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1. ABSTRACT

$[LRPDWLF�GHVLJQ�ZDV� WKH�JXLGLQJ�SULQFLSOH� LQ� WKH� UHGHVLJQ�RI � D
VHW� RI � PRWLRQ� FRQVWUDLQW� IOH[XUHV� XVHG� LQ� WKH� 0LFUDVFDQ
SKRWROLWKRJUDSK\� WRRO��7KH�RULJLQDO� IOH[XUHV� H[SHULHQFHG� IDWLJXH
IDLOXUH� LQ� WKH� ILHOG� DQG� D� UHSODFHPHQW� VROXWLRQ� ZLWK� LQILQLWH� OLIH
ZDV� GHVLUHG�� ,Q� DGGLWLRQ�� WKH� IDEULFDWLRQ� DQG� LQVSHFWLRQ� RI � WKH
RULJLQDO� IOH[XUHV�ZDV� GLIILFXOW�� UHVXOWLQJ� LQ� KLJK� FRVW� DQG� TXDOLW\
IOXFWXDWLRQV�

7KH�,QGHSHQGHQFH�$[LRP�DQG�V\VWHP�GHFRPSRVLWLRQ�WHFKQLTXHV
ZHUH�DSSOLHG�WR�GHULYH�IXQFWLRQDO�UHTXLUHPHQWV�IURP�WKH�H[LVWLQJ
KDUGZDUH�� LQ� RUGHU� WR� JXDUDQWHH� WKDW� WKH� UHGHVLJQ�ZRXOG� \LHOG� D
IXQFWLRQDOO\� LGHQWLFDO� VROXWLRQ� WKDW� ZRXOG� QRW� DGYHUVHO\� DIIHFW
V\VWHP�SHUIRUPDQFH��7KH�,QIRUPDWLRQ�$[LRP�ZDV�XVHG�WR�VHOHFW
DPRQJ� WKH� SURSRVHG� VROXWLRQV� LQ� RUGHU� WR� LPSURYH
PDQXIDFWXUDELOLW\�

7KH�FKRVHQ� VROXWLRQ�ZDV� WHVWHG� DQG� LV� EHLQJ� LPSOHPHQWHG�� 7HVW
UHVXOWV� VKRZ� WKDW� WKH� GHVLUHG� OLIH� H[SHFWDQF\� LPSURYHPHQW� KDV
EHHQ� REWDLQHG� ZLWK� QR� LPSDFW� RQ� V\VWHP� SHUIRUPDQFH� DQG
SURFXUHPHQW�FRVW�UHGXFWLRQ�RI �DERXW�����

2. INTRODUCTION

The need for pre-alignment
7KH� 0LFUDVFDQ� SKRWROLWKRJUDSK\� WRRO·V� IXQFWLRQ� LV� WR� XVH
XOWUDYLROHW� �89�� OLJKW� WR� SURMHFW� D� UHGXFHG� LPDJH� RI � D� SDWWHUQ
LQVFULEHG�LQ�D�´PDVNµ�RQWR�D�SKRWRUHVLVW�FRDWHG�ZDIHU��89�/LJKW
DOWHUV�WKH�FKHPLVWU\�RI �WKH�UHVLVW�HQDEOLQJ�HWFKLQJ�RI �WKH�IHDWXUHV
FRSLHG� IURP� WKH� PDVN�� 7KH� IHDWXUHV� WKXV� UHSURGXFHG� RQ� WKH
ZDIHU�EHFRPH�WKH�GHYLFH�DQG�ZLULQJ�OD\HUV�RI �WKH�FKLS��$�W\SLFDO
FKLS� UHTXLUHV� PDQ\� OD\HUV�� DQG� WKHUHIRUH� PDQ\� SDVVHV� WKURXJK
RQH� RU� PRUH� SKRWROLWKRJUDSK\� WRROV�� 'XH� WR� WKH� PLFURVFRSLF

GLPHQVLRQV� LQ� WRGD\·V� FKLSV� �OHVV� WKDQ� ������ PP��� FRQQHFWLYLW\
EHWZHHQ�OD\HUV�GHPDQGV�H[WUHPHO\�ILQH�DOLJQPHQW�IURP�RQH�OD\HU
WR� WKH� QH[W�� 7KLV� LV� FDOOHG� ´RYHUOD\µ�� $� VRSKLVWLFDWHG� DOLJQPHQW
V\VWHP� LV� QHHGHG� WR� DFKLHYH� VDWLVIDFWRU\� RYHUOD\�� ,W� FRPSULVHV
PHDQV�RI � DOLJQLQJ� WKH�ZDIHU� DQG�PDVN� UHODWLYH� WR� HDFK�RWKHU�� DV
ZHOO� DV� FRDUVH�� LQWHUPHGLDWH� DQG� ILQH� DOLJQPHQW� PHDQV� IRU� WKH
ZDIHU� LWVHOI�� ,Q�RUGHU� WR� IDOO�ZLWKLQ� WKH�QDUURZ�FDSWXUH� UDQJH�RI
WKH� LQWHUPHGLDWH� OHYHO�� D� UHODWLYHO\� KLJK� GHJUHH� RI � DFFXUDF\� LV

UHTXLUHG� IURP� WKH� FRDUVH� OHYHO�� ,Q� DGGLWLRQ�� WKH� ILUVW� SDWWHUQ
SULQWHG�RQ�D�ZDIHU� UHOLHV� VROHO\�RQ� WKH� FRDUVH� DOLJQPHQW� V\VWHP�
VLQFH�WKHUH�DUH�QR�SUH�H[LVWLQJ�IHDWXUHV�RQ�WKH�ZDIHU�WR�ILQH�DOLJQ
WR�� 7KH� FRDUVH� OHYHO� RI � ZDIHU� DOLJQPHQW� LV� DFFRPSOLVKHG� LQ� D
GHYLFH� FDOOHG� WKH� SUH�DOLJQHU�� ,WV� IXQFWLRQ� LV� WR� GHWHUPLQH� WKH

ZDIHU·V� FHQWURLG� ORFDWLRQ� ZLWKLQ� D� IHZ� WHQV� RI � PP�� DQG� WR� UH�
RULHQW�WKH�ZDIHU�WR�D�SUHGHWHUPLQHG�DQJOH�ZLWKLQ�D�IHZ�KXQGUHG
PLFURUDGLDQV�

How the pre-aligner works
0LFUDVFDQ·V�SUH�DOLJQHU�LV�VKRZQ�LQ�)LJXUH����$�VHUYRPRWRU�VSLQV
WKH� ZDIHU� XQGHU� D� UDGLDOO\� PRXQWHG� OLQHDU� GHWHFWRU� DUUD\� WKDW
PDSV� WKH� ZDIHU·V� HGJH�� 7KH� HGJH� GDWD� �LQVWDQWDQHRXV� HGJH
GLVWDQFH� IURP� WKH� VSLQ� D[LV�� LV� IHG� WR� D� FRPSXWHU�� ZKLFK
FDOFXODWHV� WKH� RIIVHW� RI � WKH�ZDIHU·V� FHQWURLG� IURP� WKH� VSLQ� D[LV�
DQG� WKH� DQJXODU� RULHQWDWLRQ� RI � D� QRWFK� DW� WKH�ZDIHU·V� SHULPHWHU�
7KH�FRPSXWHU�WKHQ�FRPPDQGV�WKH�PRWRU�WR�DOLJQ�WKH�QRWFK�WR�D
SUH�GHWHUPLQHG� RULHQWDWLRQ�� 7KH� SUH�DOLJQHU� LQWHUIDFHV� ZLWK� D
VLPSOH� URERW� WKDW� ORDGV� WKH� LQFRPLQJ� ZDIHU�� DQG� ZLWK� D� ´IOLS
DUPµ�� ZKLFK� WUDQVIHUV� WKH� FRDUVH�DOLJQHG� ZDIHU� RQWR� WKH� ZDIHU
VWDJH��7KH�IOLS�DUP�RSHUDWHV�EHWZHHQ�WKH�KRUL]RQWDO�SODQH�RI �WKH
SUH�DOLJQHU� DQG� WKH� YHUWLFDO� SODQH� RI � WKH� VWDJH�� KHQFH� LWV� QDPH�
7KH� VWDJH� SHUIRUPV� WKH� LQWHUPHGLDWH� DQG� ILQH� DOLJQPHQW� DQG
H[SRVHV�WKH�ZDIHU�E\�VFDQQLQJ�LW�XQGHU�WKH�DFWLQLF�OLJKW�

3. PRE-ALIGNER ANALYSIS USING
DECOMPOSITION AND THE INDEPENDENCE
AXIOM

,Q� RUGHU� WR� SUHYHQW� LQWURGXFLQJ� XQGHVLUDEOH� VLGH� HIIHFWV� E\
DUELWUDULO\� DOWHULQJ� WKH� GHVLJQ�� WKH� SUH�DOLJQHU� ZDV� GHFRPSRVHG
GRZQ�WR�WKH�IOH[XUH�OHYHO��7KH�GHFRPSRVLWLRQ�DQG�DSSOLFDWLRQ�RI
WKH� LQGHSHQGHQFH�D[LRP�DUH�GLVFXVVHG� LQ� WKH� IROORZLQJ� VHFWLRQV�
7KH� DFFRPSDQ\LQJ� ILJXUHV� VKRZ� WKH� UHOHYDQW� KDUGZDUH� DV
RULJLQDOO\�GHVLJQHG�

OPERATION

6LQFH�WKH�WUDQVIHU�DQG�WKH�DOLJQPHQW�RFFXU�DW�GLIIHUHQW�SODQHV�� LW
LV� LPSHUDWLYH� WKDW� WKH� PRWLRQ� EHWZHHQ� SODQHV� EH� H[WUHPHO\

AXIOMATIC REDESIGN OF GUIDE FLEXURES: IMPROVING PRODUCT
RELIABILITY AND REDUCING MANUFACTURING COST
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UHSHDWDEOH��RU�DOLJQPHQW�DFFXUDF\�LV�ORVW��)RU�WKLV�UHDVRQ��D�VHW�RI
WZR� IOH[XUHV�� DUUDQJHG� LQ� D� SDUDOOHORJUDP� VHW�XS� ZDV� FKRVHQ�
7KH\�FRQVWUDLQ�WKH�PRWRU�HQFRGHU�VHFWLRQ�RI �WKH�SUH�DOLJQHU�WR�D
YHU\� UHSHDWDEOH�� YHUWLFDO� DUFXDWH� SDWK�� +DUG� VWRSV� FRPSULVLQJ
DGMXVWPHQW� VFUHZV� WKDW� FRQWDFW� KDUG� EXWWRQV� ORFDWHG� RQ� WKH
FRXSOHU� OLQN� HVWDEOLVK� WKH� XSSHU� DQG� ORZHU� OLPLWV� RI � WUDYHO�� 7KH
SQHXPDWLF�DFWXDWRU�SRZHUV�WKH�YHUWLFDO�PRWLRQ�YLD�D�GXDO�VZLYHO�
MRLQWHG� FRQQHFWLQJ� URG�� $LU� SUHVVXUL]DWLRQ�� PRYHV� WKH� FRXSOHU
OLQN� XSZDUG� DQG� YHQWLQJ� DOORZV� JUDYLW\� WR� PRYH� LW� GRZQZDUG�
:DIHU� SHULPHWHU� PDSSLQJ� LV� SHUIRUPHG� LQ� WKH� XSSHU� SRVLWLRQ�
ZLWK� WKH� ZDIHU� YHU\� FORVH� WR� WKH� GHWHFWRU� DUUD\�� :DIHU
ORDGLQJ�XQORDGLQJ� LV� GRQH� LQ� WKH� ORZHU� SRVLWLRQ�� 7KH� GHVFULEHG
DUF� LV� V\PPHWULF�� WKXV� WKHUH� LV� QRPLQDOO\� QR� KRUL]RQWDO
GLVSODFHPHQW� EHWZHHQ� WKH� ORDGLQJ� DQG� WKH� DOLJQPHQW� SRVLWLRQV�
0RUH� LPSRUWDQWO\�� WKH� VPDOO� KRUL]RQWDO� GLVSODFHPHQW� WKDW�ZRXOG
UHVXOW� IURP� LPSHUIHFW� OLQN� JHRPHWU\� LV� FRQVWDQW� IURP� ZDIHU� WR
ZDIHU�DQG�WKHUHIRUH�HDV\�WR�FRPSHQVDWH�E\�D�RQH�WLPH�DGMXVWPHQW
RI �WKH�SLFN�XS�SRVLWLRQ�RI �WKH�IOLS�DUP�

'HFRPSRVLWLRQ�RI �WKH�ZDIHU�KDQGOHU�V\VWHP

Index Functional Requirement Design Parameter

2.1 Determine the wafer rotational
orientation and centroid offsets prior
to loading onto stage

Wafer pre-aligner

2.2 {Automate wafer exchange with track
machine}t1

{Load/unload wafers into tool
manually}t2

Input/Output doors

2.3 Provide additional buffer station for
wafers

Park station

2.4 Move wafer between stations and
onto stage

Robotic mechanism

2.5 Schedule and coordinate all system
functions

Wafer handler
Command and
Control Algorithm

2.6 Integrate wafer handler
subassemblies

Wafer handler
support framework

Design Constraints Impacts FR 2.__

Index Parent Description 1 2 3 4 5 6

Critical Performance Specifications

C2-1 C-2 Minimize wafer exchange
time

8 8 8 8 8 8

Operational Constraints

C2-2 C-6 Accommodate input
position tolerance provided
by track machines

8 8 8 8 8

Global Constraints

C2-3 C-6 Handle customer-provided
200mm wafers

8 8 8 8 8 8

C2-4 C-10 –
C-20

Accommodate all higher
level global constraints

8 8 8 8 8 8

1RWH�� WKLV� SDSHU� RQO\� DGGUHVVHV� WKH� DQDO\VLV� RI � WKH
FRQVWUDLQWV� UHODWLQJ� WR� )5� �D���� ZKLFK� FRUUHVSRQGV� WR� WKH
SUH�DOLJQHU�

FIRST LEVEL DECOMPOSITION

'HFRPSRVLWLRQ�RI �WKH�SUH�DOLJQHU

x
Functional

Requirement
FR2.1.x

Design Parameter
DP2.1.x Design Matrix

1 Map wafer
perimeter

Motor-encoder and
detector array

X t 1,2

2 Accommodate
wafer transfer

Vertical motion setup 0 X

t 1,2: Unintended horizontal wafer motion relative to the detector array
reduces wafer perimeter mapping accuracy. Lack of horizontal positioning
repeatability of the spinner section from wafer to wafer also compromises
pre-alignment and transfer accuracy.

Impacts FR2.1.x
? Parent Constraint C2.1-?

1 2

1 C2a.1 Must be compatible with
robot and flip arms 8

2 C2a.1 Must cost less than
present design 8 8

,W� LV� HYLGHQW� IURP� WKH�SRLQW� RI � YLHZ� RI � WKH� LQGHSHQGHQFH
D[LRP� WKDW� WKH� RULJLQDO� YHUWLFDO� PRWLRQ� VHWXS� LV� D� JRRG
VROXWLRQ�� ,W� LV� D� GH�FRXSOHG� GHVLJQ� DQG� SHUIRUPV� WKH
LQWHQGHG� IXQFWLRQ�RI �PRYLQJ� WKH�PR�&RS\ULJKW�������
E\� ,&$'����WRU�HQFRGHU� XS� DQG� GRZQ� LQWURGXFLQJ� YHU\
PLQLPDO� KRUL]RQWDO� SRVLWLRQLQJ� XQFHUWDLQW\� �LW� LV� QHDUO\
XQFRXSOHG��� )RU� H[DPSOH�� LI � D� OLQHDU� VOLGH� ZHUH� XVHG� WR
UHSODFH� WKH� OLQNDJH�� SOD\� DQG� ZHDU� LQ� WKH� OLQHDU� EHDULQJ
ZRXOG� GLPLQLVK� WKH� SUH�DOLJQHU·V� DFFXUDF\�� /LNHZLVH�� LI � WKH
IOH[XUHV� LQ� WKH� OLQNDJH� ZHUH� UHSODFHG� E\� URWDU\� EHDULQJV�
SOD\� DQG�ZHDU�ZRXOG� DOVR� UHVXOW� LQ� DQ� LQFUHDVHG�GHJUHH�RI
FRXSOLQJ�

)XUWKHU�DQDO\VLV� RI � RWKHU� RSWLRQV� OHDG� XV� WR� FRQFOXGH� WKDW
WKH� IOH[XUH� OLQNDJH� ZDV� PRUH� HIIHFWLYH� DW� PLQLPL]LQJ� W� ���
WKDQ� DQ\� RWKHU� DOWHUQDWLYH� ZH� FRXOG� HQYLVLRQ�� 6LQFH� W� ���
LQYHUVHO\�DIIHFWV�SUH�DOLJQPHQW�DFFXUDF\��UHWDLQLQJ�WKH�XVH�RI
IOH[XUHV� ZDV� XQTXHVWLRQDEO\� MXVWLILHG� RQ� WKLV� EDVLV�
1DUURZLQJ� GRZQ� WKH� DOWHUQDWLYHV� HDUO\� RQ� DOORZHG� XV� WR
FRQFHQWUDWH�RXU�HIIRUW�RQ�UH�GHVLJQLQJ�WKH�IOH[XUHV�

SECOND LEVEL DECOMPOSITION

'HFRPSRVLWLRQ�RI �WKH�YHUWLFDO�PRWLRQ�VHWXS

x Functional
Requirement

Design Parameter
DP2.1.2.x

Design Matrix
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FR2.1.2.x

1 Guide motor-
encoder motion

Parallel flexure linkage X u 1,2=0

2
Power vertical

stroke

Pneumatic actuator
with swiveling
connecting rod

u 2,1 X

u 1,2=0: Since connecting rod has a dual swivel, the actuator piston does
not apply sideways forces that may interfere with motion guidance by the
flexure linkage.

u 2,1: This element represents the first mode stiffness of the flexure. A
stiffer flexure would require a higher force actuator.

Figure 1 The Pre Aligner mounted on a test stand
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Figure 2 Pre-aligner: Wafer spinning and vertical
tranlation subassembly
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Impacts FR2.2.x
? Parent Constraint C2.1.2-?

1 2

1 C2.1.1
Redesign hardware
must be backward

compatible
8 8

2QFH� DJDLQ�� WKH� RULJLQDO� GHVLJQHUV� KDG� SURGXFHG� D
GHFRXSOHG�GHVLJQ��7KH�GHFRPSRVLWLRQ�PDGH� LW�HYLGHQW� WKDW
X�����LQ�WKH�QHZ�GHVLJQ�VKRXOG�EH�OHVV�WKDQ�RU�HTXDO�WR�X� ����LQ
WKH� ROG� GHVLJQ�� LQ� RUGHU� WR� DYRLG� KDYLQJ� WR� UHSODFH� WKH
H[LVWLQJ� DFWXDWRUV� LQ� WKH� ILHOG� ZLWK� PRUH� SRZHUIXO� RQHV
FDSDEOH� RI � GHIOHFWLQJ� WKH� VWLIIHU� IOH[XUHV�� ,W� DOVR� EHFDPH
DSSDUHQW� WKDW� LI � WKH� KLQJHV� LQ� WKH� QHZ� IOH[XUHV� ZHUH� OHVV
VWLII �WKDQ�WKH�RULJLQDO��WKH�UHVRQDQW�IUHTXHQF\�RI �WKH�JXLGHG
DVVHPEO\�LQ�WKH�YHUWLFDO�PRGH�RI �YLEUDWLRQ�ZRXOG�EH�ORZHU�
$OWKRXJK� WKH� DFWXDWRU� DQG� WKH� XSSHU� KDUG� VWRS� FRQVWUDLQ
WKH�PRWRU�HQFRGHU� DVVHPEO\� IDLUO\� ULJLGO\� DW� WKH�XSSHU� HQG
RI �WKH�VWURNH��WKH�VLWXDWLRQ�LV�ZRUVH�DW�WKH�ORZHU�HQG��ZKHUH
WKH� PRWRU�HQFRGHU� DVVHPEO\� MXVW� UHVWV� RQ� WKH� ORZHU� KDUG
VWRS�� :DU\� RI � LQWURGXFLQJ� D� YHUWLFDO� YLEUDWLRQ� PRGH� E\
GHFUHDVLQJ� WKH� KLQJH� VWLIIQHVV�� ZH� GHFLGHG� WR� PDWFK� LW�
OHDYLQJ�X�����WKH�VDPH�

THIRD LEVEL DECOMPOSITION

'HFRPSRVLWLRQ�RI �WKH�QHZ�IOH[XUH

x
Functional

Requirement
FR2.1.2.1.x

Design
Parameter
DP2.1.2.1.x

Design Matrix

1
Match 1st

mode (vertical)
stiffness

Flex-hinges
with combined
stiffness equal

to original
design

X v1,2=0 v1,3=0

2

 Maximize
longevity
(choose hinge
type with low
maximum
stress to
stiffness ratio)

Beam-type
flex-hinges v2,1 X v2,3=0

3

Maximize 2nd

and higher
resonant

frequencies
(space the

beams widely
along the

flexure’s width)

Stiffness
concentrated

at corners
v3,1 v3,2 X

v 1,2=0: By design. Only considering solutions with same 1st mode stiffness
as the original.

v 1,3=0: Spacing of the beams along width does not affect 1st mode
stiffness.

v 2,1: Stiffness matching limits the extent to which maximum stress can be
lowered.

v 2,3=0: Spacing of the beams along width does not affect longevity
(maximum stress).

v 3,1: Limiting the bending stiffness of the flex-hinges to match the vertical
stiffness of the original flexure reduces the resonant frequency of the
torsional mode about the longitudinal horizontal axis of the guide linkage.

v 3,2: Lower bending stress requires longer beam or smaller cross section.
Both tend to elongate and buckle at lower resonant frequencies in the
horizontal pendulum-like transverse mode and in the horizontal piston-like
longitudinal mode.

Impacts FR2.2.x
? Parent Constraint C2.1.2.1-?

1 2 3

1 C2.1.2.1 Same overall dimensions
as original design 8 8 8

2 C2.1.2.1 Same mounting hole
pattern as original design 8

3 C2.1.2.1
Flex-hinge beam thickness

(depth) must be at least
.015”

8 8 8

7KH�ILUVW�WZR�FRQVWUDLQWV�LQVXUH�WKDW�WKH�QHZ�IOH[XUH�ZLOO�ILW
WKH�SUH�DOLJQHU�ZLWKRXW� WKH�QHHG� WR�PRGLI\�DQ\�RWKHU�SDUWV
�D�EROW�RQ�UHSODFHPHQW�IRU�WKH�RULJLQDO�GHVLJQ��

7KH� WKLUG� FRQVWUDLQW� OLPLWV� WKH� UDWLR� RI � WKH� WROHUDQFH
�������µ�� WR� WKLFNQHVV� WR� RQH� SDUW� LQ� ���� 6LQFH� WKH
PD[LPXP� VWUHVV� LV� SURSRUWLRQDO� WR� WKH� WKLFNQHVV�� WKH
YDULDWLRQ� LQ� VWUHVV� LV� FRQVWUDLQHG� WR�RQH�SDUW� LQ� ��� RU� OHVV�
$OVR��VLQFH�WKH�EHDP�VWLIIQHVV�LV�SURSRUWLRQDO�WR�WKH�FXEH�RI
WKH� WKLFNQHVV�� WKH� YDULDWLRQ� LQ� EHDP� VWLIIQHVV� GXH� WR
PDQXIDFWXULQJ� WROHUDQFH� FDQQRW� YDU\� E\� PRUH� WKDQ� DERXW
��������������� ��������7KH�PDJQLWXGH�RI � WKH�YDULDWLRQV
GHWHUPLQHG� E\� WKLV� FRQVWUDLQW� ZHUH� GHHPHG� DFFHSWDEOH
EDVHG� RQ� WKH� RYHUDOO� VHQVLWLYLW\� WR� FKDQJH� LQ� UHVRQDQW
IUHTXHQF\� DQG� RQ� WKH� VDIHW\� IDFWRU� XVHG� WR� FRPSXWH� WKH
PD[LPXP�DOORZDEOH�RSHUDWLQJ�VWUHVV�

7KH�LQGHSHQGHQFH�D[LRP�DQDO\VLV�SRLQWHG�RXW�WKH�GLIILFXOW\
LQ� DFKLHYLQJ� YHU\� KLJK� UHVRQDQW� IUHTXHQFLHV� IRU� WKH� JXLGH
OLQNDJH� GXH� WR� WKH� FRXSOLQJ� HOHPHQWV� Y� ���� DQG� Y� ����
)RUWXQDWHO\��WKH�RULJLQDO� IOH[XUHV��ZKLFK�DOVR�VXIIHUHG� IURP
VLPLODU� FRXSOLQJ�� ZHUH� ZLGH� HQRXJK� IRU� XV� WR� DOORZ
VXIILFLHQW� WUDQVYHUVH� VHSDUDWLRQ� EHWZHHQ� WKH� EHDPV� WR
RYHUFRPH�WKH�DGYHUVH�HIIHFW�RI �WKH�FRXSOLQJ�ZLWKRXW�KDYLQJ
WR�LQFUHDVH�WKH�IOH[XUH�ZLGWK�

$� VHW� RI � GLPHQVLRQV� IRU� WKH� IOH[XUHV� WKDW� PHW� WKH� WKUHH
IXQFWLRQDO�UHTXLUHPHQWV�ZDV�REWDLQHG�DV�IROORZV�

�� 7KH� ORQJLWXGLQDO� VSDFLQJ� EHWZHHQ� IOH[�KLQJHV� ZDV
VHW�WR�WKH�PD[LPXP�DOORZDEOH�E\�WKH�OHQJWK�RI �WKH
RULJLQDO�IOH[XUHV�DQG� WKH� ORFDWLRQ�RI � WKH�PRXQWLQJ
VFUHZV��LQ�RUGHU�WR�PLQLPL]H�WKH�DQJXODU�GHIOHFWLRQ
DQG�EHQGLQJ�VWUHVV�
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�� 7KH� EHDP� WKLFNQHVV� �GHSWK�� UHTXLUHG� WR�PDNH� WKH
PD[LPXP� RSHUDWLQJ� VWUHVV� HTXDO� WR� ���� RI � WKH
IDWLJXH� OLPLW� RI � WKH� PDWHULDO� �WKH� DOORZDEOH
RSHUDWLQJ� VWUHVV� IRU� LQILQLWH� OLIH��ZDV� FDOFXODWHG� WR
EH������µ��7KLV�DOVR�VDWLVILHG�FRQVWUDLQW�����

�� 6LQFH� WKH� GHVLJQ� ZDV� XQGHU�GHWHUPLQHG�� ZH
VRPHZKDW�DUELWUDULO\�VHW�WKH�VSDQ�RI �WKH�EHDP�IOH[�
KLQJHV� HTXDO� WR� ô� LQFK�� 7KH� OHQJWK� WR� WKLFNQHVV
UDWLR� ZDV� DERXW� ���� ODUJH� HQRXJK� IRU� EHQGLQJ
VWUHVVHV� WR� GRPLQDWH� DQG� IRU� WKH� IOH[� KLQJH� WR
EHKDYH�DV�D�EHDP�

�� 7KH� EHDP� ZLGWK� UHTXLUHG� WR� PDWFK� WKH� EHQGLQJ
VWLIIQHVV� RI � WKH� RULJLQDO� IOH[XUHV� ZDV� FDOFXODWHG�
7KLV� ZDV� D� IUDFWLRQ� RI � WKH� WRWDO� IOH[XUH� ZLGWK�
DOORZLQJ�D�FXWRXW�WR�VHSDUDWH�HDFK�IOH[�KLQJH�LQ�WZR
VHJPHQWV�DV�SODQQHG���'3�D���������

�� )LQLWH� (OHPHQW� YLEUDWLRQ� DQDO\VLV� RI � WKH� RULJLQDO
DQG�UHGHVLJQHG�SUH�DOLJQHU�PDVV�VSULQJ�V\VWHP�ZDV
SHUIRUPHG�XS� WR� WKH� IRXUWK�PRGH�� ,W� VKRZHG� WKDW
WKH� �QG� DQG� KLJKHU� UHVRQDQW� IUHTXHQFLHV� RI � WKH
UHGHVLJQHG� SUH�DOLJQHU� ZHUH� DERYH� ���+]�
FRPSDUDEOH�WR�WKH�RULJLQDO�GHVLJQ�DQG�KLJK�HQRXJK�

4. FLEXURE ANALYSIS USING THE
INFORMATION AXIOM

7KH� LQGHSHQGHQFH� D[LRP� OHG� WR� D� VROXWLRQ� WKDW� PHW� DOO
IXQFWLRQDO�UHTXLUHPHQWV��$W�WKDW�SRLQW��DW�OHDVW�WZR�ZD\V� WR
FRQVWUXFW� WKH�EHDP�IOH[XUHV�ZHUH� HQYLVLRQHG��7KH� OHYHO�RI
PDQXIDFWXULQJ� GLIILFXOW\� RI � HLWKHU� RQH� ZRXOG� SUREDEO\� EH
ORZHU�WKDQ�WKDW�RI �WKH�RULJLQDO�GHVLJQ�

7KH� LQIRUPDWLRQ� D[LRP� ZDV� XVHG� WR� FKRRVH� REMHFWLYHO\
EHWZHHQ� WKH� RULJLQDO� DQG� WKH� WZR� LPSOHPHQWDWLRQV� RI � WKH
UHGHVLJQHG�EHDP�IOH[XUH�RQ�WKH�EDVLV�RI �ORZHVW�LQIRUPDWLRQ
FRQWHQW�

INFORMATION CONTENT ANALYSIS

�� 7KH�LQIRUPDWLRQ�FRQWHQW�ZDV�FRPSXWHG�IURP�WKH�QXPEHU�RI
GLPHQVLRQV� UHTXLUHG� WR� SURGXFH� WKH� VLPSOHVW� SRVVLEOH
LPSOHPHQWDWLRQ� RI � D� FRPSOHWH� IOH[XUH� RI � HDFK� GHVLJQ�
KDYLQJ� DOO� WKH� GHVLJQ� SDUDPHWHUV� DQG� PHHWLQJ� DOO� WKH
FRQVWUDLQWV�

�� (DFK� GLPHQVLRQ� ZDV� FODVVLILHG� DV� EHLQJ� HLWKHU� ´FULWLFDOµ� RU
´QRQ�FULWLFDOµ�� EDVHG� WKH� VHQVLWLYLW\� LPSDFW� RQ� WKH� GHVLJQ�
DQG�WKH�GLIILFXOW\�RI �DFKLHYLQJ�WKH�PDQXIDFWXULQJ�WROHUDQFH�

�� (DFK� QRQ�FULWLFDO� GLPHQVLRQ� ZDV� DVVLJQHG� D� ZHLJKW� RI � �
SRLQW��DQG�HDFK�RI �WKH�FULWLFDO�GLPHQVLRQV�ZDV�JLYHQ�D�ZHLJKW
RI � ��� SRLQWV�� 7KH� GHVLJQ�ZLWK� WKH� ORZHVW� WRWDO� SRLQW� FRXQW
ZRXOG�KDYH�WKH�ORZHVW�LQIRUPDWLRQ�FRQWHQW�

TWO EMBODIMENTS OF THE REDESIGNED FLEXURE:
BUILT-UP VS. MONOLITHIC

7KH�EHDP�IOH[XUH�FRXOG�EH�EXLOW�XS�IURP�D�WKLQ�VKHHW�RI �VSULQJ
VWHHO� VDQGZLFKHG� EHWZHHQ� WKLFNHU� DOXPLQXP� VWLIIHQHUV�� XVLQJ
VFUHZV�WR�KROG�LW�WRJHWKHU��,W�FRXOG�DOVR�EH�PDFKLQHG�LQ�RQH�SLHFH
IURP�D�WKLFN�PHWDO�SODWH�
7KH� LQIRUPDWLRQ� FRQWHQW� RI � HDFK� RI � WKH� SURSRVHG� GHVLJQV� ZDV
DVVHVVHG�DV�VKRZQ�EHORZ�

Built-up design

Qualitative considerations
�� %HDP� WKLFNQHVV� �GHSWK�� LV� GHWHUPLQHG� E\� WKH� WKLFNQHVV� RI

WKH� IOH[LQJ� VKHHW�� DV� UROOHG� LQ� WKH� VWHHO� PLOO� ZLWK� H[FHOOHQW
DFFXUDF\� DQG� UHSHDWDELOLW\�� WKHUHIRUH� LQYROYLQJ� RQO\� D� ORZ
LQIRUPDWLRQ�FRQWHQW�IRU�WKH�SUHVHQW�GHVLJQ�

�� &ODPSLQJ� DFWLRQ� EHWZHHQ� VWLIIHQHU� DQG� IOH[LQJ� VKHHW� LV
FULWLFDO� WR� WKH� VKHHW·V� ORQJHYLW\�� VLQFH� UHODWLYH�PRWLRQ� DW� WKH
PLFURVFRSLF� OHYHO� FDXVHV� IUHWWLQJ�� )UHWWLQJ� LV� D� IRUP� RI
VXUIDFH� DEUDVLRQ�GXH� WR� F\FOLF� UHODWLYH�PRWLRQ� RI � H[WUHPHO\
VPDOO� DPSOLWXGH� DQG� LV� XVXDOO\� DFFRPSDQLHG� E\� VXUIDFH
FRUURVLRQ� OHDGLQJ� WR� ORVV� RI � FODPSLQJ� KROG� DQG� SUHPDWXUH
IDLOXUH�� 6XFK� D� FULWLFDO� LQWHUIDFH�ZRXOG� EH� LQIRUPDWLRQ� ULFK�
)URP� D� GHVLJQ� SHUVSHFWLYH�� D� XQLIRUP� FODPSLQJ� SUHVVXUH
UHTXLUHV� PDQ\� VFUHZV�� ,Q� RUGHU� WR� WDNH� DGYDQWDJH� RI � WKH
PRXQWLQJ� VFUHZV� DOVR� IRU� FODPSLQJ�� JHRPHWU\� DQG� VWUHVV
DQDO\VLV� VXJJHVWHG� WKH� XVH� RI � D� WRWDO� RI � �� VFUHZV� DW� HDFK
FODPSLQJ�HGJH�

�� 7UDQVLWLRQ�EHWZHHQ�IOH[LQJ�DQG�ULJLG�VHFWLRQV�RI �WKH� IOH[XUH
UHTXLUHV� D� ILOOHW� WR� UHGXFH� VWUHVV� FRQFHQWUDWLRQ�� 7KLV
GLPHQVLRQ�ZDV�GHHPHG�QRQ�FULWLFDO

Part and dimension count for the built-up design

Part name Qty Size Number of Dimensions Number of Points Total

 Req'd Dim's Holes = # H for holes Fillets = # F per Points

(L,W,T) (D, X,Y pos'n) part
# H x 3

Flex Sheet 1 3 36 108 0 111 111

End Stiffener 4 3 9 27 1 31 124

Middle Stiffener 2 3 18 54 2 59 118

Total 7 353

Maximum stress is determined by one stock dimension (flex sheet
thickness)

Monolithic design

Qualitative considerations
�� %HDP� WKLFNQHVV� KDV� WR� EH� PDFKLQHG� DQG� LV� FULWLFDO� WR� WKH

VWLIIQHVV�DQG�VWUHVV��6LQFH�WKH�EHDP�KDV�VXEVWDQWLDO�ZLGWK��LWV
WKLFNQHVV�VKRXOG�EH�PHDVXUHG�DW� D�PLQLPXP�RI � WZR�SRLQWV�

)OH[�VKHHW

(QG�VWLIIHQHU

0LGGOH�VWLIIHQHU

%HDP
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7KHUHIRUH��KLJK�LQIRUPDWLRQ�FRQWHQW��DQG�D�IDFWRU�RI �WZR�DUH
DVVRFLDWHG�ZLWK�WKH�WKLFNQHVV�GLPHQVLRQ�LQ�WKH�DQDO\VLV�

�� 6XUIDFH� URXJKQHVV� RI � WKH� IOH[�KLQJH� LV� FULWLFDO� WR� SDUW� OLIH�
VLQFH� IDWLJXH� FUDFNV� ZLOO� LQLWLDWH� DW� DQ\� VFDUV� OHIW� E\
PDFKLQLQJ� DQG� JULQGLQJ� RSHUDWLRQV�� 7KHUHIRUH� LW� DOVR� KDV
KLJK�LQIRUPDWLRQ�FRQWHQW�

�� 7UDQVLWLRQ�EHWZHHQ�IOH[LQJ�DQG�ULJLG�VHFWLRQV�RI �WKH� IOH[XUH
UHTXLUHV� D� ILOOHW� WR� UHGXFH� VWUHVV� FRQFHQWUDWLRQ�� 7KLV
GLPHQVLRQ�ZDV�GHHPHG�QRQ�FULWLFDO

Feature and dimension count for the monolithic design

Feature name Qty Dimensions for feature D = # of N = # of Non-critical D x N x K Total

dim's meas't or Critical Points
loc's K= 1 or 10

Overall shape 1 L, W, T 3 1 1 3 3

Mounting hole 8 D, X,Y location 3 1 1 3 24

Cutout 2 L, W, 4 x cor.R, X,Y loc'n 8 1 1 8 16

Beam (trans. radius) 4 2 x R 2 1 1 2 8

Beam (thickness) T 1 2 10 20 80

Beam (surf. finish) SF 1 1 10 10 40

Total 15 171

THE MONOLITHIC BEAM FLEXURE VERSUS THE
ORIGINAL DOUBLE NOTCH FLEXURE

Information content of the double notch flexure

Qualitative considerations
�� +LQJH�OLQH�PXVW�EH�PDFKLQHG��E\�QRWFKLQJ�ERWK�VLGHV�RI �WKH

SODWH�� 7KHUH� DUH� WKUHH� GLPHQVLRQV� DVVRFLDWHG� ZLWK� HDFK
QRWFK��DUF�UDGLXV��DQG�[�\�ORFDWLRQ�RI �DUF�FHQWHU��7KHUHIRUH�LW
WDNHV�D�WRWDO�RI �VL[�GLPHQVLRQV�WR�GHWHUPLQH�WKH�WKLFNQHVV�DW
WKH� KLQJH� OLQH�� 7KH� VWUHVV� DQG� VWLIIQHVV� VHQVLWLYLW\� WR� WKH
WKLFNQHVV�LV�ODUJH��WKHUHIRUH�WKH�GLPHQVLRQV�DUH�FULWLFDO�

�� 7KH�DFWXDO�KLQJH�OLQH�WKLFNQHVV�YDULHV�DORQJ�WKH�ZLGWK�RI �WKH
EHDP�GXH� WR�PDQXIDFWXULQJ� HUURU�� )URP� VWXGLHV� SHUIRUPHG
RQ� DFWXDO� SDUWV� LW� ZDV� HVWDEOLVKHG� WKDW� WKH� KLQJH� OLQH
WKLFNQHVV� VKRXOG�EH�PHDVXUHG�DW� D�PLQLPXP�RI � ILYH� SODFHV
�WKH�HQGV��WKH�PLGGOH�DQG�KDOIZD\�EHWZHHQ�WKH�HQGV�DQG�WKH
PLGGOH���7KHUHIRUH�� LQ� WKH� WDEXODWHG� FDOFXODWLRQ��ZH� GLYLGHG
WKH�GLPHQVLRQV�IRU�WKH�QRWFK�LQWR�WZR�JURXSV
�5HIHU�WR�)LJXUH���IRU�QRPHQFODWXUH�

*URXS�$��PHDVXUH�DW�RQH�SODFH�DORQJ� WKH� IOH[
OLQH�� 7ZR� QRWFK� UDGLL� �5��� 5���� 7ZR� ´;µ
SRVLWLRQV� IRU� WKH� DUF� FHQWHUV� �&;��&;����2QH
´<µ�SRVLWLRQ�RI �WKH�XSSHU�DUF�FHQWHU��&<��
*URXS�%��PHDVXUH�DW�ILYH�SODFHV�DORQJ�WKH�IOH[
OLQH�� 'LVWDQFH� EHWZHHQ� WKH� ORZHU� DUF� FHQWHU
DQG�WKH�XSSHU�DUF�FHQWHU��&<��&<��

�� 6XUIDFH�URXJKQHVV�QHDU�WKH�KLQJH� OLQH� LV� FULWLFDO� WR�SDUW� OLIH�
VLQFH� IDWLJXH� FUDFNV� ZLOO� LQLWLDWH� DW� DQ\� VFDUV� OHIW� E\
PDFKLQLQJ� DQG� JULQGLQJ� RSHUDWLRQV�� 7KHUHIRUH� LW� KDV� KLJK
LQIRUPDWLRQ�FRQWHQW�

Feature and dimension count for the original double notch flexure

Feature name Qty Dimensions for feature D = # of N = # of Non-critical D x N x K Total

dim's meas't or Critical Points

loc's K= 1 or 10

Overall shape 1 L, W, T 3 1 1 3 3

Mounting hole 8 D, X,Y location 3 1 1 3 24

Flex line (group A) 2 R1, R2, CX1, CX2, CY1 5 1 10 50 100

Flex line (group B) 2 CY1+CY2 1 5 10 50 100

Total 13 227

Maximum stress is determined by six machining dimensions

FINAL CHOICE BETWEEN THE REDESIGNED FLEXURE
AND THE ORIGINAL

Figure 3.  Photograph of the monolithic beam
flexure (left) and the dual notch flexure (right)

Figure 4. Critical dimensions and tolerances

�� 7KH� LQIRUPDWLRQ�FRQWHQW�RI � WKH�RULJLQDO�GXDO�QRWFK� IOH[XUH
LV�DERXW�����KLJKHU�WKDQ�WKDW�RI �WKH�UHGHVLJQHG�YHUVLRQ�����
YV�����SRLQWV��

�� $�GHFLGLQJ� IDFWRU� LQ� IDYRU� RI � WKH� EHDP� IOH[XUH� LV� WKH� IDFW
WKDW� RQO\� RQH� GLPHQVLRQ� GHWHUPLQHV� EHDP� WKLFNQHVV�� DQG
WKHUHIRUH� PD[LPXP� EHQGLQJ� VWUHVV�� ZKHUHDV� LW� WDNHV� D

1RWFK

%HDP
WKLFNQHVV

&<��&<�

&<�

&;�

&;�

5�

5�

Beam flexure’s critical thickness is determined by just one dimension

A total of six dimensions are required to produce the notch thickness
 with the dual notch flexure
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FRPELQDWLRQ� RI � VL[� GLPHQVLRQV� WR� GR� WKH� VDPH� LQ� WKH� GXDO
QRWFK�GHVLJQ�

�� 7KH� EHDP� IOH[XUH� GHVLJQ� DOORZV� WLJKWHU� WROHUDQFLQJ� RI � WKH
KLQJH�OLQH�WKLFNQHVV��,Q�PDQXIDFWXULQJ�D�KLQJH�OLQH�WKLFNQHVV

WROHUDQFH� RI � r������µ� ZDV� DFKLHYHG�� LQ� FRPSDULVRQ� WR

r�����µ�EHVW�DFKLHYDEOH�IRU�WKH�GXDO�QRWFK�GHVLJQ
�� $V�D�UHVXOW�RI �DOO�RI �WKH�DERYH��WKH�SDUW�FRVW�ZDV�UHGXFHG�E\

���

5. CONCLUSION

$[LRPDWLF� DQDO\VLV� DQG� GHVLJQ� UHVXOWHG� LQ� D� UREXVW�� LQH[SHQVLYH
VROXWLRQ� WR� WKH� IOH[XUH� IDWLJXH� SUREOHP� DQG� JXDUDQWHHG� QR
QHJDWLYH� LPSDFW� WR� WKH� IXQFWLRQ� RI � WKH� SUH�DOLJQHU�� ,Q� IDFW�
WKRURXJK� IXQFWLRQDO� WHVWLQJ� GHPRQVWUDWHG� WKDW� RYHUDOO
SHUIRUPDQFH�ZDV� LQGLVWLQJXLVKDEOH�EHWZHHQ�XQLWV� HTXLSSHG�ZLWK
WKH� RULJLQDO� DQG� WKH� UH�GHVLJQHG� IOH[XUHV�� 7KH� ULJRURXV
PHWKRGRORJ\�RI �$'�DOVR�KHOSHG�XV�VXUIDFH�DQG�TXDQWLI\�VRPH�RI
WKH� ILQHU� DVSHFWV� RI � WKH� SUREOHP� WKDW� PD\� KDYH� EHHQ� PLVVHG
XVLQJ�D�OHVV�VWUXFWXUHG�DSSURDFK��0RVW� LPSRUWDQWO\�� LW�SURYLGHG�D
IRUPDO� DQG� FRQFOXVLYH� YHQXH� WR� MXVWLI\LQJ� HYHU\� GHFLVLRQ� PDGH
DORQJ�WKH�UHGHVLJQ�SURFHVV�
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