKH�ILUVW�&$'�PRGHO�VWDUWHG�E\�DFTXLULQJ�GLPHQVLRQV�QHHGHG�IRU�RXU�UDFN�GHVLJQ��2XU

UDFN�LV�LQWHQGHG�WR�EH�XVHG�E\�PRVW�ELF\FOHV�IRXQG�RQ�WKH�URDG��WKRXJK�SULPDULO\�E\�FRPPXWHUV

ZKR�W\SLFDOO\�XVH�D�FRPPXWHU�ELNH��FUXLVHU��RU�PRXQWDLQ�ELNH�GHVLJQ��7R�DFKLHYH�WKH�FRUUHFW

IXQFWLRQDO�GLPHQVLRQV�WR�DFFRPPRGDWH�PRVW�ELNH�VL]HV��RXU�WHDP�YLVLWHG�D�ORFDO�ELNH�VKRS�WR

REWDLQ�D�PXOWLWXGH�RI�PHDVXUHPHQWV�QHFHVVDU\�IRU���GLIIHUHQW�ELNH�W\SHV�DQG�VL]HV��)LJXUH�����EHVW

LOOXVWUDWHV�WKH�VSHFLILF�PHDVXUHPHQWV�ZH�ZHUH�DFTXLULQJ�DQG�7DEOH�����GLVSOD\V�WKH�UDQJH�RI

PHDVXUHPHQWV�ZH�REWDLQHG�IRU�HDFK�GLPHQVLRQ�

)LJXUH����� %LNH�0HDVXUHPHQWV�'LDJUDP

7DEOH����� %LNH�0HDVXUHPHQW�'DWD

0HDVXUHPHQWV $ % & ' ( ) * + 7RWDO�OHQJWK

0LQLPXP��LQ� ����� ����� ����� ����� ����� ���� ����� ���� �����

0D[LPXP��LQ� ����� ����� ����� ����� ����� ���� ����� ���� �����

$YHUDJH��LQ� ����� ����� ����� ����� ����� ���� ����� ���� �����

��

H 



&UHDWLQJ�WKH�&$'�PRGHOV�RQ�6ROLGZRUNV�ZDV�KHOSIXO�LQ�RUGHU�WR�UHDOL]H�DQ\�SK\VLFDO�LVVXHV�ZLWK

RXU�GHVLJQ��7KH�ILUVW�FKDQJH�WKDW�ZDV�PDGH�IURP�WKH�RULJLQDO�VNHWFKHV�ZDV�WR�DQJOH�WKH�DUPV�WKDW

FRPH�XS�WR�ORFN�WKH�IUDPH��7KLV�ZDV�GRQH�LQ�RUGHU�WR�DOORZ�WKH�SHGDOV�PRUH�URRP�VR�WKDW�WKH\�GR

QRW�LQWHUIHUH�ZLWK�WKH�IUDPH��$QRWKHU�UHDOL]DWLRQ�WKDW�ZDV�PDGH�ZDV�WKDW�WKH�XVHU�ZRXOG�QHHG�WR

EH�DEOH�WR�FRQWLQXH�WR�KROG�WKHLU�ELNH�DV�LW�ORFNV��6LQFH�WKH�WUDFNV�DUH�XQDEOH�WR�EH�WLJKW�RQ�WKH

ZKHHOV�LQ�RUGHU�WR�DFFRPPRGDWH�GLIIHUHQW�VL]HG�ELNHV��7KH�RULJLQDO�GHVLJQ�KDG�WKH�5),'�VFDQQHU

DUHD�WRZDUGV�WKH�EDFN�ZKHHO�RI�WKH�ELNH�ZKLFK�ZRXOG�LQ�SUDFWLFH�PDNH�LW�YHU\�DZNZDUG�WR�XVH

ZLWKRXW�KDYLQJ�WKH�ELNH�WLS�RYHU�DV�\RX�ZDON�RYHU�WR�ORFN�WKH�ELNH��:LWK�WKH�GHVLJQ�VKRZQ�LQ

)LJXUHV�����DQG������WKH�5),'�VFDQQHU�KDV�EHHQ�PRYHG�WR�WKH�IURQW�VLGH�RI�WKH�ELNH�LQ�RUGHU�IRU

WKH�XVHU�WR�KROG�WKH�KDQGOHEDUV�DV�WKH\�ZDON�WKHLU�ELNH�LQWR�WKH�WUDFN��DQG�FRQWLQXH�KROGLQJ�WKH

KDQGOHEDUV�DV�WKH\�WDS�WKHLU�FDUG�LQ�RUGHU�WR�ORFN�WKH�ELNH�LQ�SODFH��$IWHU�FUHDWLQJ�WKH�GHWDLOHG

&$'�GHVLJQV��6ROLGZRUNV�GUDZLQJV�ZHUH�FUHDWHG�DV�ZHOO��)LJXUHV�����DQG������LQ�RUGHU�WR�KDYH

PRUH�WHFKQLFDO�GUDZLQJV�WR�EDVH�WKH�PRFNXS�DQG�ILUVW�SURWRW\SH�RII�RI�

$IWHU�PXFK�GLVFXVVLRQ�RYHU�PDWHULDO�FKRLFH�DQG�WKH�IDEULFDWLRQ�SURFHVV��WKH�SURWRW\SH�ZDV

GHWHUPLQHG�WR�EH�FRQVWUXFWHG�IURP�������$OXPLQXP���7KHUHIRUH��DQ�DGGLWLRQDO�&$'�PRGHO�RI

RXU�SURWRW\SH�GHVLJQ�QHHGHG�WR�EH�FRQVWUXFWHG�DQG�LPSOHPHQWHG�IRU�SK\VLFDO�DVVHPEO\��+RZHYHU�

GXH�WR�LWV�VOHHN�QDWXUH�ZLWK�FXUYHG�HGJHV�DQG�HQFORVHG�VSDFHV��WKH�SUHOLPLQDU\�GHVLJQ�ZLOO�VHUYH

DV�DQ�LGHDOLVWLF�PRGHO�IRU�D�SURGXFWLRQ�PRGHO��7KH�IUDPH�ZLOO�IHDWXUH�ZHOGHG�MRLQWV�DQG�EH

FRQVWUXFWHG�IURP�JDOYDQL]HG�VWHHO�

��



)LJXUH����� &$'�0RGHO���)URQW�9LHZ

)LJXUH����� &$'�0RGHO���5HDU�9LHZ

��



)LJXUH������&$'�0RGHO�'UDZLQJV���)UDPH

)LJXUH����� &$'�0RGHO�'UDZLQJV���6WDQG

��
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�����3URWRW\SH�0RGHO

7KH�&$'�PRGHO�IRU�RXU�SURWRW\SH��FRPSOHWHO\�FRQVWUXFWHG�RI�������PDWHULDOV��LV�GHSLFWHG�LQ

)LJXUH�����EHORZ��7KH�SURWRW\SH�YHUVLRQ�VHHNV�WR�DFFRPSOLVK�WKH�PRVW�VLJQLILFDQW�IHDWXUHV�RI�RXU

6PDUW�%LNH�5DFN�GHVLJQ��1DPHO\��WKH�SURWRW\SH�GHVLJQ�ZLOO�KDYH�D���SRLQW�ORFNLQJ�PHFKDQLVP�

WKH�VDPH�GLPHQVLRQV�DV�WKH�SUHOLPLQDU\�PRGHO��5),'�XVHU�LQWHUIDFH��VDIHW\�IHDWXUHV�IRU

PLWLJDWLQJ�GDPDJH�WR�ELNHV�DQG�KDUP�WR�XVHUV��2Q�WKH�RWKHU�KDQG��VLQFH�WKH�PDWHULDO�DQG

IDEULFDWLRQ�SURFHVV�GLIIHUV�LPPHQVHO\�IURP�WKH�SURGXFWLRQ�PRGHO��WKH�SURWRW\SH�ZLOO�ODFN�LQ

VWUHQJWK�FKDUDFWHULVWLFV�DQG�DOVR�LV�VXVFHSWLEOH�WR�WDPSHULQJ�GXH�WR�WKH�PRGXODU�QDWXUH�RI������

PDWHULDOV��7KH�SULPDU\�JRDO�RI�WKH�SURWRW\SH�PRGHO�LV�WR�VHUYH�DV�D�SURRI�RI�FRQFHSW�RI�WKH�OLVWHG

IHDWXUHV�DERYH��7KHVH�IHDWXUHV��HVSHFLDOO\�WKH���SRLQW�ORFNLQJ�PHFKDQLVP��DUH�WKH�SULPDU\

REMHFWLYHV�RI�ZKDW�ZLOO�PDNH�WKLV�SURGXFW�XQLTXH��FRQYHQLHQW��DQG�PRUH�HIIHFWLYH�WKDQ�DQ\

FRPSHWLWRUV�

)LJXUH����� 3URWRW\SH�0RGHO�RI�6PDUW�%LNH�5DFN

��



�����0DWHULDO�6HOHFWLRQ

:KHQ�GHVLJQLQJ�WKH�SUHOLPLQDU\�PRGHO��RXU�WHDP�VHOHFWHG������VKHHW�VWHHO�DV�WKH�PDWHULDO�WR

FRQVWUXFW�RXU�UDFN��7KLV�PDWHULDO�ZDV�DUELWUDULO\�FKRVHQ�GXH�WR�RXU�IDPLOLDULW\�ZLWK�LWV�VWUHQJWK

SURSHUWLHV��$IWHU�PXFK�GHOLEHUDWLRQ��ZH�UHDOL]HG�WKDW PDFKLQLQJ�DQG�ZHOGLQJ�VKHHW�VWHHO�ZDV

EH\RQG�WKH�VFRSH�RI�RXU�SURMHFW�DQG�FDSDELOLWLHV��HVSHFLDOO\�ZKHUH�WKH�OLPLWLQJ�IDFWRU�ZDV�RXU

EXGJHW��)RU�)($�VWXGLHV��ZH�XVHG������VWHHO��+RZHYHU��ZKHQ�ZH�EHJDQ�GHVLJQLQJ�RXU�SURWRW\SH�

ZH�GHHPHG�������DOXPLQXP��)LJXUH������WR�EH�EHVW�VXLWHG�IRU�RXU�SXUSRVHV�GXH�LWV�JUHDW

PRGXODULW\�DQG�PDFKLQDELOLW\�

)LJXUH����� ������$OXPLQXP

$IWHU�FRPSOHWLRQ�RI�RXU�SURWRW\SH�PRGHO��ZH�UHYLVLWHG�WKH�SUHOLPLQDU\�GHVLJQ�DQG�FODLPHG�LW�DV

RXU�LGHDO�SURGXFWLRQ�PRGHO��8SRQ�IXUWKHU�UHVHDUFK��ZH�KDYH�VHOHFWHG�JDOYDQL]HG�WXEH�VWHHO�DV�WKH

ULJKW�PDWHULDO�IRU�WKH�SURGXFWLRQ�PRGHO�DSSOLFDWLRQ��*DOYDQL]HG�WXEH�VWHHO�LV�FRPPRQO\�XVHG�IRU

SXEOLF�ELNH�UDFNV�GXH�WR�LWV�KLJK�FRUURVLRQ�UHVLVWDQFH�DQG�KLJK�VWUHQJWK��7KH�WXEH�VKDSH�LV�LGHDO

IRU�LQFUHDVLQJ�WKH�PRPHQW�RI�LQHUWLD�IRU�WKH�PDWHULDO�PDNLQJ�LW�KDUGHU�WR�EHQG�DQG�UHVLVWV�DQ\

IRUFHIXO�WDPSHULQJ�ZLWK�RXU�ELNH�UDFN�

��



&KDSWHU����)LQLWH�(OHPHQW�$QDO\VLV�DQG�7KHIW�3URWHFWLRQ

����%LNH�7KHIW

,Q�RUGHU�WR�GHIHQG�DJDLQVW�ELNH�WKLHYHV�LW�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKH�PRGDOLW\�E\�ZKLFK�WKH\

FRPPLW�WKHVH�WKHIWV��0RVW�ELNH�WKLHYHV�DUH�NQRZQ�DV�³RSSRUWXQLVWLF�WKLHYHV´��7KH\�ZLOO�ORRN�IRU

WKH�PRVW�SRRUO\�VHFXUHG�ELNH�WKH\�FDQ�ILQG�DQG�DWWHPSW�WR�VWHDO�WKDW�ELNH�W\SLFDOO\�HYHQ�LI�LW�LV�RI

OHVVHU�YDOXH�WKDQ�DQRWKHU�ELNH��7KLV�KLJKOLJKWV�WKH�IDFW�WKDW�LW�LV�QRW�QHFHVVDU\�WR�GHIHQG�DJDLQVW

DOO�SRVVLEOH�W\SHV�RI�DWWDFNV��EXW�RQO\�QHFHVVDU\�WR�HQVXUH�WKDW�WKH�ELNH�LV�VHFXUH�HQRXJK�WR

GLVVXDGH�SRWHQWLDO�WKLHYHV�IURP�DWWHPSWLQJ�WR�VWHDO�LW�

7KH�FKRLFH�RI�WRRO�IRU�DQ\�JLYHQ�ELNH�WKLHI�YDULHV�GHSHQGLQJ�RQ�WKHLU�H[SHULHQFH�DQG�SUHIHUUHG

YLFWLPV��6RPH�WRROV��VXFK�DV�SRUWDEOH�JULQGHUV�DUH�HVVHQWLDOO\�LPSRVVLEOH�WR�GHIHQG�DJDLQVW�DV

WKH\�FDQ�FXW�WKURXJK�DQ\�IHDVLEO\�DSSOLFDEOH�PHWDO�UHODWLYHO\�TXLFNO\��7KH�WLPH�WR�FXW�WKURXJK�D

PDWHULDO�FDQ�EH�LQFUHDVHG�E\�LQFUHDVLQJ�WKLFNQHVV�DQG�VWUHQJWK�RI�WKH�PDWHULDO��EXW�WKLV�FDQ

W\SLFDOO\�RQO\�DGG�D�IHZ�PLQXWHV�WR�WKH�FXWWLQJ�WLPH��2WKHU�WRROV�VXFK�DV�EROW�FXWWHUV�DQG

KDFNVDZV�FDQ�EH�GHIHQGHG�DJDLQVW�VLPSO\�E\�XVLQJ�D�VWURQJHU�PDWHULDO�OLNH�KDUGHQHG�VWHHO��,Q�DQ

HQYLURQPHQW�VXFK�DV�D�FROOHJH�FDPSXV��ZKLFK�LV�WKH�PDLQ�PDUNHW�IRFXV�IRU�RXU�SURGXFW��LW�ZRXOG

EH�XQOLNHO\�IRU�VRPHRQH�WR�JHW�DZD\�ZLWK�XVLQJ�D�SRUWDEOH�JULQGHU�EHIRUH�EHLQJ�VSRWWHG�DQG

KDYLQJ�WKH�UHOHYDQW�DXWKRULWLHV�DOHUWHG�

��



����&ULWLFDO�6XEV\VWHPV�IRU�)($�$QDO\VLV

)UDPH�$UP

7KH�ILUVW�FULWLFDO�VXEV\VWHP�ZH�KDYH�GHFLGHG�WR�DQDO\]H�DUH�WKH�IUDPH�DUPV�XVHG�IRU�VXSSRUWLQJ

WKH�IUDPH�ORFNLQJ�PHFKDQLVP��GHSLFWHG�LQ�)LJXUH������7KLV�VXEV\VWHP�LV�DWWDFKHG�WR�WKH�RYHUDOO

IUDPH�YLD�ZHOGV�WR�WKH�EDVH�WUDFN��DQG�RQH�RI�WKH�DUPV�LQFOXGHV�D�KRXVLQJ�IRU�WKH�OLQHDU�DFWXDWRU

WKDW�ORFNV�WKH�IUDPH��7KH�DUPV�ZHUH�PRGHOHG�WR�KDYH�WKH�PLGGOH�OHQJWK�RIIVHW�IURP�WKH�ERWWRP

ZHOGHG�SRUWLRQ�DQG�ORFNLQJ�HQG��7KLV�LV�GHWDLOHG�LQ�)LJXUH������ZKHUH�VHYHUDO�EHQGV�LQ�WKH�DUP

DUH�FUHDWHG�WR�DOORZ�IRU�WKLV�RIIVHW��ZKLFK�LV�LQWHQGHG�WR�DOORZ�ELNHV�ZLWK�ODUJH�IRUN�ZLGWKV�WR�ILW

WKURXJK�WKH�WUDFN��'XULQJ�W\SLFDO�XVH��WKHVH�DUPV�DUH�UHVSRQVLEOH�IRU�VXSSRUWLQJ�WKH�ZHLJKW�RI�D

OHDQLQJ�ELNH��DV�ZHOO�DV�WKH�ZHLJKW�RI�RQH�OLQHDU�DFWXDWRU��2ULJLQDOO\��ZH�KDG�GHFLGHG�WR�PDNH�RXU

IUDPH�RXW�RI�VRPH�W\SH�RI�VWHHO��VR�ZH�KDYH�VHOHFWHG�$,6,������VWHHO�IRU�XVH�LQ�WKH�EHQGLQJ

FDOFXODWLRQV�DQG�)($�

'XH�WR�WKH�OHQJWK�RI�WKLV�SDUWLFXODU�VXEV\VWHP��EHQGLQJ�LV�RXU�ELJJHVW�FRQFHUQ��:H�QHHG�WR�PDNH

VXUH�WKDW�VRPHRQH�ZRXOG�QRW�EH�DEOH�WR�EHQG�WKH�DUPV�HQRXJK�WR�WKH�SRLQW�ZKHUH�WKH�DFWXDWRU�LV

UHOHDVHG�DQG�WKH�ELNH¶V�IUDPH�FDQ�EH�WDNHQ�RXW��7KHUHIRUH��RXU�)($¶V�VLPXODWH�WKH�IRUFH�WKDW�D

SHUVRQ�FRXOG�DSSO\�EHWZHHQ�WKH�DUPV�WR�WU\�DQG�EHQG�WKHP�DSDUW��:H�KDYH�FRQGXFWHG�WZR�VHWV�RI

FDOFXODWLRQV�IRU�REVHUYLQJ�WKH�EHQGLQJ�WKH�DUPV�XQGHUJR��7KH�ILUVW�LV�DSSO\LQJ�DQ�DUELWUDU\�IRUFH

ZH�FRQVLGHU�DQ�DYHUDJH�KXPDQ�EHLQJ�FDQ�PD[LPDOO\�DSSO\±�DSSUR[LPDWHO\�����1±�WR�WKH�DUPV�WR

IRUFH�WKHP�DSDUW��7KH�VHFRQG�LV�FRPSXWLQJ�KRZ�PXFK�IRUFH�LV�QHHGHG�WR�GHIOHFW�WKH�DUPV������LQ�

ZKLFK�LV�WKH�GLVSODFHPHQW�QHHGHG�WR�GLVORGJH�WKH�ORFNLQJ�F\OLQGHU�IURP�LWV�SDWK�DQG�SRWHQWLDOO\

XQORFN�WKH�ELNH��,Q�VXPPDU\��ZH�DUH�GHILQLQJ�IDLOXUH�RI�WKLV�VXEV\VWHP�DV�GHIOHFWLRQ�RI�WKH�DUP

E\������LQ��ZKHUH�WKH�ORFNLQJ�PHFKDQLVP�ZRXOG�WKHQ�EH�H[SRVHG�DQG�FRPSURPLVHG�

��



)LJXUH����� 6PDUW�%LNH�5DFN�$UP

&DVH����.QRZQ�$SSOLHG�)RUFH

)LJXUH����� $UP�)UHH�%RG\�'LDJUDP

)LJXUH����� $UP�&URVV�6HFWLRQ
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/HQJWK�RI�$UP ��0RPHQW ��0RPHQW�RI�,QHUWLD ��'LVWDQFH�IURP�1HXWUDO�$[LVԺ Ի Է ա
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)RU�$,6,������6WHHO��(� ��������NVL� �����*3D

�������P� ������PP� �����LQ ���Ɵ ࡦ ԾԺɚ

ɚԳԷ ࡦ

)RU�WKH�NQRZQ�DSSOLHG�IRUFH�RI�����1��WKH�FULWLFDO�SRLQW�REVHUYHG�ZDV�WKH�SRLQW�RI�WKH�DUP

VOLJKWO\�H[SRVHG�RYHU�WKH�HGJH�RI�WKH�WUDFN�RI�ZKLFK�LW�LV�ZHOGHG�WR��7KLV�H[SRVHG�HGJH�LV�VHHQ�DV

D�YXOQHUDEOH�SRLQW�VLQFH�LW�LV�RQH�RI�WKH�IXUWKHVW�SRLQWV�IURP�WKH�DSSOLHG�IRUFH�WKDW�LV�QRW�ZHOGHG

WR�WKH�WUDFN��7KH�PD[�EHQGLQJ�VWUHVV�ZDV�GHWHUPLQHG�WR�EH�������03D��6LQFH�VWHHO�KDV�D�\LHOG

VWUHQJWK�RI�����03D��WKH�IDFWRU�RI�VDIHW\�ZDV�FDOFXODWHG�WR�EH�������LQGLFDWLQJ�WKDW�WKH�DUP�LV�ZHOO

ZLWKLQ�WKH�OLPLWV�RI�LWV�VWUHQJWK�DQG�ZLOO�KDYH�QHJOLJLEOH�SODVWLF�GHIRUPDWLRQ�ZKHQ�D�KXPDQ�SXOOV

RQ�LW�

��



&DVH����.QRZQ�'HIOHFWLRQ��8QNQRZQ�)RUFH�&DOFXODWLRQV

)LJXUH����� $UP�)UHH�%RG\�'LDJUDP

0D[LPXP�WROHUDEOH�GHIOHFWLRQ�įP ������LQ� ������PP

/HQJWK�RI�DUP�/� �������P

)RU�$,6,������6WHHO��(� ��������NVL� �����*3D
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ɚԳԷ ࡦ ɝş ɚɜ�ՕՕ

����Է ࡦ ՊՐɚ

ɘə ࡦ əş ɝɠ ࡢ ɘɗࡠɟ�Օɛ
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ࡦ

7R�GHIOHFW�WKH�DUP�E\������LQ�������PP���D�WKLHI�PXVW�DSSO\�D�IRUFH�RI�����1�RU����OEI��7KLV

LQGLFDWHV�WKDW�D�WKLHI�ZLWK�VOLJKWO\�DERYH�DYHUDJH�OHYHOV�RI�VWUHQJWK�FDQ�SXOO�EDFN�WKH�DUPV�WR

H[SRVH�WKH�ORFNLQJ�PHFKDQLVP��7KLV�UDLVHV�FRQFHUQ�ZLWK�RXU�FXUUHQW�VKHHW�PHWDO�GHVLJQ�

$OWKRXJK�WKH�VWHHO�RI�WKH�DUP�UHPDLQV�LQWDFW�DQG�XQGDPDJHG��WKHIW�PD\�EH�SRVVLEOH��:H�ZLOO

H[SORUH�RSWLRQV�WR�LQFUHDVH�EHQGLQJ�UHVLVWDQFH�DV�ZHOO�DV�VDIHO\�VHFXULQJ�WKH�ORFNLQJ�PHFKDQLVP

URG�LQ�LWV�SDWK�VR�WKDW�LW�FDQQRW�EH�H[SRVHG�LI�WKH�DUPV�DUH�EHQW��2QH�SRVVLEOH�VROXWLRQ�WR�WKLV

SUREOHP�LV�WKH�XVH�RI�VWHHO�WXELQJ�IRU�IUDPH�FRQVWUXFWLRQ��6WHHO�WXELQJ�LV�UHODWLYHO\�LQH[SHQVLYH

��



DQG�WKH�FLUFXODU�FURVV�VHFWLRQ�SURYLGHV�D�PXFK�JUHDWHU�UHVLVWDQFH�WR�EHQGLQJ�WKDQ�VKHHW�VWHHO��$

IUDPH�GHVLJQ�FRPSRVHG�RI�VWHHO�WXELQJ�ZRXOG�EH�PXFK�OHVV�VXVFHSWLEOH�WR�IDLOXUH�LQ�WKLV�PDQQHU�

$FWXDWRU�5RG

$QRWKHU�VXEV\VWHP�ZKLFK�ZH�KDYH�GHHPHG�QHFHVVDU\�WR�DQDO\]H�LV�WKH�OLQHDU�DFWXDWRU�

SDUWLFXODUO\�WKH�URG�ZKLFK�ZLOO�EH�SXVKHG�WKURXJK�WKH�UDFN�LQ�RUGHU�WR�VHFXUH�ERWK�ZKHHOV�DQG�WKH

IUDPH��$V�PHQWLRQHG�EHIRUH��VHFXULW\�LV�RI�WKH�XWPRVW�LPSRUWDQFH��DQG�IRU�VRPHRQH�WR�VWHDO�DQ\

RI�WKH�ELNH�FRPSRQHQWV�WKH\�ZRXOG�PRVW�OLNHO\�KDYH�WR�GDPDJH�WKHVH�DFWXDWRUV��7KH�DFWXDWRUV�ZH

ERXJKW�DUH�PDGH�RXW�RI�DOXPLQXP��DQG�WKH�PDMRULW\�RI�RXU�WHVWV�KDYH�EHHQ�GRQH�WR�FKHFN�LWV

DELOLW\�WR�ZLWKVWDQG�EHQGLQJ�DQG�VKHDULQJ��%HQGLQJ�FRXOG�KDSSHQ�ZKHQ�VRPHRQH�WULHV�WR�SXOO�RQ

WKH�URG�WR�GHIRUP�LW��ZKLOH�VKHDULQJ�ZRXOG�KDSSHQ�LQ�DQ�LQVWDQFH�ZKHUH�VRPHRQH�WULHV�WR�FXW�D

SDUW�RI�WKH�URG��IRU�H[DPSOH��)LJXUH�����EHORZ�GHSLFWV�WKH�DFWXDWRU�XQLW�XVHG��$SDUW�IURP

FKHFNLQJ�IRU�EHQGLQJ�DQG�VKHDULQJ�RI�WKH�DOXPLQXP�URG��ZH�KDYH�DOVR�PDGH�VXUH�WKDW�RQFH�LW

SXVKHV�WKURXJK��WKH�URG�LV�ORFNHG�VHFXUHO\�HQRXJK�VR�WKDW�LW�FDQQRW�EH�SXOOHG�EDFN�KRUL]RQWDOO\�

2XU�RULJLQDO�GHVLJQ�ZDV�WR�XVH�WKH�DFWXDWRU¶V�URG�DV�WKH�PHFKDQLVP�WR�VHFXUH�WKH�ELNH��+DYLQJ

VDLG�WKLV��LI�WKH�FDOFXODWLRQV�UHYHDO�WKDW�LW�FDQQRW�ZLWKVWDQG�FHUWDLQ�ORDGV�ZH�PD\�QHHG�WR�H[SORUH

DGGLWLRQDO�RSWLRQV��IRU�H[DPSOH�XVLQJ�WKH�DFWXDWRU�WR�SXVK�D�VWURQJHU�URG�PDGH�RXW�RI�VRPHWKLQJ

OLNH�VWHHO�

��



)LJXUH����� /LQHDU�$FWXDWRU�XVHG���LQ�

��

I 
Front 

ll 

0.40" r 
Top 

0.72" Side 0.66" 

FA-35-S-12-X 
Stroke Length 1· 2· 3• 4• 6" 9" 12" 18" 24" FA-150-S-12-X 

L1 5.50" 6.50" 7.50" 8.50" 10.50" 13.50" 16.50" 22.50" 28.50" FA-240-S-12-X 



&DOFXODWLRQV
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)LJXUH����� 6KHDU�DQG�%HQGLQJ�'LDJUDPV
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������N1 ����Ϋ Դ� ࡦ

7KHVH�FDOFXODWLRQV�LQGLFDWH�WKDW�D�IRUFH�RI�DERXW����NLORQHZWRQV�ZRXOG�EH�UHTXLUHG�WR�VKHDU�WKH

DFWXDWRU�URG��DQG�D�IRUFH�RI�DERXW���NLORQHZWRQV�ZRXOG�EH�UHTXLUHG�WR�EUHDN�WKH�DFWXDWRU�URG�YLD

��

-fh 
t3 uid , nq vYl oJYVtn J., 

'-38) p (V-~'"' 

-

-



EHQGLQJ��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�URG�RI�WKH�DFWXDWRU�ZKHQ�KRXVHG�ZLOO�EH�VXSSRUWHG�DW�ERWK

HQGV�E\�WKH�ZDOOV�RI�WKH�WUDFN�FKDQQHO�

����6ROLGZRUNV�)LQLWH�(OHPHQW�$QDO\VLV

)RU�WKH�)($�GRQH�RQ�6ROLGZRUNV��ZH�ILUVW�ZDQWHG�WR�YHULI\�WKDW�ZH�FDQ�PDWFK�UHVXOWV�GHWHUPLQHG

E\�RXU�KDQG�FDOFXODWLRQV��7KH�WZR�SDUWV�RI�WKH�UDFN�WKDW�DUH�WKH�PRVW�YXOQHUDEOH�DUH�WKH�DUPV�WKDW

ORFN�WKH�IUDPH�RI�WKH�ELNH��DQG�WKH�DFWXDWRU�URG�LWVHOI��:KHQ�EHJLQQLQJ�ZRUN�RQ�WKH�KDQG

FDOFXODWLRQV��ZH�IRXQG�WKDW�WKH�DGGHG�EHQG�LQ�WKH�DUPV�PDGH�LW�D�ELW�PRUH�FRPSOH[�WR�DQDO\]H�WKH

VWUHVVHV�LQ�WKH�VWHHO��%HFDXVH�RI�WKLV��ZH�ZDQWHG�WR�OHDYH�LW�WR�WKH�6ROLGZRUNV�)($�DQDO\VLV��7R

YHULI\�WKDW�ZH�FRXOG�SURGXFH�KDQG�FDOFXODWLRQV�WKDW�ZHUH�VLPLODU�WR�ZKDW�6ROLGZRUNV�ZRXOG�VKRZ

XV��ZH�FUHDWHG�VLPSOLILHG�YHUVLRQV�RI�WKH�DUPV�LQ�RUGHU�WR�DQDO\]H�WKH�ZD\�ZH¶YH�OHDUQHG�LQ

SUHYLRXV�FODVVHV��)LJXUH�������:KHQ�UXQQLQJ�WKH�6ROLGZRUNV�)($�RQ�WKH�VLPSOLILHG�VXEV\VWHPV

DV�VHHQ�LQ�WKH�ILJXUHV�EHORZ��ZH�ZHUH�DEOH�WR�REWDLQ�UHVXOWV�WKDW�ZHUH�FORVH�HQRXJK�WR�RXU�KDQG

FDOFXODWLRQV�WKDW�ZH�FRXOG�EH�FRQILGHQW�ZKHQ�UXQQLQJ�WKH�PRUH�FRPSOH[�)($�ZLWK�6ROLGZRUNV�

2QFH�ZH�IHOW�FRQILGHQW�ZLWK�RXU�UHVXOWV�DIWHU�FRPSDULQJ�WKH�KDQG�FDOFXODWLRQV�DQG�WKH�6ROLGZRUNV

)($��ZH�UDQ�WKH�)($�RQ�WKH�IXOO�FRPSOH[�PRGHO�ZLWK�WKH�DGGHG�EHQGV��7KH�IRUFHV�ZH�DGGHG

ZHUH�RQ�ERWK�DUPV��SXVKLQJ�WKHP�RXW�IURP�WKH�WUDFN�ZLWK����1�RQ�HDFK�VLGH��$V�VHHQ�LQ�WKH

)LJXUH�����EHORZ��WKH�PDMRULW\�RI�WKH�VWUHVV�LV�RQ�WKH�ORZHUPRVW�EHQG�LQ�WKH�DUPV�DQG�RQ�DYHUDJH

LV�DERXW������03D�

��



)LJXUH����� 6LPSOLILHG�)($�0RGHOV

)LJXUH����� )XOO�0RGHO�)($

��

von M,m (N/m"2) 

1,290, +08 

l,162t•08 

1.034, •08 

9.057, +07 

7.776,+07 

6.495,+07 

5.113,+07 

3.932,+07 

2.651,+07 

1.370,.07 

e.e11,.os 

-+ Yitld stungth: 5,700.+07 

von Mlm (Nfm•l) 

4.730.•07 

4.257e•07 

3.784t•07 

)311t•07 

2.838c+07 

2.365c+07 

l.892e•07 

1.Alll .. 07 

ll.4o0t•06 

4730.•06 

1.m,.02 

-Yttld stJ'tngth: J.516t•08 

von Misu (N/m"1) 

l.679t ♦07 

3.316,+07 

1.953,+07 

2.590c •07 

2.227, +07 

1 .864e +07 

1.501e+07 

1.138e+07 

7.747e+06 

4.116e+06 

4.851 e +05 

-+ Yield strength: 3.516, +08 



����$QDO\VLV

)RU�WKH�ORFNLQJ�DUPV��WKH�)($�DQG�KDQG�FDOFXODWLRQV�FRPSOHPHQWHG�HDFK�RWKHU�ZHOO��$W�RXU

GHWHUPLQHG�FULWLFDO�SRLQW��WKH�EHQGLQJ�VWUHVV�ZDV�������03D��)RU�WKH�)($�RQ�WKH�VLPSOLILHG

PRGHO�WKH�PD[LPXP�VWUHVV�ZDV�IRXQG�WR�EH������03D��WKH�IXOO�PRGHO�)($�KDG�D�PD[�VWUHVV�RI

�����03D��EXW�WKDW�VWUHVV�ZDV�GLVWULEXWHG�RQWR�WKH�WUDFN�ZDOOV�DV�ZHOO��,Q�JHQHUDO��WKH�VWUHVV�YDOXHV

IURP�DQDO\VLV�DQG�FDOFXODWLRQV�ZHUH�LQ�WKH�VDPH�EDOOSDUN�DQG�RI�WKH�VDPH�PDJQLWXGH��DQG�DOO

ZHUH�ORZHU�WKDQ�WKH�PDWHULDO¶V�\LHOG�VWUHQJWK��+RZHYHU��WKH�GHIOHFWLRQ�LV�VLJQLILFDQW�HQRXJK�WR

DOORZ�WKHIW�RU�GDPDJH�RI�WKH�ORFNLQJ�PHFKDQLVP�

%DVHG�RQ�WKH�UHVXOWV�RI�WKHVH�FDOFXODWLRQV��ZH�GHWHUPLQHG�WKDW�WKH�DFWXDWRU�URG�LV�PRUH

VXVFHSWLEOH�WR�EUHDNLQJ�IURP�D�EHQGLQJ�IRUFH�WKDQ�D�VKHDU�IRUFH��7KLV�LV�DFFHSWDEOH�DV�WKH�RQH�RI

WKH�PRVW�FRPPRQ�WKLHI�WRROV�LV�WKH�EROW�FXWWHU��ZKLFK�SURGXFHV�D�VKHDU�IRUFH��7KLHYHV��LQ�JHQHUDO�

DUH�PXFK�OHVV�FDSDEOH�RI�SURGXFLQJ�EHQGLQJ�IRUFHV�WKDQ�WKH\�DUH�RI�SURGXFLQJ�VKHDU�IRUFHV� $

W\SLFDO�EROW�FXWWHU�LV�FDSDEOH�RI�H[HUWLQJ�DERXW����NLORQHZWRQV�RI�VKHDU�IRUFH��WKLV�ZRXOG�JLYH�D

IDFWRU�RI�VDIHW\�RI�DERXW���

��



&KDSWHU����0DQXIDFWXULQJ�3URFHVVHV

����0HWDO�)DEULFDWLRQ

7KH�ILUVW�SDUW�RI�RXU�PHWDO�IDEULFDWLRQ�VWDUWHG�ZLWK�WKH�FRPSOHWLRQ�RI�RXU�SURWRW\SH�&$'�PRGHO�

7KH�SURWRW\SH�ZDV�FUHDWHG�XVLQJ�D�VSHFLILF�������6ROLGZRUNV�WRROER[�WKDW�DOORZHG�XV�WR�REWDLQ

WKH�GLPHQVLRQV�DQG�FRPSRQHQWV�IURP�RXU�PRGHO�DQG�H[SRUW WKHP�WR�D�VKRSSLQJ�FDUW�RQ������¶V

ZHEVLWH��)URP�WKHUH��ZH�RUGHUHG�DOO�RI�RXU�������FRPSRQHQWV�FXW�WR�VSHFLILFDWLRQV��:KHQ�WKH

VKLSPHQW�DUULYHG��RXU�WHDP�DVVHPEOHG�WKH�HQWLUH�UDFN�E\�KDQG�XVLQJ�DOOHQ�ZUHQFKHV�LQ�D�VSDQ�RI��

KRXUV��7KH�EDUH�UDFN�DVVHPEO\�LV�GHSLFWHG�LQ�)LJXUH�����EHORZ�

)LJXUH����� &RPSOHWH�%LNH�5DFN�$VVHPEO\�)UDPH

)XUWKHU�PDFKLQLQJ�ZDV�FRQGXFWHG�RQ�WKH�������UDLOV�WR�PRXQW�RXU�OLQHDU�DFWXDWRUV�IRU�RXU�ORFNLQJ

V\VWHP��2Q�WKH�VLGH�RI�WKH�UDFN�ZKHUH�WKH�OLQHDU�DFWXDWRUV�ZHUH�PRXQWHG��WKH�UDLOV�ZHUH�PLOOHG

ZLWK�WKURXJK�KROHV�DW�WKH�H[DFW�ORFDWLRQ�ZKHUH�WKH�DFWXDWRU�SLVWRQV�ZRXOG�SURWUXGH�IURP��2Q�WKH

RWKHU�VLGH�RI�WKH�UDFN��ZKHUH�WKH�SLVWRQV�ZRXOG�VHFXUH�DW�WKH�HQG�RI�WKHLU�ORFNLQJ�F\FOH��WKH�UDLOV

��



ZHUH�PLOOHG�WR�KDYH�KROHV�RI�WKH�VDPH�GLDPHWHU�EXW�RQO\�����´�RI�GHSWK�VR�WKDW�WKH�SLVWRQV�FRXOG

QRW�EH�WDPSHUHG�ZLWK�ZKLOH�WKH\�ZHUH�UHVWLQJ�LQ�WKHLU�ORFNHG�SRVLWLRQ�

)LJXUH����� /LQHDU�$FWXDWRU�5DLOV�7KURXJK�+ROH

)LJXUH����� /RFNLQJ�+ROH�IRU�3LVWRQV

����3ODVWLF�&RPSRQHQWV�)DEULFDWLRQ

7KH�OLQHDU�DFWXDWRUV�DUH�EXLOW�ZLWK�F\OLQGULFDO�SLVWRQV�WKDW�SURWUXGH�IURP�WKH�DFWXDWRUV�XVLQJ�D

VFUHZ�GULYHQ�PHFKDQLVP��7KH�KHDG�RI�WKH�SLVWRQV�KDYH�D�IODW HGJH�RI������LQFK�GLDPHWHU��7KHVH

IODW�VXUIDFHV�DUH�SURQH�WR�FDXVH�FDWDVWURSKLF�GDPDJH�WR�ELF\FOH�ZKHHOV�RU�RWKHU�IRUHLJQ�REMHFWV�LQ

WKHLU�SDWK�ZLWKRXW�DQ\�VDIHW\�IHDWXUHV��0RUHRYHU��WKH�IODW�HGJHV�DUH�OLNHO\�WR�MXVW�SXVK�WKH

REVWUXFWLRQV�LQ�IURQW�RI�WKHP�DORQJ�WKHLU�D[LV�RI�PRWLRQ��7R�PLWLJDWH�DQ\�HIIHFWV�RI WKHVH�QRUPDO

IRUFHV�RQ�ELF\FOH�ZKHHO�VSRNHV�DQG�RWKHU�REMHFWV��ZH�LWHUDWHG�RQ�PXOWLSOH�GHVLJQV�IRU�WLSV�WKDW

��



ZHUH�DQJOHG�DQG�QRW�IODW�VR�WKDW�WKH\�FDQ�SXVK�REMHFWV�WR�WKH�VLGH�ZKHQ�WKH\�UXQ�LQWR�WKHVH

REVWDFOHV��UDWKHU�WKDQ�SXVK�WKHP�IRUZDUG�DORQJ�WKHLU SDWK��7KH�EHVW�WLS�GHVLJQ�RXU�WHDP�FRPSRVHG

ZDV�D�FRQH�VKDSHG�WLS��)LJXUH��������7KH�FRQH�ZDV�GHVLJQHG�RQ�6ROLGZRUNV�DQG�LW�ZDV

GLPHQVLRQHG�ZLWK�D������LQFK�GLDPHWHU�DW�WKH�EDVH�DQG�DQJOHG�DW������$IWHU�WKH�&$'�PRGHO�ZDV

FRPSOHWHG��WKH�PRGHO�ZDV���'�SULQWHG�XVLQJ�3(7*�ILODPHQW�DQG�WKH�WLS�ZDV�IXUWKHU�ILOHG�GRZQ�WR

UHGXFH�LWV�SRLQW�

)LJXUH����� ��'�3ULQWHG�&RQH�7LS

$GGLWLRQDOO\��ZH�IDEULFDWHG�D�WUDQVSDUHQW�DFU\OLF�KRXVLQJ�IRU�RXU�HOHFWURQLFV�FRPSRQHQWV��7KH

SXUSRVH�RI�WKLV�KRXVLQJ�ZDV�QRW�QHDUO\�DV�PHFKDQLFDO�DV�LW�ZDV�DHVWKHWLF�DV�LW�VHUYHG�WR�KROG�RXU

HOHFWURQLF�FRQWUROOHUV�DQG�GLVSOD\�WKH�FRPSOH[LW\�RI�WKH�ZLULQJV��7R�FRQVWUXFW�WKH�ER[��ZH

GHVLJQHG�WKH���SDQHOV�RI�WKH�ER[�XVLQJ�D���'�PRGHOLQJ�VRIWZDUH�DQG�FXW�WKH�SDQHOV�IURP�D

ZRUNSLHFH�XVLQJ�D�ODVHU�FXWWHU��7KH�SDQHOV�ZHUH�WKHQ�FRQMRLQHG�WRJHWKHU�WKURXJK�D�SURFHVV

XWLOL]LQJ�DFU\OLF�FHPHQW�WR�FKHPLFDOO\�ERXQG�WKH�MRLQWV�IRU�D�VWXUG\�ILQLVK��)LJXUH�����GHSLFWV�WKH

DFU\OLF�KRXVLQJ�GXULQJ�LWV�RSHUDWLRQ�

��



)LJXUH����� (OHFWURQLFV�+RXVLQJ

�����2YHUDOO�$VVHPEO\

:LWK�WKH�PDLQ�UDFN�VWUXFWXUH�DVVHPEOHG�DQG�WKH�DGGLWLRQDO�SODVWLF�FRPSRQHQWV�IDEULFDWHG��WKH

UHPDLQLQJ�WDVN�ZDV�WR�FRQVWUXFW�DOO�WKHVH�SDUWV�LQWR D�ILQDO�SURWRW\SH�SURGXFW��7KH�OLQHDU�DFWXDWRUV

ZH�RUGHUHG�ZHUH�WKH�µ&ODVVLF�5RG�/LQHDU�$FWXDWRUV¶��0RGHO���)$����6�������PDQXIDFWXUHG�E\

)LUJHOOL�$XWRPDWLRQV��7KHVH�DFWXDWRUV�ZHUH�WKHQ�EROWHG�DW�WKHLU�GHVLJQDWHG�ORFDWLRQV�VHHQ�LQ

)LJXUH�����7KLV�SURFHVV�UHTXLUHG�WULDO�DQG�HUURU�E\�SODFLQJ�VSDFHUV�EHWZHHQ�ZKHUH�WKH�DFWXDWRUV

ZHUH�PRXQWHG�VR�WKDW�WKHLU�SLVWRQV�FDQ�SURWUXGH�FOHDQO\�WKURXJK�WKHLU�KROHV�ZLWKRXW�DQ\

DGGLWLRQDO�IULFWLRQ��0RUHRYHU��WKH�HOHFWURQLFV�ZHUH�WUDQVIHUUHG�WR�WKH�DFU\OLF�KRXVLQJ��ZKLFK

UHTXLUHG�GHOLFDWH�PDQHXYHUV�LQ�RUGHU�WR�QRW�XQSOXJ�DQ\�RI�WKH�ZLUHV�IURP�WKH�FRQWUROOHUV�RU

EUHDGERDUG��7KH�HOHFWURQLFV�KRXVLQJ�ZDV�WKHQ�PRXQWHG�DGMDFHQW�WR�WKH�WRS�DFWXDWRU��ZKLFK�ZDV

WKH�FHQWUDO�PRVW�ORFDWLRQ�RI�WKH�ELNH�UDFN�DQG�DOORZHG�IRU�HDV\�DFFHVV�WR�WKH�5),'�VFDQQHU

�)LJXUH�������3ODVWLF�VODWV�IURP�������ZHUH�FXW�WR�OHQJWK�DQG�SODFHG�LQ�DQ\�H[SRVHG�ORFDWLRQV�RI

WKH�������UDLOV�WR�FUHDWH�D�FOHDQ�ORRN�IRU�WKH�SURWRW\SH��7KH�ILQLVKHG�SURWRW\SH�SURGXFW�LV�GHWDLOHG

LQ�)LJXUH�����

��



)LJXUH����� /LQHDU�$FWXDWRU�/RFDWLRQV

)LJXUH�����0RXQWHG�(OHFWURQLFV�+RXVLQJ )LJXUH ���� )LQDOL]HG�3URWRW\SH�$VVHPEO\

��



&KDSWHU����(OHFWURQLFV�	�6RIWZDUH

0RYLQJ�WR�WKH�HOHFWURQLFV��WKHUH�ZHUH�FHUWDLQ�UHTXLUHPHQWV�WKDW�ZH�NQHZ�KDG�WR�EH�PHW��VXFK�DV�

�� &RQWUROOLQJ�DQG�SRZHULQJ�WKH�DFWXDWRUV

�� 5),'�XVDELOLW\

�� 8SSHU�DFWXDWRU�NLOO�VZLWFK�IRU�QRQ�LGHDO�ELNHV

�� 6DIH�UHWUDFWDELOLW\�IHDWXUHV

)RU�WKH�SURWRW\SH��ZH�ZHUH�FRPIRUWDEOH�PRYLQJ�IRUZDUG�ZLWK�XVLQJ�DQ�$UGXLQR�5HG%RDUG�WR�DFW

DV�WKH�PDLQ�FRPSXWHU�EHKLQG�DOO�RI�WKH�QHHGHG�IHDWXUHV��)LUVWO\��ZH�ZDQWHG�D�VLPSOH�SURRI�RI

FRQFHSW�IRU�WKH�HOHFWURQLFV�ZKHUH�ZH¶G�EH�DEOH�WR�SUHVV�D�EXWWRQ�DQG�KDYH���DFWXDWRU�H[WHQG�DQG

UHWUDFW��7KHVH�DFWXDWRUV��)LUJHOOL�0RGHO��)$����6�������HDFK�UHTXLUH������9��DQG�FDQ�GUDZ�XS�WR

�$��$Q�DUGXLQR�LV�QRW�FDSDEOH�RI�GLUHFWO\�SRZHULQJ�D�GHYLFH�RI�WKDW�SRZHU��VR�PRWRU�GULYHUV�ZHUH

UHTXLUHG��$�PRWRU�GULYHU�LV�D�VLPSOH�FRQFHSW��LW�WDNHV�LQ�D�ORZHU�SRZHU�VLJQDO�IURP�WKH�$UGXLQR�

DQG�LV�DEOH�WR�WKHQ�GLUHFW�WKH�IXOO�SRZHU�VRXUFH�WR�WKH�PRWRU�GULYHUV��3DUW���%76�������7KLV

DOORZV�IRU�WKH���9�SRZHU�VXSSO\�WR�SRZHU�WKH�DFWXDWRUV�ZLWKRXW�KDYLQJ�WKH�FXUUHQW�PRYH�WKURXJK

WKH�$UGXLQR�ERDUG��ZKLFK�ZRXOG�GHVWUR\�WKH�$UGXLQR���2QFH�WKHUH�ZDV�D�VXFFHVVIXO�WHVW�RI

FRQWUROOLQJ�RQH�DFWXDWRU�ZLWK�D�EXWWRQ�DQG�WKH�$UXGXLQR��WKH�QH[W�VWHS�ZDV�WR�UHSODFH�WKH�EXWWRQ

ZLWK�WKH�5),'�LQWHUIDFH��6SDUN)XQ�.,7���������8VLQJ�WKH�5),'�VFDQQHU�HQGHG�XS�EHLQJ�UDWKHU

VWUDLJKWIRUZDUG�DQG�WKH�EXWWRQ�ZDV�HDVLO\�UHSODFHG�ZLWK�WKH�VFDQQHU�

��



7KH�QH[W�IRFXV�ZDV�GHFLGLQJ�RQ�KRZ�ZH�ZDQWHG�WR�FRQWURO�DQG�SRZHU�WKH�WZR�UHPDLQLQJ

DFWXDWRUV��:KHQ�ZH�ILUVW�VWDUWHG�ZRUNLQJ�RQ�WKLV�SURMHFW�ZH�DVVXPHG�WKDW�HDFK�PRWRU�ZRXOG�EH

LQGHSHQGHQWO\�FRQWUROOHG��DOORZLQJ�IRU�WKH�PRVW�IOH[LELOLW\��ZKDW�ZH�VRRQ�UHDOL]HG�LV�WKDW�LW�ZRXOG

EH�XQQHFHVVDU\�DQG�RYHUO\�FRPSOLFDWHG�WR�FRQWURO�HDFK�DFWXDWRU�RQ�LWV�RZQ��7KHUH�DUH�WZR�PDLQ

SDUWV�RI�WKH�ORFNLQJ�PHFKDQLVP�IRU�WKH�ELNH�UDFN��WKH�IUDPH��DQG�WKH�ZKHHOV��$W�ILUVW��RXU�HDVLHVW

RSWLRQ�ZDV�WR�MXVW�LQFUHDVH�WKH�FXUUHQW�IURP�WKH�SRZHU�VXSSO\��DQG�FRQQHFW�DOO���DFWXDWRUV�LQ

SDUDOOHO�ZLWK�D�PDQXDO�NLOO�VZLWFK�IRU�WKH�IUDPH�ORFNLQJ�DFWXDWRU��7KH�SUREOHP�WKDW�DURVH�KHUH

ZDV�WKDW�WKLV�ZRXOG�FDXVH�FKDQJHV�RQ�WKH�RYHUDOO�FXUUHQW�IORZ�GHSHQGLQJ�RQ�LI�WKH�IUDPH�DFWXDWRU

ZDV�WXUQHG�RQ�RU�RII��7KLV�OHIW�XV�ZLWK�WKH�RSWLRQ�ZH�GHFLGHG�WR�PRYH�IRUZDUG�ZLWK��KDYLQJ�WKH

ORZHU�WZR�DFWXDWRUV�FRQWUROOHG�WRJHWKHU�LQ�SDUDOOHO��DQG�KDYLQJ�WKH�IUDPH�DFWXDWRU�FRQWUROOHG�RQ

LWV�RZQ�ZLWK�D�PDQXDO�NLOO�VZLWFK��7KH�PDQXDO�NLOO�VZLWFK�EHFRPHV�LPSRUWDQW�LQ�WKH�VFHQDULR�WKDW

WKH�XVHU�KDV�D�ELNH�WKDW�KDV�D�ODUJH�EDWWHU\�LQ�WKH�IUDPH�RU�DQ\�RWKHU�REMHFW�ZKHUH�WKH�DFWXDWRU

ZRXOG�QRW�EH�DEOH�WR�SDVV�WKURXJK��,Q�WKLV�VLWXDWLRQ��WKH�XVHU�ZRXOG�IOLS�WKH�VZLWFK�DOORZLQJ�RQO\

WKHLU�WZR�ZKHHOV�WR�EH�ORFNHG�LQVWHDG�RI�DOO�WKUHH�SRLQWV�

8VHU�VDIHW\�KDV�EHHQ�WKH�WRS�SULRULW\�IRU�WKH�ELNH�UDFN��:H�NQRZ�WKDW�ZKHQHYHU�WKHUH�DUH�PRWRU

GULYHQ�DFWXDWRUV�LQYROYHG��LW�LV�LPSRUWDQW�WR�DVVXPH�WKDW�WKH�XVHU�FRXOG�HQG�XS�ZLWK�WKHLU�KDQG�LQ

WKH�SDWK��:KHQ�ZH�ILUVW�VWDUWHG�ORRNLQJ�LQWR�WKLV�LVVXH��ZH�WKRXJKW�WKH�EHVW�RSWLRQ�ZRXOG�EH�WR

HLWKHU�KDYH�D�EXWWRQ�RQ�WKH�HQG�RI�WKH�DFWXDWRU�URG��RU�KDYH�DQ�LQIUDUHG�VHQVRU�RQ�HLWKHU�HQG�RI�WKH

SDWK�VLPLODU�WR�D�JDUDJH�GRRU��:KLOH�WKHVH�LGHDV�VHHPHG�IHDVLEOH��ZH�TXLFNO\�UHDOL]HG�WKDW�WKHUH

ZHUH�VPDOO�LVVXHV�WKDW�ZRXOG�PDNH�LW�PXFK�PRUH�GLIILFXOW��)RU�WKH�LGHD�RI�KDYLQJ�WKH�EXWWRQ�RQ

WKH�HQG�RI�WKH�URG��ZH�ZHUH�QRW�DEOH�WR�GHYLVH�D�ZD\�WR�PDQDJH�WKH�ZLUHV�IURP�WKH�EXWWRQ�GXH�WR

WKH�IDFW�WKDW�WKH�URG�ZRXOG�QHHG�WR�EH�DEOH�WR�PRYH�LQ�DQG�RXW�RI�WKH�DFWXDWRU�ERG\�ZLWK�OLWWOH�WR

��



QR�FOHDUDQFH��)RU�WKH�LQIUDUHG�VHQVRU�DSSURDFK��ZH�UHDOL]HG�WKDW�GXH�WR�WKH�IDFW�WKDW�WKH�OLJKW

ZRXOG�QRW�EH�FRPLQJ�GLUHFWO\�RXW�RI�WKH�HQG�RI�WKH�DFWXDWRU�URG��LW�ZRXOG�EH�GLIILFXOW�WR�KDYH�WKH

URG�QRW�EH�WULJJHUHG�E\�QHDUE\�ELNH�VSRNHV�ZKLFK�PD\�QRW�KDYH�EHHQ�GLUHFWO\�LQ�WKH�SDWK�RI�WKH

URG�

$IWHU�H[SHULPHQWLQJ�ZLWK�ZDWFKLQJ�WKH�FXUUHQW�GUDZ�IURP�WKH�DFWXDWRUV��ZH�UHDOL]HG�WKDW�WKH

FXUUHQW�VLJQLILFDQWO\�LQFUHDVHV�ZKHQ�D�IRUFH�LV�DFWLQJ�RQ�WKH�URG��7KLV�JDYH�XV�WKH�LGHD�WKDW�ZH

FRXOG�XVH�D�FXUUHQW�VHQVRU�WR�GHWHFW�ZKHQ�WKH�DFWXDWRUV�DUH�KLWWLQJ�DQ�REVWDFOH��$IWHU�RUGHULQJ�WZR

FXUUHQW�VHQVRUV��6SDUN)XQ�6(1���������RQH�IRU�WKH�ZKHHO�DFWXDWRUV�DQG�RQH�IRU�WKH�IUDPH

DFWXDWRU���ZH�VXFFHVVIXOO\�ZHUH�DEOH�WR�DXWRPDWLFDOO\�UHWUDFW�WKH�DFWXDWRUV�LI�DQ\�REVWDFOH�ZDV�KLW�

:H�DOVR�DGMXVWHG�WKH�VHQVLWLYLW\�RI�WKH�FXUUHQW�VHQVRUV�WR�DOORZ�IRU�VPDOO�LPSDFWV�ZLWK�WKH�ZKHHOV

LQ�FDVH�WKH\�MXVW�QHHGHG�WR�EH�URWDWHG�E\�WKH�DFWXDWRU�URG�EHIRUH�ORFNLQJ��:KHQ�DGGLQJ�LQ�WKH

FXUUHQW�VHQVRUV��ZH�FDPH�LQWR�DQ�LVVXH�ZKHUH�WKH�$UGXLQR�VHHPHG�WR�KDYH�WURXEOH�ZLWK

PRQLWRULQJ�WKH�5),'�UHDGHU�DQG�WKH�FXUUHQW�VHQVRUV�LQ�SDUDOOHO��'XH�WR�WKH�IDFW�WKDW�ZH�ZHUH

JHWWLQJ�WR�WKH�GHDGOLQH�IRU�WKLV�SURMHFW�DQG�ZHUH�XQDEOH�WR�JHW�WKLV�ILJXUHG�RXW��ZH�GHFLGHG�WR�DGG

D�VHFRQG�$UGXLQR��DQ�$UGXLQR�0HJD���WKDW�ZRXOG�EH�HQWLUHO\�IRU�ZDWFKLQJ�WKH�FXUUHQW�VHQVRUV�

:KHQ�WKH�$UGXLQR�0HJD�VDZ�WKDW�WKH�FXUUHQW�VHQVRUV�KLW�WKH�OLPLW�WR�WULJJHU�UHWUDFWLRQ��LW�ZRXOG

VHQG�D�VLPSOH�VLJQDO�WR�WKH�$UGXLQR�5HG%RDUG�ZKLFK�ZRXOG�UHWUDFW�WKH�DFWXDWRUV��$OO�RI�WKLV�FDQ

EH�VHHQ�LQ�WKH�FLUFXLW�GLDJUDP�LQ�)LJXUH������$V�IRU�WKH�$UGXLQR�FRGH�LWVHOI��WKHUH�DUH�WZR�VFULSWV

WKDW�ZHUH�ZULWWHQ��2QH�IRU�WKH�$UGXLQR�5HG%RDUG��DQG�WKH�RWKHU�IRU�WKH�$UGXLQR�0HJD��%RWK

VFULSWV�FDQ�EH�VHHQ�LQ�$SSHQGL[��'�

��



7KH�$UGXLQR�VRIWZDUH�WKDW�ZDV�FRGHG�DOORZV�IRU�D�XVHU�WR�WDS�RQH�RI�WKH�WZR�5),'�FDUGV

�6SDUN)XQ�.,7��������DJDLQVW�WKH�GHYLFH�WR�ORFN�WKH�ELNH�UDFN��7KH�ELNH�UDFN�WKHQ�ZLOO�ORFN�WKH

ELNH�ZLWK�WKH�WKUHH�DFWXDWRUV�DQG�ZLOO�UHWUDFW�LI�DQ\�REVWDFOHV�DUH�KLW��:KHQ�WKH�XVHU�ZRXOG�OLNH�WR

XQORFN�WKHLU�ELNH��WKH\�PXVW�WDS�ZLWK�WKH�VDPH�FDUG�WKDW�WKH\�XVHG�WR�ORFN�WKH�ELNH��6KRZLQJ�WKDW

RXU�UDFN�ZLOO�RQO\�XQORFN�ZLWK�WKH�VDPH�FDUG�WKDW�ORFNHG�WKH�ELNH�LQ�WKH�ILUVW�SODFH�

)LJXUH����� &LUFXLW�'LDJUDP

��

FA-35-5-12-1 

FA-35-5-12-1 
FA-35-S-12-1 

linear Actuator 
Linear Actuator 

Linear Actuator 

+ -
+ - + -

} 
! I - t 1 

l -
l ~ 

- , SEN-13679 "'J 
> ' 

-
N 1 

~ 

M ·~:·· SEN-13679 :' l 
~ I 

~ Cuntnl Se\S(lf 

+ 
... .. ~1Sm»r,MIF -

+, 

- l ' ' ' + • .. . 
BTS7960 

- ~~ ,_ SEN-1S191 

-~ ... , r - RFID ., iT 
Motor Driver .... 11~ -- . I ~ - ... ,w ,_ ... -
"" ... E' ~. "° '" 

l 
-. a..-~,. 

I 
DEV-13975 

+ - .. . ----· 
DEV-11061 

,.,__, RedBoard ~ ""' Arduino Mega 

- ·f"L BTS7960 

Motor Driver 
u•+- - ___ :. 
... i.... .. r~ .. J __ " 

,w ◄----- n - - -
.... l "' -"' ""' 

I 

' T 

' - + l +12V 



&KDSWHU����%XVLQHVV�3ODQ

�����3URGXFWLRQ�0RGHO

$OWKRXJK�RXU�WHDP�ZDV�FRQVWUDLQHG�E\�WLPH�DQG�UHVRXUFHV�WKURXJK�WKH�SURFHVV�RI�6HQLRU�'HVLJQ�

ZH�EHOLHYH�WKDW�WKHUH�ZRXOG�EH�D�VWURQJ�PDUNHW�QHHG�IRU�RXU�SURGXFW�ZRUOGZLGH��$IWHU�WKH

VXFFHVV�RI�RXU�SURWRW\SH�PRGHO��ZH�DUH�FRQILGHQW�WKDW�PRYLQJ�IRUZDUG�ZLWK�D�SURGXFWLRQ�PRGHO

RQ�D�ODUJHU�VFDOH�ZRXOG�UHGXFH�ELNH�WKHIW�VLJQLILFDQWO\�DQG�WKHUHIRUH�HQFRXUDJH�PRUH�SHRSOH�WR

ULGH�ELF\FOHV��2XU�SURGXFWLRQ�PRGHO�DOVR�KDV�VLJQLILFDQW�URRP�IRU�LPSURYHPHQW�DQG�PD\�EH

DGMXVWHG�LQ�PDQ\�ZD\V�WR�PDNH�LW�EHWWHU�ILWWHG�IRU�D�VSHFLILF�ORFDWLRQ�RU�HQYLURQPHQW�

$�PRUH�DGYDQFHG�SURGXFWLRQ�PRGHO�FRXOG�VHH�WZR�ELNH�UDFNV�VKDULQJ�RQH�DFWXDWRU�KRXVLQJ�LQ

RUGHU�WR�RSWLPL]H�VSDFH�DQG�EH�DEOH�WR�LQVWDOO�DV�PDQ\�UDFNV�RQH�ZLVKHV��,W�LV�RI�WKH�XWPRVW

LPSRUWDQFH�WKDW�RXU�SURGXFW�UHPDLQV�HQYLURQPHQWDOO\�IULHQGO\��ZKLFK�LV�ZK\�ZH�FRXOG�DOVR

H[SORUH�WKH�LGHD�RI�LQVWDOOLQJ�VRODU�SDQHOV�WR�SRZHU�D�IHZ�RI�WKH�UDFNV��DQG�SRWHQWLDOO\�HYHQ

LQFRUSRUDWH�DGGLWLRQDO�IHDWXUHV�VXFK�DV�H�ELNH�FKDUJLQJ��,I�WKHVH�UDFNV�ZHUH�WR�EH�LQVWDOOHG�LQ�D

FLW\�UDWKHU�WKDQ�D�FROOHJH�FDPSXV��LW�ZRXOG�DOVR�EH�ZRUWKZKLOH�WR�GHYHORS�DQ�DSS�IURP�ZKLFK�\RX

FDQ�ORFN�DQG�XQORFN�WKH�ELNH��VLQFH�SHRSOH�GR�QRW�FDUU\�DURXQG�DFFHVV�FDUGV��7KLV�DSS�FRXOG�DOVR

DOORZ�WKH�WHDP�WR�LQVWDOO�WDPSHU�SURRI�VHQVRUV�RQ�WKH�ELNH�UDFN��VR�WKDW�D�XVHU�ZRXOG�JHW�D

QRWLILFDWLRQ�RU�DQ�DODUP�ZRXOG�VRXQG�LI�WKHUH�LV�DQ\�DWWHPSW�WR�IRUFLEO\�VWHDO�D�ELNH�

3HUKDSV�WKH�PRVW�LPSRUWDQW�SRLQW�WR�FRQVLGHU�ZKHQ�ORRNLQJ�DW�ODUJH�VFDOH�SURGXFWLRQ�LV�WR

LGHQWLI\�WKH�FRVW�RI�DVVHPEOLQJ�PDQ\�UDFNV�VLPXOWDQHRXVO\��HVSHFLDOO\�QRZ�WKDW�WKH�SURWRW\SH

SDYHG�D�FOHDU�SDWK�IRUZDUG��:H�ZHUH�KDSS\�WR�GLVFRYHU�WKDW�VRPH�RI�WKH�PRVW�H[SHQVLYH

FRPSRQHQWV��VXFK�DV�WKH�OLQHDU�DFWXDWRUV�DQG�HOHFWURQLFV��EHFRPH�UHODWLYHO\�LQH[SHQVLYH�ZKHQ

��



RUGHUHG�LQ�EXON��2XU�WHDP�DQWLFLSDWHV�WKDW�ZKHQ�LWHPV�DUH�ERXJKW�LQ�EXON��WKH�WRWDO�FRVW�IRU

SXWWLQJ�WRJHWKHU�HDFK�UDFN�ZRXOG�EH�EHORZ�������7KH�FRVW�WR�EHQHILW�UDWLR�LV�H[WUHPHO\�KLJK

JLYHQ�WKDW�WKLV�SURGXFW�KDV�WKH�SRWHQWLDO�WR�SUHYHQW�SHRSOH�IURP�ORVLQJ�WKRXVDQGV�RI�GROODUV�GXH�WR

ELNH�WKHIW��DQG�LI�LPSOHPHQWHG�E\�FRPSDQLHV�RU�XQLYHUVLWLHV��WKH\�FRXOG�JHW�D�TXLFN�UHWXUQ�RQ

LQYHVWPHQW��$�GHWDLOHG�EUHDNGRZQ�RI�WKH�SURGXFWLRQ�PRGHO¶V�FRVW�ZKHQ�LWHPV�DUH�SXUFKDVHG�LQ

EXON�LV�SURYLGHG�LQ�7DEOH�����EHORZ�

7DEOH����� &RVW�EUHDNGRZQ�SHU�ELNH�UDFN

,WHP &RVW����XQLW�

*DOYDQL]HG�7XEH�6WHHO ��

/LQHDU�$FWXDWRUV��[�� ��

(OHFWURQLFV ��

$SSOLFDWLRQ�6HUYLFHV ��

:HOGLQJ ���

7RWDO ����

�����8VHU�0DQDJHPHQW

7KH�SURGXFWLRQ�PRGHO�LV�LQWHQGHG�WR�FRH[LVW�ZLWK�D�&XVWRPHU�5HODWLRQ�0DQDJHPHQW��&50�

VRIWZDUH�WR�PDQDJH�FXVWRPHUV¶�XVH�RI�HDFK�ELNH�UDFN��7KH�ILUVW�PDUNHWVSDFH�ZH�LQWHQGHG�RXU

SURGXFW�WR�HQWHU�ZDV�WKH�6DQWD�&ODUD�8QLYHUVLW\�FDPSXV��+HUH��DQG�OLNH�PDQ\�RWKHU�XQLYHUVLWLHV�

VWXGHQWV�VFDQ�DQ�³$&&(66´�FDUG�WR�HQWHU�EXLOGLQJV��UHQW�ERRNV�IURP�WKH�OLEUDU\��SD\�IRU�IRRG

ZLWK�PHDO�SRLQWV��HWF��6WXGHQWV�ZKR�ZLVK�WR�FRPPXWH�E\�ELF\FOH�FDQ�SD\�IRU�SRLQWV�VSHFLILFDOO\

XVHG�WR�DFFHVV�WKH�ELNH�UDFNV��8VLQJ�WKH�$&&(66�FDUG��DQ�6&8�VWXGHQW�FDQ�ZDON�WKHLU�ELNH�LQWR

DQ\�YDFDQW�ELNH�UDFN��VFDQ�WKHLU�FDUG�RQ�WKH�UDFN¶V�5),'�VFDQQHU�DQG�DXWRPDWLFDOO\�ORFN�WKHLU

��



ELNH�ZLWK�WKHLU�SUH�SDLG�SRLQWV��:KHQ�WKH�VWXGHQW�ZLVKHV�WR�UHWULHYH�WKHLU�ELNH��WKH\�FDQ�VFDQ�WKHLU

FDUG�DJDLQ�DQG�WKH�ELNH�LV�DXWRPDWLFDOO\�XQORFNHG�

$Q�LVVXH�ORWV�RI�XQLYHUVLWLHV�KDYH�LV�WKDW�PDQ\�VWXGHQWV�OHDYH�WKHLU�ELNHV�ORFNHG�DQG�XQDWWHQGHG�DW

WKH�HQG�RI�WKH�\HDU�DQG�QHYHU�UHWXUQ�WR�UHWULHYH�WKHP��7R�FRPEDW�WKLV�SUREOHP��WKH�ELNH�UDFN�&50

FDQ�VHQG�DQ�DXWRPDWHG�HPDLO�WR�WKH�VWXGHQW�SURPSWLQJ�WKHP�WR�UHWULHYH�WKHLU�ELNH�RU�XVH

DGGLWLRQDO�SRLQWV�WR�NHHS�WKHLU�ELNH�ORFNHG�IRU�H[WHQGHG�SHULRGV�RI�WLPH��VXFK�DV�DIWHU�D����KRXU

SHULRG�RI�WKH�ELNH�EHLQJ�ORFNHG���,I�VWXGHQWV�QHJOHFW�WKHLU�ELNHV�DQG�QHYHU�LQWHQG�WR�UHWULHYH�WKHP�

WKH�ELNH�UDFN�FDQ�EH�XQORFNHG�ZLWK�SHUPLVVLRQ�IURP�FDPSXV�VHFXULW\��7KLV�PLWLJDWHV�WKH�LVVXH

ZKHUH�FDPSXV�IDFLOLWLHV�ZRUNHUV�KDYH�WR�FXW�DQG�UHPRYH�DQ\�ELNH�ORFNV�IURP�QHJOHFWHG�ELNHV�

��



&KDSWHU����([SHULPHQWDWLRQ

0RVW�RI�RXU�WLPH�DIWHU�EXLOGLQJ�WKH�������IUDPH�ZDV�VSHQW�RQ�WHVWLQJ��:H�EURXJKW�LQ�QXPHURXV

ELNHV�EHORQJLQJ�WR�RXU�WHDP�DQG�IULHQGV��2QH�RI�WKH�ILUVW�FKDQJHV�ZH�PDGH�ZDV�DGMXVWLQJ�WKH�KLJK

RI�WKH�DFWXDWRU�WKDW�ORFNV�WKH�IUDPH��:H�IRXQG�WKDW�ZLWK�RQH�RI�WKH�ELNHV�ZH�ZHUH�WHVWLQJ�LW�KDG�D

IUDPH�ZKHUH�WKH�URG�RI�WKH�DFWXDWRU�ZRXOG�GLUHFWO\�KLW�WKH�IUDPH�DQG�QRW�EH�DEOH�WR�FORVH��:H

ILJXUHG�WKH�EHVW�RSWLRQ�ZDV�WR�UDLVH�WKH�DFWXDWRU�E\�����LQFKHV�LQ�RUGHU�WR�DOORZ�IRU�DERYH�IUDPH

ORFNLQJ��7KH�LGHD�ZLWK�DERYH�IUDPH�ORFNLQJ�ZDV�WR�KDYH�WKH�DFWXDWRU�FORVH�DERYH�WKH�IUDPH��IRU

ELNHV�ZLWK�D�ORZ�XSSHU�IUDPH�EDU��ZKLFK�VWLOO�GLGQ¶W�DOORZ�IRU�WKH�IUDPH�WR�EH�UHPRYHG��:H�DOVR

GHFLGHG�WR�PRYH�WKH�UHDU�ZKHHO�DFWXDWRU�VOLJKWO\�FORVHU�WR�WKH�PLGGOH�RI�WKH�IUDPH�LQ�RUGHU�WR

VKRUWHQ�WKH�VL]H�RI�WKH�UDFN�

2QFH�ZH�ZHUH�KDSS\�ZLWK�WKH�SK\VLFDO�OD\RXW�RI�WKH�ELNH�UDFN��WKH�UHPDLQGHU�RI�WKH

H[SHULPHQWDWLRQ�ZDV�UHODWLQJ�WR�WKH�DFWXDWRUV��HOHFWURQLFV��DQG�VRIWZDUH��/RWV�RI�WLPH�ZDV�IRFXVHG

RQ�HQVXULQJ�WKDW�WKH�DFWXDWRU�URGV�OLQHG�XS�SURSHUO\�ZLWK�WKH�KROHV�LQ�WKH�������RQ�WKH�RWKHU�VLGH

RI�WKH�WUDFN��%HFDXVH�RI�WKH�VDIHW\�UHWUDFWLQJ�V\VWHP��ZH�NQHZ�WKDW�LI�WKH�URGV�ZHUH�VOLJKWO\�RII

FHQWHU��LW�FRXOG�FDXVH�WKH�ELNH�UDFN�WR�DOZD\V�UHWUDFW��:LWK�WKH�URGV�OLQHG�XS��WKH�UHPDLQGHU�RI�WKH

WHVWLQJ�ZDV�PDLQO\�VSHQW�RQ�WKH�VDIHW\�UHWUDFWLRQ�V\VWHP��:H�NQHZ�LW�KDG�WR�EH�VHQVLWLYH�HQRXJK

WR�UHWUDFW�EHIRUH�SRWHQWLDOO\�FDXVLQJ�KDUP��EXW�DOVR�KDG�WR�EH�VWURQJ�HQRXJK�WR�EXPS�D�VSRNH�RXW

RI�WKH�ZD\�LI�QHHG�EH��7KLV�ZDV�D�FKDOOHQJLQJ�SUREOHP�EHFDXVH�ZH�IRXQG�WKH�FXUUHQW�WR�QRW

DOZD\V�EH�WKH�PRVW�SUHGLFWDEOH��:H�IRXQG�WKDW�WKH�LQVWDQW�WKDW�WKH�DFWXDWRUV�WXUQ�RQ��WKHUH�LV�D

FXUUHQW�VSLNH��7KLV�FXUUHQW�VSLNH�ZRXOG�DSSHDU�DV�LI�WKH�DFWXDWRU�KLW�DQ�REVWDFOH�ZKLFK�ZRXOG�WKHQ

FDXVH�WKH�DFWXDWRUV�WR�UHWUDFW��7KH�ZD\�ZH�HQGHG�XS�IL[LQJ�WKLV�LVVXH�ZDV�QRW�WXUQLQJ�RQ�WKH

VDIHW\�UHWUDFWLRQ�V\VWHP�XQWLO�RQH�VHFRQG�DIWHU�WKH�DFWXDWRU�VWDUWHG�PRYLQJ��7KLV�DOORZHG�IRU�WKH

��



FXUUHQW�VSLNH�WR�SDVV��DQG�DOVR�LV�GXULQJ�D�SDUW�RI�WKH�SDWK�ZKHUH�WKHUH�LV�QR�ULVN�RI�KDUP��2QFH

ZH�SDVVHG�WKH�LQLWLDO�FXUUHQW�VSLNH��ZH�MXVW�KDG�WR�DGMXVW�WKH�VHQVLWLYLW\�LQ�RUGHU�WR�DOORZ�WKH�URG

WR�EUXVK�SDVW�D�VSRNH�ZLWKRXW�UHWUDFWLQJ��([SHULPHQWDWLRQ�ZDV�D�FUXFLDO�SDUW�RI�WKLV�SURMHFW�IRU�XV�

:H�VSHQW�FRXQWOHVV�KRXUV�LQ�WKH�VKRS�ZRUNLQJ�RQ�VHHPLQJO\�PLQRU�SUREOHPV�WKDW�UHTXLUHG

WHGLRXV�WHVWLQJ�DQG�UHYLVLQJ�

��



&KDSWHU�����(QYLURQPHQWDO�,PSDFW

�����(WKLFDO�(QJLQHHULQJ

7R�HPERG\�WKH�VWDQGDUGV�RI�HWKLFDO�HQJLQHHULQJ��RXU�WHDP�EHOLHYHV�WKDW�LW�LV�RXU�UHVSRQVLELOLW\�WR

HQVXUH�WKDW�RXU�SURGXFW�FDQQRW�EH�XVHG�RU�LPSOHPHQWHG�LQ�D�ZD\�WKDW�FDXVHV�XQGXH�RU

XQQHFHVVDU\�KDUP�WR�WKH�HQYLURQPHQW��:LWK�WKLV�LQ�PLQG�ZH�KDYH�UHYLHZHG�WKH�SURSRVHG�GHVLJQ

FKRLFHV�WKDW�ZH�KDYH�PDGH�WKXV�IDU�WR�VHH�LI�DQ\WKLQJ�FRXOG�EH�LPSURYHG�LQ�WKLV�UHJDUG��:H

DQDO\]HG�D�IHZ�PHWULFV�WR�WU\�WR�GHWHUPLQH�ZKDW�VFDOH�RI�LPSDFW�RXU�SURGXFW�FRXOG�KDYH�RQ�WKH

HQYLURQPHQW�

�����)UDPH�0DWHULDO

7KH�ILUVW�WKLQJ�WKDW�ZH�ORRNHG�DW�ZDV�RXU�PDWHULDO�FKRLFH�IRU�WKH�FRQVWUXFWLRQ�RI�WKH�IUDPH��7KH

IUDPH�LV�WKH�ODUJHVW�VXEV\VWHP�RI�RXU�6PDUW�%LNH�5DFN��DQG�WKHUHIRUH�ZRXOG�KDYH�WKH�ODUJHVW

LPSDFW�RI�DQ\�RI�WKH�EXLOGLQJ�PDWHULDOV�FKRVHQ��2XU�SURGXFWLRQ�PRGHO�ZRXOG�EH�PDGH�RI

SULPDULO\�JDOYDQL]HG�VWHHO��ZKLFK�LV�WKH�VWDQGDUG�PDWHULDO�IRU�ELNH�UDFN�FRQVWUXFWLRQ�DQG�LV

DPRQJ�WKH�PRVW�JUHHQ�FRQVWUXFWLRQ�PDWHULDOV�DYDLODEOH��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�LW�GRHV�QRW

GHWHULRUDWH�RU�GHJUDGH�LQ�WKH�ZHDWKHU��DQG�LW�LV�DOVR�LQILQLWHO\�UHF\FODEOH��:LWK�WKLV�LQ�PLQG��LW�ZDV

DQ�HDV\�FKRLFH�WR�FRPPLW�WR�IRU�RXU�ILQDO�GHVLJQ�

�����3RZHU�&RQVXPSWLRQ

$QRWKHU�LPSRUWDQW�FRQVLGHUDWLRQ�IRU�WKH�HQYLURQPHQWDO�LPSDFW�RI�DQ\�SURGXFW�LV�SRZHU

FRQVXPSWLRQ��3RZHU�FRQVXPSWLRQ�GLUHFWO\�FRQWULEXWHV�WR�WKH�HPLVVLRQV�RI�JUHHQKRXVH�JDVVHV�DQG

WKHUHIRUH�VKRXOG�EH�UHGXFHG�DQG�HOLPLQDWHG�ZKHUH�SRVVLEOH��)URP�DQDO\VLV�RI�RXU�GHPRQVWUDWLRQ

SURWRW\SH��WKH�SRZHU�FRQVXPSWLRQ�RI�RXU�6PDUW�%LNH�ZRXOG�EH�H[SHFWHG�WR�EH�LQ�WKH�UDQJH�RI����

ZDWWV�ZKHQ�LGOH�DQG�DURXQG����ZDWWV�ZKHQ�DFWLYHO\�ORFNLQJ�RU�XQORFNLQJ�D�ELNH��6LQFH�WKH�SRZHU

FRQVXPSWLRQ�LV�UHODWLYHO\�ORZ��HQWLUH�6PDUW�%LNH�5DFN�ORFNLQJ�VWDWLRQV�FRXOG�EH�SRZHUHG�E\�D

��



UHODWLYHO\�PRGHVW�VRODU�SDQHO�DQG�EDWWHU\�V\VWHP��7KLV�KDV�WKH�DGGHG�EHQHILW�RI�EHLQJ�FRPSOHWHO\

VHSDUDWH�IURP�WKH�JULG��$OORZLQJ�RSHUDWLRQ�GXULQJ�EODFN�RXW�WLPHV�DQG�QR�DGGHG�FDUERQ
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$SSHQGL[�%��$VVHPEO\�'UDZLQJV

)LJXUH�%���5HDU�$FWXDWRU�+RXVLQJ�$VVHPEO\

��

fr 
ITEM NO. PART NUMBER DESCRIPTION QTY. 

14 8 4310_Block Pentagonal Bracket I 

G . :: 
0 ;: 
. 

2 4365_Black Rectangular Bracket 9 

21 MB6-Brockel.slep Linear Actuator Bracket 2 

14 1515 Black 18 CL 18"' Black 80/20 2 

13 1515 Black 10 75 CL 10.75" Black 80/20 4 

20 FA·XXX·S· 12-6.slp Linear Actuator I 

6 4302 Black Small L Bracket 2 . . . 7 4301 _Black Large L Bracket 3 

4 4481 Block Side-Mounted L Bracket I H 
2 

D 
13 

Labeled Exploded Isometric View I l 0 .. ~ 

C Exploded Front View 

n rt 

I..= 8 



)LJXUH�%���)URQW�$FWXDWRU�+RXVLQJ�$VVHPEO\

��

8 

D 14 D 

ITEMNO. PART NUMBER DESCRIPTION QTY. 

8 4310_81ack 6-hole flat 3 

2 4365_Black 8-hole flat 6 

5 4307 _Black 2-hole flat I 

C C 
21 M86-Bracket.step N/A 2 

14 1515_Black_18_CL 18in long 2 

13 1515_Black_10_75_CL l0.75intong 4 

20 FA-XXX-S-12-6.slp linear Actuator I 

6 4302_Black 2-hole L-shoped fastener 2 

7 4301_Black 4-hole L-shoped fastener 8 

4 4481_81ack 5-hole flat L-shoped fastener I 

10 ISIS_Black_ 4_5_CL 4.Sin long I 

3 4480_Black 5-hole flat I-shaped fastener I 

2 
9 1515_Black_3_CL 3inlong I 

A A 

ao2o)mnt_system 



)LJXUH�%���7RS�$FWXDWRU�+RXVLQJ�$VVHPEO\
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ITEM NO. PART NUMBER DESCRIPTION QTY. 

13 1515 Block 10 75 C 6 L 

7 4301 Black 2 

4 4481 Block 6 

10 1515 Block •1 5 Cl I 

12 1515 Block_8 5 Cl 2 

II 1515 Block 5 Cl I 

4480 Block I 

16 1515 Block 30_Cl 2 

15 1515 Block 25 5 Cl I 

10 MB6-Broc et.s ep 3 

II FA-XXX-S-12-6.stp 2 

12 4302 Block 3 

- ' 8020_ossembly _nobi~e 

13 .o 
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8 7 

F 

E 

D 

C 

B 

ITEM NO. PART NUMBER 

21 MB6-Brocket.stop 

20 FA-XXX•S-12•6.slp 

6 4302_Block 

A 

8 7 

6 5 4 

DESCRIPTION QTY. 

2 

I 

2 

6 5 

3 

3 

2 

8020_assembly _nobi~e 

2 

E 

D 

C 

B 

A 
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2 

20.75 

B B 
0 
~ 
;;;; 

18.25 -t-2,88-i--------i 
a s 

-0 

73.00 

24.25 

01 

~I 
~ .., 

.--:j 

A TITLE: A 
V) 

sbr N 
c--i 

SIZE DWG. NO. REV 

L J 
A 

17.75 SCALE: 1:12WEIGHT: SHEET I OF I 

2 
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B 

A 

2 

2 

0 q 
g 

B 

TITLE: A 

assembly 
SIZE DWG. NO. REV 

A 
SCALE: I :8 WEIGHT; SHEET I OF I 
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School of Engineering 

Smart Bike Rack 
Senior Design Conference 

Santiago Hinojosa, Connor McGolddck, August Rosedale, Max Luna 

Motivation 

www.-c.u.edu.tenginMring 

Design Problem 

2 million bikes are stolen every year in North America 1 

• That's 1 bike stolen every 30 seconds 

WWWJC\l.edu/angl--tnu 

Pit' 'lker, ,UCr"mpas 
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Research 

Current bike locking mechanisms are: 

• Insecure 

o Do not protect all bike 

components (Frame, Wheels) 

• Inefficient 

o Takes long to lock bike 

o Hard to carry 

• Do not optimize space 

www.acu.Nw•n9lnNf1n1 

Interviews 

Bike users want a better alternative. and 

non-bike users would consider using one if 

there was a secure, easy-to-use locking 

mechanism 

• Effortless 

• Fast 

• Reliable 

ei Smart Bike Rack 

Target Demographic 

• College Campuses 

• Large urban areas 

(Ex. San Francisco) 
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Competition 

• Bikeep 

o What is wrong with this picture? 

■ Bikeep rack does not secure 

frame and wheels 

■ Requires user to manually lock 

bike 

■ Requires a paid subscription 

• There is a better solution to the bike theft 

problem 

Design Goals 

• 3-Point Locking System 

• Automatic Locks 

• Secure Access via RFID Scanner 

• Capability to fit as many bikes as 

possible 

www .• cu edul.n9'nNrin9 

Concept Generation: The Drawing Board 

Design 1: Chain Design 2: 'Y-bar' Design 3: Track 
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Finalized Conceptual Design 

Added housings for actuators 
and electronics 

n1ted arms, avoid pedals 

~ CAD Model: Production Assembly 

WWW KU-~uJ•ngiftfftinQ 

CAD Model: Prototype Assembly 

• Material: 80/20 aluminum 

• Exposed frame 

• Production dimensions 

www.sc:u.•ckwng n .. dng t-: ......... _ 
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Mechanical Design: Key Elements 

• Actuators placed at strategic locations 

o Based on real metrics 

• Cone-shaped tips on locking rods 

• Closed anchoring point to reduce 

tampering with rods 

• Transparent housing for electronics 

www scu.ecl141enginNJlnQ 

Mechanical Design: Fabrication Process 

• 80/20 Aluminum pre-cut to 

length 

• 80/20 rails milled 

• 3D-printed tips fixed to 

actuator rods 

• Electronics housing fabricated 

with laser cutter 

• Extend, retract, and power the actuators 

• Allow RFID card scanning 

• Frame disconnect switch 

• Safety retracting 

WWW SCU .1Kt1.11•nglnNIW\g 

" 

" 

,s 



��

Hardware: Specifications 

• Linear actuator - x3 
o 12-24v 
o Up to 5 amps 
o 35Ib force 

• Motor driver • x2 
o 2 actuators in parallel 
o 1 actuator on its own 

• Currentsensor-x2 
o Added safety 

• Arduino 

Production Model & Additional Features 

• Productional Model: 

o Frame and rods constructed from galvanized 

tube steel 

o Protective housing for electronic components 

• Additional Features: 

o Alarm/tampering sensors 

o Adjustable top arm 

o Power source for e-Bike charging 

o Tamper-proof screws 

I! 

,. 
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Environmental Impact 

• Environmental Impact is a concern 

• Our Production Model is made primarily 

from Steel 

• Power consumption is very low 

• Increase in bike riders 

Conclusion 

WWW Klf.edU.leftgin••rlng 
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