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ABSTRACT

7KLV�SDSHU�SUHVHQWV�DQ�DSSURDFK�IRU�VROYLQJ�GHVLJQ�SUREOHPV��$
GHVLJQ� DQDO\VLV� ZLWK� $[LRPDWLF� 'HVLJQ�� FDOOHG� 'HVLJQ� 2EMHFW
$QDO\VLV�� GHVFULEHV� D� SURGXFW� RU� D� V\VWHP� LQ� WHUPV� RI� FXVWRPHU
QHHGV� �&1V��� IXQFWLRQDO� UHTXLUHPHQWV� �)5V��� GHVLJQ� SDUDPHWHUV
�'3V��� DQG� SURFHVV� YDULDEOHV� �39V��� DV� ZHOO� DV� WKHLU� DVVRFLDWHG
GHVLJQ� PDWULFHV� �'0V��� ,Q� WKLV� SDSHU� WKH� GHVLJQ� DQDO\VLV� LV
FRPELQHG� ZLWK� D� WKRURXJK� LQYHVWLJDWLRQ� RI� SRVVLEOH� SUREOHPV
ZLWKLQ� WKH� GHVLJQ�� XWLOL]LQJ� WKH� VHYHQ� TXDOLW\� WRROV�� QRLVH� IDFWRU
DQDO\VLV�� DQG� GHVLJQHG� H[SHULPHQWV� WR� IRUP� DQ� DSSURDFK� IRU
TXDOLW\�LPSURYHPHQWV�DQG�SUREOHP�VROYLQJ�

7KH�'HVLJQ�2EMHFW� $QDO\VLV� KHOSV� VHFXUH� YDOLG� LQSXW�IDFWRUV� WR
WKH�GHVLJQHG�H[SHULPHQWV��DQG� WKH�GHVLJQHG�H[SHULPHQWV� FRUUHFW
RU�LPSURYH�WKH�DVVXPSWLRQV�PDGH�LQ�WKH�'HVLJQ�2EMHFW�$QDO\VLV�
7KXV�� D� FRPELQDWLRQ�RI�SURGXFW�PRGHOLQJ�E\�$[LRPDWLF�'HVLJQ
DQG� GHVLJQHG� H[SHULPHQWV� RYHUFRPHV� VKRUWFRPLQJV� RI� WKH� WZR
PHWKRGV�

7KH� EHQHILWV� RI� SHUIRUPLQJ� D� 'HVLJQ� 2EMHFW� $QDO\VLV�� DV
FRPSDUHG� WR� RWKHU� PHWKRGV�� EHFRPHV� FOHDU� ZKHQ� LW� FRPHV� WR
HYDOXDWLQJ�WKH�UHVXOWV�IURP�WKH�GHVLJQHG�H[SHULPHQW��DQG�SUHYHQWLQJ
WKH�SUREOHP��2QFH�WKH�FULWLFDO�SDUDPHWHUV�DUH�FRQILUPHG��DQG�WKH
GHVLJQ� PDWULFHV� DUH� XSGDWHG�� WKHQ� VXJJHVWHG� GHVLJQ
LPSURYHPHQWV� FDQ� EH� FKHFNHG� DJDLQVW� WKH� GHVLJQ� PDWULFHV� DQG
WKH�V\VWHP�HIIHFW�RI�D�GHVLJQ�FKDQJH�RUGHU�FDQ�EH�HVWLPDWHG�

7KH� DSSURDFK� GHVFULEHG� LQ� WKLV� SDSHU� ZDV� VXFFHVVIXOO\� DSSOLHG
DQG�YHULILHG�LQ�D�FDVH�VWXG\�DW�D�ODUJH�DXWRPRWLYH�FRPSDQ\�

.H\ZRUGV�� 'HVLJQ� 2EMHFW� $QDO\VLV�� $[LRPDWLF� 'HVLJQ�� 'HVLJQ
RI�([SHULPHQWV���TXDOLW\��3UREOHP�VROYLQJ

1 LARGE AND COMPLEX DESIGN SOLUTIONS
YIELD  COMPLEX QUALITY PROBLEMS

1XPHURXV�GHVLJQ�SUREOHPV�DUH�GLIILFXOW� WR�VROYH�GXH�WR�WKH�IDFW
WKDW� PDQ\� SDUDPHWHUV� PD\� FRQWULEXWH� WR� WKH� SUREOHP�� 7KH
LQWHUQDO� UHODWLRQVKLSV� DPRQJ� WKHVH� SDUDPHWHUV� DUH� VHOGRP� IXOO\
XQGHUVWRRG�� 6XFK� GHVLJQ� SUREOHPV� FRXOG�� IRU� LQVWDQFH�� EH
SUREOHPV�UHJDUGLQJ�FDU�VXVSHQVLRQ�DQG� LWV�PDQXIDFWXULQJ��RIIVHW
VFUHHQ�SULQWLQJ��RU� DLUFUDIW�G\QDPLFV��(QJLQHHUV�KDYH�GLIILFXOWLHV
ILQGLQJ� RXW�ZKLFK� SDUDPHWHUV� WR� IRFXV� RQ�� DQG� KRZ� FKDQJHV� LQ

FHUWDLQ� SDUDPHWHUV� DIIHFW� WKH� SURGXFW� RU� V\VWHP� SHUIRUPDQFH�
7KXV�� KRZ� WR� SHUIRUP� GHVLJQ� FKDQJHV� LQ� FRPSOLFDWHG� SURGXFWV�
ZKHUH�D�VPDOO�HQJLQHHULQJ�FKDQJH�RUGHU�DIIHFWV�PDQ\�RWKHU�SDUWV
RI� WKH� SURGXFW�� LV� DOVR� DQ� LPSRUWDQW� TXHVWLRQ� WKDW� KDV� WR� EH
DGGUHVVHG�

7KH�DELOLW\�WR�HIIHFWLYHO\�GHDO�ZLWK�ODUJH�DQG�FRPSOH[�SUREOHPV�LV
EHFRPLQJ�LQFUHDVLQJO\� LPSRUWDQW�VLQFH�WRGD\·V�SURGXFWV�DUH�EXLOW
XS� RI� PDQ\� VXEV\VWHPV� DQG� PRUH� KHWHURJHQHRXV� WHFKQRORJLHV
WKDQ�EHIRUH��PDNLQJ� LW�KDUGHU� WR�JDLQ� LQ�GHSWK�XQGHUVWDQGLQJ�RI
WKH� SURGXFW�� $� FRPSUHKHQVLYH� XQGHUVWDQGLQJ� LV� QHFHVVDU\� WR
VROYH�WKH�GHVLJQ�SUREOHPV�GHVFULEHG�DERYH��7KH�WHUP�SURGXFW� LV
XVHG�LQ�WKLV�DUWLFOH��EXW�LW�FRXOG�DOVR�EH�D�V\VWHP��VXEV\VWHP��RU�D
SURFHVV�WKDW�LV�LQYHVWLJDWHG�

(QJLQHHULQJ� GHVLJQ� VFKRROV� SURYLGH� PHDQV� IRU� DQDO\]LQJ� DQG
XQGHUVWDQGLQJ�WKH�SURGXFW·V�GHVLJQ��+RZHYHU��WKH\�RIWHQ�UHO\�RQ
VXEMHFWLYH� HQJLQHHULQJ� MXGJHPHQWV� ZKHQ� PRGHOLQJ� SURGXFW
VWUXFWXUH� DQG� EHKDYLRU�� :KHQ� TXDOLW\� SUREOHPV� RFFXU� LQ� ODUJH
DQG� FRPSOH[� SURGXFWV�� FRPPRQ� VHQVH� DQG� HQJLQHHULQJ
NQRZOHGJH�PLJKW�QRW�VXIILFH�WR�GHDO�ZLWK�VXFK�PDWWHUV��7KHUH�LV�D
QHHG� IRU� JHWWLQJ� QHZ� NQRZOHGJH� DERXW� ZKDW� SDUDPHWHUV
FRQWULEXWH� WR� WKH� IXQFWLRQDO� SHUIRUPDQFH� RI� WKH� SURGXFW�� DQG
KRZ�WKH\�LQWHUUHODWH�

7KH�GHVLJQHG�H[SHULPHQW�FDQ�SURYLGH�QHZ�NQRZOHGJH� UHJDUGLQJ
SURGXFW� EHKDYLRU� DQG� WKH� HIIHFWV� RI� YDULRXV� FRPSRQHQWV� RQ
SHUIRUPDQFH��+RZHYHU�� D� GHVLJQHG� H[SHULPHQW� LV� GHSHQGHQW� RQ
WKH� TXDOLW\� RI� WKH� H[SHULPHQWDO� LQSXW� �L�H�� WKH� IDFWRUV� LQ� WKH
H[SHULPHQWV��WR�\LHOG�JRRG�UHVXOWV�

$�FRPELQDWLRQ�RI�SURGXFW�PRGHOLQJ�E\�HQJLQHHULQJ�GHVLJQ�WRROV
DQG�GHVLJQHG�H[SHULPHQWV�RYHUFRPH�ZHDNQHVVHV�RI�WKH�PHWKRGV�
(QJLQHHULQJ�GHVLJQ�PRGHOLQJ�RI�WKH�SURGXFW�SURYLGHV�JRRG�LQSXW
WR� WKH� GHVLJQHG� H[SHULPHQW�� DQG� WKH� GHVLJQHG� H[SHULPHQW� FDQ
FRUUHFW� RU� LPSURYH� WKH� DVVXPSWLRQV� PDGH� LQ� WKH� SURGXFW
GHVFULSWLRQ�SKDVH��7KH�EHQHILW�RI� FRPELQLQJ� HQJLQHHULQJ� GHVLJQ
DQG�GHVLJQHG�H[SHULPHQWV� EHFRPHV� HYHQ� FOHDUHU�ZKHQ� LW� FRPHV
WR� HYDOXDWLQJ� WKH� UHVXOWV� IURP� WKH� GHVLJQHG� H[SHULPHQW�� DQG
SUHYHQWLQJ�WKH�SUREOHP�

,W� LV� WKH� DXWKRU·V� EHOLHI� WKDW� VXFK� D� FRPELQHG� DSSURDFK� ZLWK
SUREOHP�VROYLQJ� LQ� IRFXV�ZLOO� DOORZ� IDVWHU� VROXWLRQ� RI� ODUJH� DQG
FRPSOH[�TXDOLW\�LVVXHV�LQ�LQGXVWU\�

7KH�SDSHU�EHJLQV�ZLWK�D�VKRUW�LQWURGXFWLRQ�WR�HQJLQHHULQJ�GHVLJQ�
GHVLJQHG� H[SHULPHQWV�� DQG� 4XDOLW\� &RQWURO�WRROV� LQ� VHFWLRQ� ��
6HFWLRQ���SUHVHQWV�WKH�FRPELQHG�DSSURDFK�GLVFXVVHG�DERYH�� DQG
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Figure 1. Part of function-means tree from a Design Object Analysis [1].

2 RELATED WORK

2.1 ENGINEERING DESIGN

(QJLQHHULQJ�GHVLJQ�VFKRROV�FRXOG�SURYLGH�SDUW�RI�WKH�NQRZOHGJH
QHHGHG� IRU� TXDOLW\� LPSURYHPHQWV� E\� SURYLGLQJ� HQJLQHHUV� ZLWK
WRROV� QHFHVVDU\� IRU� VHWWLQJ� XS� D� PRGHO� RI� WKH� SURGXFW�� ,W� LV
LPSRUWDQW� WR� XQGHUVWDQG� WKH� SURGXFW� GXULQJ� WKH� GHYHORSPHQW
SKDVH�>�@��DV�ZHOO�DV�WR�XQGHUVWDQG�WKH�FRPSOHWHG�SURGXFW��EHIRUH
WU\LQJ�WR�IL[�DQ\�SUREOHPV��(QJLQHHULQJ�GHVLJQ�VFKRROV�VWUHVV�WKH
LPSRUWDQFH�RI� D� V\VWHPDWLF� DSSURDFK� WR�GHVLJQ�� DV�ZHOO� DV� VRPH
NLQG� RI� GRFXPHQWDWLRQ� RI� WKH� SURGXFW·V� GHVLJQ� SDUDPHWHUV� DQG
WKH�XQGHUO\LQJ�FKRLFHV�IRU�WKHLU�VHOHFWLRQ��VHH�IRU�LQVWDQFH�>���@��

2QH�ZD\� RI� FUHDWLQJ� D�PRGHO� RI� WKH� SURGXFW� LV� E\� VHWWLQJ� XS� D
IXQFWLRQ�PHDQV�WUHH�>�@��VHH�DOVR�>�@��7KH�IXQFWLRQ�PHDQV�WUHH�LV�D
WRS�GRZQ� GHVFULSWLRQ� RI� WKH� SURGXFW�� VWDUWLQJ� ZLWK� DQ� RYHUDOO
IXQFWLRQDO� UHTXLUHPHQW� �)5�� IRU� LQVWDQFH� ´QHHG� RI
WUDQVSRUWDWLRQµ�� DQG� WKH� FRUUHVSRQGLQJ� VROXWLRQ� LQ� WHUPV� RI� D
GHVLJQ� SDUDPHWHU� �'3�� IRU� LQVWDQFH� ´WUXFNµ��� 7KLV� KLJK�OHYHO
FRQFHSW��L�H��QHHG�IRU�WUDQVSRUWDWLRQ�²�WUXFN��LV�WKHQ�GHFRPSRVHG
LQWR�D�WUHH�RI�PRUH�GHWDLOHG�IXQFWLRQV�DQG�GHVLJQ�SDUDPHWHUV��6HH
)LJXUH���

7KH�IXQFWLRQ�PHDQV�WUHH�RUJDQL]HV� LQIRUPDWLRQ�DQG�SURYLGHV� DQ
RYHUYLHZ�RI �WKH�SURGXFW��EXW�GRHV�QRW�IDFLOLWDWH� LQYHVWLJDWLRQ�RI
KRZ� GLIIHUHQW� GHVLJQ� SDUDPHWHUV� DQG� WKHLU� FRUUHVSRQGLQJ
IXQFWLRQDO�UHTXLUHPHQWV�LQWHUDFW�

2.1.1 Axiomatic Design
8VLQJ� WKH� FRQFHSW� RI� GRPDLQV� IURP�$[LRPDWLF�'HVLJQ� >�@� DV� D
IUDPHZRUN�IRU�GHYHORSLQJ�D�IXQFWLRQ�PHDQV�WUHH� LQ�FRPELQDWLRQ
ZLWK�GHVLJQ�PDWULFHV�LV�VXLWDEOH�IRU�GHVLJQ�SUREOHP�VROYLQJ��VLQFH
$[LRPDWLF�'HVLJQ�VSHFLILFDOO\�DGGUHVVHV�WKH�LQWHUQDO�UHODWLRQVKLSV

EHWZHHQ� D� SURGXFW·V� FRPSRQHQWV�� $[LRPDWLF� 'HVLJQ� LV� D
SULQFLSOH�EDVHG�GHVLJQ�PHWKRG��,W�LV�EDVHG�DURXQG�WKH�FRQFHSW�RI
IRXU�GHVLJQ�GRPDLQV�DQG�WKH�PDSSLQJ�EHWZHHQ�WKHP��DV�GHSLFWHG
LQ�)LJXUH���

Customer
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Functional
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Design
Parameters
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Variables
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Figure 2. Design domains in Axiomatic Design.

7KH� PDSSLQJ� LV� RIWHQ� SHUIRUPHG� EHWZHHQ� IXQFWLRQDO
UHTXLUHPHQWV��)5V��DQG�GHVLJQ�SDUDPHWHUV��'3V���EXW�FRXOG� DOVR
EH�GRQH�EHWZHHQ�GHVLJQ�SDUDPHWHUV��'3V��DQG�SURFHVV�YDULDEOHV
�39V���7KLV�PDSSLQJ�SURFHVV�FDQ�EH�GHVFULEHG�DV�LQ�)LJXUH����DQG
LV� UHSUHVHQWHG� E\� WKH� GHVLJQ� HTXDWLRQ�ZLWK� LWV� DVVRFLDWHG� GHVLJQ
PDWULFHV��'0V��
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7KHUH� DUH� JXLGHOLQHV� SURYLGHG� E\� D[LRPDWLF� GHVLJQ� WKHRU\
�FRQVLVWLQJ� RI� D[LRPV�� WKHRUHPV�� DQG� FRUROODULHV�� DERXW� WKH
UHODWLRQV�WKDW�VKRXOG�H[LVW�EHWZHHQ�WKH�GLIIHUHQW�GRPDLQV��7KHVH
JXLGHOLQHV� DQVZHU� WKH�TXHVWLRQ³ZLOO� D� VHW� RI� GHVLJQ� SDUDPHWHUV
�'3V��VDWLVI\�WKH�IXQFWLRQDO�UHTXLUHPHQWV��)5V�� LQ� DQ� DFFHSWDEOH
PDQQHU"� � 7KLV� UHDVRQLQJ� VKRXOG� DOVR� KROG� EHWZHHQ� '3V� DQG
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SURFHVV� YDULDEOHV� �39V��� � 7KH� UHODWLRQVKLSV� EHWZHHQ� FXVWRPHU
QHHGV�DQG�)5V��KRZHYHU��DUH�PRUH�ORRVHO\�VWUXFWXUHG�

$QDO\]LQJ� DQ� H[LVWLQJ� SURGXFW� ZLWK� $[LRPDWLF� 'HVLJQ� LV� FDOOHG
'HVLJQ� 2EMHFW� $QDO\VLV� >��� ���� ��@�� 2QH� PDMRU� FRQFHUQ� ZLWK
'HVLJQ�2EMHFW�$QDO\VLV�DQG�$[LRPDWLF�'HVLJQ�� LV�KRZ� WR� VSHFLI\
WKH� GHVLJQ� HTXDWLRQV� GLVSOD\HG� LQ� WKH� GHVLJQ� PDWULFHV� �'0V��
2IWHQ� (QJLQHHULQJ� NQRZOHGJH� LV� XVHG� WR� GHILQH� WKH
LQWHUUHODWLRQVKLSV� LQ� WKH� '0V�� DQG� D� VLPSOH� ´;µ� LQ� WKH� '0
LQGLFDWHV�DQ�HIIHFW��ZKLOH�D�´�µ�LQGLFDWHV�QR�HIIHFW�

6LQFH� WKH� GHVLJQ� HTXDWLRQV� DUH� FUXFLDO� VWHSV� WKDW� JXLGH� IXUWKHU
GHVLJQ�HIIRUWV� LW� LV� LPSRUWDQW� WKDW� WKH�'0V�DUH� VHW� XS� FRUUHFWO\�
2IWHQ�WKHUH�H[LVW�GLIIHUHQW�RSLQLRQV�DPRQJ�WKH�HQJLQHHUV�RQ�KRZ
FHUWDLQ�SDUDPHWHUV� DUH� DIIHFWLQJ�RWKHU�'3V�DQG�)5V��7KLV�SKDVH
RI�D�GHVLJQ�REMHFW�DQDO\VLV�FDQ�EH�YDVWO\�LPSURYHG�ZLWK�GHVLJQHG
H[SHULPHQWV�

2.2 THE DESIGNED EXPERIMENT

2QH� IUHTXHQWO\� XVHG� ZD\� RI� JHWWLQJ� LQIRUPDWLRQ� DERXW� KRZ
GLIIHUHQW� SDUDPHWHUV� �L�H�� '3V�� LQ� D� SURGXFW�� RU� SURFHVV�� DUH
UHODWHG� WR� RQH� DQRWKHU�� DQG� WR� WKH� SHUIRUPDQFH� PHDVXUH� RI
LQWHUHVW�� LV� WR� XVH� GHVLJQHG� H[SHULPHQWV�� 'HVLJQHG� H[SHULPHQWV
FDQ�EH�FDUULHG�RXW� LQ�PDQ\�GLIIHUHQW�ZD\V�� )RU� LQVWDQFH�'HVLJQ
RI�([SHULPHQWV��'R(��VHH�%R[�HW�DO���>��@���7DJXFKL�0HWKRGV�>��@
RU�5HVSRQVH�6XUIDFH�0HWKRGV��560��VHH�>��@��FDQ�EH�XVHG��7KHVH
PHWKRGV� DOO� DVVXPH� D� VHW� RI� JLYHQ� IDFWRUV� WKDW� PD\� DIIHFW� WKH
SHUIRUPDQFH� PHDVXUH� RI� LQWHUHVW�� 2QFH� WKH� SRVVLEO\� LPSRUWDQW
IDFWRUV� DUH� VHOHFWHG�� WKH� GHVLJQHG� H[SHULPHQW� ILQGV� WKH� DFWLYH
IDFWRUV�� RSWLPXP� IDFWRU� YDOXHV� IRU� SURGXFW� SHUIRUPDQFH�� RU
IDFWRU�VHWWLQJV�IRU�YDULDQFH�PLQLPL]DWLRQ��HWF�

6WDWLVWLFDO� UHVHDUFKHUV� LQ� WKH� ILHOG� RI� GHVLJQHG� H[SHULPHQWV� KDYH
SXW�PXFK�HIIRUW�LQWR�KRZ�EHVW�WR�LGHQWLI\�IDFWRUV�WKDW�DUH�DFWLYHO\
DIIHFWLQJ� WKH� SHUIRUPDQFH�PHDVXUH�� RQFH� WKH� WHVW� LV� FDUULHG� RXW� �IRU
LQVWDQFH�>������@��

,QWURGXFLQJ� GRPDLQ� NQRZOHGJH� ZKHQ� HYDOXDWLQJ� WKH
H[SHULPHQWDO�UHVXOWV�KDV�EHHQ�IRXQG�HIIHFWLYH�LQ�VHOHFWLQJ�IDFWRUV
WKDW� DUH� DFWLYH� >���� ��@��+RZHYHU�� HYHQ� WKRXJK� WKH� VHOHFWLRQ� RI
DFWLYH� IDFWRUV� IURP� WKRVH� LQFRUSRUDWHG� LQ� WKH� GHVLJQHG
H[SHULPHQW� FDQ� EH� TXLWH� DFFXUDWH�� D� SRRUO\� GHILQHG� LQSXW� WR� D
GHVLJQHG�H[SHULPHQW�QHYHUWKHOHVV�\LHOGV�D�ZHDN�UHVXOW��7KXV��LW�LV
FUXFLDO� WR� LQFRUSRUDWH� DV�PXFK� GRPDLQ� VSHFLILF� NQRZOHGJH�� L�H�
HQJLQHHULQJ�NQRZOHGJH�� DV�SRVVLEOH�ZKHQ� VHOHFWLQJ� WKH� SDUDPHWHUV
IRU�WKH�GHVLJQHG�H[SHULPHQW�

,Q�RUGHU�WR�LQFRUSRUDWH�WKH�ULJKW�SDUDPHWHUV�RQH�VKRXOG�FDUHIXOO\
DQDO\]H�WKH�SURGXFW�

2.2.1 Planning for a designed experiment
$����VWHS� DSSURDFK� IRU� SODQQLQJ� IRU� D� GHVLJQHG� H[SHULPHQW� WKDW
IRFXVHV�RQ�SUH�GHVLJQ�JXLGH�VKHHWV�LV�SUHVHQWHG�LQ�>��@��EDVHG�RQ
>��@�� &ROHPDQ� HW� DO�� DFNQRZOHGJH� WKH� LPSRUWDQFH� RI� UHOHYDQW
EDFNJURXQG�LQIRUPDWLRQ��VXFK�DV�H[SHUW�NQRZOHGJH� DQG�SK\VLFDO
ODZV�HWF���EXW�YHU\�OLWWOH�LV�VDLG�DERXW�KRZ�WR�JDWKHU�WKHVH�UHOHYDQW

GHWDLOV�� $� GUDZEDFN� RI� ERWK� 0RQWJRPHU\·V� DQG� &ROHPDQ·V
DSSURDFK�LV�WKDW�WKH�GHVLJQHG�H[SHULPHQW�LV�QRW�SXW�LQ�D�SUREOHP�
VROYLQJ�FRQWH[W��6HH�DOVR�VHFWLRQV���DQG�����

7KH�GHVLJQHG�H[SHULPHQW� LV�SXW� LQ�D�SUREOHP�VROYLQJ�FRQWH[W�E\
%HUJPDQ�>��@��1HYHUWKHOHVV��KRZ� WR� VHOHFW� IDFWRUV� IRU� D�GHVLJQHG
H[SHULPHQW�� DQG� KRZ� WR� LPSOHPHQW� GHVLJQ� FKDQJHV� EDVHG� XSRQ
WKH�UHVXOW�IURP�WKH�GHVLJQHG�H[SHULPHQW�� DUH� UDWKHU�QHJOHFWHG� LQ
OLWHUDWXUH�

2.3 THE SEVEN QUALITY CONTROL TOOLS

$QRWKHU� ZD\� RI� JDWKHULQJ� NQRZOHGJH� LQ� RUGHU� WR� VROYH� TXDOLW\
LVVXHV�LQ�SURGXFWV�LV�WR�XVH�WKH�VHYHQ�TXDOLW\�FRQWURO�WRROV��VHYHQ
4&�WRROV��VHH�>��@���7KH�VHYHQ�4&�WRROV�DUH������'DWD�FROOHFWLRQ�
���� +LVWRJUDP�� ���� 3DUHWR� GLDJUDP�� ���� ,VKLNDZD� GLDJUDP�� ���
6WUDWLILFDWLRQ������*UDSKV��DQG�����&RQWURO�FKDUWV�

7KH�4&�WRROV� DUH� D� VHW� RI� VLPSOH�� DQG� HIIHFWLYH�� VWDWLVWLFDO� DQG
JUDSKLFDO� WRROV� IRU� DQDO\]LQJ� GDWD�� 7KH� VHYHQ� 4&�WRROV� DUH
FRPSOHPHQWDU\� WR� GHVLJQHG� H[SHULPHQWV� DQG� FDQ� EH� XVHG� DV� D
VFUHHQLQJ� VWHS�� LQ� EHWZHHQ� WKH�'HVLJQ�2EMHFW� $QDO\VLV� DQG� WKH
GHVLJQHG�H[SHULPHQW�� LQ�RUGHU� WR�YHULI\� WKH� VWDWHPHQWV� IURP� WKH
'HVLJQ�2EMHFW�$QDO\VLV��7KH�URRW�FDXVH�RI�WKH�SURGXFW·V�SUREOHP
FDQ�RIWHQ�EH�IRXQG�E\�XVLQJ�WKH�4&�WRROV��PDNLQJ�WKH�GHVLJQHG
H[SHULPHQW� XQQHFHVVDU\�� 7KH� VHYHQ�4&�WRROV� IRUP� DQ� HIIHFWLYH
WRROER[��DQG�WKH\�VKRXOG�EH�XVHG�ZKHQ�DSSURSULDWH�

3 AN INTEGRATED DESIGN PROBLEM SOLVING
APPROACH

$�FRPELQHG�QLQH�VWHS�DSSURDFK�IRU�RYHUFRPLQJ� WKH�ZHDNQHVVHV
RI� WKH� DIRUHPHQWLRQHG� PHWKRGV� LV� SUHVHQWHG� LQ� )LJXUH� ��� 7KLV
DSSURDFK�LV�VLPLODU�WR�%HUJPDQ·V�SUREOHP�VROYLQJ�DSSURDFK�>��@�
EXW�IRFXVHV�PRUH�RQ�SUREOHP�VROYLQJ�DQG�WKH�GHVLJQ�DFWLYLWLHV�LQ
VWHSV���WKURXJK����DV�ZHOO�DV�VWHS���

7KH� DSSURDFK� SUHVHQWHG� LQ� )LJXUH� �� FDQ� EH� VXPPDUL]HG� DV
IROORZV�� 2QFH� D� SURGXFW·V� SUREOHP� LV� WKRURXJKO\� XQGHUVWRRG�
WKHQ�'HVLJQ�2EMHFW�$QDO\VLV��ZLWK�KHOS�RI�$[LRPDWLF�'HVLJQ�� LV
FRPELQHG�ZLWK�WKH�VHYHQ�4&�WRROV��1RLVH�IDFWRU�DQDO\VLV��DV�ZHOO
DV� GHVLJQHG� H[SHULPHQWV�� ,QIRUPDWLRQ� JDWKHUHG� LV� WKHQ
WUDQVIHUUHG�EDFN�WR�WKH�'HVLJQ�2EMHFW�$QDO\VLV��'HVLJQ�PDWULFHV
DUH� XSGDWHG�� DQG� UHGHVLJQ� DQG� RSWLPL]DWLRQ� DUH� SHUIRUPHG
DFFRUGLQJ�WR�WKH�FRQVWUDLQWV�JLYHQ�E\�WKH�'HVLJQ�2EMHFW�$QDO\VLV�

7KH� DSSURDFK� HQDEOHV� FRQWLQXRXV� LPSURYHPHQWV� E\� SURYLGLQJ
VRPH�RI�WKH�PHDQV�IRU�RUJDQL]DWLRQDO�OHDUQLQJ��3DUW�RI�D�OHDUQLQJ
RUJDQL]DWLRQ� LV� LQFUHDVLQJ� FRUSRUDWH� PHPRU\�� $� JRRG� ZD\� RI
LQFUHDVLQJ� FRUSRUDWH�PHPRU\� LV� WR� XVH�'HVLJQ�2EMHFW� $QDO\VLV�
DQG� WKH� LGHDV� LQ� $[LRPDWLF� 'HVLJQ�� WR� UHFRUG� '3V�� )5V� DQG
&RQVWUDLQWV� DW� FRPSRQHQW� SDUW� OHYHO�� $OVR� WKH� GHVLJQHG
H[SHULPHQW� DQG� WKH� VHYHQ�4&�WRROV� LQFUHDVH� FRUSRUDWH�PHPRU\
DQG�HQDEOH�FRQWLQXRV�OHDUQLQJ�

%HORZ�LV�D�GHVFULSWLRQ�RI�WKH���VWHSV�LQ�)LJXUH���
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ICAD037
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Steps in problem solving approach

1. Problem definition & understanding the problem
 
2. Analysis of the product with Axiomatic Design

(Design Object Analysis)

3. Noise factor analysis

4. Gathering and analyzing data
 (seven Quality Control tools)

5. Designed Experiments/ Computer simulations

5.1 How to plan an experiment in order to get 
missing information at low cost?

5.2 How to perform the experiment?
5.3 How to analyze the results?
5.4 Are the conclusions from the analysis correct?

(Experiment verification)

6. Optimization of current design

7. Redesign and decoupling  of the most important
factors

8. Implementation plan

9. Is the problem solved (verification)

Result achieved

• Long list of factors that might 
affect the problem

• Long list of factors that might 
affect the problem

• Verified solution [yes/no]• Verified solution [yes/no]

• Implemented Solution• Implemented Solution

• List of the most important factors
• Accurate understanding of 

relationships in the product.
• Updated/confirmed Design Object Analysis

• List of the most important factors
• Accurate understanding of 

relationships in the product.
• Updated/confirmed Design Object Analysis

• Shorter list of factors that 
might affect the problem

• Shorter list of factors that 
might affect the problem

• Planned solution• Planned solution

Figure 3. Approach in solving design problems by combining Axiomatic Design, Quality Control tools and designed
experiments.

3.1 PROBLEM DEFINITION

'HILQLQJ�WKH�SUREOHP�FRUUHFWO\�LV�DQ�LPSRUWDQW�DQG�VHOGRP�WULYLDO
WDVN�� ,I� WKH� SUREOHP� GHVFULSWLRQ� LV� YDJXH�� WKHQ� LQWHUQDO� DQG
H[WHUQDO�FXVWRPHU� LQWHUYLHZV��DQG�4XDOLW\�)XQFWLRQ�'HSOR\PHQW
FRXOG�EH�XVHG�WR�JHW�D�PRUH�SUHFLVH�SUREOHP�GHVFULSWLRQ��VHH�IRU
LQVWDQFH� >�@���7KH� UHVXOWV� RI� WKH� SUREOHP�GHILQLWLRQ� VKRXOG� EH� D
VHW� RI� FOHDUO\� VWDWHG� REMHFWLYHV� IRU� XVH� LQ� WKH� IROORZLQJ
LPSURYHPHQW�SURMHFW��$�WKRURXJK�XQGHUVWDQGLQJ�RI�WKH�SUREOHP
LV�HVVHQWLDO�IRU�ILQGLQJ�D�ZD\�WR�VROYH�WKH�SUREOHP�

3.2 THE DESIGN OBJECT ANALYSIS

)RU� WKH� GHVLJQ� REMHFW� DQDO\VLV� LW� LV� QHFHVVDU\� WR� GHVFULEH� WKH
SURGXFW� IURP� WKH� SUREOHP·V� SHUVSHFWLYH� DQG� VHW� XS� D� IXQFWLRQ�
PHDQV�WUHH��´)URP�WKH�SUREOHP·V�SHUVSHFWLYHµ�PHDQV�WKDW� LQ�WKH
FDVH� RI� D� FDU� VXVSHQVLRQ� SUREOHP�� IRU� H[DPSOH�� WKH� IXQFWLRQ�
PHDQV�WUHH�ZLOO�QRW�GHVFULEH�)5V�DQG�'3V�UHODWHG�WR�WKH�FDUV�UHDU
OLJKW��H�J��HOHPHQWV�WKDW�REYLRXVO\�QRW�DUH�SDUW�RI�WKH�SUREOHP��

7KH�PDLQ�)5�LV�WKH�RQH�)5�WKDW�LV�QRW�VDWLVILHG��WKHUHE\�LQGLFDWLQJ
WKH�SUREOHP�RI� LQWHUHVW��7KH�PDLQ� )5� LV� RQH� RI� WKH� )5V� LQ� WKH
WUHH�

'HVLJQ� PDWULFHV� DUH� VHW� XS� IRU� DOO� WKH� )5�'3� UHODWLRQV� DW� WKH
GLIIHUHQW�OHYHOV�LQ�HDFK�EUDQFK�RI�WKH�WUHH��6SHFLDO�IRFXV�LV�SODFHG

RQ� KRZ�'3V� DUH� DIIHFWLQJ� WKH�PDLQ� )5�� 7\SLFDO� TXHVWLRQV� WKDW
DULVH� GXULQJ� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� LQFOXGH� WKH� IROORZLQJ�
:KDW� DUH� WKH� )5V� RI� WKLV� GHVLJQ"� 'RHV� WKH� GHVLJQ� PHHW� DOO� LWV
FRQVWUDLQWV"�$UH�WKHUH�DQ\�FRXSOLQJV�LQ�WKH�GHVLJQ"�:KDW�)5V�GR
WKH� GLIIHUHQW� '3V� �FRPSRQHQWV� RU� SDUWV�� VDWLVI\"� 'RHV� WKH
PDQXIDFWXULQJ� SURFHVV� PDWFK� WKH� RSWLPDO� VHTXHQFH� IURP� WKH
GHVLJQ� PDWULFHV"� 2QH� LQWHUHVWLQJ� IHDWXUH� RI� D� 'HVLJQ� 2EMHFW
$QDO\VLV� RFFXUV� ZKHQ�'3V� DIIHFW� D� )5� LQ� DQRWKHU� EUDQFK�� 6HH
)LJXUH���
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Figure 4. Design Matrix displaying cross-branches
relationships.
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,Q� )LJXUH� �� WKH� FURVV�EUDQFK� DIIHFW� LV� GLVSOD\HG� LQ� WKH� GHVLJQ
PDWUL[� E\� DQ� LQGH[HG� ;� �;���� LQGLFDWLQJ� WKH� LQGLUHFW� DIIHFW� RI
'3������RQ�)5�����7KLV� LV�GRQH�DW� WKH� OHYHO�ZKHUH� WKH�EUDQFKHV
PHUJH� LQ�D�FRPPRQ�GHVLJQ�PDWUL[��OHYHO�����,QGH[HG�HIIHFWV�FDQ
WKHQ�EH�GHVFULEHG�LQ�PRUH�GHWDLO��RULJLQ��UHDVRQLQJ��SK\VLFDO�ODZV�
HWF���

7R� ILQG� WKH� IDFWRUV� PRVW� OLNHO\� WR� KDYH� FDXVHG� WKH� SURGXFW·V
SUREOHP� IURP� WKH� GHVLJQ� WUHH�� WKH� GHVLJQ� PDWULFHV� VKRXOG� EH
H[DPLQHG��ZLWK�SDUWLFXODU�DWWHQWLRQ�SDLG�WR�

�� ´�µ�HOHPHQWV�RQ�WKH�GLDJRQDO��7KHVH�DUH�'3V�WKDW�DIIHFW�WKH
PDLQ�)5��RU�DIIHFW�VXE�)5V� LQ�WKH�VDPH�EUDQFK�DV�WKH�PDLQ
)5��DQG�DUH�EHOLHYHG�WR�QRW�VDWLVI\�WKHLU�FRUUHVSRQGLQJ�)5V�

�� 2II�GLDJRQDO� HOHPHQWV�� &RXSOLQJ� HIIHFWV� WKDW� FRPHV� IURP
'3V�WKDW�DIIHFW�WKH�PDLQ�)5�ZLWKRXW�KDYLQJ�WKH�PDLQ�)5�DV
WKHLU�FRUUHVSRQGLQJ�)5��L�H��D�FRPSRQHQW� LQ�WKH�V\VWHP�WKDW
LV�VXSSRVHG�WR�KDYH�QRWKLQJ�WR�GR�ZLWK�WKH�PDLQ�)5��EXW�VWLOO
VRPHKRZ� DIIHFWV� WKH� PDLQ� )5�� )RU� H[DPSOH�� WUXFN� IUDPH
FRQILJXUDWLRQ�PLJKW� XQLQWHQWLRQDOO\� DIIHFW� WUXFN� VXVSHQVLRQ
FKDUDFWHULVWLFV��� 7KH� PDLQ� )5� FDQ� EH� DIIHFWHG� GLUHFWO\� RU
LQGLUHFWO\�

�� 6HTXHQFLQJ� RI� WKH� '3V�� ,V� WKH� PDQXIDFWXULQJ� V\VWHP
PDQXIDFWXULQJ� WKH� SURGXFW� DFFRUGLQJ� WR� WKH� SUHIHUUHG
VHTXHQFH� GHVFULEHG� E\� WKH� GHVLJQ� PDWULFHV� DQG� WKH
LQGHSHQGHQFH� D[LRP"� ,I� QRW�� '3V� WKDW� UHODWH� WR� VXFK
PDQXIDFWXULQJ� SURFHVVHV� DUH� YHU\� VHQVLWLYH� WR� GLVWXUEDQFHV�
ZKLFK�PD\�\LHOG�TXDOLW\�SUREOHPV�� ,Q�RWKHU�ZRUGV�� WKH\� DUH
QRW� UREXVW�� ,Q� WKLV� FDVH�� D� QHZ� VHTXHQFH� RI�PDQXIDFWXULQJ
RSHUDWLRQV� WKDW� EHWWHU� VDWLVILHV� WKH� LQGHSHQGHQFH� D[LRP� LQ
D[LRPDWLF� GHVLJQ�� DQG� LV� PRUH� UREXVW� WR� SURFHVV
GLVWXUEDQFHV��VKRXOG�EH�IRXQG�

7KH�ILUVW�NLQG�RI�IDFWRUV�DERYH�DUH�UHODWHG�WR�$[LRPDWLF�'HVLJQ·V
LQIRUPDWLRQ�D[LRP� �L�H�� LQFUHDVH� WKH� SUREDELOLW\� RI� VXFFHVV��� DQG
WKH�VHFRQG�DQG�WKLUG�NLQGV�RI�IDFWRUV�UHODWH�WR�WKH� LQGHSHQGHQFH
D[LRP��L�H��PDLQWDLQ�WKH�LQGHSHQGHQFH�RI�)5V��

*DWKHULQJ� H[SHUW� NQRZOHGJH� DERXW� WKH� YDULRXV� FRPSRQHQWV� LQ
WKH�SURGXFW�� DQG�KRZ� WKH\� DIIHFW� RQH� DQRWKHU�� LV� RI� WKH� XWPRVW
LPSRUWDQFH� LI� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� LV� WR� EH� VXFFHVVIXO�
7KLV� FDQ� EH� GRQH� E\� LQWHUYLHZV� ZLWK� H[SHUWV�� RU� H[SHUW� SDQHO
JURXSV��HWF��7KH�XVH�RI� FURVV�IXQFWLRQDO� WHDPV� LV� D� JRRG�ZD\�RI
REWDLQLQJ� NQRZOHGJH� DERXW� WKH� SURGXFW� IURP� PDQ\� GLIIHUHQW
SHUVSHFWLYHV�

7KH� IXQFWLRQ�PHDQV� WUHH� SURYLGHV� D� JRRG� RYHUYLHZ� RI� WKH
SURGXFW·V�VWUXFWXUH��ZKLFK�VLPSOLILHV� OHDUQLQJ�DQG�XQGHUVWDQGLQJ�
7KLV� RYHUYLHZ� LV� HVSHFLDOO\� LPSRUWDQW� ZKHQ� GHDOLQJ� ZLWK� ODUJH
DQG� FRPSOH[� GHVLJQ� SUREOHPV�� ,W� KHOSV� WKH� WHDP� DQDO\]H� WKH
SUREOHP�� DQG�PDQDJHV� DQG� GLVSOD\V� WKH�PDQ\� SRVVLEOH� URRWV� RI
WKH�SUREOHP�DQG�WKHLU�UHODWLRQVKLSV�

5HVXOWV�DFKLHYHG�IURP�WKH�'HVLJQ�2EMHFW�$QDO\VLV�DUH������D�ORQJ
OLVW�RI�SRWHQWLDO�IDFWRUV�WKDW�PLJKW�FDXVH� WKH�GHVLJQ�SUREOHP�� ���
FDSWXUH� DQG� VWRUDJH� RI� HQJLQHHULQJ� NQRZOHGJH� LQ� D� V\VWHPDWLF
ZD\�� DQG� ���� LQWHUQDO� UHODWLRQVKLSV� DQG� FRXSOLQJV� ZLWKLQ� WKH
SURGXFW�DQG�WKH�PDQXIDFWXULQJ�V\VWHP�DUH�LQYHVWLJDWHG�

3.3 NOISE FACTOR ANALYSIS

7KH� TXDOLW\� RI� WKH� SURGXFW� LV� LQFUHDVHG� ZKHQ� WKH� SURGXFW� LV
LQVHQVLWLYH� �L�H�� UREXVW�� WR� GLVWXUEDQFHV� �L�H�� QRLVH� IDFWRUV��
5REXVWQHVV� LV�DQ� LPSRUWDQW�DVSHFW�RI�TXDOLW\�� DQG� LW� FDQ�RQO\�EH
DGGUHVVHG�RQFH�WKH�QRLVH�IDFWRUV�DUH�NQRZQ��,Q�SUREOHP�VROYLQJ
LW�LV�LPSRUWDQW�WR�DQDO\]H�KRZ�QRLVH�IDFWRUV�PLJKW�EH�SDUW�RI�WKH
SUREOHP��7KUHH�PDMRU� FODVVHV� RI� QRLVH� IDFWRUV� FDQ� EH� GHVFULEHG
>��@�

�� ([WHUQDO�(QYLURQPHQWDO��1RLVH�GXH�WR�FRQGLWLRQV�LQ�ZKLFK�WKH
SURGXFW�LV�XVHG�

�� 8QLW�WR�XQLW� YDULDWLRQ�0DQXIDFWXULQJ� YDULDQFH�� (DFK� XQLW� RI� D
SURGXFW�KDV��XQLTXH�VHWWLQJV�RI�VSHFLILF�SDUW�SDUDPHWHUV��DQG
WKHUH�DUH�DOZD\V�VPDOO�GHYLDWLRQV�IURP�ZULWWHQ�VSHFLILFDWLRQV
GXH�WR�PDQXIDFWXULQJ�YDULDQFH�

�� 'HWHULRUDWLRQ�:HDU�� $V� WLPH� SDVVHV� LQGLYLGXDO� FRPSRQHQWV
PD\�FKDQJH��OHDGLQJ�WR�GHWHULRUDWLRQ�LQ�SURGXFW�SHUIRUPDQFH
IURP�VSHFLILHG�WDUJHWV�

7KH� QRLVH� IDFWRU� DQDO\VLV� EURDGHQV� WKH� ORQJ� OLVW� RI� SRVVLEOH
UHDVRQV� IRU� WKH� SURGXFW� SUREOHP� WKDW� ZDV� IRXQG� LQ� WKH�'HVLJQ
2EMHFW�$QDO\VLV�

*DWKHULQJ� WKH� QRLVH� IDFWRUV�� DFFRUGLQJ� WR� WKH� WKUHH� FODVVHV
PHQWLRQHG� DERYH�� RIWHQ� UHTXLUHV� GLIIHUHQW� NLQGV� RI� H[SHUW
NQRZOHGJH��.QRZOHGJH�DERXW�KRZ�WKH�SURGXFW� LV�XVHG�FRXOG�EH
DFTXLUHG�WKURXJK�LQWHUYLHZV�ZLWK�FXVWRPHUV�DQG�VDOHV�SHUVRQQHO�
8QLW�WR�XQLW�YDULDWLRQ�LV�RIWHQ�ZHOO�XQGHUVWRRG�E\�PDQXIDFWXULQJ
HQJLQHHUV� DQG� RWKHU� ZRUNHUV� LQ� PDQXIDFWXULQJ�� 8QGHUVWDQGLQJ
KRZ�SDUWV�ZHDU�PLJKW�EH�DFKLHYHG� LQ�FRRSHUDWLRQ�ZLWK�UHOLDELOLW\
HQJLQHHUV�� 7DONLQJ� WR� FXVWRPHUV� DQG� FKHFNLQJ� ZDUUDQW\� FODLPV
DOVR�LQFUHDVHV�WKH�XQGHUVWDQGLQJ�RI�IDFWRUV�UHODWHG�WR�ZHDU�

$�UHVXOW�WKDW�PLJKW�EH�DFKLHYHG�IURP�QRLVH�IDFWRU�DQDO\VLV� LV�� IRU
LQVWDQFH�� WKDW� QRLVH� IDFWRUV� WKDW� DIIHFW� WKH� SUREOHP� DUH
LQFRUSRUDWHG�LQ�WKH�ORQJ�OLVW�RI�SRWHQWLDO�IDFWRUV�WKDW�PLJKW�DIIHFW
WKH�SUREOHP�

3.4 GATHERING AND ANALYZING INFORMATION ; 7
QC-TOOLS

7KLV� VWHS� RI� WKH� LQYHVWLJDWLRQ� DLPV� DW� DQDO\]LQJ� WKH� ORQJ� OLVW� RI
IDFWRUV�WKDW�PLJKW�DIIHFW�WKH�SUREOHP��7KH�GDWD�DQDO\VLV�DQG�GDWD
JDWKHULQJ�GHVFULEHG�LQ�WKLV�VHFWLRQ�VKRXOG�EH�SDUW�RI�D�FRQWLQXRXV
LQWHUSOD\� ZLWK� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV�� 7KH� 'HVLJQ� 2EMHFW
$QDO\VLV� LV� QRW� D� VWDWLF� VROXWLRQ�� 1HZ� LQIRUPDWLRQ� XSGDWHV� WKH
GHVLJQ�PDWULFHV� LQ� WKH�'HVLJQ�2EMHFW� $QDO\VLV�� 'DWD� DQDO\VLV� LV
GRQH�E\�XWLOL]LQJ�WKH�VHYHQ�VLPSOH�EXW�HIIHFWLYH�VWDWLVWLFDO�TXDOLW\
FRQWURO�WRROV��4&�WRROV���7KH�GDWD�LV�RIWHQ�FRPSDQ\�GDWD�UHODWHG
WR�SURGXFWLRQ��SURGXFW�SHUIRUPDQFH��ZDUUDQW\�FODLPV��HWF�

6RPH�UHVXOWV�DFKLHYHG�IURP�WKH�XVH�RI�WKH�4&�WRROV�DUH�

���� 7KH� DQDO\VLV� RI� GDWD� FRQFHUQHG� ZLWK� WKH� ORQJ� OLVW� RI
SDUDPHWHUV� GHVFULEHG� LQ� VHFWLRQV� ���� DQG� ���� H[FOXGHV� WKH
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XQLPSRUWDQW� IDFWRUV� IURP� WKH� OLVW� DQG� FUHDWHV� D� VKRUWHU� OLVW� RI
IDFWRUV�WKDW�PLJKW�DIIHFW�WKH�SUREOHP������,W�PLJKW�EH�SRVVLEOH�WR
LGHQWLI\�WKH�URRW�FDXVH�RI�WKH�SUREOHP�E\�VROHO\�XVLQJ�WKH���4&
WRROV�WRJHWKHU�ZLWK�WKH�'HVLJQ�2EMHFW�$QDO\VLV��,I�WKLV�LV�WKH�FDVH�
WKHQ� RQH� PD\� WU\� WR� VROYH� WKH� SUREOHP� GLUHFWO\� E\� XVLQJ
$[LRPDWLF�'HVLJQ�FRPELQHG�ZLWK�WKH�DOUHDG\�SHUIRUPHG�'HVLJQ
2EMHFW� $QDO\VLV� �VHH� VHFWLRQ� ������ ,Q� WKLV� FDVH� WKH� GHVLJQHG
H[SHULPHQW�ZRXOG�EH�LJQRUHG������7KH�'HVLJQ�2EMHFW�$QDO\VLV� LV
XSGDWHG�DQG�RU�YHULILHG�E\�WKH�QHZ�LQIRUPDWLRQ�SURYLGHG�E\�WKH
XVH�RI�WKH�4&�WRROV�

3.5 THE DESIGNED EXPERIMENT

7KH�URRW�FDXVH�RI�WKH�SUREOHP�LV�QRZ�QDUURZHG�GRZQ�WR�D�VKRUW
OLVW�RI�SRWHQWLDO�IDFWRUV�DQG�GHVLJQHG�H[SHULPHQWV�FDQ�EH�XVHG�WR
ILQG�ZKLFK�IDFWRU�V��PRVW�DIIHFW�V��WKH�TXDOLW\�SUREOHP�

,Q�TXDOLW\�LPSURYHPHQW�ZRUN�WKH�IRFXV�VKRXOG�EH�RQ� LPSURYLQJ
WKH� SHUIRUPDQFH� UREXVWQHVV�� DV�ZHOO� DV� VHWWLQJ� WKH� SHUIRUPDQFH
YDOXH� WR� WKH� WDUJHW�� )RU� WKHVH� SXUSRVHV� D� VHULHV� RI� GHVLJQHG
H[SHULPHQWV� DUH� FDUULHG� RXW�� $� VHTXHQWLDO� DSSURDFK� HQDEOHV
NQRZOHGJH�JDLQHG� IURP�RQH�H[SHULPHQW� WR� LQIOXHQFH� WKH� GHVLJQ
RI�WKH�IROORZLQJ�H[SHULPHQW�

:KHQ� SODQQLQJ� WKH� GHWDLOV� IRU� WKH� GHVLJQHG� H[SHULPHQWV� WKH
GHVLJQ� PDWULFHV� FDQ� EH� XVHG� DV� DQ� LQWHUDFWLRQ� WDEOH�� LQGLFDWLQJ
LQWHUDFWLRQV�ZKHUH� VHYHUH� FRXSOLQJ�PD\� H[LVW�� 7KHUH� DUH� VHYHUDO
GLIIHUHQW� DSSURDFKHV� IRU� KRZ� WR� GHVLJQ� WKH� H[SHULPHQW�� 6HH
VHFWLRQ� ����� 6LPSVRQ� HW� DO�� >��@� SURYLGHV� D� FRPSUHKHQVLYH
RYHUYLHZ�RI� WKH�GLIIHUHQW�ZD\V�RI�XVLQJ� VWDWLVWLFV� LQ� GHVLJQ�� DQG
DOVR� SUHVHQWV� VSHFLDO� FLUFXPVWDQFHV� WKDW� DULVH� ZKHQ� XVLQJ
VWDWLVWLFDO�H[SHULPHQWV�LQ�FRPSXWHU�VLPXODWLRQV�

7KH�VSHFLILF�SODQQLQJ�VWHSV�����WR������ LQ�)LJXUH����DUH�GHVFULEHG
LQ�PRUH� GHWDLO� LQ� EDVLF� VWDWLVWLFDO� DQG� TXDOLW\� OLWHUDWXUH� �VHH� IRU
LQVWDQFH�>������@���DQG�ZLOO�QRW�EH�GLVFXVVHG�LQ�GHWDLO�KHUH�

,W� LV� LPSRUWDQW� QRW� WR� IRUJHW� WKH� JRDO� RI� WKH� H[SHULPHQWV� DQG
VLPXODWLRQV�� 1R� PDWWHU� ZKLFK� PHWKRG� LV� FKRVHQ�� RQH� ZDQWV� WR
DFKLHYH� UREXVW� SURGXFWV� WKDW� SHUIRUP�ZHOO�� 2U�� LQ� RWKHU� ZRUGV�
SURGXFWV� WKDW� SHUIRUP� ZHOO� XQGHU� PDQ\� GLIIHUHQW� FRQGLWLRQV�
6RPHWLPHV� VSHFLDOO\� GHVLJQHG� FRPSXWHU� VLPXODWLRQV� FDQ� UHSODFH
SK\VLFDO�H[SHULPHQWDWLRQ�

6RPH� UHVXOWV� WKDW� FDQ� EH� DFKLHYHG� LQ� WKH� GHVLJQHG� H[SHULPHQW
SKDVH�DUH�

���� $� OLVW� RI� WKH� PRVW� LPSRUWDQW� IDFWRUV�� ���� $QG�� DQ� DFFXUDWH
XQGHUVWDQGLQJ� RI� WKH� SK\VLFDO� UHODWLRQVKLSV� ZLWKLQ� WKH� SURGXFW�
7KLV�QHZ�LQIRUPDWLRQ�IDFLOLWDWHV�DQ�XSGDWHG�YHUVLRQ�RI�WKH�GHVLJQ
PDWULFHV�LQ�WKH�'HVLJQ�2EMHFW�$QDO\VLV�

3.6 OPTIMIZATION OF CURRENT PRODUCT

7KH� UHVXOW� IURP� WKH� GHVLJQHG� H[SHULPHQW� LV� XVHG� QRW� RQO\� WR
LGHQWLI\�WKH�PRVW�LPSRUWDQW�IDFWRUV�UHJDUGLQJ�WKH�TXDOLW\�SUREOHP
EXW� DOVR� VXJJHVWV� VHWWLQJV� RI� SDUDPHWHU� YDOXHV� IRU� WKH� PRVW
LPSRUWDQW� IDFWRUV�� ZKLFK� ZLOO� LQFUHDVH� SHUIRUPDQFH� DQG
UREXVWQHVV�� 7KXV�� LW� PD\� EH� SRVVLEOH� WR� RSWLPL]H� SURGXFW

SHUIRUPDQFH� DQG� TXDOLW\� E\� LPSOHPHQWLQJ� VXJJHVWLRQV� IURP� WKH
GHVLJQHG�H[SHULPHQW���6RPHWLPHV�VXFK�DQ�RSWLPL]DWLRQ�LV�HQRXJK
WR� VROYH� WKH� SURGXFW·V� TXDOLW\� SUREOHP� DQG� QR� PDMRU� UHGHVLJQ
HIIRUWV� DUH� QHFHVVDU\��$OO� VXJJHVWHG� GHVLJQ� FKDQJHV� �UHGHVLJQ� RU
RSWLPL]DWLRQ��KDYH�WR�SDVV�WKH�FRQVWUDLQWV�RU�RWKHU�WUDGH�RIIV�WKDW
SURKLELW�D�GHVLJQ�FKDQJH��6HH�DOVR�VHFWLRQ�����

7KH�UHVXOWV�DFKLHYHG�IURP�IDFWRU�RSWLPL]DWLRQ�

1HZ�SDUDPHWHU�YDOXHV�WKDW�RSWLPL]H�WKH�SURGXFW� �LI� FKDQJHV� DUH
DOORZHG�E\�FRQVWUDLQWV��

3.7 DESIGN CHANGES

2QFH� WKH� HQJLQHHULQJ� WHDP� NQRZV� ZKLFK� SDUDPHWHUV� DUH� PRVW
LPSRUWDQW��WKH\�FDQ�IRFXV�RQ�WKHVH�SDUDPHWHUV�DQG�UHGHVLJQ�WKHP
WR�VROYH�WKH�SUREOHP��7KH�D[LRPV��FRUROODULHV��DQG�WKHRUHPV�IURP
$[LRPDWLF�'HVLJQ�SURYLGH�JXLGDQFH�LQ�WKLV�HIIRUW�

,W� LV� LPSRUWDQW� WR� HYDOXDWH� KRZ� GHVLJQ� FKDQJHV� DIIHFW� UHODWHG� SDUWV� RI� WKH
SURGXFW�� VLQFH� WUDGH�RIIV� DQG� OLPLWDWLRQV� RIWHQ� DUH� SUHVHQW�� 7KH
GHVLJQ�PDWULFHV�H[SUHVV�UHODWLRQVKLSV�EHWZHHQ�WKH�SURGXFW·V�SDUWV�
DQG� HQDEOHV� HDV\� WUDFNLQJ� RI� HIIHFWV� UHVXOWLQJ� IURP� VXJJHVWHG
GHVLJQ� FKDQJHV�� /LPLWDWLRQV� LQ� WKH� GHVLJQ� RIWHQ� PDNH� ERWK
RSWLPL]DWLRQ�DQG�UHGHVLJQ�QHFHVVDU\�

7KH� UHVXOWV� DFKLHYHG� IURP� WKLV� VWHS� DUH� SODQQHG� GHVLJQ� FKDQJHV
WR�VROYH�WKH�SURGXFW·V�SUREOHP�

3.8 IMPLEMENTATION PLAN

,Q�RUGHU�WR�UHDOL]H�WKH�SODQQHG�LPSURYHPHQWV��DQ�LPSOHPHQWDWLRQ
SODQ�KDV�WR�EH�FRQVWUXFWHG��6RPH�LPSRUWDQW�TXHVWLRQV�WR�DGGUHVV
DUH��5HVSRQVLELOLWLHV"�7LPH�IUDPH"�%XGJHW"�7HDP�PHPEHUV"�HWF�

$Q�LPSOHPHQWDWLRQ�SODQ�UHVXOWV�LQ�D�KLJKHU�SUREDELOLW\�RI�VXFFHVV
IRU�WKH�SODQQHG�LPSURYHPHQW�HIIRUWV�

3.9 IS THE PROBLEM SOLVED ?
)ROORZLQJ�XS�DQG�FRQILUPLQJ�WKDW�WKH�SUREOHP�UHDOO\�LV�VROYHG� LV
LPSRUWDQW�� 7KLV�PLJKW� FRQVLVW� RI�PRQWKV� RI� PHDVXUHPHQWV� DQG
UHFRUGLQJ� RI� FXVWRPHU� IHHGEDFN�� 8QOHVV� WKLV� VWHS� LQGLFDWHV� WKDW
WKH�SUREOHP�LV�VROYHG��XQFHUWDLQW\�UHPDLQV�DERXW�ZKHWKHU�RU�QRW
WKH�SUREOHP�VWLOO�LV�SUHVHQW�

4 AUTOMOTIVE CASE STUDY

7KH�DSSURDFK�SUHVHQWHG� LQ� WKLV� SDSHU�ZDV� XVHG� WR� GHDO�ZLWK� DQ
RQJRLQJ� DQG� FRPSOH[� SUREOHP� DW� D� ODUJH� DXWRPRWLYH� FRPSDQ\
>�@��+RZ� WKH� SUREOHP�ZDV� WDFNOHG� XVLQJ� WKH� VWHSV� SUHVHQWHG� LQ
)LJXUH���LV�GHVFULEHG�EHORZ�

4.1 PROBLEM DEFINITION

7KH�SUREOHP�LQ� WKH� VWXG\�ZDV� FDOOHG�´'ULIW�3XOOµ��$�'ULIW�3XOO
SUREOHP�LV�VDLG�WR�H[LVW�LI�D�GULYHU�WDNHV�KLV�KDQGV�RII� WKH�VWHHULQJ



,PSURYLQJ�3URGXFWV�DQG�6\VWHPV�E\�&RPELQLQJ�$[LRPDWLF�'HVLJQ��4XDOLW\�&RQWURO�7RROV�DQG�'HVLJQHG�([SHULPHQWV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ��

ZKHHO� DW� ��� NP�K� DQG� WKH� YHKLFOH� FKDQJHV
ODQH�LQ�OHVV�WKDQ����VHFRQGV��:DUUDQW\�FODLPV
GXH� WR� 'ULIW�3XOO� LQ� WKH� DXWRPRWLYH
FRPSDQ\·V� OLJKW� WUXFN� KDG� LQFXUUHG
VLJQLILFDQW� FRVWV�� ,Q� WKLV� FDVH� WKH� SUREOHP
ZDV�YHU\�SUHFLVHO\�GHILQHG�DW� WKH�VWDUW�RI�WKH
SURMHFW�

4.2 THE DESIGN OBJECT ANALYSIS

,Q�WKLV�FDVH�WKH�WUXFN�ZDV�PRGHOHG�LQ�WHUPV�RI�$[LRPDWLF�'HVLJQ
IURP�WKH�'ULIW�3XOO�SRLQW�RI�YLHZ��,W�PHDQV�WKDW�SDUWV�RI�WKH�WUXFN�WKDW
ZHUH�EHOLHYHG� WR�EH�XQLPSRUWDQW� IRU�'ULIW�3XOO�ZHUH� HLWKHU� QRW
LQFOXGHG� LQ� WKH� PRGHO�� RU� QRW� IXUWKHU� GHFRPSRVHG� LQ� WKH
IXQFWLRQ�PHDQV�WUHH�

7KH�WUXFN�ZDV�PRGHOHG�IURP�DERYH�DQG�WKH�V\VWHP�FRQFHSW�ZDV
ODLG� RXW� DV� VKRZQ� LQ� )LJXUH� ��� ,Q� SDUDOOHO�� WKH� YDULRXV� GHVLJQ
SDUDPHWHUV� LQ� WKH� DVVHPEO\� GUDZLQJ� ZHUH� DQDO\]HG� DQG� WKHLU
FRUUHVSRQGLQJ� IXQFWLRQDO� UHTXLUHPHQWV� ZHUH� LGHQWLILHG�� 7KLV
´ERWWRP� XSµ�DQDO\VLV� RI� WKH� DVVHPEO\� GUDZLQJV� ZDV� WKHQ
FRPELQHG�ZLWK�WKH�´WRS�GRZQµ�GHVFULSWLRQ�RI�WKH�WUXFN�FRQFHSW�
DQG� WKH� SDUWV� WKDW� DUH� LQWHUHVWLQJ� IURP� D�'ULIW�3XOO� SHUVSHFWLYH
EXLOG�XS�WKH�IXQFWLRQ�PHDQV�WUHH�

)LJXUH���VNHWFKHV�WKH�HQWLUH�IXQFWLRQ�PHDQV�WUHH��DQG�KLJKOLJKWV�D
FORVH�XS�RI�WKH�'ULIW�3XOO�EUDQFK�

'ULIW�3XOO� LV� UHODWHG� WR� QRW� VDWLVI\LQJ� WKH�PDLQ� )5������ �6WUDLJKW
PRYHPHQW�ZKHQ�QR�IRUFH�LV�DSSOLHG�WR�ZKHHO���,Q�WKH�GHVLJQ�WKH
)5V�DQG�'3V�RI�WKH�)5������EUDQFK�LV�PHDQW�WR�VDWLVI\�)5������
,Q� UHDOLW\� PDQ\� RWKHU� '3V� RI� WKH� GHVLJQ� DIIHFW� )5������ WRR�
9DULRXV� IDFWRUV� DIIHFWLQJ� )5������ ZHUH� LGHQWLILHG� WKURXJK� D
FDUHIXO� LQYHVWLJDWLRQ�RI� DOO�EUDQFKHV�RI� WKH� IXQFWLRQ�PHDQV� WUHH�
DQG� WKHLU� HIIHFWV�RQ�)5�������7KH� OHDYHV� RI� WKH� EUDQFKHV� LQ� WKH
IXQFWLRQ�PHDQV�WUHH�DUH�RIWHQ�SK\VLFDO�SDUWV��RU�SDUDPHWHU�YDOXHV�
WKDW�FDQ�EH�IRXQG�LQ�WKH�GHVLJQ�GUDZLQJV�RU�DVVHPEO\�GUDZLQJV�

.QRZOHGJH�XVHG�IRU� WKLV�GHVLJQ�DQDO\VLV� FDPH� IURP�HQJLQHHULQJ
H[SHUWV�� SK\VLFDO� ODZV�� WKHRUHWLFDO� VWXGLHV� RI� FDU� VXVSHQVLRQ�
ZDUUDQW\� VWDWLVWLFV�� DQG� SURGXFW� GDWD�� HWF�� 7HDPZRUN�� DQG
FRRSHUDWLRQ�ZLWK� H[SHUWV��ZHUH� WZR� LPSRUWDQW� DVSHFWV� LQ� JHWWLQJ
DQ�DFFXUDWH�XQGHUVWDQGLQJ�RI�WKH�WUXFN�DQG�WKH�'ULIW�3XOO� LVVXH�
DV�ZHOO�DV�IRU�FRUUHFWO\�GHILQLQJ�WKH�IXQFWLRQ�PHDQV�WUHH�DQG�WKH
GHVLJQ�PDWULFHV��7KH�UHVHDUFKHUV�LQ�WKLV�VWXG\�KDG�VXSSRUW�IURP�D
TXDOLW\�FRQVFLRXV� PDQDJHU� DW� D� KLJK� FRPSDQ\� OHYHO�� 5HVXOWV
DFKLHYHG� LQ� WKH� FDVH� VWXG\�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH� LQ� WKH
UHODWLYHO\� VKRUW� SURMHFW� WLPH�IUDPH� �WKUHH� PRQWKV�� ZLWKRXW� WKLV
PDQDJHULDO�VXSSRUW�

4.2.1 Design Matrices
'HVLJQ� PDWULFHV� ZHUH� VHW� XS� IRU� WKH� GLIIHUHQW� OHYHOV� RI� WKH
IXQFWLRQ�PHDQV� WUHH�� $� VLPSOH� H[DPSOH� RI� D� GHVLJQ� PDWUL[� LV
JLYHQ� LQ� HTXDWLRQ� ����� ZKLFK� VKRZV� WKH� GHVLJQ� PDWUL[� ��������[
�)URQW�DQG�UHDU�D[OHV�SDUDOOHO��IURP�)LJXUH���

,Q� GHVLJQ� PDWULFHV� ZKHUH� QRQ�GLDJRQDO� HOHPHQWV� H[LVW�� WKHVH
HOHPHQWV�ZHUH�LQGH[HG��L�H��;���;�«;Q��DQG�H[SODLQHG�VHSDUDWHO\�
'3V� EHOLHYHG� WR� KDYH� VRPH� SUREOHP� IXOILOOLQJ� WKHLU

FRUUHVSRQGLQJ� )5V� ZHUH� DOVR� GLVFXVVHG� VHSDUDWHO\�� &RQVWUDLQWV
ZHUH�DGGHG�IRU�FODULW\�DQG�IRU�PDNLQJ�IXWXUH�GHVLJQ�FKDQJHV�DQG
WUDGH�RII�GHFLVLRQV�HDVLHU�

)DFWRUV� SURYLGLQJ� FRXSOLQJV�GLUHFWO\� RU� LQGLUHFWO\��� RU� EHOLHYHG
QRW� WR� IXOILOO� WKHLU� FRUUHVSRQGLQJ�)5V��ZHUH� DGGHG� WR� WKH� OLVW� RI
SRWHQWLDO�IDFWRUV�DIIHFWLQJ�'ULIW�3XOO�

4.2.2 Manufacturing process analysis
)RU� DOO� GHVLJQ� PDWULFHV� WKDW� ZHUH� FUHDWHG�� WKH� FRUUHVSRQGLQJ
PDQXIDFWXULQJ� SURFHVVHV� ZHUH� VWXGLHG�� ,W� ZDV� IRXQG� WKDW� WKH
PDQXIDFWXULQJ� SURFHVV� ZDV� VHOGRP� DGMXVWHG� DFFRUGLQJ� WR� WKH
RSWLPDO� VHTXHQFH� VXJJHVWHG� E\� WKH� HTXDWLRQ� V\VWHPV� LQ� WKH
GHVLJQ� HTXDWLRQV�� WKXV� PDNLQJ� WKH� WUXFNV·� 'ULIW�3XOO
SHUIRUPDQFH� VHQVLWLYH� WR� GHYLDWLRQV� ZLWKLQ� WKH� PDQXIDFWXULQJ
SURFHVV�� 6RPH� IDFWRUV� ZHUH� DGGHG� WR� WKH� OLVW� RI� SRWHQWLDO
SUREOHP�FDXVLQJ� IDFWRUV� GXH� WR� WKH� PDQXIDFWXULQJ� SURFHVV
DQDO\VLV�� LQ� FRPELQDWLRQ� ZLWK� LQSXW� IURP� UHJXODU� VXVSHQVLRQ
WKHRU\��IRU�LQVWDQFH�WKH�IDFWRU��QRQ�SDUDOOHO�D[OHV��

4.2.3 Transformation of factors into a set of more
experiment-friendly factors

7KLUW\�WKUHH�IDFWRUV�ZHUH�ILUVW�LGHQWLILHG�IURP�WKH�GHVLJQ�PDWULFHV
DV� EHLQJ� RI� LQWHUHVW� IRU� IXUWKHU� LQYHVWLJDWLRQ�� 0DQ\� RI� WKHVH
SDUDPHWHUV� DUH� UHODWHG� DQG� \LHOG� WKH� VDPH� NLQG� RI� DIIHFW� ZKHQ
FKDQJHG� IURP� WKHLU� RULJLQDO� YDOXH�� )RU� LQVWDQFH�� WKH� '3V� WKDW
EXLOG�XS��RU�DIIHFW�� WKH�D[OH�SDUDOOHOLVP�DUH�� ����'3������6SULQJ
KRUL]RQWDO� GLVWDQFH� ;�� µZUDSµ� KROHV� WR� VWHHU� NQXFNOH� EROWV�� ���
'3������ )UDPH� GLVWDQFH� ;�� EUDFNHW� KROHV� IURQW� WR� UHDU�� ���
'3������3ODFHPHQW�RI� VSULQJ�KROHV�RQ�EUDFNHW��7RJHWKHU� WKHVH
IDFWRUV� IRUP� WKH� FRPSRXQG� IDFWRU� ´D[OHV� QRW� SDUDOOHOµ�� 6HH
)LJXUH���IRU�WKH�VHWXS�RI�WKH�'3V�DERYH��%\�FRPELQLQJ� IDFWRUV�
WKH� ORQJ� OLVW� FRXOG� EH� UHGXFHG� WR� ��� IDFWRUV� WKDW� GHVFULEHG� WKH
UHVXOW�IURP�WKH�GHVLJQ�PDWULFHV�

DP 11222

DP 11221

 DP 11223

DP 11221

 DP 11223

Figure 5. Design parameters (DPs) building up the front
to rear axle distance.
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FR 1 .4 . 2 .4 .2  
S h oc k  a b so r b e r  

a t ta ch e d  to  f ra m e

D P 1 .4 . 2. 4 .1  
B ra c ke t  o n  a x le

D P 1 .4 . 2. 4 .2  
B ra c ke t  o n  f r a m e

FR 1 .4 . 2 .4 .3  
D e si re d  be h a v io r 

o f  Sh o c k a b so r b e r

D P 1 .4 . 2. 4 .3  

D e si gn  o f Sh o ck  
a b s or b e r

D P 1 .4 . 2. 4  

S h oc k  a b so r b e r

FR 1 .4 . 1 .1 .3  
 Ri gi d w h en  

t u rn in g

D P 1 .4 . 1. 1 .3  
L e a fs  a r e a  

p la c e m e n t ar o u n d  

t u rn in g  ax is

FR 1 .4 . 1 .1  
D e si re d  be h a v io r 

o f  s pr in g s

D P 1 .4 . 1. 1  
F r o n t sp r in g  

( d e sig n )

FR 1 .4 . 2 .5  
S p rin g s  a t ta ch e d  

t o  r e ar  a xle

D P 1 .4 . 2. 5  
S p ac e r  p la te [ 1 ],  

S p ac e r [4 ],  
U - b ol ts [5 ]

 FR 1 
T r a n sp o r t

D P1  

T r u c k

FR 1 .5  
A b ility  to  m ov e  

v e h icle

FR  1. 5 .1  
T r a c tio n  

t ru c k- r o a d

D P 1 .5 . 1 
T i re s

D P 1 .5  

W h e e ls

FR 1 .3  

P o we r  t o  m o v e  

DP1 .3  
En gin e: 

( 7.3 l Die sel tur bo , 
7 .5l EF I(G ) o r 5.8  

EF I( H))

FR  1. 5 .5  

W h e e l d ir e c tio n s  
p a r a lle l w h e n  

v e h icle  is  m o v in g

FR 1 .5 .3 
 Whe els ver tical  to  
t he gr ou nd whe n 

ve hicle  is loa ded  a nd  
m ov ing

D P 1 .5 . 5 
F ro nt  sid e t o sid e toe  
- .19  to  . 31 de gre es  in 

st atic  co ndit ion

DP 1.5 .3  
Ca m be r - .5 to 1. 5 

d eg ree  a ng le in  st atic 
a nd  un loa de d 

co nd itio n

FR  1. 6  
C o m f o rt a bl e 

d r iv in g  
e n v iro n m en t

D P1 . 6   
B o dy : 

( c re w  c a b  o r  
r e g u la r ca b )

C:  We igh t, 
Co st,  

L ife len gth , 
Fue l, 

Ho rse  p owe r 

C:  Nu mb er  of  se ats , 
Ab ility t o load

FR 1 .1 . 2 .1  
 d ire c ti on a l 

s ta b ilit y

FR 1 .1 . 2 .2  
F r o n t a n d r ea r  
a x le s p a ra lle ll

FR  1. 1 .2  

St raig ht  m ove m ent  
wh en  n o f orc e is  
a pp lied  to  whe el 

FR 1 .1 .3 
Re tu rna bilit y 

( re tur nin g t o s tra igh t 
a he ad po sitio n a fte r 

t urn ing )

D P1 . 1 .2  

W h e e l 
c o n fig u r a tio n

FR 1 .1  
S te e r in g  
C a p a b ility

D P 1 .1  

S te e r in g  Sy s te m

D P1 . 1 .2 .1 . 1  
P o sit iv e ca s te r  o f  
f ro n t  w h e el s (2  to  

5  de g r e e s)

DP1 .1 .2. 2 
L eft  an d rig ht 

d ista nce  X o f f ro nt to 
r ea r st ee r k nuc kle 
b olts  on  sp rin gs

FR  1. 1 .4  
W h e e ls  tu r n  

s yn c r o ni ze d

D P 1 .1 . 4 
L o n g  li nk a r m  [ 2 2 ]

FR  1. 1 .3 . 1 
R a is e o f ve h ic le s 

c e n tr e  o f w ei g ht  
w h e n  t ur n in g

DP 1.1 .3  
For ce to  br ing  fr on t 

wh ee ls 9 0 d eg re es in 
r ela tion  to  th e fro nt  

a xle 

FR  1. 1 .2 . 2. 1  
C o r re c t le n gt h  o f  

s p ri ng s

DP 1.1 .3 .1 
L eft  an d rig ht fro nt  

wh ee ls SAI  (St ee ring  
a xis in clina tio n) 

a ng les X

DP 1.1 .2 .2. 1 
Sp rin gs hor ison ta l 

d ista nce  X, bra cke t 
h ole s  t o s tee r 
kn uck le b olt s

FR  1. 1 .2 . 2. 2  
C o r re c t p la ce m e n t  

o f  b r ac k e ts

D P 1 .1 . 2. 2 .2  
F r a m e  d ist a nc e  X , 
b r a ck e t h ol es  fr o nt  

t o  r e ar

FR  1. 1 .2 . 3 
R e a r Th r u st lin e  9 0  

d e g r ee s  i n r el a tio n  
t o  r e ar  a xle

D P 1 .1 . 2. 3  
Ro bu st rea r axle  

d esig n (ins ignif ican t 
t oe an gle s)

FR1 .1. 2.1 .1  
To the  g ro und  

e xte nde d pivo t p oin t 
a he ad of  m ost of  th e 

d ra g

D P1 . 1 .2 .1   
D r a gf o r ce  b e h in d  

w h e e ls tu r n in g  
a x is

FR 1 .1 .2. 4 
Sa me  d ista nce  to  

t heo re tica l ce ntr e of 
r ota tio n o f le ft an d 

f ron t w he el 

D P 1 .1 . 2. 4  
c a m b e r  s pl it,   

0  de g r e e s

C:  For ce rec uire d to 
t urn  wh ee l, 

Ro ad  sh ock tra ns fer , 
f ron t w he el wo bb le or 

sh im my .

FR 1 .1 . 2 .5    
C o m p e n sa t io n  o f 

r o a d  c ro w n

D P 1 .1 . 2. 5   
C a st e r  s pl it .5  t o  

- 1 .5  de g r e e s

FR 1 .4 . 2 .1 .2  
P o ss ib le  h ig h t  o f 

s u sp e n s io n

D P 1 .4 . 2. 1 .2  
S p rin g  le n gt h

FR  1. 4 .2 . 1. 1  
L e a f sp r in g  

c o n st a nt

D P 1 .4 . 2. 1 .1  
N u m b e r  o f L e a fs , 
le a f  th i ck n es s  a n d  

le a f  w id th

FR 1 .4 . 2 .1 .3  
 Ri gi d w h en  

t u rn in g

D P 1 .4 . 2. 1 .3  
L e a fs  a r e a  

p la c e m e n t ar o u n d  

t u rn in g  ax is

FR  1. 1 .2 . 1. 1 .1  
C o r re c t se t up  o f 

a x le  a r m

FR  1. 1 .2 . 1. 1 .3  
C o r re c t se t up  o f 

s p ri ng  

D P 1 .1 . 2. 1 .1 .1  
L e ft  a n d  r ig h t 

c a st e r a n gl es  fr o m  
a x le

D P 1 .1 . 2. 1 .1 .3  
L e ft  a n d  r ig h t 

c a st e r a n gl e fr o m  
s p ri ng

FR 1 .1 .2. 1.1 .2  
Ad just me nt  of  fr on t 

wh ee ls st ra ight  
a he ad dir ect ion

D P1 . 1 .2 .1 . 1 .2   
L e ft  a n d  r ig h t 

c a st e r sl ug s  
a n g le s

D P 1 .5 . 5. 1  
L o n g  li nk a r m  

le n g th  a d ju st e r[ 2 2]

FR  1. 5 .5 . 1 
L e n g th  X o f  lo n g  

li nk a r m

D P 1 .5 . 3. 1  
C a m b e r  a n g le s 

f ro m  a x le  a r m s  
( le ft  a n d  r ig h t)

FR  1. 5 .3 . 1 
C o r re c t se t up  o f 

a x le  a r m  

D P 1 .5 . 1. 1  

T i re  pr e s su r e

FR  1. 5 .1 . 1 
M ax . tr a c tio n  a n d  

m in . t ir e  w e a r 

FR  1. 1 .2 . 2. 3  
C o r re c t d es ig n  o f  

b r a ck e ts

D P 1 .1 . 2. 2 .3  
P la ce m en t  o f 

s p ri ng  h o le s o n 

b r a ck e ts

D P 1 .5 . 2 
B a ll jo i nt s

FR  1. 5 .2  
F r o n t w he e ls  

s te e r a b le  

D P 1 .1 . 3. 1 .1  
L e ft  a n d  r ig h t SA I 
a n g le  X  o f  fr o n t 

a x le  a r m s

FR  1. 1 .3 . 1. 1  
C o r re c t se t up  o f 

a x le  a r m

D P 1 .5 . 4. 1  
L e ft  a n d  r ig h t 

u - jo in ts  

FR  1. 5 .4 . 1 
T r a n sf e r  o f p o we r  

t o  in d iv id u al  fr o n t 
w h e e ls

D P 1 .5 . 4 

S o lid  I -b e a m s  
f ro n t  a n d  r ig h t

FR  1. 5 .4  

T r a n sf e r  o f p o we r  
t o  b o th  fr o nt  a n d  
r e a r  w h e e lp a ir s

FR1 .1. 2.5 .2    
Tot al c ast er an gle  of  
le ft whe el . 5 h igh er  

t han  r igh t wh ee l

D P 1 .1 . 2. 5 .2   

F r o n t le ft  c a st e r 
s lu g  Y

FR1 .1. 2.5 .1  
Tot al c ast er an gle  of  
r igh t wh ee l .5  lo wer  

t han  le ft whe el

D P 1 .1 . 2. 5 .1   

F r o n t r ig ht  c a st e r 
s lu g  X

C : C le a r vis io n  o f  
v e h icle  

in s tr u m e n ts

FR1 .1. 2.5 .3    
Ca ste r split 0.5  o f 

f ron t a xle  ar ms

D P 1 .1 . 2. 5 .3   

C a st e r  s pl it of  
f ro n t  a x le  a r m s

FR1.1.2.1 
 directional 

stability

FR1.1.2.2 
Front and rear 
axles parallell

FR 1.1.2 
Straight movement 
when no force is 
applied to wheel 

DP1.1.2 
Wheel 

configuration

DP1.1.2.1.1 
Positive caster of 
front wheels (2 to 

5 degrees)

DP1.1.2.2 
Left and right 

distance X of front to 
rear steer knuckle 
bolts on springs

FR 1.1.2.2.1 
Correct length of 

springs

DP 1.1.2.2.1 
Springs horisontal 
distance X, bracket 

holes  to steer 
knuckle bolts

FR 1.1.2.2.2 
Correct placement 

of brackets

DP 1.1.2.2.2 
Frame distance X, 
bracket holes front 

to rear

FR 1.1.2.3 
Rear Thrustline 90 
degrees in relation 

to rear axle

DP 1.1.2.3 
Robust rear axle 

design (insignificant 
toe angles)

FR1.1.2.1.1 
To the ground 

extended pivot point 
ahead of most of the 

drag

DP1.1.2.1  
Dragforce behind 

wheels turning 
axis

FR 1.1.2.4 
Same distance to 

theoretical centre of 
rotation of left and 

front wheel 

DP 1.1.2.4 
camber split,  

0 degrees

C1.1.2.1.1: Force 
required to turn 
wheel, shimmy.

FR1.1.2.5   
Compensation of 

road crown

DP 1.1.2.5  
Caster split .5 to 

-1.5 degrees

FR 1.1.2.1.1.1 
Correct setup of 

axle arm

FR 1.1.2.1.1.3 
Correct setup of 

spring 

DP 1.1.2.1.1.1 
Left and right 

caster angles from 
axle

DP 1.1.2.1.1.3 
Left and right 

caster angle from 
spring

FR 1.1.2.1.1.2 
Adjustment of front 

wheels straight 
ahead direction

DP1.1.2.1.1.2  
Left and right 
caster slugs 

angles

FR 1.1.2.2.3 
Correct design of 

brackets

DP 1.1.2.2.3 
Placement of 

spring holes on 
brackets

FR1.1.2.5.2   
Total caster angle of 
left wheel .5 higher 

than right wheel

DP 1.1.2.5.2  
Front left caster 

slug Y

FR1.1.2.5.1 
Total caster angle of 
right wheel .5 lower 

than left wheel

DP 1.1.2.5.1  
Front right caster 

slug X

FR1.1.2.5.3   
Caster split of front 

axle arms

DP 1.1.2.5.3  
Caster split 0.5 of 

front axle arms

Figure 6. Drift/Pull branch of FR-DP-tree

5HVXOW�IURP�'HVLJQ�2EMHFW�$QDO\VLV�

$� ORQJ� OLVW�RI� IDFWRUV� WKDW�PLJKW� EH� WKH� IXQGDPHQWDO� UHDVRQ� IRU
WKH�'ULIW�3XOO�SUREOHP��6HH�7DEOH����0DQ\�RI�WKH�WHUPV�LQ�7DEOH
�� DUH� DXWRPRWLYH� VXVSHQVLRQ� WHUPV� WKDW� DUH� H[SODLQHG� LQ� >��� ��@�
IRU�LQVWDQFH�

Table 1. Parameters important to analyze.

�� &DVWHU�DQJOH��IURQW�ZKHHOV
�� &DVWHU�VSOLW�DQJOH��IURQW�ZKHHOV
�� &DPEHU�DQJOH��IURQW�ZKHHOV
�� &DPEHU�VSOLW�DQJOH��IURQW�ZKHHOV
�� :KHHO�EDVH

�� )URQW�DQG�UHDU�D[OHV�QRW�SDUDOOHO
�� 7RH�DQJOH��IURQW�ZKHHOV
�� 6$,�DQJOH��IURQW�ZKHHOV
�� 6$,�VSOLW�DQJOH��IURQW�ZKHHOV
��� 'LIIHUHQW�ORDGV�RQ�IURQW�DQG�UHDU�ZKHHO�SDLU
��� 'LIIHUHQW�ORDGV�RQ�OHIW�DQG�ULJKW�ZKHHO�LQ�WKH�ZKHHO�SDLUV
��� 7LUH�56$7
��� 7LUH�56$7�VSOLW
��� 7LUH�&5)
��� 7LUH�&5)�VSOLW
��� 'LIIHUHQW� EUDNH� IRUFH� DSSOLHG� WR� LQGLYLGXDO� ZKHHOV

ZLWKRXW�GULYHU�EUDNLQJ



,PSURYLQJ�3URGXFWV�DQG�6\VWHPV�E\�&RPELQLQJ�$[LRPDWLF�'HVLJQ��4XDOLW\�&RQWURO�7RROV�DQG�'HVLJQHG�([SHULPHQWV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

Figure 7. Different noise factors: Manufacturing,
Environment, and Wear

4.3 NOISE FACTOR ANALYSIS

7KH�DQDO\VLV�RI�KRZ�QRLVH� IDFWRUV� DIIHFW�'ULIW�3XOO� LV� SUHVHQWHG
LQ� )LJXUH� ��� ,Q� RUGHU� WR� XQGHUVWDQG� KRZ� WKH� HQYLURQPHQW� LV
LQIOXHQFLQJ�'ULIW�3XOO��WKURXJK�FXVWRPHU�XVDJH�RI�WKH�WUXFN��LW�LV
YHU\� LPSRUWDQW� WR� NQRZ� WKH� EHKDYLRU� RI� WKH� FXVWRPHUV�� ,Q� WKLV
FDVH�WKH�VXEVHTXHQW�DQDO\VLV�RI�FRPSDQ\�GDWD�H[FOXGHG�ZHDU�DQG
PRVW� RI� WKH� HQYLURQPHQWDO� QRLVH� IDFWRUV� IURP� DIIHFWLQJ
'ULIW�3XOO�SUREOHP��6HH�VHFWLRQ����� 7KH� QRLVH� IDFWRU� DQDO\VLV
IXUWKHU� H[WHQGV� WKH� ORQJ� OLVW� RI� IDFWRUV� IURP� WKH�'HVLJQ�2EMHFW
$QDO\VLV��6HH�)LJXUH���

4.4 ANALYZING RECORDED TRUCK DATA AND
WARRANTY CLAIMS WITH THE 7 QC-TOOLS

([LVWLQJ� GDWD� DERXW� WUXFNV� WKDW� ZHUH� UHSRUWHG� DV� LQFXUULQJ
'ULIW�3XOO� ZDUUDQW\� FRVWV� ZHUH� H[DPLQHG� LQ� RUGHU� WR� ILQG� RXW
ZKLFK� SDUDPHWHUV� RI� WKHVH� WUXFNV� PLJKW� KDYH� FDXVHG� WKH
SUREOHP�� ,Q� GRLQJ� VR�� WKH� FRPSDQ\·V� GDWDEDVH� IRU� ZDUUDQW\
FODLPV�� DQG� WKH� FRUUHVSRQGLQJ� GDWD� IURP� WKH� PDQXIDFWXULQJ
SURFHVV�� ZHUH� XWLOL]HG�� %HORZ� LV� D� VXPPDU\� RI� WKH� FRQFOXVLRQV
DFKLHYHG�� :KHQ� 4&�WRROV� ZHUH� XVHG� LW� ZLOO� EH� LQGLFDWHG� E\
ZULWLQJ�WKH�4&�WRRO�LQ�LWDOLF�

,W� ZDV� IRXQG� WKDW� WKH� 'ULIW�3XOO� SUREOHP� ZDV� PDQXIDFWXULQJ
SODQW� UHODWHG��'DWD� FROOHFWLRQ� DQG� FRQVWUXFWLRQ� RI� JUDSKV� VLPLODU� WR
)LJXUH� �� \LHOGHG� WKH� FRQFOXVLRQ� WKDW� D� YHU\� ODUJH� SURSRUWLRQ� RI
WKH�WUXFNV�FDXVLQJ�'ULIW�3XOO�SUREOHPV�H[KLELWHG�WKHP�DIWHU� ORZ
PLOHDJH�

2IWHQ�WKH�SUREOHPV�ZHUH�DSSDUHQW�DW� WKH�SODQW��DIWHU� OHDYLQJ�WKH
PDQXIDFWXULQJ� OLQH�� RU� DIWHU� ORZ�PLOHDJH� LQFXUUHG� E\� HLWKHU� WKH
WUXFN� GHDOHU� RU� ZKHQ� WKH� YHKLFOH� ZDV� ILUVW� GULYHQ� E\� WKH
FXVWRPHU�

7KLV� FRQFOXVLRQ� HOLPLQDWHG� WKH� QRLVH
IDFWRUV� UHODWHG� WR�ZHDU�RI�SDUWV�� DV�ZHOO
DV� PRVW� RI� WKH� QRLVH� IDFWRUV� UHODWHG� WR
WKH� WUXFN·V� XVDJH� HQYLURQPHQW�� 6HH
)LJXUH���

Miles

100 1300 2300

Drift/Pull repairs

Figure 8. Drift/Pull warranty claims
as a function of truck mileage

6XVSHQVLRQ� SDUDPHWHUV� ZHUH� UHFRUGHG
IRU� VRPH� RI� WKH� WUXFNV� WKDW� FDXVHG
'ULIW�3XOO�� *UDSKV� DQG� KLVWRJUDPV
UHYHDOHG� WKDW� WKH� VHWWLQJV� RI� FODVVLFDO

VXVSHQVLRQ� SDUDPHWHUV� ZHUH� QRW� WKH� VROH� H[SODQDWLRQ� IRU� WKH
'ULIW�3XOO�SUREOHP��&DVWHU�VSOLW��IRU�LQVWDQFH��ZDV�UHJDUGHG�DV�WKH
VLQJOH�PRVW� LPSRUWDQW� IDFWRU� WR� FRQWURO�'ULIW�3XOO�� DQG� WKH�RQO\
WUXFN�WKDW�KDG�H[FHVVLYH�FDVWHU�VSOLW��RXW�RI�WKH�RQHV�WKDW�FDXVHG
'ULIW�3XOO�GULIWHG�WKH�ZURQJ�ZD\�DFFRUGLQJ�WR�VXVSHQVLRQ�WKHRU\�
7KH�FRQFOXVLRQ�IURP�WKLV�SDUW�RI�WKH�VWXG\�ZDV�WKDW�QRQH�RI�WKH
FODVVLFDO� VXVSHQVLRQ� SDUDPHWHUV� �L�H�� FDVWHU�� FDVWHU� VSOLW�� FDPEHU�
FDPEHU� VSOLW�� WRH�� DQG� WRH� VSOLW�� DORQH� FDXVH� WKH� 'ULIW�3XOO
SUREOHP�

7R� HYDOXDWH� ZKDW� RWKHU� IDFWRUV� PLJKW� EH� SDUW� RI� WKH� SUREOHP�
GLIIHUHQW�YHUVLRQV�RI� WKH� WUXFN�ZHUH� LQYHVWLJDWHG��6WUDWLILFDWLRQ� RI
WKH� ZDUUDQW\� GDWD� UHJDUGLQJ� WUXFN� PRGHO� �L�H�� GLIIHUHQW� FDEV�
GLIIHUHQW� ZKHHOEDVH�� GLIIHUHQW� WLUHV�� HWF��� ZDV� SHUIRUPHG�
'LIIHUHQW� YHUVLRQV� RI� WKH� WUXFNV� WXUQHG� RXW� WR� FDXVH� GLIIHUHQW
DPRXQWV� RI�'ULIW�3XOO� ZDUUDQW\� FODLPV�� ,Q� RUGHU� WR� XQGHUVWDQG
ZK\� WKLV� FRXOG� EH�� WKH� IXQGDPHQWDO� GLIIHUHQFHV� EHWZHHQ� WKH
PRGHOV� ZHUH� H[DPLQHG�� 7KHVH� IXQGDPHQWDO� GLIIHUHQFHV� ZHUH
WKHQ� UHODWHG� EDFN� WR� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� DQG� VSHFLILF
IDFWRUV�LQ�WKH�GHVLJQ�PDWULFHV��)RU�LQVWDQFH��WUXFNV�HTXLSSHG�ZLWK
RQH�EUDQG�RI�WLUHV�FDXVHG�PRUH�'ULIW�3XOO�SUREOHPV�WKDQ�WUXFNV
HTXLSSHG� ZLWK� WKH� RWKHU� WLUH� EUDQG�� VXJJHVWLQJ� WKDW� WLUH
FKDUDFWHULVWLFV�FRXOG�EH�DQ�LPSRUWDQW�SDUDPHWHU�LQ�WKH�'ULIW�3XOO
LVVXH�

&RQWURO� FKDUWV� ZHUH� DOVR� PDGH� LQ� RUGHU� WR� YLHZ� WKH� LPSDFW� RI
SUHYLRXV� GHVLJQ� FKDQJHV� RQ� WKH� 'ULIW�3XOO� VWDWLVWLFV�� ,W� ZDV
FRQILUPHG�WKDW�D�FKDQJH� LQ� FDVWHU� VSOLW� DIIHFWV� WKH� UDWLR�RI�GULIW�
ULJKW�DQG�GULIW�OHIWV��DFFRUGLQJ�WR�WKH�VXVSHQVLRQ�WKHRU\�

5HVXOWV�DFKLHYHG�IURP�XVLQJ�WKH�4&�WRROV�ZHUH�

����'ULIW�3XOO�ZDV��WR�D�ODUJH�H[WHQW��PDQXIDFWXULQJ�SODQW�UHODWHG�
WKXV� HOLPLQDWLQJ� PDQ\� SRVVLEOH� IDFWRUV� IURP� WKH� QRLVH� IDFWRUV
DQDO\VLV�� ���� 7KH� ORQJ� OLVW� RI� SRWHQWLDO� IDFWRUV� IURP� VHFWLRQ� ���
ZDV� VKRUWHQHG� DQG� ���� WKH� GHVLJQ� PDWULFHV� IURP� WKH� 'HVLJQ
2EMHFW�$QDO\VLV�ZHUH�XSGDWHG�

Design
of

truck

Automotive
Company

Manufacturing
of

truck

M anufacturing
plant &  suppliers

W ear
of

truck

Customer &
Autom. company

The Drift/Pull problem

Environm ent
of

truck

Customer

FA CTOR S
From AD function
mean tree
A  Caster
B  Caster sp lit
B  Camber
C Camber sp lit
D  W heel base
E  Toe
F SAI
G  SAI sp lit
H   Tire Con icity at zero
degree slip angle
I RSA T at zero degree
slip ang le
J RSAT split

FA CTOR S
From AD function  mean
tree
1  N one paralle lism
between ax les
2  Caster sp lit
3  RSA T sp lit, tires
4  Tire conicity split at
zero  slip  angle
5  P lacement of
centerpoin t o f engine
w eigh t
6  Brake force one
w heels withou t braking
7  Spring rate split

FA CTOR S
Road Crown
L oad
Bumpy road
W hat customer pulls
behind truck

Noise Factors

W ear o f sp rings
W ear o f tires
H ow the factors
settle
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Figure 9. The four most important factors affecting Drift/Pull, displayed in the function-means tree.

4.5 THE DESIGNED EXPERIMENT; IMPROVING MODEL
ACCURACY

7R� ILQG� RXW�PRUH� DERXW� WKH� IDFWRUV� WKDW� FDXVH� WKH� YDULDWLRQ� LQ
WUXFN� 'ULIW�3XOO�� LW� ZDV� GHFLGHG� WR� SHUIRUP� D� GHVLJQHG
H[SHULPHQW��$�FRPSXWHU�PRGHO�RI� WKH� WUXFN·V�G\QDPLF�EHKDYLRU
ZDV� DYDLODEOH� DW� WKH� DXWRPRWLYH� FRPSDQ\·V� 9HKLFOH� '\QDPLFV
GHSDUWPHQW�� 7KLV� FRPSXWHU� PRGHO� KDG� EHHQ� YHULILHG� DQG
FRQVWUXFWHG� ZLWK� UHDO�OLIH� WUXFNV�� 1R� VLPXODWLRQ� UHJDUGLQJ
'ULIW�3XOO� ZDV� SUHYLRXVO\� GRQH�� 7KH� FKRLFH� RI� H[SHULPHQWDO
GHVLJQ�ZDV� WKH�5HVSRQVH�6XUIDFH�0HWKRG��7KH�REMHFWLYH�ZDV� WR
ILQG�RXW�KRZ�GHYLDWLRQV�RI�WKH�IDFWRUV�LQ�WKH�VKRUW� OLVW�RI�IDFWRUV
�VHH� VHFWLRQ� ���� DQG� )LJXUH� ��� DIIHFWHG�'ULIW�3XOO� GLVWDQFH� DQG
'ULIW�3XOO� YDULDQFH�� 6LQFH� WKH� GHJUHHV� RI� IUHHGRP� IRU� WKH
VLPXODWLRQ� ZHUH� OLPLWHG�� DOO� IDFWRUV� FRXOG� QRW� EH� LQFOXGHG�� 7KH
IDFWRUV�LQFOXGHG�LQ�WKH�LQLWLDO�VLPXODWLRQ�DUH�GLVSOD\HG�LQ�7DEOH���

$� VHFRQG� VLPXODWLRQ� ZDV� SHUIRUPHG� WR� HYDOXDWH� WKH� HIIHFW� RI
QRQ�SDUDOOHO�D[OHV�

7KH� UHVXOW� IURP� WKH� GHVLJQHG� FRPSXWHU� VLPXODWLRQ� ZDV� D� VKRUW
OLVW�RI�WKH�PRVW�LPSRUWDQW�IDFWRUV�

�� &DVWHU�VSOLW

�� 7LUHV��LQ�WHUPV�RI�
D��5HVLGXDO�6HOI�$OLJQLQJ�7RUTXH��56$7���DW�]HUR�GHJUHH
VOLS�DQJOH

E�� 5HVLGXDO� &RQLFLW\� /DWHUDO� )RUFH� �&5)��� DW
]HUR�GHJUHH� VOLS�DQJOH

�� $[OH�SDUDOOHOLVP

�� )URQW�ZHLJKW��FHQWHU�RI�JUDYLW\��ELDV

7KH�PRVW� LPSRUWDQW� IDFWRUV� FDQ� DOVR� EH� IRXQG� LQ� WKH� IXQFWLRQ�
PHDQV�WUHH��6HH�)LJXUH���
)XUWKHU�UHVXOWV�DFKLHYHG�IURP�WKH�FRPSXWHU�VLPXODWLRQ�

7KH�LPSURYHG�WUXFN�PRGHO�SURYLGHG�E\�WKH�FRPSXWHU�VLPXODWLRQ
DOVR� HQDEOHG� D� SDUHWR� GLDJUDP� �VHH� VHFWLRQ� ����� WR� LQGLFDWH� WKH
UHODWLYH� LPSRUWDQFH�RI�WKH��� IDFWRUV� WR�'ULIW�3XOO��$� VSLQ�RII�RI
WKH�FRPSXWHU�VLPXODWLRQ�ZDV�D�VRIWZDUH�SDFNDJH��GHOLYHUHG�WR�WKH
PDQXIDFWXULQJ�SODQW��WKDW�DOORZV�RQH�WR�FKDQJH�WKH�VHWWLQJV�RI�WKH
IDFWRUV�LQFOXGHG�LQ�WKH�WHVW�DQG�JHW�WKH�UHVSRQVH�LQ�WHUPV�RI�QHZ
GULIWLQJ�GLVWDQFH�DQG�GULIWLQJ�YDULDQFH��7KLV�VRIWZDUH�FDQ�EH�XVHG
DV� DQ� LQGLFDWRU� RI� WKH� LPSDFW� RI� IXWXUH� GHVLJQ� FKDQJHV� RQ
'ULIW�3XOO�� 7KH� GHVLJQHG� H[SHULPHQW� SURYLGHG� XSGDWLQJ� DQG
YDOLGDWLRQ� RI� WKH� GHVLJQ� PDWULFHV� IURP� WKH� 'HVLJQ� 2EMHFW
$QDO\VLV�

Table 2. Factors taken in consideration in computer
simulation (Response Surface Method)

)$&7256 /HYHO 7HVWLQJ�5DQJH

���$YHUDJH�&DVWHU �q �����q
���&DVWHU�VSOLW ����q �����q
���$YHUDJH�&DPEHU �q �����q
���&DPEHU�VSOLW �q �������q
���7RWDO�WRH ���� �������q
���6$,�/HIW �q ���������PP

���6$,�5LJKW �q ���������PP

���56$7���DW�]HUR�q�VOLS
DQJOH

����1P PD[��  ���� PLQ��  ��
1P

��� &RQLFLW\� �ODWHUDO

IRUFH�WLUH���DW�]HUR�q�VOLS
DQJOH

����/% ������ /%� IRU� HDFK� WLUH

DW��q�VOLS�DQJOH

����:KHHO�%DVH ���
LQFKHV

�����LQFKHV

����5RDG�&URZQ �q �����q
����)URQW�ZHLJKW�ELDV ���/% PD[��  ���� /%� DW� FXUYH

FRQGLWLRQ
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4.6 OPTIMIZATION OF CURRENT PRODUCT

6RPH� RSWLPD� ZHUH� IRXQG� IURP� DQDO\]LQJ� WKH� GHVLJQHG
H[SHULPHQWV��EXW�WKH\�ZHUH�RXWVLGH�OLPLWDWLRQV�VHW�E\�RWKHU�GHVLJQ

FRQVWUDLQWV�� 7KH� FRPSXWHU� PRGHO� RI� WUXFN� EHKDYLRU� VXJJHVWHG�
IRU�LQVWDQFH��WKH�XVH�RI�LQFUHDVHG�FDVWHU�DQJOH�IRU�UREXVW�VWUDLJKW�
DKHDG�PRYHPHQW�� 7KLV� VXJJHVWHG� RSWLPL]DWLRQ� ZRXOG�� KRZHYHU�
OHDG� WR� D� ODUJH� WUDGH�RII� ZLWK� RWKHU� VWHHULQJ� IHDWXUHV�� VXFK� DV
IRUFH� QHHGHG� WR� WXUQ� WKH� ZKHHOV�� HWF�� 2SWLPL]DWLRQ� DQG� GHVLJQ
FKDQJHV�ZHUH�FORVHO\�LQWHUUHODWHG�DQG�KDG�WR�EH�MRLQWO\�HYDOXDWHG�
6HH�VHFWLRQ�����

4.7 DESIGN AND PROCESS CHANGES OF MOST
IMPORTANT FACTORS

7KH�SDUHWR�UXOH�ZDV�XVHG� WR� IRFXV�GHVLJQ� LPSURYHPHQWV� RQ� WKH
IRXU� PRVW� LPSRUWDQW� IDFWRUV� �VHH� VHFWLRQ� ������ 7KH� PXOWLSOH
FRQVWUDLQWV�DQG�WUDGH�RIIV�WKDW�ZHUH�SUHVHQW� LQ�WKH�WUXFN·V�GHVLJQ
PDGH� LQYHVWLJDWLQJ� GHVLJQ� FKDQJHV� EHIRUH� LPSOHPHQWLQJ� WKHP
HYHQ� PRUH� LPSRUWDQW�� %\� XWLOL]LQJ� WKH� SUHYLRXVO\� FRPSOHWHG
'HVLJQ�2EMHFW�$QDO\VLV��LW�ZDV�SRVVLEOH�WR�VHH�KRZ�WKH�IRXU�PRVW
LPSRUWDQW�IDFWRUV�ZHUH�EXLOW�XS�RI�RWKHU�IDFWRUV��)RU�DQ�H[DPSOH
VHH� )LJXUH� ��� 7KH� GHVLJQ� PDWULFHV� ZHUH� DOVR� XVHG� WR� WUDFH� WKH
DIIHFWV� RI� VXJJHVWHG� GHVLJQ� FKDQJHV�� 7LPH� FRXOG� WKHQ� EH� VSHQW
RQ�PLQLPL]LQJ�YDULDQFH�LQ�WKHVH�IDFWRUV��5HGHVLJQ�ZDV�VLPSOLILHG
E\�XVLQJ�WKH�GHVLJQ�VXSSRUW�LQ�$[LRPDWLF�'HVLJQ�WKHRU\�

([DPSOHV�RI� VRPH� VXJJHVWHG� GHVLJQ� FKDQJHV� UHVXOWLQJ� IURP� WKH
UHGHVLJQ�SKDVH�ZHUH�

 L� 'HVLJQ�FKDQJHV�VXFK�DV������6ZLWFKLQJ�WKH�ORRVH�HQG�RI�WKH
OHDI�VSULQJ��VKDFNOH��IURP�WKH�IURQW�HQG�RI� WKH� OHDI� VSULQJ
WR� WKH� UHDU� HQG� RI� WKH� VSULQJ�� PDNLQJ� LW� KDUGHU� IRU� URDG
VKRFNV� WR� WUDQVIHU� WR� WKH� YHKLFOH� ERG\�� ���� $� ORQJHU
VWDELOL]HU�EDU�IRU�WKH�IURQW�D[OH�ZLOO�GHFUHDVH�WKH�FKDQFH�RI
YLEUDWLRQV� �VKLPP\��� ���� DQG� ���� ZLOO� WRJHWKHU� HDVH� WKH
FRQVWUDLQWV�RQ�FDVWHU�DQJOH�YDOXH�� DQG�DOORZ�D� ODUJHU�SRVLWLYH
FDVWHU�DQJOH��ZKLFK�LQFUHDVHV�GLUHFWLRQDO�VWDELOLW\��'LUHFWLRQDO
VWDELOLW\�GHFUHDVHV�'ULIW�3XOO�

 LL� 7KH� IRUFHV� DQG� WRUTXH� RI� WKH� WLUHV� DW� ]HUR� GHJUHHV� VOLS
DQJOH�ZDV�QRW�FRQVLGHUHG�E\�WLUH�VXSSOLHUV��7KH�DQDO\VLV�RI
WKH� WLUH� YDOXHV� LQGLFDWHV� WKDW� WKLV� KDV� WR� EH� GRQH�� WKXV
FKDQJLQJ�WKH�PDQXIDFWXULQJ�SURFHVV�DW�WKH�VXSSOLHU�DQG�RU
DW�WKH�DXWRPRWLYH�FRPSDQ\�

 LLL� 6SULQJ�UDWH�RI�WKH�OHDI�VSULQJV�ZDV�IRXQG�WR�EH�SDUW�RI�WKH
IURQW�ZHLJKW�ELDV��2QH�VXJJHVWHG�ZD\�RI�PLQLPL]LQJ�IURQW
ZHLJKW�ELDV�ZDV�WR�JURXS�WKH�OHDI�VSULQJV�DFFRUGLQJ�WR�WKHLU
VSULQJ� UDWH�� 6SULQJV� ZLWK� DSSUR[LPDWHO\� WKH� VDPH� VSULQJ
UDWH� DUH� WKHQ� PRXQWHG� RQ� RQH� ZKHHO� SDLU�� WKHUHE\
UHPRYLQJ�WKH�VLGH�WR�VLGH�GLIIHUHQFH�LQ�VSULQJ�UDWH�

 LY� $� PHWKRG� WR� PDLQWDLQ� WKH� PDQXIDFWXULQJ� SURFHVV� PHDQ
FHQWHUHG� DURXQG� D� WDUJHW� YDOXH� RI� ]HUR� WUXFNV� ZLWK
'ULIW�3XOO��ZDV�GHVLJQHG�E\�XVLQJ�'ULIW�3XOO�ZDUUDQW\�GDWD
LQ�FRPELQDWLRQ�ZLWK�FDVWHU�VOXJ�FKDQJHV��1HFHVVDU\�RQOLQH
PDQXIDFWXULQJ� PHDVXUHPHQWV� ZHUH� QRW� SRVVLEOH� ZLWK� WKH

HTXLSPHQW�DYDLODEOH�DW�WKH�PDQXIDFWXULQJ�SODQW��7KLV�PDGH
LW�QHFHVVDU\�WR�UHO\�RQ�ZDUUDQW\�GDWD�

4.8 IMPLEMENTATION PLAN

$�IRUPDO�LPSOHPHQWDWLRQ�SODQ�ZDV�QRW�VHW�XS��VLQFH�WKH�GXUDWLRQ
RI� WKH� DXWKRU·V� VWD\� DW� WKH� DXWRPRWLYH� FRPSDQ\� ZDV� OLPLWHG�� ,W
ZDV� RQO\� SRVVLEOH� IRU� WKH� DXWKRU� WR� LQGLUHFWO\� DIIHFW� WKH
LPSOHPHQWDWLRQ� SODQ� WKRURXJK� VXJJHVWLRQV�� +RZHYHU�� WKH
ILQGLQJV� IURP� WKH� FDVH� VWXG\� ZHUH� XVHG� E\� WKH� DXWRPRWLYH
FRPSDQ\� WR� LPSURYH� 6WDWLVWLFDO� 3URFHVV� &RQWURO� DW� WKH
PDQXIDFWXULQJ� SODQW�� 7KLV� GHFUHDVHG� WKH� 'ULIW�3XOO� SUREOHPV�
6RPH�RI�WKH�GHVLJQ�FKDQJHV�VXJJHVWHG�ZHUH�DOVR�LPSOHPHQWHG�LQ
WKH�IROORZLQJ�PRGHO�RI�WKH�WUXFN�

4.9 IS THE PROBLEM SOLVED ?
7KH�DXWRPRWLYH� FRPSDQ\�ZDV� SOHDVHG�ZLWK� WKH� QHZ� NQRZOHGJH
JDLQHG� WKURXJK� WKH� FDVH� VWXG\�� DV� ZHOO� DV� ZLWK� WKH� VXJJHVWLRQV
PDGH��7KH�SUREOHP�ZLWK�'ULIW�3XOO�ZDV�DQ�RQJRLQJ�SUREOHP�WKDW
KDG�RFFXUUHG�IRU����\HDUV������DQG�D�GURS� LQ�'ULIW�3XOO�ZDUUDQW\
FODLPV� KDV� EHHQ� QRWLFHG� VLQFH� WKH� WLPH� RI� WKH� FDVH� VWXG\�� $
SURMHFW� IROORZ� XS� LQ� ����� VKRZHG� WKDW� WKH� FDVH� VWXG\� KDV
VXFFHVVIXOO\�EHHQ�XVHG�DV� D�PRGHO� IRU�'ULIW�3XOO� LPSURYHPHQWV
LQ�DOVR�RWKHU�FDU�DQG�WUXFN�PRGHOV�ZLWK�VLPLODU�VXVSHQVLRQ�PDGH
E\� WKH� FRPSDQ\�� 5HVXOWV� IURP� WKH� FDVH� VWXG\·V� GHVLJQHG
H[SHULPHQWV� KDYH� DOVR� VHUYHG� DV� D� EDVLV� IRU� RWKHU� H[SHULPHQWV
UHJDUGLQJ�'ULIW�3XOO�LVVXHV��DQG�WKH�ILQGLQJV�IURP�WKH�FDVH�VWXG\
KDYH�EHHQ�YHULILHG��<HW�DQRWKHU�UHVXOW�IURP�WKH�FDVH�VWXG\�LV�WKDW
LW�LV�RQH�RI�WKH�UHDVRQV�IRU�WKH�DXWRPRWLYH�FRPSDQ\·V�GHFLVLRQ�WR
FRPSOHWHO\�UHGHVLJQ�WKH�IURQW�VXVSHQVLRQ�RI�IXWXUH�WUXFNV�

5 SOME COMPARISONS WITH OTHER
METHODS

$� FRPSHWLQJ� WRRO� IRU� GHVLJQ� DQDO\VLV� LV� WKH� 'HVLJQ� 6WUXFWXUH
0DWUL[� �'60�� >��@��� 7KH� '60� LQYHVWLJDWHV� KRZ� WKH� SURGXFW·V
GLIIHUHQW�SDUDPHWHUV��L�H��'3V��DUH�UHODWHG�WR�HDFK�RWKHU�LQ�D�ZD\
VLPLODU� WR� KRZ� 'HVLJQ� 2EMHFW� $QDO\VLV� LQYHVWLJDWHV� )5�'3
UHODWLRQVKLSV�LQ�WKH�GHVLJQ�PDWULFHV��+RZHYHU��VRPH�IXQGDPHQWDO
GLIIHUHQFHV�H[LVW�

$[LRPDWLF� 'HVLJQ� FKHFNV� WKDW� HDFK� '3� LQ� WKH� SURGXFW� IXOILOOV
VRPH�NLQG�RI�IXQFWLRQ��7KH�'HVLJQ�6WUXFWXUH�0DWUL[� FKHFNV� WKH
UHODWLRQVKLSV� DPRQJ� SDUDPHWHUV� LQ�ZKDW� LV� DOUHDG\� GHVLJQHG�� LQ� WKH
SURGXFW�SURFHVV� �L�H�� 6WUDWHJ\�6WUDWHJ\� RU� '3�'3� PDWUL[��� 7KLV
PHDQV� WKDW� WKH�'60� DSSURDFK� WDNHV� WKH� GHVLJQ� SDUDPHWHUV� IRU
JUDQWHG�DQG�GRHV�QRW�UHIOHFW�RQ�ZKHWKHU�WKH\�IXOILOO�DQ\�SXUSRVH
RU�QRW��,I�VRPH�'3V�DUH�SUHVHQW�LQ�WKH�GHVLJQ��EXW�DUH�QRW�QHHGHG
DQ\� PRUH� GXH� WR� UHSHDWHG� FDUU\�RYHUV�� IRU� LQVWDQFH�� WKHQ
$[LRPDWLF�'HVLJQ·V�'HVLJQ�2EMHFW�$QDO\VLV�ZRXOG�VSRW�WKLV�IDFW�
EXW�'60�ZRXOG� QRW��'60�KDV� WKH� DGYDQWDJH� RI� GLVSOD\LQJ� WKH
GHVLJQ�UHODWLRQVKLSV� LQ�D�VLQJOH�PDWUL[��7KLV� LPSURYHV� WKH�PDWUL[
RYHUYLHZ�� $[LRPDWLF� 'HVLJQ� LV� D� GHVLJQLQJ� WRRO� DQG� D� GHVLJQ
DQDO\VLV� WRRO�� ZKHUHDV�'60� LV� SULPDULO\� D� SURFHVV�WDVN� DQDO\VLV
WRRO�� '60� LV� GHVFULSWLYH� ZKHUHDV� $[LRPDWLF� 'HVLJQ� LV
SUHVFULSWLYH�



,PSURYLQJ�3URGXFWV�DQG�6\VWHPV�E\�&RPELQLQJ�$[LRPDWLF�'HVLJQ��4XDOLW\�&RQWURO�7RROV�DQG�'HVLJQHG�([SHULPHQWV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

7KH� ,VKLNDZD� GLDJUDP� LV� DQRWKHU� IUHTXHQWO\� XVHG� WRRO� WR
VWUXFWXUH�FDXVHV�DQG�HIIHFWV�UHODWHG�WR�TXDOLW\�FKDUDFWHULVWLFV��VHH
VHFWLRQ� ������ 2QH� PDMRU� GUDZEDFN� ZLWK� WKH� ,VKLNDZD� GLDJUDP�
FRPSDUHG� ZLWK� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� SUHVHQWHG� LQ� WKLV
SDSHU�� LV� WKDW� LW� GRHV� QRW� LQYHVWLJDWH� KRZ� WKH� FDXVHV� LQ� WKH
GLDJUDP�DUH�LQWHUUHODWHG��7KH�VWUHQJWK�RI�WKH�,VKLNDZD�GLDJUDP�LV
LWV�VLPSOLFLW\��2QH�VKRXOG�QRW�VHH�WKH�'HVLJQ�2EMHFW�$QDO\VLV�DQG
WKH�,VKLNDZD�GLDJUDPV�DV�RSSRQHQWV�

,I� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� LV� VHW� XS� WR� LQFOXGH� RQO\� WKH
WHFKQLFDO�DQG�SK\VLFDO�DVSHFWV�RI�WKH�SURGXFW�� WKHQ� WKH� ,VKLNDZD
GLDJUDP�PLJKW�SURYLGH�PHDQV�IRU�DQDO\]LQJ�WKH�KXPDQ�IDFWRUV�RI
WKH� SUREOHP�� ,W� ZRXOG� VWLOO� EH� LPSRUWDQW� WR� LQFRUSRUDWH
LQWHUUHODWLRQVKLS�DQDO\VLV�LQ�WKH�,VKLNDZD�GLDJUDP��WKRXJK�

$[LRPDWLF�'HVLJQ�KDV�EHHQ�XVHG�WR�LQWHJUDWH�UHOLDELOLW\�DQDO\VLV�LQ
WHUPV� RI� IDXOW�WUHH� DQDO\VLV� �)7$�� VHH� >��@� ZLWK� WKH� RYHUDOO
SURGXFW� GHVLJQ� SURFHVV� >��@��� 7KH� IDXOW�WUHH� DQDO\VLV� LWVHOI� GRHV
QRW�DQDO\]H�KRZ�GHVLJQ�FKDQJHV�RI�FHUWDLQ�'3V�DIIHFWV�RWKHU�)5V
DQG�'3V� RI� WKH� SURGXFW�� RWKHU� WKDQ� WKDW� WKH� IDXOW�WUHH� DQDO\VLV
LQYHVWLJDWHV�WKH�LPSDFW�RQ�WKH�IDXOW�SUREDELOLWLHV�LQ�WKH�IDXOW�WUHH�
)DXOW�WUHH� DQDO\VLV� SURYLGHV� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV� ZLWK� D
WRRO�IRU�PHDVXULQJ�SHUIRUPDQFH�RYHU�WLPH� �L�H��UHOLDELOLW\���7HQJ�HW
DO�� XVH� WKH�0LOLWDU\� VWDQGDUGV� IRU� HVWLPDWLQJ� IDLOXUH� SUREDELOLWLHV
IRU�WKH�YDULRXV� FRPSRQHQWV� LQ� WKH� IDXOW� WUHH� >��@��7KH�QLQH�VWHS
DSSURDFK� GHVFULEHG� E\� WKH� DXWKRU� RI� WKLV� SDSHU� FRXOG� EH
FRPSOHPHQWHG� ZLWK� D� IDXOW�WUHH� DQDO\VLV� LQ� WKH� FDVH� ZKHQ
UHOLDELOLW\�LV�RI�VSHFLDO�LQWHUHVW��7KH�´WRS�GRZQµ�FRQVWUXFWLRQ�RI�D
IDXOW�WUHH�FRXOG�EH� FRPSOHPHQWHG�ZLWK� WKH� UHODWHG�´ERWWRP�XSµ
FRQVWUXFWLRQ� RI� D� )DLOXUH� 0RGH� DQG� (IIHFW� $QDO\VLV� �VHH� IRU
LQVWDQFH�>��@��

6 LIMITATIONS OF THE PROPOSED APPROACH

7KH�DSSURDFK�WR�TXDOLW\�LPSURYHPHQWV�VXJJHVWHG�LQ�WKLV�SDSHU�LV
GHYHORSHG�RQO\�IRU�VLQJOH�SHUIRUPDQFH�FULWHULD��$QRWKHU� OLPLWLQJ
DVSHFW�LV�WKDW�WKH�DSSURDFK�LV�GHYHORSHG�IRU�TXDOLW\�LVVXHV�RQO\�LQ
H[LVWLQJ�SURGXFWV�RU�SURFHVVHV�

7 FURTHER RESEARCH

2QH�LQWHUHVWLQJ�WRSLF�PLJKW�EH�WR�LQYHVWLJDWH�KRZ�WKH�IUDPHZRUN
RI�75,=�>��@�FRXOG�EH�XVHG�WR� LPSURYH� VWHS���RI� WKH� VXJJHVWHG
DSSURDFK� �UHGHVLJQ� DQG� GHFRXSOLQJ� RI� WKH� PRVW� LPSRUWDQW
IDFWRUV���$QRWKHU�LQWHUHVWLQJ�TXHVWLRQ�WR�DGGUHVV�LV�WKH�FDVH�ZKHQ
PXOWLSOH� TXDOLW\� FKDUDFWHULVWLFV� DUH� SUHVHQW�� +RZ� GR� PXOWLSOH
TXDOLW\�FKDUDFWHULVWLFV�DIIHFW� WKH�'HVLJQ�2EMHFW�$QDO\VLV�� WKH�XVH
RI�WKH�4&�WRROV��DQG�WKH�QRLVH�IDFWRU�DQDO\VLV"

7KH� DSSURDFK� SUHVHQWHG� LV� PDLQO\� GHYHORSHG� IRU� KDUGZDUH
DQDO\VLV�� ,W� ZRXOG� EH� LQWHUHVWLQJ� WR� IXUWKHU� H[SORUH� WKH� PDQ�
PDFKLQH� LQWHUDFWLRQV� LQ�GHVLJQ�SUREOHP�VROYLQJ�� HVSHFLDOO\�ZKHQ
LQFOXGLQJ� KXPDQ�IDFWRUV� LQ� WKH� 'HVLJQ� 2EMHFW� $QDO\VLV�� DQG
WKHUHE\� PL[LQJ� PDQ�� DQG� PDFKLQH�SDUDPHWHUV� LQ� WKH� SUHVHQWHG
DSSURDFK�� ,Q� WKLV� FDVH�� LPSOLFDWLRQV� UHJDUGLQJ� WKH� XVH� RI� WKH
D[LRPV�� FRUROODULHV�� DQG� WKHRUHPV� IURP� WKH� $[LRPDWLF� 'HVLJQ
WKHRU\� DUH� LQWHUHVWLQJ�� $SSO\LQJ� DQG� DGRSWLQJ� WKH� SURSRVHG
DSSURDFK� WR� QHZ� SURGXFW� GHYHORSPHQW� ZRXOG� EH� H[FLWLQJ�� 2I

FRXUVH��PRUH�FDVH�VWXGLHV�KDYH�WR�EH�SHUIRUPHG�WR�IXUWKHU�VHFXUH
WKH�ILQGLQJV�SUHVHQWHG�LQ�WKLV�SDSHU�

8 CONCLUSIONS

7KLV� SDSHU� VXJJHVWV� DQ� DSSURDFK� IRU� FRPELQLQJ� HQJLQHHULQJ
GHVLJQ� WKHRU\� DQG� GHVLJQHG� H[SHULPHQWV� LQ� RUGHU� WR� LPSURYH
SURGXFW� TXDOLW\�� 7KH� DSSURDFK� SUHVHQWHG� FRQVLVWV� RI� QLQH� VWHSV�
���� 3UREOHP� GHILQLWLRQ�� ���� 'HVLJQ� 2EMHFW� $QDO\VLV� ZLWK
$[LRPDWLF�'HVLJQ�� ���� 1RLVH� IDFWRU� DQDO\VLV�� ���� *DWKHULQJ� DQG
DQDO\]LQJ�GDWD�ZLWK�WKH�VHYHQ�4XDOLW\�&RQWURO�WRROV������'HVLJQHG
H[SHULPHQWV� RU� FRPSXWHU� VLPXODWLRQV�� ���� 2SWLPL]DWLRQ� RI
FXUUHQW� GHVLJQ�� ���� 5HGHVLJQ� DQG� GHFRXSOLQJ� RI� WKH� PRVW
LPSRUWDQW� IDFWRUV�� ���� ,PSOHPHQWDWLRQ� SODQ�� ���� 9HULILFDWLRQ� RI
SUREOHP�VROXWLRQ�

7KH� SURGXFW� DQDO\VLV�� LQ� WHUPV� RI�'HVLJQ�2EMHFW� $QDO\VLV� �VWHS
���� LV� VWUHQJWKHQHG� E\� NQRZOHGJH� JDLQHG� IURP� WKH� GHVLJQHG
H[SHULPHQW� RU� FRPSXWHU� VLPXODWLRQ� �VWHS� ���� 7KH� GHVLJQHG
H[SHULPHQW�� RQ� WKH� RWKHU� KDQG�� LV� VWUHQJWKHQHG� E\� WKH� GRPDLQ
VSHFLILF� SURGXFW� NQRZOHGJH� JDWKHUHG� LQ� WKH� 'HVLJQ� 2EMHFW
$QDO\VLV�� ZKLFK� LQFUHDVHV� WKH� SUREDELOLW\� RI� VHOHFWLQJ� DFWLYH
IDFWRUV� IRU� WKH� H[SHULPHQW�� 7KH� WZR� PDMRU� FRPSRQHQWV� RI� WKH
DSSURDFK�FRPSOHPHQW�HDFK�RWKHU�

&RPSDUHG� ZLWK� RWKHU� DSSURDFKHV� WR� TXDOLW\� LPSURYHPHQWV�
ZKLFK� DOVR� SURPRWH� WKH� XVH� RI� GHVLJQHG� H[SHULPHQWV�� WKH
DSSURDFK� SUHVHQWHG� LQ� WKLV� SDSHU� IRFXVHV� PRUH� RQ� XWLOL]LQJ
HQJLQHHULQJ� NQRZOHGJH� LQ� RUGHU� WR� VHOHFW� DFWLYH� IDFWRUV� IRU� WKH
H[SHULPHQW�� 7KLV� DSSURDFK� DOVR� SXWV� PRUH� HPSKDVLV� RQ�� DQG
SURYLGHV�PHDQV�IRU��SUREOHP�VROYLQJ�RQFH�WKH�URRW�FDXVHV�RI�WKH
SUREOHP� DUH� LGHQWLILHG�� 7KLV� LV� GRQH� E\� XWLOL]LQJ� WKH� D[LRPV�
FRUROODULHV�� DQG� WKHRUHPV� LQ� $[LRPDWLF� 'HVLJQ�� LQ� FRPELQDWLRQ
ZLWK� WKH� FRPSOHWHG� 'HVLJQ� 2EMHFW� $QDO\VLV�� ZKHQ� UHGHVLJQLQJ
WKH�SURGXFW·V�IDFWRUV�RU�SURFHVV�VWHSV�WKDW�PRVW�DIIHFW�WKH�TXDOLW\
SUREOHP��

7KLV� DSSURDFK� VKRXOG� QRW� EH� IROORZHG� EOLQGO\�� ,W� LV� D� VXJJHVWHG
ZRUNIORZ��7KH�FLUFXPVWDQFHV�SUHVHQW� LQ� WKH� VSHFLILF� VWXG\�PXVW
EH�FDUHIXOO\�DQDO\]HG�

7KH�SUHVHQWHG�DSSURDFK�ZDV� VXFFHVVIXOO\� WHVWHG�RQ�D�QRQ�WULYLDO
SUREOHP��LQ�D�FDVH�VWXG\�DW�DQ�DXWRPRWLYH�FRPSDQ\��7KH�ILQGLQJV
IURP� WKH� FDVH� VWXG\� KHOSHG� WR� UHVROYH� WKH� SUREOHP� DQG� ZHUH
YHULILHG�E\�VXEVHTXHQW�LQYHVWLJDWLRQV�
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