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Abstract

This thesis presents the measurement methods for the fluid flow dynamics
behavior by using the simulation and experimental setup. The surface evolver is an
interactive program for the study of surfaces shaped by the surface tension and
other energies. To use the surface evolver for analyzing, the factor effects the solder
joint bridge between a couple of slider and suspension in read/write head is a case
study. To validated the simulate results, the actual solder bridge image are
compared and described as a percentage of the error. The results show that the
solder volume should be smaller than the critical volume to avoid the solder bridge.
In addition the validated result demonstrates that the initial model is only accepted
for the prediction of solder bridge with the image from a microscope in the case of
cross_section image(lf) -cross_section image(V) but cross_section image(l) is not.

A flash photography technigue is used to study the fluid flow dynamics
behavior of droplets. The principle idea is the synchronized between image capturing
and flash exposure time. The results show that the dynamics behavior look like a
wave in order of 10 ms. The wetting angle of droplet is about 80°implys that droplet
can wet on a PCB surface. Furthermore, the flash photography technique is also
apply for finding the volume flow rate of syrup. In the General Power-law equation,
N and K are parameter need to be computed for a precise droplet control. The
droplet flow rate increases while the fluid level decreases that is similar to N and
K . Therefore, to control droplet precisely, the type and level of a residual fluid in a

syringe should be account.



B . 4

NARNSSUUSTNA

aa &3 ] < = te’l’ 1 @/ o VY @ [
YoUWIEAN A3.ASAY yoyuas Wusthege Inenfwusierlidfuduseacladdulale
@/ o o 11 o % ¢ ' ely
Fusuuzii anueilaldisle wasPalguilasaesaanneistnusnwminul
& 1] i ) o') 4 23 e‘/ 4! md 1 1]
YauRmAg 81938 nvihiiasiulinng neusudaeutaluaudindeey
fudlafiiuvue
vouguiinsaivayunIdtluassiiynaiediu Tnglanizegneds 1/U CRC in Data
Storage Technology and Application(DSTAR), Western Digital and National Science
and Technology Development Agency(NSTDA)
) Ry A o <2 ady { a o d
vaunnwe wiflliaudeiuuaglilaauen nudyntes weuaiviiasamen

&) o @ & &
Jurdsleviseugy ynd

o ¢ 1 =

gavihglififufudguines uasdtudrednduariauynou Jaduandniesinily

Y 3

ATRUATIvRITY “vaulaninue...dves Aku”

VBUAMAY

(3ml 1BeRaRTAIuNg)



d15U%Y
U
UNAREDANININIY ovvveeeeeee e sssssssseseees e ssmssssssssssessssssesssssssssonssssesssessssssssssesses |
U R BN T TIINEG W rreresesaeesssssssssssesersssessssesas cesessssssssssssessssssssssss s ssssssssssessssssssssssssssssssssassnnns Il
B N T TUUTE NP erereer e ssssss st e s s s s saes s bbb sass s e bt e \Y
BIVTUY wevverreeereseeessssesessssseees s sessssseseessssesssssassesssssss s ss s sess st e s aes s ss st ssmn et rnsnes e ser e Vv
BNTULURTTN coverreesssseeesessseaseessssseeessssssse s ssessssssessessss s e essssssm s eeemesesesssssnasesessmasssss s VIl
ATTURTU. emsmennressrsssssseere g T OO e g e e sseseernnsassssssaseree X
AYTURYFYANIA .o vt eeeesseeeeceeeee s e e sssssstesb et e seesssSame s s sansssss s XV
T RRTY (A o S RO WA T T e S, . N 1
1.1 AU ISR IMEARVDITIYIY oo eeseseeeeeeses st seeeesssssemsenenens 1
1.2 A ULaE TARUSYAIAUBINITANYY oot 4
1. gl RG] - e, G L) B . 72 A 4
1.4 NOuiVEBMUAIATMARTITIUNTIFE oo et 5
AT ) 0y T N ey - P\ W wih v el 4 S 1 R 5
196 ) AseaPaMINUNLG SERERK O IRERED [ < AlIA N S 4. 6
TR X e R e WA AR NPt/ >0l S o WA AW 4 SR 7
2.1 mmi’lﬁaaé’utﬁmﬁ’uqmﬁmﬁamawmlﬁa ............................................................ 7
2.1.1 WIIBIRISUMTACE tENSION) crrvrrreeiiieese s ceeeesesinsisessssessestsessessesseeesessesssersenenae 7
2.1.2 AVVUALAVISCOSIEY) covervveereeeeresmne e seetaeessemesmssesesiosmaseseesessssessessesmessesesmeen 11
22 WugmunTHNTUIUNTL SUTFACE EVOIVET 1o 16
2.3 ATUATETUREITOL e seeser et see e 18
2.3.1 smAfefiisatosiunsTFUTLATL surface eVOLVEr e 18
232 A testunsiinaiauarTnlansiilenisine
NWOPNTIUTINATAVDIYOUIR ..o ssenssssenennes 22
233 yAdefiRsdestunsmamisfiaesveswenm
Lﬁamuqmmwﬂﬂ‘uauwm ..................................................................... 28

= 4 o 1 =
2.3.4 SMIENUNAUDNITIIATUITN I TRUAUBINAD D ceeeeeeereeeeeenreerenerensnnan 35



vi
d15U8y (@)

g

unil 3 MITaRIEnYMsNEATRLMEIUNIIURN wagiegunsUssendldluaeiinfan

A LUTIAITH SUMACE EVOIVE e ieeeeeeeeeeeeeeseessesereesseeseeeessseseessses s s eeessessesessssaeeeesene 37
3.1 NN15909RNWENEAYBNVIRIUUNLRIAIBIUSIATY surface evolver.......... 37
IR LM 0h L0 TS 37

3.1.2 NANSNIARBINIS AN AN BAILNEAVDAVATULRURY
AN OULUNITTIRRE cmereeees e eeseeeessese e 38
3.2 Anwdnwagnmsiialgineivsadseminsdlamesuavdadudu
o7y o (I NN\ 1//7£Z 0.\, S 40
SV ARTITT T NET SN, O NS T FET i N NS 40
3.2.2 NAN3YINADY
3.2.2.1 feteman1ss1aeInsdiuansIuAnl oA oS U AR oo 44
3.2.2.2 wamidiassntsiinlganesuiadmelusunsy
B T L e S 44
3.2.2.3 Wisufisunamsnnaomia 3 nIdluFULUULeInT N ... 49
3.2.2.4 WansuIsufiuauERnA1eMsARLBnas USALTENING

lumauarnmeneainnaediulasalau(cross_section img).... 52

unil 4 mafine wasTangAnisidmaiRveseaailagldszuuuaslansai....... 54
4.1 AITODNMUUNTIVIARD <oeooerees e ssssssmssneseeseesstssssssereseeessieessesessessesesssessseee 54

B BT T ™ P Aot S - W i A 57

8.3 WNANTTNIORD ovvnrrrecviersesserereeessssssssssssssssssstoessssssssssssesssess st ssss s 59

4.3.1 WAMINARDIFIBE NN NENEVEAVBNARITIIATIAY oo 59

4.3.2 wamineaesinAilen amnugaasiduriaudnans

YBIVAYEIIIRD corenrresnrenessessssssressseasessess s ssses st esssesssssesescess 59

= 1 o L3 1
UNN 5 ASMANITELAD TURIUBUNEIVINTEUUNTENEAINUBIMRT eerreerrrcernreeenee 63
5.1 wnamdedldmamine S mumURERIATIV e 63

B2 A M TV IMBBT coreeeeoeeeeeeeee oo ee e s eeeeee e ee e eeeeeeeee e se e s e e e e ees eee s senne 63



Vil

d15U%y (sia)

N
5.3 WANTTNARBUNTERIIIIN) oo oesee s 66
5.3.1 WanTInE s ItULNTN LAZRIIAUAM e eeeeeeeereeeeeeserssssseeen 66

5.3.2 manstufinamdasnmslvavementmmdinalas
(FEHTWMOTNAY 25MM5) covvvvvrereererssesesmsmsssmesesssssssssseseeeessessessssesssasseessanen 67
53.3 ATmiLanImILduiuSseninUiasiatlag on Hme) .. 67

5.3.4 ATWLAMIAITLANNUS ST NERTINS Lranaz s edu

ﬁszé’uﬁﬁmmmdwﬂ ................................................................................ 68
5.4 NONISNAGDINTEIIEIUNSABN) ceorerrerroesrsos st 74
5.4.1 HanTIndey s T UlAHT LaTRIIAUAN. i 74

5.4.2 wamsﬁuﬁﬂnﬂwé“mﬂmslwa%amawﬁwmmﬁnm‘lms}
(S LT 55 e \ S, o ) e A N 75
5.4.3 ATNLAEENAITHERIAUELNUS TEWI USRS AU Y e 76

5.4.4 A3 MUERIAMENRUSTEMI NERTIANS IiaNaT LI IiU

ﬁszé’uﬁﬁﬁuuzﬂaﬂm@iwﬂ ........................................................................ 76
unil 6 ATUHANTTNARDY LAY VOUUBIUE wevroeroteeeenerreenessesmssctesssssssiesssssestessonsssessssnasssseeses 82
R EETIRN T, Wk AR W QN2 A\ 27 VP o N & S 85
NIAHUIN e BN S e NN e AN e 86
AARUIN N SOUCE COTE WBIIUTIATU wovveiereseeeeeeesesteereitsessssssesresssessesseseemeessons 82
AANUIN V. TIUAADUARMANURVIQUAT WAL AR cooeveerereeerrecnrennreccsnanener 121
AIPRUIN A, NETIATETLETUNTIARUN oo 138



Vi

#150MA1519

sis1edl N1
21 FoE e nuE N AN TTINT IVALAE NI TR TRITBY oo 16
2.2 AOUANTRVBINYTIRBUMRY 1o oreeseroesseesoseeses oo sesrsss oo 19
23 LATIATIUUBIURR cvrrrereeessrereseessssrecssssssssesessessassssssse s ssssssesessssssesssssenssnes 19
24 FouludosfulunsNARBRIOUT 1. 24
25 FouluidosdulunsmAREIROUT 2. oo 25
2.6 WRBUWBUEAIINIT VAU IUBIVRWABEYN -..oorrereeercrrcnnrecorsensennrcessssenneresseenn 33
27 Uhnamvesvesvailldannaunisduin(v,, V) waglusunsu CFD (V)

T U BUIR IF TN oot sns sttt e e sen st e s 33
31 HamIsARIMTANYIEnvMEenTstvAUURURItouluN AR ... 38
32 wanivesesUSamsRzia A leanesuSadTiyuTeniug Tunsdi

Wasuwasd spilenuudlames wazdauudui surface tension = 0.45 N/m.... 44
33 waniseeesUSnase T dAnleane fusadTgudontue lunsdii

Wasuasrmulsnuuataines 7 surface tension = 0.5 N/M .oocvevererronocns 46
34 wammeaesmUSnasziiviiAnlsane fusadiuudondug lunsdi

WasuwasAspilonuudamuuiu suface tension = 0.45 N/M ..o 48
51  wanumeassrdiiuls N uay Kl—KﬁszﬁU&mﬁumsﬁaq ............................... 74
52 HaMINAABIGNYT K HegMuniiussnnmiiminn o 81



1.2
1.3
1.4
1.5
2.1
2.2
23
24
2.5
2.6
2.7
2.8
29
2.10
2.11
212
2.13
2.14
2.15
2.16
2.17
2.18

2.19

2.20
2.21

o/

gsugygy
ATe
AUUTENBUVDIFIB UGS ANAN read/WIE NEAT) wuvvvvvvrsseeeereeeesessesssssssneessesssesessss 1
FumaumsTouns e RBIALFASOIIEr JEHING) worseserssrsrsrss s 2
T3 19U A ADTUATF AT oot 2
TR AR A WU AT UUTEAVOUIR s 3

dnwaurmainlvameiuindrenivguesdlanesuardauduresidueriafan 4

AIMUAUNUTTENTNADIUFRT UASTIRIAD e ooorvvneescerrsenreessssssenssnesseressssssassssne 7
FwihveswesmanfiueafiududuldndloussgoglumUuy e 8
é’ﬂwmzqué’uﬁa‘umwam‘ammawuamwﬁuﬁaﬁsmﬁ’u .............................................. 9
PSS AUINTOAUBERTIIAEIVON .o 9
WARIANNFUNUTTENINAIINGS WOEADINBREIUDUIIDT tevrrcerreecneenrsnsecsnneeceseen 10
VTN AT ORIV DT ettt e 10
ANIVVANAT IV AUDIUBIIR 1rrerectvree s sarsonsssmshenssenssssessesssssassesesses e sesssessesesssssne 11
ANUENWUSTENIN stress - rate of strain YD non-Newtonian fluids ............... 12
nylvedlvafiiingRnssuntsivanvuusu-Taladey UsianDaues .. 13
nymvaslvadifinginssunsivasuuueu-Taladeu Usnymanafin... ... 13
nswivedlvaiifmginssunsivauuuueu-daladey vseavlslansela........... 14
nymuadlvafiimgAnssunslvauvuueu-ialadeu UssvSlamede.............. 14
AU dUNTNTILAIINAITAIAUUATENNY L0G-1OG oroeesrririrererrerrs 15
uansehulsynaunsaieliaalulusunsy surface eVOLVer .o e 17
Tassadauaslnaad vsun s uALSIUT I OUEUSIR oo 17
wARINIAMILALTIAL LAY e1-e3 EMTUNITAUIANA N TUTUTUTUATY ..o 18
Tuwnalpsainevesgunsel IC-QFP256 way pad MagiBenfEnen .o 18

miL%amwdwgmla%u.awmsaaﬁqamzﬁ”’aﬂ‘%mmma6] (@ 2.67x10" m’,

(b) 3.10x10™ m’, (©) 3.18x10™" m” waw (d) 32210 M’ oo 20
wamﬂmgmﬂsﬂﬁﬁm’amiLﬁﬂieamas‘u?ﬂﬁ(m =3.10x10 " m’,

(@) 5°, (0) 22°, (C) 23° UBY {A) 307 wreeeeeeeeereeeresreseeeeseseessessessseseeesssseseeremssasessasesenees 20
T MuaneETUS T AT NLAE USINATINGINBIFE N s 21
HavesFRaTilisonsAalawesusad(V ) = 3.18x10 m’

() T=300x10" N/m, (b) T=470x10" N/m, (C) T=600x10"> N/M e v 21



W 1

f1suyIu(na)
Jun Wi
2.22  ATMLERIAIUENRUSTEMINAM TR IMALUTUINTINGAVDIREN D ceeeeeoereerrreerns 22
2.23  LASDINEARYNIVIADILMAINITIUNTTNINRDY ceeeeeeeeeeeseeeseesees s sseessesesesssessesesessse s 22
2.24  WEAITEUUNITUUANA NI TN AU IWTAAT I oo rsse et 23

225  WARIAMANSVEIES ANTAUM wazmTeTsiueealanyuuitoans

Tneit gaungiivuiiloans T, = 48°C, vy = 1.54 m/s uay dy= 80 um 24

..................

2.26 WEAMAINATTVEIEHT ATTAUMT waYNITHIITeNEAlave ULLlaans

Toedt gaumgiivuwsiusuawsn T, = 135°C, v,= 149 m/s uay dy= 84 um 25

° | e & A ° 1 o
2.27 MEWURNIAUUNUNIVIERUEUAAT ALY AG LEAITYEEN1SUEIES3

YBWEARYAT UaEUVILS D TN g R N T To TR SO 26
2.28  ATMANAUNUSI¥MINATATIANTVINEFATUIAT oo 26
229 guwemsanyiH) feampdvuiuisuaasn(T,) AH99 o 27
230 FBNIMAMUNIAUEE (GA) KAZNWATUYIY (HAG) coeeeerreesrnrecreesssinsers s 27
231 mwmdiussewindmadon waensueeffinmialv,) #1699 .. 28
2,32 nssctod hipeSiondmoedel L alaama R W\, o ST (e k... 29
233 emdwes N uae K lng Addsuuvaniloss s s vaouly ... 34
230 UWHURSUARINTATUANTEUURBATBIIAR cercerenennestereessmssaseitossssssstisssossisesseesssssessee 35

235  wanIdaewwIveavstviaInstlmuaulagly fluid flow model
WUTHUTIBUTUNTAIITINITATURM correrreessensesnesssinssseereesstissesssseesteaessesssns s 35
236 MIIANITAIUAIN 2 TRAAIENTTII DLACK & WHIE wevv e rriennsscinnronsesscersesense 36

a\ J LS P ¥ <
237 FBnsmaUSuesreauaaneannm 2 N@Iﬂﬂﬂ?i‘lﬂﬂﬁﬂﬂ?ﬂ‘i%851/131!11'1@3

TOULAUBLLTIRT oot etietneeseessssassttassessentstesassncnsenseecessesssasatssnt osasessesanaresensanss 36
3.1 A AR TIUIUTUATI oo sees e 37
3.2 lassadelunadusudmsunsliinseidnune e R laaesUIng s 40
33 amEUT18e3UN 3.2 (AOMUATIUTN 85%) ..o 40

3.4 awmmsiislwamesusadnaeanndsslulasalay Fwandiviuiilsamesuea
ML) vieeuwmuazuiamnaunieainasueatio2) e rasumaindiiio
T D DT U A I TR oo s e ss s s eeseesseess s sesmeses s esseeeeseeeeseeseens 41
3 1 a:‘-al 4 di a £ &

3.5 AWMU RUULU A D AR IERLADTUTAD covver oo eeeese e sesseseeeessssesessssasesesens 42

3.6 ANATSNALEALABIUSATEMSUNTIUIDRTIEIU Litls wormeremeemmrreseeemsemsmessreensesssseseeesenee a2



3.7
3.8
3.9

3.10

3.11

3.12

3.13

3.14

4.1
4.2

4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

Xl

#1508 3U(sD)

Ty
MMIUTEUL B UM LUANA Y AN ATV AAYAABUTAT oo 43
ISR T DN SRR AABTUTAT oo 44
nIMLEnANEIuT IR lenuasUIuasings
surface tension = 0.5 N/M e sesesesese e ssessssasssestsssssssessensss 50
nsmnaneaudiussenineAalenuazUiunsings
surface tension = 0.25 N/M i eseeesessserneasasessssesssesssessssessessensn 50
nymuansmdiiusserinduilonuasUiunsings
surface tenSION = 0.65 N/M ..t assesssaesesesseasssasssasssasennes 51
n3MlLans eerror SEMINNINAINLUSWNTN(Cross_program img)
waznmilareanndedlulasalau(cross._scope img) $1uau 5 Am
nsfiivAsuasralo ULl A T LT FAUUT ot 52
N3 LAR Yerror SEINAINaINkUIKATU(Cross_program img)
wagnndicneanndeslalasalau(cross scope imeg) 13k 5 nm
ASEMUAS UV AIAUANTIAVUALAIAGS oot 52
ATMLERY Yerror senIanwaInlusunsa(cross_program img)
waznmdisnsnnndeslalasalau(cross_scope img) $117U 5 A
NSAMURIULU AR BITBAIUUFAUUI oo 53
FEUUMINIEAINALAYBUNDINIENAT AUNATINLANT W ..ot 54
AwenenlUTUNsH Labview Mfinainmsasnenmuasiasunagvinas
B I ADAAROUIU oo semseeressssene e esssesnst e sssssesreesesssessssee s 55
MANNTTN I TUU DN TTAE VDA e esssennsrssssemsesrssnssessseeesssssesessssssseseeseressssesoee 55
NI AR BNITENIN TNUAEUSDUMTINDD oo 56
valve FMMTUBINEAUBINRD covvvvvvvevevvovsessreeeresnree e sssseess s ssssssssssenesesssssssssssssnsssssses 56
mﬁﬂqﬂﬂizﬁmimﬂamizuud'\amwLﬁ'aﬁﬂquﬁﬂsim%awa’a’ammwamfﬁ ......... 57
A1 IRAMBTENTUTUTUATL MAEED . .evervoeeeeeeeeereesmnseeeeeesesenresssssssssessssens s 57
WnsUTuTBUSnT 1T IeTnga39(@) UAZANETUAIND) eoorreeeeeereeeenrneren 59
dnvauziBmatAvesmemiweunEiiuaunse Ry o 60
AL TINYIFUIE LAZIIBIAIAU e 61

5 & .
HANITVIAABIAIIERIUDINUAUIMEIRIR NG e 61



Xil

d15ugy5U(sa)
JUi i
012 WAMTIAVUIANTTV IR IVOWIIAN oot 62
5.1 A3degunIainineaeuilofnusnginSIMauesMaY e 64
5.2 nwuaﬂmsa}ﬁwm'mém%’umsmam"‘;’ﬂﬁmwmﬂwa ............................................... 64
5.3 AN ITAMUIATUTIIRNT cerreeerersseneessssssesessrssssessssseseessssossssssesss s esssssssssssees 65
54 dugradygaiiteunasiiinann pressure 5ensOMASEHILMINLY oo 66
55 amveatvnuunzladauslurienat ON (0-500 msuesWadlugy 5.4. ... 67

56  aTmudnauduiusUSnasvemeauIvuiinailag
o )
NFTEAUVDINAT L12.59%0 OF TULL SCALE ottt ettt ber e s serssseesssssessensenanaes 68
@ & e o ]
57 n5LAfm SIS TEn 19995 NS lanas s Ieu NN fit curve
9 | @ H
MBaUNIT General power-law fluid NIgAUNWININ 12.5% of full scale........... 68
58  niwndanianudunusseniInsnsinmsivanashsssu AN fit curve
Iy o o (¥
AEaNN1S General power-law fluid NIgAUUINIIU 25% of full scale.............. 69
59  asmlwasemnuduiussemednsansiviatasusasns nsdiR fit curve
feauns General power-law fluid #13EfULIIU 50% of full scale.............. 69
510  n5kanemu IR uSIEnINgRIIn1sivalazh s ASAIN fit curve
feanns General power-law fluid N5zAULIIM 75% of full scale.............. 70
v W 6 ] o ') PR}
511  Aswkansmudunusseninednsinsinanasisasu e fit curve
feauns General power-law fluid AIsgAUUMITL 100% of full scale........... 70
512 ASMLERIAINELNUSSEIednsInsinalass sy nsai fit curve
feaun1s Newtonian fluid ASEAULIRIIY 12.5% Of FUll SCALE woveerrveeeereereeeeens 71
513 AT LA INALNUSI YIS RTINS IalasILSIsy NSEIN fit curve
Meaun1s Newtonian fluid N5EAUEIIIN 25% of Full SCALE womremrrerereeereer 71
2/ - £ 1 W o 4
5.14  ASWLERANNALNUS ISR M TIvianas LI sy NSEN fit curve
') . Lo v ¥
Maun1s Newtonian fluid N5eaUUIBIU 50% Of full SCALE conrivceiieteeeienn 72
515  ASINLARIANUSUIRUSTEMINSRIINTIVaLaTLIINY NSaIN fit curve
¥ . . <« [ g
AEdUNTS Newtonian fluid N5eaUUIIIU 75% of full scale e 12
@ @& ¢ \ Y] @ -
5.16  N3LERIANNENNUSTENINSRTINT IakaTLSIAU AN fit curve

9
U J

feaun1s Newtonian fluid ﬁszﬂuuwmﬁu 1009% of full scal@.eeeceerene. 73



5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

Xiit

Fyganidoutaziingn pressure sensor(NIANIIUNENBA) oovcevvevvveorereeereenenes 74
Amvgadmugaslastudlugiam ON (0-700 msleiadiugy 5.17 ... 75
AT LA AN ITUEAIAT NN US TEIITIUTHIRTAULIO Yoo rereccnnes 76

s uanerLdIRUSIEwIneSnIms Ivauasusediu n3dif fit curve
#wauns General Power-law fluid Aisssiutinshunznen 12.5% of full scale ... 76
Ay muansrTLdiiusssninedasnnsivauasusediu nsdif fit curve
#ruaums General Power-law fluid fisssfuthsiuszaen 25% of full scale..... 77
AT uanImdLTUSsEnIned RN IauaT U It NIEIT fit curve
fauns General Power-taw fluid ﬁizﬁuﬁ'\ﬁumﬂaﬂ 50% of full scale....... 17
nymuaneeUdLNUSIE ISR Imslvauazuse ASdT fit curve
Awauns General Power-law fluid ﬁ'izﬁuﬁﬂﬁumﬂaﬂ 75% of full scale....... 78
nymluasanduRusszrinedRs s rawasus s N3N fit curve
Meaun1s General Power-law fluid Viizﬁuﬁ:’lﬁuwﬂaﬂ 100% of full scale.... 78
ns AR TEInedaTIms Ivawasus e ASEIT fit curve
Seauns Newtonian fluid fisedutinasiuaznan 12.5% of full SCale. ...... 79
nymuameaNduSIEnIeSnTInslvauazs sy ASEI fit curve
frwauns Newtonian fluid Asefutnsiusznen 25% of full SCalemm. . 79
Ay muanerTLdTuSTEwIsdeTnsvauasus sy nIdii fit curve
feaun1s Newtonian fluid ﬁizﬁuﬁwﬁumﬂaﬂ 50% of full scale.....ccunuererennee 80
nsuanerIEIR LS I Imslvauazus sty nIaiT fit curve
feaums Newtonian fluid Asdutidusznen 75% of full SCale ... 80
Ay MuansrNduRLSTE IS RTIns Iauas s iy nEM fit curve

feauns Newtonian fluid Asgautingiagnen 100% of full scale....nn...... 81



Xiv

o/ 1

dsUsydgyanuad

4 AFeR(surface tension) WSBe1AMINEENEUYRIRUE (surface

energy) Weldiuyeawis

F WS9RRA(surface force)

0 yalen(wetting angle)

cdu dvo o,
y,—,— 2aTHaU(shear rate)

dx adr

T WSARoU(shear stress)

)7 Aslin(viscosity)

7.7, yield stress

K consistency index

n power- law index

n FrwuduuIn

14 Usnms

v, AT

u, I sivaluieresveuva?

N avenmaslu General Power- law fluid Eq. daviniy 1/7
K, HusAvisuasannns Newtonian fluid
K -K, SuUseAvivataunis General Power- law fluid
T AussFaRatsurface tension) Tasss i
1] s uiduRafuae i

A Hufweauinaditomsliduss i

4 Nuiinnefduiatu pad wie lead

Yo, AuvIkLLYeIRE f(density)

g w3aliing(gravity)

V USumsmefiivaouman

A Lagrange multiplier



1.1 anudunuazanudidgveslym
nIEUIUNSHARIUgAAIMNITNUNUTELANDINITABMIINITUTENBUIUEINgUN Tl
a d P o ool v ar o . . =
299s58idnnsetindgadununineatesiussuunenveuvai(fluid dispensing system) uazil
o - k4 ' o _ar fad o w L o< - “
f1q wilsildegiavesunareifumdminddylunuussaniluud dufie “droplet on
demand” MuUanIuAUMIIEATIITUUALAIT “YenTBanaInuAfeInIs”  wuneda
w & - v - a &
AdNuNE uar/visUTinasvtavesalvzieilulunaigaamnssunsndnussaniug
o ' o @ ? o daew S = de - v
Avua Wy Msiauveadwiinielvannsaveaumilinnfininuviiegeq 16 ns
s @ o - ' « ar o @ § = P
nauuarliuupssuumateninssnivalaweiuasdaluiuvesisiusindaniauldin
=l v & =
lgwnesiin dazn1smuANsEUUNEATIMAINa MLATUInAITNINAREIN1S RADAIY
X - o o
vpamalariuia(substrate) Ml Hasdoslimmmuiraunazainsoniun fuundnvoy

- |l o iy o
vegLioaguuNuRale (Wi

— /
v Suspension Arm
h-""'—-._

=~ ' @ = &
5UN. 1.1 dhudsenauvesigiueniedan(read/write head)

o - - a ol v - Y] w i
1]1191ﬂu’ﬂuﬁ'ﬂ‘ﬂ\ﬁ!ﬂﬂ?“nﬁiunqiﬂaﬁﬂ']%ﬂﬁﬂﬂﬂﬂzﬂﬂﬁiﬂﬂ”ﬂmﬁy?mﬂqﬂﬂqaqu

. [ i o ) s ar ° - - o
(read/write head) WhaWsdaUuTU(suspension arm) fisgu 1.1 lasvihnsieufiniunig

-

Infhsgwinalaweiuazdauduuwadmonzindans Inol¥islewmediin (SJB: Solder Jet
3 w o - o ' ~ °
Bonding) fitgy 1.2Qutumeumsiensnenym alawesinaesdndsnsudng) anavin 90°
o e o ] - v - Y o + d W - (4
fudautuuisdivasuiun) demsmgnivasnegluswmidinieuszduasaiwes
v v = 3 °o g v o - '
Wi naIndaanareiawinlinyivasualLar e AaTaNTENI WA dlD

¢ o o v ow - ) ¢ @ o o al
wes wardawutu(lasaseeuninie viiualawesiasdadutuuna WaARRagUN 1.3(a))



“Jetting” single ball
Reflow : SIB

Increased nozzle to
substrate distance

j;dw 1.2 funeumsiieunyiaseisemeia(solder jetting)

winauavieudyusinaniiulzfesdndlainesannudailudunierenniineulagld

Bn1sngennti(pressure dispenser) lnalassas1ivesdailudunasusinufiarnenn1aty

wansiuiidiieglunsauiduuss dgui 1.3(b) 41y

slider

suspension pad

(a) AANPURENUDIE A arda U Lo LanILLIUD sa lalnes

LAY AUUT UL

(b) Iﬂsaa%’wq«ua&sﬁ'mﬂu%’uluﬁ%mﬂaﬁaxwamm?as‘jwﬁuﬁﬁmﬂuniamﬁuﬂ‘az
(5Ut19) uay lassasealawmeivasaindafnuudadutu (5Uvn)

sUM 1.3 Taseasravesalamasiasdaidutu [1]

v



willesndsinanniimaeeylunsruenveranatios Jeilvdiunameaniali

P i T TR v - o 8 v ¢ ) & W VY A
Al Fandsinanitesiiulvenavilvalawmesnaaesnandautuld uadusunaniunn
wuluenailvaudassnaaiwasalsanslutunsuniseun1iivuie wazdmsulunsan
Howsdluniriife FudigunsaluinnieglndlAgioraufisemudemeainiisssesiiainig

IJ =Y s ﬂ.j -y Ql dwﬂ.f o aal U - ﬂll Q s
sunMfivuAulle duluamAdeidniausisnismdmniiwesnlgdmiunismuny
YUIANEAUDAAI IV ALIUEIINNTERAINMEAvEIUaINEATALNaYIWlnnI W
Ineiilumaiuguilddnwdnsnsivavesveanaiuansdsgy 1.4 venonildadunisfing

WoFNTIUT A TRV MEATDNAIIINNNTIREUNTRIRINE IR Y

Compressed Air

|

Syringe I
|
|

Fluid

Needle

[
|
L

|

Substrate

T L EEEREK TODSHEHIE T ™ AR
JUT 1.4 BeaniugrudmsunsAnwssuumeasasnag

' '
e )

fjcy,mﬁx,ﬁﬂﬁumﬂmsL?}aumxﬁdﬁaa"‘fﬁ’I‘uama%Lﬁmﬁqndﬂﬁwmaﬂszms ERIGNG
NIEMUNINAINTTUILNNIHAR A N3t ARlaLAR S U AT sEvinsuwndn iR bsiogAniu fa
egnlugy 1.5 lnedlanugdfyliun Avesdonlimmnyau wasnginssudmaifives
neiluanmyiivasivar - anmisAnwiluymmguidaaaruiduysdnaradunamann
nssvIumMIMAiLari@ndidudeu Tudululiendasiuuuitasimeadamaninie
ansdnauiievhmsmamneadsnuasnginssudmainldeswiuer waznesuiu
sunvesdlanesuardaUuiuresieueriafadivuinidnanion ilvianudenisi
ﬂzﬁszmmqﬁmyuLTJanuazwqanﬁ:uL%ewai’ﬁwmmxﬁﬁuaaummﬁmnE'a%u Fatuanided
Faduauenisldlusunsy suface evolver wia@nwdymnisifialaainesu3ns frenis

NI1TUIAID WU TRINENTENUADNSIAALYALADTUTAININET?



JUN 1.5 anvuzmsinluinesiuiadssninguesalanesiasdaiuduve wineu

gsnfan (1]

1.2 AUMNeLazIngUsEaIAYINISANYI

1, Wleddsuariatnssuumsianginssudmaiitazmiionve menve svan

% Lﬁaﬁ'ﬂw%ﬂ?&mﬁwmmgﬂﬁama:Lm'ua”’l‘ua:1Fhﬁ'iﬂlﬁmﬂi:Uumﬁqufﬁﬂﬁm
Batiuazsuienfieutumaldainng i

3. AT UNAND WUV INTS WAL S S UUN IS REAVD W via LS A s ue Lol

1.3 duufgIuvaInsinen
Umadglunsmunuszuunesuonval fe suimsveanusuvaiudeundasly

AN AUNRARAINTEAUVR I NAT N TEuenVEAlUABULUAY Usenauiudninisivaves

@ o &

vounmtuag it fiteuswilidsduiusiudsinnmaivaniindosglunszuenunziiv
Sududgmitliatuasananidesle fdunisAnwenuduiussewinnusinase unani
wissglunszusangaiiagaafus ez isouswulie iruauliusinsven
ypunmiimunsilaedngUnsainsvaasIsrUUEAYRNMAT TanfunIsien NieIATia
wlaglnlansitazviiliansnsomdasimsivaresenvauvar w nadleq Ihiedilugnis
mAwiinesiilidmiunsmuausruuneave uvaliiauusiudidaly Snvisdaudy
nMsAnwmgAnssudmaifveuvarninmsdngunsaifainainie uagndaainiinenveunad
annsynuiuiasiidnvusyaiieguuiuinduogdlsiy ansawioufisunanismaass
e svmildiunanisdrassilldainTusunsy surface evolver dadlunisiansan
mawdsuuUasdnunzmnveavauuiuiuuuaissmudaulusaiirvuall 1y useia

B wsalvuaag tWudu



=1

dwiulgmnisiialgainesuiadndanvainanavesulenlimunauiy
Y el

annsndAnwlagldlusunsy surface evolver Inapsdnuwarnsiinleainasuininouluyy

Wenaiee

1.4 vauivdeuudrnrwdanidlunisise

msldlusunsu surface evolver tieAATIEVENYAEMEATEUUAIVLRUAT LAz
wUstiiedeafunnmnufauilfiemsarilslagbideld9ela Wessnidusenusi
ansamamdlvanesld azanuassiaiiinenisidau TUsunsy suface evolver 19
FmiufinumsasuudadiiuRaudlesmundeulalss Iﬂaﬁﬁiaulsuﬁﬁm%aﬁumﬂugﬂuw
$1199 WU surface tension, gravitational energy, square mean curvature, user-defined

. €3, 9 o 1 1 e’l/ [ 1 Y] a
surface integrals, knot energy 1Jusiu TUsUNTLAZUNALT 99 UNIATUIUIIUNUFUN TV

'
o

asrevuielingsuvesiiuidawian aavinalusunsuasinaesdnumuzituialuaiuan
WELUAERAIETTNFENTT gradient decent method

a2 = o v v ov = Ve

wisilunisiyuiiisuanugndedveaanisnaassfitaainnislelysunsuieladn
gunsaimmeassesaiednuimginssuldmaia Iaeliisnstufindnvandmaifidinatn
MyMItgatn a naleg  Asnstuiinammeenuiigadlivainvaieds wu ansld
naorniigs urarllans i wasurariflons i 1usiu ausesewinamsldndos

a oA v & o ) = 2
anuSIganazunaglilaniidl Ao NdedAaIIIGgIIEIIM ITUAINYNLHSENAIINLTIEER
¢ o = 1 2, Y ) )

vouunn1Taities Tuvuziinsitunasazidunisaieninseiiesainnisaisningin
wAnTsainaneY ASIIAnTUeE1919M lunstinisAnwmgAnssudanaifuazyudenves
wuavaunalll wanisalasifintulugszeznanduy Ussunasyauiiadiunfiviesradu
Lulasiundl Fanldndesnranigeesdeddddasudsuiigunn uazfiaagemulysag

WUy sy udTetTeasiatnswnasinlnns ¥ auinfunsussanananIw

1.5 YBULYANI3IY

UATEE I EeNTUNINIINISAnY warisnisiangAnssuianainveanen
w0l Wnensuusueeniiu 2 dunudnuusngAnIsureIvenTaunal LUULINAD
ﬂwsﬁnmé{nwmz‘uaqma'ﬂwmmqmﬁaaejuu“ﬁuﬁa warnsfinwndanatideunisunen
younaIunseviangaiisuuituia  Tsunsu surface  evolver  ddwiunistased

WoAnIsNvauMaIvaIEnEAdiuunuiy Fulunaiildanardudsaneg Mfeades Wy

[
2/ -l Y.

Uumaveaveanar yulen anmiuiy WWudu Snviedelddnauediedienisiien

lUsunsu surface evolver  Tuszenaldnusisdmiumsinnsandgmnisiieleainss-



Ly (3

USatlua1ugnsaRanlngn1IAn 13 InmnUsarA1resLUshinanan1siinlenasusng
wazuuuiigedfe IEn1sAnwmgAnssuimaifrementesatinaila lnglddngunsal
STUUNEATaLaITINAUNITane A mesnAtanNatlnlans W wananddelaunssuu

uragllanar-Wlulddmsumsmamnsdiwesnldlunismuguszuuvesveavailvinag

1.6 lassa¥reanentnug

Ineninusatuiulaidomioumesnity 6 un Fssznaudae

wiit 1 enuduineesnuddy mnusiuasngussasd ausfgiu nquald
nouiuiounanudaildluamide uarveuivavean1side

w2 eanufidesiuieiduusedsio quasiRvedva mavhauwesszuy
drenm yulufmguiififendosiuauidy vumuemAdeninedes
wasdumeunsfinuiioyaiifedestumuide

i3 nsdieesEnuMEmeATeNTaIULLET uasiiegunUsrgndldlua
g13nRanaaElUIunsy surface evolver

il 4 asAnsuaziangAnssudanaifvesweanadlaeldsruy
wrlarlnlangail

Wl 5 MM deeUeueIvAInINSEUUNS I A NRB VA

il 6 agUsanIvinaed wasdeiauauuy

UTTUYNIY

HIANUIN



.s
umnm 2

N8

2.1 mnufifesduiieafuauauiivesvauman waznislva

2.1.1 anwisin(surface tension)  fuRaveunarvziiusafamiluaszndng
Tuanavasvaunarviaifisaiucohesion) ingreudaiavesmailias 3end1 usaiafi
(surface force) IilpveummduiatumueuzuarduiatuainiAveiiusaunizfisa(adhesion)
Wntusewindluanaveseavariulianare s vuLuarluaNavetaINIA WsIRIAIYe
vounamasiiimnnuiuiataavaiiaynmntudureufivesnaaduda

SasdussmrusIAia A dueUYesToEaNTR M sdudatuaInA Fendh
AURAsiA(surface tension) a3zl 2.17 Usngnasaivises AnIINANFATE Y81

Y9UVa7 W N13lAediaveInal N1sTnugan Weseinauarvenu (usi2]

F= A l_r

£~ DRI u 1 (wonE i

n[ @ w & U o a e  E
g'u'w 2.1 AN UFUNUTTE VIR TUAIH - LLAXLS INNHA [2]

& a a ' [ ' - W i ﬁ' - ' oA Ve
AMUAIMNEITULTIRDANET USENAWIUABWUN LY dyn/cm, N/m  WALIoD 154
Y A & = o o o nve o a o
WA NUNELEAY surface energy  MiUuamavunsluieulunldiuiuiave st
liwzivreuvan
= MU MNgYeInuAIRemhe e WeMIYaRNe diluszuu SI fe
a ' ¢ i a i 5
N/m ualuszuv cgs AnuRsiativiaedu mueil (dyne) Aoiwudiuns (dyn/cm) lagi 10

dyn=1N wazdatiu Auden 1 dyn/cm = 10° N/m



-M3IAUDEIB UM

dlamvaanaraslunmvuzuasveuvaituegiin funafiiavesmaznuii i
vpavannIvinuiduaRameuedidnvadlds UnngnisaliGendt nslAmesiavesnan
(meniscus effect) dagl 22 Fufinanusssewindluanalintermolecular forcelusiaz
TuianaeiiussisgamaeiiluihdivualisntnBamielmanaiely Bonuseiii use
WIULABFINE(van der Waals force) i 2 iin Ao wsesenindluanaviindisaiu(cohesive
force) uazusasgninaluanasaviiniuadhesive force)

MNUNGMsaINIs IAwaiveuna) aniulin Bhveuvadiuiave sy
B el P

M dmivveaviauarueiaavilag sasemiasiianiae diAfnanu yusewiniivewvaiv

YRl o ynduda Sendralidutalcontact angle!®)dlfndaus 0°-180°

Memscus ‘\;:—_-_

Eye evel +

Uil 2.2 Bohwese inavusaiududuldsdiovssgaglumvuy (2]

W as

yuduiaszuenting v dleveaviaieguuivuia fveunartiuaragluammduvea(livi

Vdv - =i, sl ‘ ° Ulg L — c‘i‘ L a @ = !
TruRUon) vissuknsy el len) nefinnsauieai duudlairiuinndt 90°

n:’l) =Y ar é’ t " o ar Py L v&" ] |
NuRanwuriiaenan hydrophobic surface @sazildnweariliivihlanuinden daa

P i
& el = WV o o = @ w =l

. é e L ar A
adhesive Wa¥ surface energy M w_sonumununsﬂmu UHALATUDEYINUNIGN YUY

al i - [ o
(381 hydrophilic Tuazitgnmuaniluguf 2.3



Hydrophobic Hydrophilic
Surface Surface

high contact angle low

poor adhesiveness good

poor wettability good

low solid surface free hig
energy

rame-hart ins trument co.

- o ar. e p o o
JUT 2.3 dnwamidiiave moavssvauanminiiaignan [3]

ANUAUNUSIEINIS cohesive wag adhesive force THulUmuaun1svaedd [2) Ap

¥

=yl + v ecos@ (2.1)

- o =, ol e ;
JUN 2.4 navinyideniasusaidientny [3]

die O e, udiula
sl Y o

A Y o a ar |
y" Ao wdsnuiuiauiudidasewinsewd waruasiven
o

;v = . o =3 ]

AD WANITUDEATEVINTUDILLTY

=

J(solid surface free energy)

v a W a ala s -
4 " fe nauuasENIvesralliquid surface free energy)

feagnnnidewududalyldnuluiiousydriu 1y n1seanuuududi 1oy su i
4 v dw Buvv a L | L | el wa o v o & e i o
dornimaile dndaldlithiindeumeasuegniinuauiavinlvansuduianinndt 90

i v T % S v - - & v
dlafhgni 1hazegluamwiduvemivuiunuiinsuannszaneuavdurinuiienuitly
—ﬂ’li"t’l'um'lngLﬁﬂ(Capillary action)



10

RS o]
h = anugrvosamoimailunnon

- wuiuilave 1o ima I pnagand )
| S

I = 30 1mnoand )
F = wsaaiyve rwo amm)
Y - anudiin

i - o Ee

27 = 20101030 190 1N 1A NN 100U 1))
|
i

JUN 2.5 wanamuduiussenInemmngd wasauaiveuvan [2]

MnUsngisaidunugian dagumesegidnasluimiinsdiluluvassuasil
sefuganinggatiiuenvian mugeuenhisiireilnumevasapdniiguegluthes
oganuinle Widmsunsdivasngdngueglutsen seiulsevlunasaszatsnitszdulsen
Muuanaoa uwIBTIsvNlaNalReInucohesive) ¥BIUIoNIiAILINNT IS
sewinluanalaanavesusaniulanavenisvamaangiantadhesive) seiiuvsennelu
wazmpusnwassiatuiisesh ldiaemassgidniguaglulsanaregianuinle

wanynilusTadvdgdivsangmemdninnineilunanneinus sieia Aatanalusy

JUM 2.6 Usingnsalidurasnainus i



11

2.1.2 mnuniia(viscosity)
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na1afe Aamilalined aunsadsuuladasiuiusnsdeushear rate) non-
Newtonian fluid SidnwaengAnssuuuulidudududsivareguuuudgl 28 uenani
non-Newtonian fluid Samnsaduunesniiu 2 Usemilng e

2.1 wanilsiFufuan(Time independent non-Newtonian fluid) AANNNLATDY
vodlmaminiizduagiu shear stress uax shear rate usisrhivufunarfivestnaldiueniu

wWuldau(shear stress) Arag1evadlualsennillawn
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Bingham plastic

Newtonian

Pseudoplastic

Shear stress v

Dilatant

Rate of strain in the fluid %‘,’

gﬂﬁ 2.8 ANNAUNUTTENING stress — rate of strain 93 non-Newtonian fluids [5]

2.1.1 Pseudoplastic fluids

Snwazueanmsinausznniiae mmmuﬁmﬁmamauﬁaLmtﬁaulﬁuqqﬁu yonani
SnwaiznsivaussonilfedifeSenduqin Shearthinning uae Power law liquid fegh
whlurewesinaussaniidun s, fruit puree, MBaLLE, Jann waz gUin Juru

2.1.2 Dilatant fluids
dnwrveInIsivalssiavniie Amanuniiadaniududouwsudouiingdu dnveas

wsmsialszaniiwuiiuldeinninuseinn pseudoplastic aaslwausziandasnuiiulaly

yaslnanseomsanwusiingnourendiusuiu onfve1su candy compound , 11

o/

wthdilue  wenantdnvuvveslvaidusandnatslaindnwaenislvanuy  Shear-

thickening
2.1.3 Plastic fluids wa¥ Bingham fluid
voslnaUsuaniinAusuieudmsiqerlifinnedoufivsogsln  qunszieuss
Wudeuiisdudedt 7, FaSunqaiiusuduiinarilsivedluaianisiadeuiiis Yield value
w3o Tuureisuiunin vield stress Turedlvadauan(@ingham fluids) ioeenususuauiia
2 Yield stress nirntiuvedlnasenginssumiiouvasivaialaidiou faguil 2.9 et
vesetlaiiinginssunuuiilaun soauzdome (Tomato catsup) druvasivanwananntiu
ilopanusiauiiagn Yield  stress  wvaslnafiasdinginssunisiuandrofusslva

Pseudoplastic ﬁQLLﬁﬂﬁug‘Uﬁ 2.10



13

Non-newbonian flulds
Binghans type

JUN 2.9 nemvesivadifinginssunisinauuuueu-Tnladey Yssianlueu [6]

b
F ]

Non-newtonian fluids
Plastic type

35U 2.10 n3veslmaniinginssunmisivawuvueu-iilandew Ussinvwatadin [6]

22 winiitufiunan(Time dependent non-newtonian fluids) AIANMUULATBY
vadlnamaniiuenannariuayfum Shear stress iaz Shear rate u& Sstiuayfusreyinandi
yaslnaldsuusadudouldsu sothmadvaussani W
2.2.1 Thixotropic fluids

ﬂuaalvra*dszmwﬁﬁwmwwﬁm%ammmmzammﬁmam’lugﬂﬁ 211 \fleveslva
Tiuusaduidoulusngasi dnwagnslvavsaaninuldtios wafiiwuthdluianussam
grease , At wartmiindmiundesfiurivunalue)

2.2.2 Rheopecxic fluids
matﬂmaﬂsxmwﬁﬁhmnwﬁmmﬁmﬁummwsnmﬁmﬁm’ﬁugﬂﬁ 212 \loveslua

Tosvusamudouludnsind anwaenstinavuuslomedaiasudsasnulaein
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¥ time

Non-ngwtonian fiyids
Thixotropy type

JUN 2.11 nawvedlvaiifingfnssunisinawuuuew-ilaien YsvianlslanseUn (6]

=

Non-newtonlan fluids
Rheopexy type

JUM 2.12 nsmmedwansingiinssunisinauuuweu-ihladisu Ussinnslemada (6]

time

Tumsiesdpauiemnsuamanaifuvudle uassidmsduniinmile duiuegiv
N35Im A1 Apparent  viscosity( 4 ) Wag Shear rate(y) Feflvuredu Pas (1,000
centipoises) ua¥ second  mwddiv insesiiedmiuinGenlaenaliin Rheometer Wie
Viscometer duivanenuy wilagilvannsa wansen g uay ¥ 16 Adeudo Brookfield®
viscometer.

dm3u Rotational viscometer (§78874 Brookfield viscometer) M3lUapuAI13
28INIVYU (rotational speed 194 spindle) ety snefanisiiiy Shear rate () Beazdl
O R RIGTIRI SRR Apparent viscosity ( L) SnsiUdsuudases rotational speed
Ll g wWisuuasesaiiteddy Sedenstullauauifidu Newtonian fluid way
awnsoagléinemsianuduvilawindy g usinisiddsuudasues rotational speed
vl 4 Wasuuas Bslaeilueglusuiendluiumiea fetemnsduiinuantiidu Non-
newtonian fluid Msaguautunilnvetennslu jU g desindu g meiane aglsinnu
ionmiduanna Msssnuauniinrese s non-newtonian deusesluawialuves

Aamiindslaun consistency index, K (Pa.s”) uae Flow behavior, 7 (laifiviiae)
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A1 Kuar 1 Awnaiainanuduius ved Herschel-Bulkley model luguuas fin

Apparent viscosity ( £ ) uag Shear rate (¥) il

u=Ky" (2.3)
log pt =log K +(n—-1)logy (2.4)
Lﬁa U = apparent viscosity
K = consistency index (Pas’)
n = flow behavior (power-law index)

Iapniswaennitnlog-log 5enine Log (44) Uuunu Y waz Log(¥) vuinu X A1 slope @®
(n-1) way interception #o Log( K ) mu&?\"mii’\ﬂugﬂﬁ 2.13 [6]
1 = stope+1
K = 10intercept Pa.s"

srdunalaigeimsiiaueaudfilu Newtonian fluid Ar 7 azwhiv 1 vl g vy K
wazAIiinuesesilAnAailatuiy shear rate wse rotational speed  d@uvadluanin
Pseudoplastic =81 nannTY 1 wazvesiya Dilatant azdien 1 desnin 1

A1 nuss K fldainosm Hudinsiiargivasemsdsdilunisiusmmmidausing
(Apparent viscosity, 44) 4 shear rate e Fslusalsswaiinisideduniie #uas

K lundsaduaiamisvaiueiaiuaganingenng

Lol

= Non-Newtonian A 4
P /;’/f——‘ (Cilatant) Y
Py ~ 3 M\\ rsope+l
N // Newton: an < Ny SOF
8 \\\( E \\\\
0’) )
c . o
0 ~ NJn-Ncwtoqan = ~
& (Pseadoplasic) o
€3 -
=T

Sheer Rats(1/s) ‘ne(Saear Rate)

JUN 2.13 dnvauzvsadunsmAlaainniaqauunseny log-log (6]
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o ar ' ar a - el & 2
M1T N 2.1 ﬂ']E!EI'NE‘Iﬂ‘c}ﬂ.l:i“flﬂfﬁ‘iilﬂ'l'i‘lﬂﬁl.l.ﬁEW’]‘S"IHLW!)TIILF!EJ')'UEN

Tladiey 0 11, dealiiidasns, vhsiuie

N Applesauce, Banana puree, concentrated
glawaradin >0 0< m<1 | O

juice
5 1< n<
leaunus >0 0 40% corn starch solution
infinity
Jaugy wanadin >0 S0 #ET, YeduLiTBwa

2.2 TUsunsy surface evolver #1%5UN158519 lAALNDI1ABINSVN9Y
- P 1 o ° s a

Surface evolver — A lUsUNTUABLRUADSTI8T18DINITHNTY IONI1TUINTT
-‘ ot 4’ - 4 v A d su' q‘. v ]
wWasuwlaednuarvanuia(luwanasng)  MudsunvasnuBoulvusantmvualy (wu
surface tension, gravitational energy, square mean curvature, user-defined surface
. & v ] ' - ° 1 Y o v &
integrals, knot-energy 1Tufu TsunsuazihAuswing duduasaufivgunsenasadu

- L X s & & » o e & - ' a
welindsnussiuiadidraige. gavieluiunsuozdaasanyue A lUn A NE 191

mqmﬁ’au’lﬁﬁtﬂ‘fﬂn’h gradient decent method

msldemlsunsa surface evolver. sfssuaislimasiaesiuiou udiniuis
fvusrfutsuasusiingg Maeitesdatmmeiannsovily script file 18y text file)
uaztuiinumanalndidu(fe) Welusunsmien text fite tutuavinnu Tusunsuasyims
AnnuariasaTesinvarRuRasuasmieauasdaulviitmun

nsasluea Jdysznovu 4 dufe

1. vertice A qa/suisfitmuatiuGyz - coordinate)

2. edge A EuilanITMinga 2 yalaq

3, face Ao wi/dmuveslusadlisniudondusruu Ysvneviuann edge uav
Wuguisnadnendegratu gnisind 6 wiveu
4. body Ae flueavimueiiaieduinndiusineg ¢ drudaeadiudiu 30

p X
fawansluzulaseasnell
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- 4 o
dwinvoayAnas nazIoMINIIAIANTZIN

vertice edge face body

4 ] v
3UN 2.14 wamsduuszneunmsainlainalulusunsy surface evolver [7]

nsifou datafile  vealUsunsy surface evolver virftazussvia lneEuain
vertice edge face war body muadiu laeldedina iy syntax Weadausazmuie
gou9 uazusiarmheten srgnimuafvussiiauiielddmiuinds  msada face
gy edee  Tiluay Favanedy edge lu face thuadudiemafuiidmuslilunisade
edge warmsaduirmauiaain msusey edee Lievli face thudu outward
normals Tagfinrsananngilarasiunisuseufiatsesd edge . Afifmnsaduiuils
Avuall

MIAUINAINAINUILIEAIT constraint  laafuusann suazuIslulwInulag

(x,y waz/m3n z) laglinguiveaniudsiall

LA

*?.z'f‘-?‘M%wmw &
PRI ARIMA |
BN (TN 1V

YT
()
1Y phets
ey
| e

3UT1 2.15_Taseainvedlunad mSunisimuaLssnusnataudusa [7)

1

o ' & © P & 1 & a -4 L% 3 o
megnlugliilunisdaethunareuvarinteguuiuiilasiiuseluuonssiney  yu
e d' = 4’ 4 J‘ - d o 4 L3 ar 1
dudanifnuszuinvaurmuariudaannsatimunla wazlunisitaesdnududanieg

& a o e v a v, v 1 - ' e e ]
vesvpuvauuiuE M ldlagbiwihvvnregnuiai(duaauinasan uiveldisnisld
uwseildannsduniinauseildanuiniiliiu edge  souUq wiiduunudeiidmdseu

ar L] A o -
wilaunumsuhavnn A wauee Ieeldaunisniud [8) As

_U Tkds= wdl (2.5)

face6 d( face6)

123042
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3 [ [l [

o A d‘dd !

we T Ao wasnunnuiidudaveamiinyun (7 Tunilfe Aranumaia)

&

dedideansdie curlw=Tk &wsldn w=-T7 Hnlussdedduss -T*y

AULNU X HIRDENS

RS TaSt A AT SR 6 I S N SO ARBTLLL e DETWRCI VL3 BT JUTIRIE, M0

T

JUT 2.16 uamanisivuausasiuuni el-e3 dwsunisiuamaenululsinsy

2.3 wideiiieades

231 mAdemAevesiunsldlusunsy surface evolver

nsllusunsy surface evolver ifodinsieinisiinleaineiused low Li Ming Yu
uay Wang Chun Qing9] Wlusunsuilifieiinseinsiimes uaratingaveansifinesd
ylvifialvameiuinddmiuaunsalle® (IC - QFP256 : Quad Flat Packaging)  n13as™9
Tuea 3D iileshassdnuaznisifnlyaimesuindtulsznoudie 1vesunsailpad) uay
mziasolden) fanandduguil 2.17 FellnaandAiniafdndvesnz i wazsiwazidunves

TASIANT WaMALUANT NN 2.2 way 2.3 MuaIfU

X

w Y
5UM 2.17 Buealesaadnsvesaunsal IC-QFP256 way pad Nazideusensia [9]
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M1319% 2.2 AnauURveImsIaaumad

Density (kg m’) Surface tension {10 o m) Wetnne angle

70334 470 12 deg

AN 2.3 laseaiaveslung

Parameters L 3 I 4 B

size (¥ 10 - m3 .13 0024 a0 0aQz .01

aunistumaniadaadaas(Math  Model) #ldiRen1samuauss(Force)Arnieg

TtuneMielrlusinsuausa91a9ansyulaLanInsaunis (9]

I= HAOTdA+Z; HA 1;dA+HJ’Vpgde+/1(jJ'szdv—Vo) (26)

= s

Toedh ANWIIRIRA(surface tension) 1a9RYM

uslARuNuNNduRER ALY
Aunvasusaunmuua idune i
NUNNAENIFUNANU pad 138 lead
NUMRUITAInzMduRany pad %3 lead
AUNWILLUYRIREM(density)
ussluanaa(gravity)

USunsag ivvasmen

US1msmneAMBuAURt I vUa lUSIATY

NN N D B oA A NN

Lagrange multiplier

nsAnavedluunsudilfeguiuuresaunis Euler-Lagrange udalusunsuazaiusn
° o @ o e a v vw
TrapsgunssanvnevewsMnuasuwlainizuiula

WA TINWITHG]  Anwinazdinademsiialyaineiviad oun USumsnem
wvanden warussiivewmsn Jaliseasiduadil
-J3umsnena (solder volume)
nafilganlusunsuuanslifiuinfiuiunsaemasngg vinldnsdeussninsvesleduay
srusesiiauwed Adlugun 2.18@), (b) wazanniiuldauyiliiisleawmesuiad degy

2.19), (d) FwTumsvesesinwedvinliiAnleainaiuiniiizanin a1ingm(critical
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) a o o = ¢ a « .
solder volume: V) lnefidnuiunsingavesmemdmiunsiialeameiuindvesugunsal

o alad 4 o -11 3
le@dildiawvinnu 3.16x10 m

sUTl 2,18 nsideusewinegileuaznsesteneiiuiinmnasineg (@) 267x10° m’,
(0)3.10x10" M, () 3,18x10" " m’ uae (d) 3.22x10" m’ (9]

i)

- 3ulen (wetting angle)
= ala a & b i v < ° v @ o

rnavewuleniisenisiialsameiuiniuanidisgui 2.18 lneivualvASuesvesnyiai
' - -11 5 ey al - - ® " o .
A 3.1x10 m uwamusidsnidoundasleoifa@uain 5%, 22°, 23" uag 30° WA

| e o o M e £ a ' ' = [ - ' &
Usinginvisaitiu 5-22° galiifinlvameduiadsswinguosniled  wandeiniiumyuiu
Wu 230 wihliiAelvatnesuind sunseimiumaoniidiviiiu 30 muindiunnsves

f o fed 1 -I .‘" J ‘.‘ ' \'l ' e e o v
lvawesuiaddimiinuintuilonnaeniliannsalualumsiusedlast@ase vy

o - o =i
ArMYNUUDINUIUBNGIUTDY AAAUFUN 2.19(d)

i

U 219 waanAgeniifienisiialemesuiad(v) =3.10x10" m’,
(@) 5°, (b) 22°, (c) 23° uaw (d) 30° [9]
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@« a L3 ' ) =i i - J
nimuansauduiusssnInAmulenuazaUTunTinga(V,) uansdagun 2.20

. - o o dogva £ a a1
innsmnuIdiemsuleniiaisiiu Vinasaziamiliiinleamesuiad( V) fidanas

v o

o oA - =i - & o v v o v
mitlmsrzdioyueniidwniuvinlinzialnanszarsvuguseslatesasiviliaiu

=

] @ 1 1al v L L £ o L3 3 - s o
muuraansAdiluglnainegidutiudninleameiuinineg NUsunsaviadial
anasdsgunsm
0.033

o
0.032 o
0.031 o
0.03
0.029 o

0.028
0.027 o
0.026

Critical solder volume (x 10 “m’)

095 a0 T9,208 35—310=35
Wetting angle (degree)

4 o al 4 l ] - llld
JUM 2.20 nimluanspndiusserinsAilenuasyininsingnuanena (9]
naiANduRusTE I Ien(wetting - angle) wazlBumsingn(critical solder
-l 3 o a -~ ¢ ) ' - o
volume) fivsslawtiunndmsunisliimsisimarumuisanse AU uansnenInee
v ol v @ o & a i, & -l o a ¢ o3 e &
'l'm-uaunmaﬂwuamwwumumnmqnu“l.u wazienaniauinisiinleamasuiniusuinsnend

v - v i 0 a - &
fldnasiirmisgnineuininsingaityidunius

-usaFavemenI(surface tension)

ol o a o ° w v i a oy - a1 [ [ wa,
NIUNAN™INAINLLIININIUU ﬂq“um‘lﬂﬂﬁf’humﬁz'ﬁugluﬁﬁlu'i‘lﬂﬂﬁlflﬂqi'l nuuﬂﬂmﬁu‘umﬂ"u
- @ s - o - ' e a
uq dewramiiauiy lnefidalenwasyinsusmemeai nausinginanvasnisiinlea

¢ a ' - ' c ar -
wosuIadluusazguin 2.21 Liuandnu iazuanlamenswlugun 2.22

3Uil 221 wavewsIsinTiiinensisluaeiuind(v) = 3.18x10" m’
() T=300x10" N/m, (b) T=470x10" N/m, (c) T=600x10" N/m [9]
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0.045
0.04 }
0.035

0.03

Critical solder volume (x IO'oms)

250 350 450 S50 650
. Surface tension (<10” N/m)
JUN 2.22 nsvluamipuduiudseninausfiinasUsunnsingaueansm [9)

232 yAdeiRutesiumsliivedauasinlans MionisAnwmginssadma
Weowealva

Mifinw g AnTIIIwaIRYeITe uMaIINaTedE iy nslindesrnuiige uvla
Wlans il wazuwaridlonsn# udiu armusnaneserdnsnnsldndesauiageuaruias
Tnlans il Ae unaslnlnnsfazasramgnisaidmans asa Tngusayassnsldiiios 1 wis
dmiutuiinnm luvagiindesaninigastuiinamimmnisaiuisins dnaumsiggaus
finsliugeenuassimiung  Poulikakos wavanz[10] 1935uvawimlansliiedne
wainssundanaifuesnyiasn63rbs7) Tnemeasidungunsaiffunias wasnisdngunsel

NMIVARBILANIGIIFUN 2.23 uag 2.24 aalenay

——— Iyaicrs

T, iy
tube

——
N co-flow

wifice

-

o o w o - as o g v
insemennrmasludissynesvasuvaidrvuseivgumgiiseiliaiim

Fou(Heater) dygrauiadvsluiimauaunisveaditugunsal piezoelectric sleeve lag
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- L ar v n'i 4‘ s (]
wsssuanmsaanelulasiudulinenivenainUatenssuen uenantniglulasiaudie

!:r 4 e = e - UI .
Iﬁﬂﬂﬂmzﬂ']\ﬂﬂﬂﬂﬂﬂﬂu’\‘luﬂ']ﬂﬁ NIBIDDNYATUNUBINIANEUDN

waveform generator
ML vrm—
[7] Fresoel e

wafer matofized
substraste %~y table

nage
processing
PC

= e v : el
JUM 224 uansszuunTsUuiinamnagisunayinlansai [10]

nmsingUunsaisyuuten mmeIsuayinlensi Ussneumpdiuddny 3 dw fe
i o = o
FEUUAEAM SruunNIsmuANneninTomeniuzui 2.23) uavsruunisinuasuaniua Loy
dygravadavauantaraiviauaesndoiunedse nindaviIsnaive s venns i
1 1 & = as - - [
wa? mstieamuaznisaetuasinat TunsneassesfiamesludUilasiin K 10
v o ' o v ' a w ' a w
aruvuumis T,Tugun 2.24)  wazdan( T, luguidiaanu) vesuiurnvesiiene
as o a ]
gaumiivdsulunuiteulvueinsneass
' w « - <
msneasiueaniu 2 seunringuizasdveimsvnaesfe nsnaasimoud 1
Y @ 5 w X a o -l
WielnsznEn13vIui(spreading) UBMENIVUNUAT LATAMGIVINEMIVABLIVALIEAN
& a d ' - ° L2 - Y - '
NIENUNUHINLIANNN ) TneRaulunsnaassivualia i mennginai 1.52 m/s ua
- ' - o ) J ar J ar ]
gaumpiivuududuansa@uvys T,) whsuuwdasdauanalumisim 24 dredrawanis
- - . [ > - - W
naaeguugl 48C AIMIEA. 158 m/s uanIIzun 2.25 NMINATDINBUN 2 IWDIAAN
- i Q'J 4‘ - ) L4 o
yuen(wetting angle) - s¥minmennvnamasiivalvunufwiunmes lasfdmualviven
weavmEaGITIRUAEN aznugluuukudlansnuisunlaslasiiAieaeinnis
- w = o © - e
NAaIRBUN 1 MIANTI1N 2.5 HANIVABINIAINGY 1.49 m/s uavguuaiivuusutuansn
135C uanadagy 2.26
' a = v W @ o - ' )
Amnsfiiesfinsnaassilidmivianmsveiedvemennsia Fundn Jadums
a a1 L 1 1 1 o J OIJ ]
vw1ed(spread factor, B) fidviniusnidussninuduiaudnaivennsiilvainiyey
L a vy 3 & d & w <l | = )
vunuaiuduraudnantileiui  nantmeaesluguil 2.25  wansdaiivennsi

o & 1al
WILRINTgATREEUgRRYMATUTEINM 30 1S
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P - & v -
151 2.4 Qeulutesrulunisveassseui 1 [10]

vg(m/s) 152+006

T(°C) 48 62 81 98 118 135
Re 381
We 44
Ste 077 069 038 048 c37 027
Oh 0.0055
Pt 0.025

= 1 - a a 4’ = . e 1
wWisuiisunmveaesluguil 2.25 uar 2.26 Lilegaumailiiadui 135C vilven B,
4 - 4’ i -~ a a - - 4’ g - a - : :d -
ANIueEaitedAny lnefinsiiutuvesdr £ degamgiiuduilliauufgnaenain

' v i & a W o < o ° - & a
“nMIstsmanuIsusIINURIwutuawmIaiuneanzna Inavinlissesaiaenuiy
PRI T

- @ v w o e &
Eﬂ‘ﬂ 2.25 UWAAININAITVEIGI NTAUM uasmsummtlamemiauwuwami

Tneit gungiivuidlears T, = 48°C, vy= 1.54 m/s uaz d,, = 80 um [10]
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- - & v =
597 2.5 Qeuluitawulunmsveasinaui 2

vy (m/s) 235 231 149 1.51
Tlg{:C) 145 59 65 119
546 537 348 350
We 97 94 39 40
Ste 022 0.70 0.67 036
Oh 0.0057 0.0057 0.0057 0.0057
Pr 0.025 0.025 0.023 0.025

MnFUNaMIAaRiasIney dunalaiwamvaasslunouin 1 veanzniansdus

¥ - o o o - v o
UINNIIWAIINNITNAGDIN 2 MITnTEneanealunisvaasnauin 1 1Wuanlunisudam
-4 ' =l - o w lIJ [l n‘v - i‘l ] cw.r
5INININAABINDUN 2 mm’lmﬁmmwaamzm’lumwmLi‘Junamuszlumzn’Jma'Jaguu
{AN8AAY I NIITUIMIUAIINAUNUSVDIELNITAIUDSSIUT AU AYDIAVAIFIAUNTITA
2.7 warvrnwundlaUsunsvesnesneMaiunfaniusifursavalranaasyinlvaaiunnig

o - o w R -1
NILNOUNIDNITAUATVDINEARLAD) UAUNUYUY [10]

(2.7)

o o & w [ &
EU‘V] 2.26 WEAMININNITVEIEANT NITAUNT LLazm'mmm'uamuﬂ‘[awwwuam's

ool gampiivuukuduansn T, = 135°C, vy= 1.49 m/s uaz d,= 84 um([10]
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o 1 o ar G‘f ; - o ar
N‘c'!ﬂﬂ'i?lﬂﬂﬂﬂﬂﬂ'i’)ﬂﬂ']ﬂ'ﬂ'ﬂﬂﬂ"l'i'ﬂEJ'\EJWJ(ﬂ) LLﬁSﬂ‘)WiJQQTJBQ“EJﬂﬂSﬂ’JUUWUN'JE'I'W!‘S'UNE!H’I?

= v a = o ar S ot ar «l
VAABINOUN] UARIMIENTINAIFUT 2.28 way 2.29 muddu laelisnsinuanidagun 2.27

(@) find i S _;lm;m;

JUM 227 @MU TauuiiuiIvenveuva Auvis AG Uanszeensvenei
YBIMYANNT UALF UM D WansAugvgnveuvan [10]

@ o & e w o ¥ | "
VAL ANENIANNTENUNUEITEEENI5U8 18BN EAYR N ANT UL e BLTDY
w o P ad o = &
Uszanm 15ps  s¥pznisvenuitaninsaiativiaiiogumpiinuidvan(T,) atuey
i ° i - q. “" i i all‘ ar a -l L} A =4
Tutag 98° winnguuadiRsTuRINNIIAIUN s Y8R msAIRL AT lIIlUAB UL UAEN

= b ar red ' ar J a - g = o
Feonametantaudeialifinanensvenedadiegamailiatiuoudsganile

nN
(=]

—— 48
18 f
A - = R ) 82
14 | M
'2 >R S Ak~
e WP L W - 98

o

118

spread factor [ ]

(=]
m

135

00— — - - . —_

200 300 400
t [microsecond]

a‘ o Lo i I a e
gmn 2.28 nsmudunussEeedadenisuenesiiungl [10]
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—eee 418 |

dimensionless height H

—135 |

t [microsecond]

= & = a Y > X
JUN 229 anugevemeanyia(H) Nonmgiiuuiuiduansn( T, ) awineg [10]
= ~ W w & o W w
ANEWERTEIEARZTaNuEARaY LanfsvuaduitlaasuimeansALiionn
& a o W W al - as o al w
navnuiinaFuaaieaiu  lunieaswmeun 2 n1sinamaden waznanisindsy

Wenuananaguil 2.30 uay 2.31 aady

JUM 230 FBmsmAnEmiuge (GA) wazmafiuem (HAG) [10]
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m T L T T T T T T T
B
) o Tanwc.bﬂ:nm |
N . Ty =ECy23ms |
e s & Typ=MECy=2Tms | 4
comTsiion {
o -
= i 7 ..‘. i & T
—_— Ta ¥
=1 bty ¥ =’-’-§:
™, ‘e 1 L. -
\ Ko T
10r- ‘, ?\‘J o _;,yq‘ <
: 5 owen ¥ RN
aa Mo A ano
g N _ e 2 Po
=y CEEoRg €
L T - 4 2 .
e, .3‘:
.i—-‘.
o o
L3 L g
N
0 J . - L ;i A bt i
[+ a2 e Q6 (']} 1 12 14 LB 18 4

spreadfactor | |
J & @ U ' = o A 1 1)
JUN 231 manudimiussewineaiyuidun uaenisvenesfinaangay,) aene [10]
l = = o ) (™ ¥ - v '
Aiuniiniaiia( V) vemeangnivaesinaidieingg dunlivanadlutiiusn

o ar ' a LY IJ
waramnIauanI S IEv BTN waznistenemlameainis 2.10 win £ >

0.8 Anpulanliannsnesvielameannis(2.10iananidiliesnintanisiaasiunneiariu

o B) =160deg-718: [<08 (2.8)
Toei . a(B) = awpudendl spread factor B) Arlaq
deg = degree

- J A v i - « 1
2.3.3 MMAENNEITBINUA TAMI TN UBI TR VAL BRI UANTLIAVEAYDANA?
i - 1+ @ o A v
AmIdiineivastainmldiuddgdmiunisesnuuuiieriugulvuinvemen
IJ Ve " - o =t
vouvarn laslasuaruaulaunlaenasn Han-Xiong Li wazamy [11] aszminfatym
J‘ -l o L4 o d ' J = - d‘ 1
wugwimhivszuuneaiimsiasuudadingm Ae seAvveavainussyluviegunsanszuen
o o 2 _ .
Wasuuvas sedudelasanuuunisdnwilaeldlusunsy CFD(computational  fluid
. - o ) X .
dynamics) iWed1aamA18nIINIsinaflow rate, Q) ¥89 Newtonian way non-Newtonian
A ) ! & - w a
Fluid Teesuiiisuwasnsnnisivailéann fluid flow model vis 3 wuudamanyauiuein

vaavaunnananuluiurasInnisAwIamIslusunsy CFD
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mamansnisivaneluvieRnnsananluealuzy 2.326)  viedisriinnelu a 9
a9 Wi r wazseilneuenuindu R vesluanigluvielnamenuiunnmetiunuai3eil

w Yalag Awandlugy 2.32(b) uasamnsamadnsinisivaflow rate) 19anaunis(2.9)

Tz

(@) Imseasrauananisivanisluvedmsunisaiunn

Vatoory dstribution Stress distnbution

;

R T T A SILET SIS

e

-

Ve e e e e P e e T T ot ey )

(b) wsa@ou(shear stress) warn13nTzateATAvelocity distribution: u,)
Vo0l naniAilAmIe)

gﬂﬁ 2.32 1m33@373 pipe flow model

R
0= j27rruz (r)dr (2.9)
0

wardsunsnenrDuna;

Yi= pdt (2.10)

e 7 = fmlisnyagudnandeinumidles luve
u_(r)= mnusrvedvalfiuid velocity) usnsefiusutiiaveamarfild

V = Ysunesveaveavalranndnsinisivanislutiessesiianiu
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aun1sugunneIvesiumsinaluresraiunasUssiavilesil

1. Newtonian Fluid;

T=—U du (2.11)
dr '
2. non-Newtonian Fluid witesnidu
2.1 Power-law fluid;
du
T=K(-—)" (2.12)
dr
2.2 General Power-law fluid;
du
P="Ke—) % (2.13)
dr

e T = Wsu@u(shear stress)
L = aunia(viscosity)
K = dafidmafi(consistent index)
= yield stress

n = power- law index

du

—— = shear rate
dr

AUARTEVINUIIAY Uazusudeuiintuannisivaluvie(Ui 2.32(a)) duiusiussaunis

p(ﬂrz)—(p+Ap)(7rr2)=rrz(27rrL) (2.14)

_[_dpy(r
23

R\ -p
= = || = 16
2664 =

PAFUIFUNIT (2.16) SHunvauns (2.11) -(2.13) mmsﬂﬁgﬁ]ﬁaumsmmmﬁ'ﬂwaﬂwa

AatU

wSNEPUNNLIB(r = R);

urarUszinnlaaail
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Newtonian Fluid;
2 2
u,(r)= R 1—(LJ Ap ;
’ 4nL R

fanugnsINsiual Q) TR Naun1(2.9) uasUlinasvesvaunala( V) (2.10)
Fudpulwilasannis(2.13) uas(2.14) mudiRudad

4
Q0= ;[RL Ap =K Ap (2.13)
7

V=K, [Apdt (2.19)

4
e K, = ;[RL
n

wsanuneluyie

$maingaaudnaauiiwiive

AUNLAVNNUEATIEIUSENINALIAUE s LAY TR 1doU)

S N 73%
i

ANNENIND

1]

Power -law fluid:

L n+l n+l
u (r)= h [ 2D R" —r™ |,
- n+1\ 2Lk

MY
R R
0= Z:H (E)W Ap"" =K, Ap" (2.15)
V=K, [pp"dt (2.16)
- nrR® R X
K, = "
e 0 3n+1(2Lk)

1 =} [} ~\
N =— | N A9 97UU33UIN(real number)
n



Generalized Power -law fluid;

n+l n+l

u = 1 2L n (RAP_T}J" _(rA_p_Tyj” , H<r<R

k" Apn+1 |\ 2L 2L

2nL ( RAp

(n+1)/n
U, =-— —T,j , 0<r<r ;
Tk Ap(n+D\ 2L 7

Q=K Ap" +K,Ap"" + K,Ap"?
V=K, i+ K, rp¥de+ K, [Ap"

Lﬁa N :l
n

2LxnRACHY™)
T (B )

82 zn*Rr CH")
K 3= -
“ K'"(2n+1)(3n+1)

E 16L°zn’Re:C R\
P K" (n+1)(2n+1)(3n +1)

. 2t L
way C= R oy —=
2L

n = power -law index

7, = yield stress

32

(2.17)

(2.18)

aUNNUATEIlaINIsNage UMNALUIG 8D 9 RIAL AT AU NS RSN LG

714 3 wuulrensiuSyuiis UNaNISATIME RTINS AN LULAESINE 1 AUNEN1SINaD RN

msAnumeslusunsy CFD Tnuwlsauvatesnitiu 3 ¥iin 910 4 $ag1e A-D
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A wurasvalTin Newtonian Fluid
B-D unuteuvad¥iln non-Newtonian Fluid @ B&C fuvsamarviia
Power- law Fluid |, B 1Ju Elastosol M23 , C W Bingham Plastic
way D unuwsunalviin General Power-law fluid
AugudRlansreeunaludar il lun consistent index, yield stress uaw
power ~law index uanslumsaf 2.6  mamsSsuiisuAiaauRneawesdasinisia
gwinaumsAasnnnsiva(Q,) uarlusunsu(Q, ) wuhmnsuanssfisndesiuuans

AU U D DB UBIAUMTTLY lUNITATIUIE

AN519N 2.6 WIBUEUBNTINTG IMavawasaILaasaln [11]

A ’, o, @
bluid % " = 1,
[Pa-s"]  [Pa] [’ fs] [mmis]
A 24 0 1 934456 940583 0.65%
B 28106 0 057 933671 93.6562 0.30%
C 4 150 1 914497 92.0775 0.69%
D 28306 1530 0.57 90,0716 90.2956 0.25%

91NHAN1ITIA09 WagNIIANNUIUIIIASTBIAINmMARBYlUN ST UBNVEAR 1A

NUINVUIPAEAVBUNAL LLURINAILENIUAITIE 2.7 AaduI e wsItimes N uay

' a o 1% <
K, - K, ianvssuudasiuansienawlugui 2.33

M 2.7 UTamsveaveavainileaannauntsanna ¥, V,) uaglusunsu CFD (V)

LAV VOUARAIAIRAI

1”’\ i/I ¥’.'é

. T 1) ; & {0}
{mm ] [mm] frm’]

O 03,2092 0.2300 1038 0.2000 6.0815
90 0.IR20 0.2024 11.21 Q1817 6.1536
80 0.1655 01851 11.83 0.1653 9.1640
70 01513 01701 12.42 0.1510 8.1774
60 (.1401 0.1585 13.12 0.1408 0.4816
50 01373 01554 1317 01372 8.1117
40 (L1262 (.1436 13.81 0.1258 03292
30 0.1243 0.1415 13.84 (.1220 1.8272

20 61191 0.1354 13.70 0.1188 $.2690

Lovel (96
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tE-08
- e i = - KO
¢ K,
SE-89
h
&
&
@
2 RE-49
g 1
B .
“ - -
. oo -~
S g ol
s b w0 ®
4589 i i 1 i
[ 0.2 0.4 0.6 0.8 1

Fluid Height {%)]
JUN 233 awisidiwes N was K 1o iuddeundaufiessdivreanaiuaeuld

FIIDNITMIAINITITRDIAINAI TN AUF VS UL AR LT EAUTDHUAIUUNDITUIIN

M3NTIRILIS least square method Tuauns(2.19)

F(X,)=F(X,)+F, (X, )AX +¢ (2.19)

de  F (X n )ﬁa USINATENTaNMA IR B LS UAY
F(X,., )fe Usnmveaveunaneunth
F, ()(n_1 )ﬁa derivative function. irwanildianauns fluid flow
model #1493 wuulasiidmisiines N uss K laq
Humudsvesaunis

3

AsrFuraainalInsiigg e F(Xn)ﬁw%wm%ﬂnﬁmﬂ%mmiﬁls’faamsu,é"s avle
Awsilinesiauladseglunatives F, (X, ) Wuifivmnzaudreuiu s iimed
Nuaz K snamgnlddmivmatiinmenteunarmnzamseiusineg lngogludiu
294 Fluid Model Tuunufamsauauszuunenvesnainigy 2.34
NSTUIUMIAIVANTTUUNEATEIMAI A LWILEY wuseemtu 3 diu Ae fluid
dispensing process, off-line calibration uae on-line feedback control Tnedi fluid
dispensing process \Junalnnisinevenveunal Usenaumie air pipe Wa¥ syringe
ndrnfmesvasvaudnzinsmunulnedinres off-line calibration Sududiuvesnis

AMUIANUSENINTRRDINISANAIITITmETIuaNNTS flud flow model  wdsanldan
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YU SMPUNTALLAINISYNINUAIUVDY on-line feed back azaflaann SPC Fudlunis

Ysuiiisumnusmaiehnduthivvawslussuuaualg

Fluid dispensing process
TN ORA R N M S W W Wm AR M e -y
Foy  Aurpipe Syringe
P

- -

Fluid dynamics)

FUN 2,34 uRudauaninIsnIuaNssuUNERYauvan

TUIANEATDUNAIIINAIAUANSEULNEAYRAadlasly fluid flow model Wituifisufiu
nsadlaifinImuauuanwsgy 2.35 wwuiilunsdinlimuauruavearesnailunsven

Ipunanslind

i

3
53

el Modie} Based Contro}
sl Without Control

o8 |

~Relative Dot Volume

0.6
L

| P e 1

0.5 e { ST
100 80 60 40 20 o

Fluid Height (%)

U7 2.35 wamsdnaesvuimvenvesadnitimuaulagld fluid flow model

Wisuiiisuiunsalliifinnsmueu [11]

234 yifeihiausnismeUsinaseaveamad

W K. Thurow uagaaiglddiausismsmusuasvenvsanaisinningls 2 Ha
[12] Towl¥38n5ms image processing iielinmihuiimamnzaudmiumahluldly
%guﬁauﬁialﬂﬁmam’[ugﬂﬁ 2.36 Jufeg19n1391 black & white aMwvgRsaunaisuiu

#unds eRvingiaulesanainitumds
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EUﬁ 2.36 MSIRNISHUNIN 2 TRnen15vn black & white [12]

FunpuRBINATSA black & white Aip NIV IVZIAS TnBi3397n139179A centroid
YBINMUEIUUIRT I UANLIASULYA centroid T Fauanslugy 237(@) 91Nt slice ud
avdughrnndraindy 1 pixel wdamyutududign stice npduiudsssesilaunassou
uNUAINAS FagU 2.37(0). aevinefuInUEmsieazdudgaIn TIUINIRNSINTE RN

(2.20) auAsunntudalavsnnsveareavanuanduningaving

S A

N F

(2)

UM 2.37 MRS MEnsasvaInn w2 Ialaunsvaumiesyey

(c)

AU InsToULNUaNNIRAS [12]

L L
Vi = ZlV,, = Z]:mf h (2.20)
n= n=

v
L ar

-l = . 1
(10] ¥, Ao MUINYA centroid UNIVBUANUARLTY

h  fe anuga(l pixel)

L fAs swnudunavue
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o
unn 3

o af A] = @ ]
N13318998NWUSNYUAVINAIUUNUNT LLEaSAIBYININIT

=

Ussenaldluaiuaniafanaislusunsy surface evolver

3.1 M3SAesdnuEEnYauMAIUURUARE8TUSUNSY surface evolver
3.1.1 M nAaes

1. afalumaisusiudmiunsAnundnuasearaauuiuiouansdaguil 3.1 Tag
fuualinassdmdsnunuveavaaves tasiiuBivaguwusTuuiisesiu dmiumsadne
IuLmaﬂ‘jﬂixﬂau'?;umnqﬂ(vertices) 12 9m uazvau(edge) 16 Uy
-Aanaei(body) @399 nuia(face) 31U 5 U1 Yiuams(volume) mvunliivindu 1 uay
2 miefildlulusunsy
At Duukudsuiiamneminface) dafuddiidestmuniy body way

volume Tulusunsy

14

] 13

(10)
v

JUM 3.1 nsaislueaisusuielylulusunsy

2. fmuausanspihsEnImeRvesvMAAUNURIREaNn15Yeedd Tauimusliyy
Wenunumiwds ANGLE Siawvindu 45°, 90° war 135° mIua1fu Wahsaneinueven
VBUNAAGAMLY) Wiy 0.072 uay 0.21 N/m
satfu useiidvualiiveudl 144 e WETT = (GAMLV*cos(ANGLE*pi/180))
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Tiniuinsadentdussadlunuaunulaununildly 3 unulel-e3) laefl el-e3 Aeunu x-z
tues Teefiteulunisvhaumedusunsudn useiinseyhiimivesitufindug desiliia
usadwsTakennuasiifimyseenanutiniug de Faannsofersanlflasnislémeiiiunig
curl msadinenans loefl curliw=WETTk uazanngiiennnayld w= — WETT*yi
wie W= WETT*x] sufufweunsadentausadluwuiunils 2 wuussil
LL‘U'Uﬁ 1 energy:
el:—=WETT*y
e2: 0
&3: 0
W30 Wuufl 2 energy:
el
e2: WETT*x
e3:-0
1avidyn text file valUsunsu(mound.fe) uanalulinianinn
3, wisnsdifinwieenidu 3 nagicsd
- yuiyn AwvusbidudensewimesvamaaasNuiaintu 457,
90" oy 135° Tnufiusefiein warUSinnsvenveunaadi

- WSIPNAT NVUA LS IFNRI18998UMa VINNU 0.072 wae 0.21 N/m

=

TuvuguudenuasUiunngem

- Y5795 MUUa USRS HEAURAVAllAMINY 1 WaY 2 VUIUU94

i = =« a a1 -
Wsunsn Tuvasfiyuden wesussdadrmad

3.1.2 HaN1INAadg
= - W & a P
M1 3.1 HANIINAABINISAN AN B WEATBIVAIUUNUR ML ULUNIVAaDY

L5IREAN/m)

NSEUANE 0.072 0.21

- JIumsvenueaval 1 wily

yuden = 45°
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yuden = 90°

yulen = 135°

- sunesvenaaval 2 wuae

wulen = 45°

yuden = 90°

yuiyn = 135°

dwmivReulinnnmisiulvinantsvinaodianumuz a1 Inef 15IFIRIT0 VB IAY
< v " L J J - a v
HNANITENUNDENINADAN BEAIIYAsULUAINERAY DAV VLN UR AT Ll 1NNTg
WSsuisusening 2 gtﬂul.mmﬁmr‘fu‘lﬁumnﬁhqﬁu Fansanutwiusani sneandlunstivel
' al ' a ' ) i B & e v
Amuden uazUSumsiuananiustninau leesnpdonntisduinliaiuaiinsoves

- ' oy i B - ol - & =
veavauvaIinzeguunuitaIanas lusasimmagunetiy - Usunsiifutuanuies
-' "o Ve A‘ - " -

MsLTLIRTevERvsavianlas v Ma nwurveauunuElsaluIndu

-l - - F1 v oo v o o W ' -

WewnlunisneasstiidunisfineiUesnuiie iiiuaudunusseninadeuluuas

j d" s [} o ar J " ar « 8 a v

naild Feen99zdudiunansenuandusiinanlaidany dulunismeassdaluazle
UNAIBENDINANTENUIINAIYBWILUTINNY Nilsamaiinlsmeiuindsyninalamesuasda

Wutureseusnsanan
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W a = ' o | o
3.2 Anwdneuznisfaleamaiuiadszudndlamesuazdaluduinneingu

U 90°
3.2.1 3/N1VAaRY
1. asluwasusudmiunisAnwdnwuenisiinlesainesuiadseuinalawnes

wavdautuvesigmeiafan uanadagy 3.2 uaznmaudidlugl 33 swanduanis

\BEu source code Tu script file uanslilunianuan

(b) lmaBuduitlelulysunsa

= v a v ) € o a § a
3UM 3.2 TassaislisaGusudmviunmslfieseianvuynisinleameivind

Solder bail

€— Suspension pad
Slider pad —> = 5

o v v ]
JUN 3.3 amemudhevesgun 3.2 (eemyunmmuda 45°)
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v
-« W

lun1sideudnsvingvesdlameiuasdaiuiuve e uarinfanavviiiazAniuis

¥

e

fvuslileaineiveagndl 1 (Mwrmesumauazudsnluneuleaneiveagni
(made) auvaiinzdesaiislvainesusatassgnliinfudusdudutudumen
Twawesuoagnuasumaadegumgisvildednuuenisivave snsaluuuitufiadueg iy
gaumaiife wininlusunsy surface evolver Liannsaiipsizinavesgamgiild Janns
Wisuuuasituiivesleamesveaiaiiafeussitdmualiissesnauisadudsdsliiies
wodlarlddmivAnwinsiialeamesiuindld FudumamaininluFedududesainale
Toauesusaiaesgnindusausia

2. fmuaitevlinsveasslasileaweiueagniil srlifinsiasuuwasiduusle
Wy e ndmuslivesraiuasudsilunoulvamaivaagni 2 lusneiilained
veagnil 2 Avuslivaeumadiasudesmevds Fasy 3.4 ftanslfiiuinsdiiie
Tgaweiuiadannii 5 W leaweitoamanueiniseenimuazid whluneuilsaned
voansugneaziislaeesuiadlulds Annends ssaimaiiunainevessdenuy

alaweinasdaududdulumingay

sgope V

A
]
v;*

YeRIuY(1) viasuma e ineuitleaine suaatne(2) Syvanivaluaiiin

TwamesusnInuvas

FahFswvansdineresntdiu 3 nsd w%’auﬂ%mﬁwﬂ%‘mmwzﬁwaquaaqnﬁaaﬁqﬁﬂﬁﬁm
Twawnod Uindiiessidondug sy ol
- wWasuuuade wetting “anele(@-90") 58913 solder ball 2 uax alaines
(wetting angle yosdaudunsii 20°)
- Wasuula wetting angle(0-90°) 5¥w3 solder ball 2 uaz Farutu
(wetting angle vasalainesmaii 15°)
- WabuuUasen wetting angle (0-90°) 5¥m314 solder ball 2 fiv alawnes

warsalJuTu
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VIR - AnnleniiiUdsunas 0-90° fedall 5, 15, 30, 45, 60, 75 uag 90°
- NSA@DINSVNNULAAENS A IMINARBNAT surface tension Mail Aa 0.25,

0.45 uar 0.65 N/m

- o

3. mAsulvnsdiiinlvawmeivied  esndmualilvamesueanisasgniiniy

o
ar

ta W PV ¢ & o e w ' o
AILALIUAU ﬂquuzﬂ'\ﬂﬂﬂﬁﬂ'ﬁ\ﬂ@aa3wﬂ§mﬁaLﬂaanﬁﬂQaaQQﬂf\]zL'ﬂ@l.lmﬂﬂu LN UEY

. “ (3

dnwairiiend elunesuiadiussinnsanndeyaildanmsifinlsamesuindais T

L] ci dll d' =3 f o (2 1 1 3 al @ A 1
dwannmsidsuuuasiiudieifialsanesuindseninguealameiuardaiutuiioy

a

Anfunafilindumuunfe Ysnnsnenifieguuunaniasiduaniniesses L, wasiilva

ganIAutNLNe L, Inswdsuiiasesnaiiuladnigy 3.5 daiudaihgeiundundnlu

ad o '

MsUeUMINTEAEEN - “Nalganasuing” 1anaaTIdIneIna1INA N8N N

inlealneiuindnd 5nmw Nlsainastienmienaeslulasalaufagui 3.6

UM 3.6 mmnnsiinlgaimaiuinddmiunismansian L,

y »
o = Lo

8MIAMIENIN LiL, v9aia 5 U fiAedY = 0.382 uay SD = 0.036 AINud

= ol ]

[J 1 %4 dq 1 =y « « 1 ar 1 L] " -
Mwual nsdiffisudnialeameiuindiAdnsdudnaanaglutie 1o (sigma) Ao

0.346 - 0.418
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4. Wisuiiisumnugnieaiienaniiinnuasnndesseinslumaiilifinwinisiia
lvawnesuiasinunisiialeanesuiadasiiluinuiatesifivs Tasn1smiAranu
AAIALARBLAINNTTFaUTURLYININEAYIUS 10 AA psu 3.7(a) sewanmdléann
Tusunsy uamsluguit 3.7(b) waznmnisiinleamesuindaieiiteanndeslalasalaud 5

M gy 3.7(c) Mesres D; uax D, mnqm‘\v'uwi 1-360° Aaaun15(3.1)

360

Z(D2,~Dl,)

%error = x100 (3.1)

360

Z(Dz,)

- . Ay ada Y \
dio i = yuiignaduneliwad D
D, # sturangarudnarisuisveusmitlaaintusingy
D, = szuzaangeruifaiauisveunmitldeinndalilasalay

3
il

FUEEEBEE N

T TIT I T o

(a) nﬁaumnummumnmwaqmwmmmwmemwﬁlm1n1\}'sunw(cross " program img)

tazisaznwitdeanndeslalnsalaticross scope img) #aia 0-360°

(b) uaRIN ALY AA TlFaInTUsunsal surface evolver(cross program img.)

P - ' o - o a £ a_ «
E"J'V'l 3T ﬂ']'iLlEﬂULﬂfJUﬂ'}'\lluWﬂFI'N'UE)Qﬂ"lﬂﬂﬁﬂ')'NU'ﬂ'JmﬂlﬂﬂT'ﬂalﬂ'ﬂi'lﬁﬂﬁl
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R W

(c) wamInWARYIIIAUMIS AA Aldanndeslalasalau(cross scope img.) 912U 5 AN

U 3.7(sip) MaidSsuiisumnuuandnaveinmanmevinuiiinlvanesuind

3.2.2 Han1inaaag

3221 fMeylmanisvesinsivilanyinfinleaneiuiad
MAgUuanImsmId UTasasA Inge v lviAelvatmes uind nIdiAsunyase
uuﬁ'mnﬁ"auualama% LLas‘Fj’aLUuﬂﬁl’uLuwmw%auﬁuﬁagufﬂan(wetting anglellvinfiu 90° wWu"
Uinasingmilandis uiatuiivuisduriagudnanivewenauea 92 um e ndnsidu
sanamnnaglugasiition: feguit 38(a) wiluzy 3.86) Ardrsdnlileglutaeitonndali

Nialgalnasusng

(a) @ 92 pm, wetting angle= 90°, (b) @ 90 um, wetting angle= 90°,
L,:L, =0.346 L:L, =0.340

UM 3.8 numAdnsduievinsaiiiinlvanesuind
3.2.2.2 wamsdnaasmsiinleameivinimelusunsunelateulimsvnass
o ° ! = O a0 Vv oa € = € ol A ' | -l
M3 3.2 Han1sdnaesAUTIasnE MV iAsleanesusad i enaens Tunsdid

wWasuuvasmyulenuualawnes uardaiuiui surface tension = 0.45 N/m



UTnnsing#

(normalized critical diameter)

1.17

TWAVAYAY,
AN
AVAYAYAYL

" <1

X !

AT

A
| -

30° )
SIAVATANIN YT

A
ATTAVART A
" A ..'

~AVAYaY,;

ST

. R Y s [k
45 S AVAVAYAS s v
,: 'v‘av‘{‘:‘:"‘ -nii‘\‘“‘v

.,'a'A'A'A\\‘Y - B ‘1"‘{‘\")‘ Iy
(A AN
: i X

: oY, W
"'-‘.:z?*" ATATA
7 =

- 7 7

L YAYAYaAY, |

° AN AYAYAYY
60 4 &nv%v:v}‘:‘
T TAYANANAT Y-
VA A\‘\“‘ﬂ.

STNAYARY Y
AN
TAYAS A

— oy 2

~




46

1.08

WAYAVAY,
yTAYAVAY,

s e VAYAYLY
5 N
TVAVATTAN LY.
ATTATAANAAT
I AN, \
S

L=

1.03

=l ° e & A Yo £ a  aa ' - -
M3 3.3 wansdaesiUiumssgnavihiialeaine sussdnyudondasingg lunsdif

o i o al )
wWaguuasAapulenuudlaes 1 surface tension = 0.45 N/m

YSuesingd
uuen (normalized critical diameter)
1.21
< V“Av").r
YAV
5 NRVVAYAYAN:
AVAYAY ..
oy
. \ PTAVAY G v
15 TaYAVAVAY NOH

+ VAT LIANAYY SNy
S AN ek
¥ f/’(‘. ‘\\\“7 i“ ‘.\'\‘ N
12T VAT 27 LTAVAYA,

y
5
=




30°

AVA P
2 VAVZ TR ANAYATL
A TA RSO
A RO
‘P,ﬁ',l".“‘.\"‘l

45°

1.16

90°

a7



48

- ! v aonva ¢« o sd " = e
AN 3.4 wamveasiiUinmsarmvinliiinleawmeiuvininuiluneingg Tunsdin

wasuuUaranlenuudaluiui surface tension = 0.45 N/m

yanden

Jsuasingi

(normalized critical diameter)

1.18

Y
'} TAVAY ATAVAY.~
ATTAAATANAY

7 "\Tﬁ'#"&";.‘.'
? [ﬁﬁéﬁ\?ﬂ av:
I, A ‘*‘aﬂv
A

45°

1.15

i raTaway T\
a_-"_'é‘t*?r::l 3
=y -

Z/\

60°

1.13

WAVAYAYY
AFAYAYAY,
RVAVAYAY. |
S AVAVAYAYY
TTAVAY ALY,

ARG
L rarawy T
EArAAv
==t

a5




49

1.10
YAVAVAY, WAYAYAY,
._:‘a?mﬁ#; VATAY ).
. L VAVAYaYS OB
7 RRANAY Wy,

TTAVANARAN Y. S ATAY.
F.hﬂu\i' A ?ﬂ\m
RS2SRy N R

AT v Y SRS TAVAYAN

S AN
71! 2R

1.07
WAVAYAY ‘ NL‘AEV,;v ;
T ATAYAYLY, VALY 5,; %
° N §‘,""AY‘: 3 ‘; ﬂ““i & of
- R RANAA :

J ﬂ""\‘ I l"&‘:: ¥

v l!‘f“"k\yl‘iﬂ’
S EaTava A Y

ATATANY
RS

o - i =i, - ] -
IINNANIV@BUYAB UL YA IR BLITEN(wetting —angle) UUUNAANI39 %1 surface
: ' - i 8 ot v E [

tension 0.45 N/m  wudinstlideuulasrusuiiuualawmes wasdalutuunaniouiu
- & e o v W & a ol '
Jaunsagmneguuinaanas ndulwauiaudiaineuanu lunsdiwdeuudasnaanie

¢ s as ) i ' o4 o o ] -l
vudalawmes wiedawudusgndaggimis lwwirviinnnzniveguunneiiinsivdsuuua
' & OO . - = o - e g wua f o =
AMLWIUTaNas Lazazdunauiuim 3 nstivinnsaenaingamitbiinlvainesusadd
" - ' - & o e alei = v AP o Jlqul
Arasaatilarymdenive vadidumsty guilenidienuniSeuaiiouduiuianlisiai

w Y i X oa o Y =1 [ [ v
wingailvezmansalvasguuiuialaduiunsmd v Jlwaesnmedmdrsunwaladne

& L o - d v =] o L § = | e o [ - o
avtuwiumsnsnuisaandosfannsoibiliawawmesuiadlauan dmiuviunsnei
a o oy a P S A - - - v v o P )
InganviiliiinleanesuTnTunaznsiuantuiouiisuiuiionsmaegy 39-3.11  #ie1
surface tension WU 0.45, 0.25 wa¥ 0.65 N/m aua)ny
d o » -1 . [ -

e mawmgﬂnamw1amv‘flmmnnsm surface tension WinNY 0.25 uax 0.65 N/m

lussluannsal surface tension 0.45 N/m astudstuliminauelilunanis

nAaed unsztauemensInsma Ul

3.2.2.3 wWibuifisunan1svaasia 3 nsdiluzuuuureansm
- NIIHANITNAABUANIANTUIATINgAYRINEANEAT LABLAUDAILAT

wuringudnavemennz (surface tension = 0.45 N/m)



50

~w Shdar and Suspension

Normalized Critical diameter (a.u.}
: 3

e Slider
1.06 - -0 Suspension A
1.04 4 .
1.02 R
1.00 e . . L L—
20 40 &0 80 100
Wetting angle (degree)

JUN 3.9 namluamianuduiusseninawanlenuasUiunsings

surface tension = 0.45 N/m

- NIANANITNARBIUANIAIUTNINTINRVDINEARL N2 LABLAUDAILAT

wurngUENa1aBINEANEM (surface tension = 0.25 N/m)

1.22 2 5 : : ) ; e
120 -
1 4

-~ 1184 :
= 4 oty A N - -
g 1,164 Iw-\:“w\“ MR . 7
E 114 Ty S ]
3 74 .
O 1124 o g 1
= 2 ‘
8 1104 &S -
E J E 4
O 108 4 ‘ : -
B ] ~n - Siider and Suspension O
N 106 -4 SyUspension f
g ] 4 Slider .
E 104 -
£
z ] ‘

102 -

4 4
1.00 n et L LA
0 20 40 0 o 5
Wetting angle (degree)

= as s i [ = - =
U7 3.10 namuansmnduiussmineyuonuazUiunnsingm

surface tension = 0.25 N/m

. NIMHANIITNABRUANIAINTUINTINGNVDINEANENT LABLAUDAILAN

i
at

WuRgugnavemeanem (surface tension = 0.65 N/m)



51

1.30 ; y T " . g Y v y ‘ .
1.28 - N
] 8 B ; ]
1.26 4 i
] s
=3
=: 1,24-: ke
8 1224 -
- 4
@ 1204 bi
E 1.18 fi
R
0 1.16 o
8 1144 ]
5 112 ;K 3
o 1104 —m~— Slider and Suspension . TR
S 1.08 4 ~® - Suspension \\ 1
w wae Slider \ ]
£ 1064 \ 8
[=] 7 4
Z 1.044 N
1.02 - ]
1.00 T T T . T T T e
0 20 40 60 80 100

Wetting angle (degree)
JUN 3.11 nsmuanspauduiudsvminsaganleniazUinnasingm

Y

surface tension = 0.65 N/m

nnan1snnaedluguil 3.6 - 2.8 wamsliiudangimis 3 Wuiiulduanauiion
sudeniudy TaswvaslunsdiupeniswBsuuasiyudsnuudlamosuasdawuiy way
nmswasuwlasanisuudaludu unsmiunliuanaegrdaaudasailndide sty
wanshasoniinasthsndenisiislemesuiad Feeinnsmusanisiudsuuasen
suPanenirvudlames Fbbumsy anunimdasaiimesdlamesinnaiday
Hu Geilingtannsolnalvvuiuialfnndeuiiaynaesnundudrsswiliinlumesu
Indawring PAD FetunasivdsuutasrsmmsnuuslawesTaduansenudosndn

Nuflas Aifaapidnszninmeareanaafuiuiannuisuadionsuiuiadul
dnwnrdu muausalunsingiulivemenvosmataranas@ssdiuléanuanis
veaensuiiud?) Sndumanaliviinmsnzilnasenmeindndldneusiisinasizanas
UsinasivhldAalamesuiadiidondt “USuasingalcritical volume)”  Fauiiteiuns
vaniagansiAnlamesuiadusimsuenrim sz tesmiiuunsingn

NAYINLSIRAIVIME(surface tension) Tisduhlirusinasingaiisiudie
WS ATINERNSAaNSINMERUR(wetting) vesmAiuiuIvihlUsinnsemyfaise

' Jﬁl - Vad o 5 - v L - -:‘ a = L 3
Inasguuiiuialan duludswedldusesiistudmiuielunesuind



52

3.2.2.0 wansieudisuanuene1en1siinlanesuindserindlimalasnIne1uain SEM

A ! o/ al
- nsalasuulasmyuilenuualawesiasdadutu

% emor

50+
454
404
354
304
254
20+
154
104

054

0.0

b

—8—cross_scope imgl
—=®8—cross_scope imgll
—k— cross_scope imglll
—¥—cross_scope imgly
- CrOSS_SCOpE imgy

Welling angle (degree)

'g‘dﬁ 3,12 N3 uans %error sEINMANIUTUNTU(cross._program ime) WaENIWADNE

2 o dal A:ll 1
nnnaedlailasalau(cross_scope img) 313U 5 A natifilUABULUAIAN

Wenuualamasuasdalutu

= al ' =y o
- nsdideundasayuilenuualaines

% arror

—8&—cross_scope imgl
i COSS_8COPE imgll
k- GrOsS_scope imglll
—¥—cross_scope imgl¥
@ cross_scope imgV

80
N A 4
4.5 4 ““"‘m%'wh ¥
1 Ty e
.
4.0 - b ./,f
4 g
354
30 4
254
204 P g |
4 & L #
1.5+ T
1 ™
1.04 Wi g o e
oA W e W e = Tt i
1 & & . A 4 & A
0.0 T T o T T o T v 1
0 20 40 60 -
Wetting angle (degree)

= i "
UM 3.13 nsmiuans %error eI naINlusus(cross_program img)

= v °
waznmiiaeannaedlulasalau(cross_scope imeg) $1uau 5 nw

o e ' 1
nsdiiiasunlasiuunuudlanes



53

- nyfiAsuuasydenuudauudu

5.0+ ;S B | —— COSS_SCOPE imgl
4 / = —&—cross_scope imgll
i Fd —#—cross_scope imglll
4.0+ \“1..5%%‘./' —¥—cross_scope imglV
35 ~ 4 cross_scope imgV
30+
g
£ 254
: i &
¥* 20
&
E
§ 5 3 &
4 P ol
10 - sl =
o i W e
054 - =W oo At i e e
& - ", n - 3 "
00 1 v Y . r . — f———
] 20 40 (-11] &0 100

Wetting angle {degree)
& 1 i
JUN 3.14_n3awuans %error sEMINInIwaINLUsunsu(cross. program img)
= v . o
waznmagannaetlilasalat(cross scope ime) $11U 5 AW

d CJ 1 @ @
N AR s U nuudaudy

< a ) = ' o R
MNTMLARIARAANAAGDURUABUL YA g TBAULINAAI4S VI8 3 NdiTu

! P - a v =
WuILdUNTMTLARIAN LA ALAG BUTBIAMTIE BRI NABslulATElAUA WA 1(cross_scope

; = = ' ' a - . =
img 1) 4AnINYigm hLazWNvL‘tJﬂ'mnquﬁ’Ja(mwmmmwm 2-5: cross_scope img Il - V) %4

v @ - YU a a aa a § a
wanalviiwiluwanldvuianumuiraudiviunisnaisannsanialsamesusaalu

=

SNWAIENIARIBAW cross_scope img Il =V ualliminzaud miunisiarsuinisiialea-
wasuIadNiidnuuen e cross_scope img | fIuu MaiAaleaineiuinIniianvue
o ar g & o 2 2/ a v i =
ARNEAUNIN cross scope img. | Huandnduarsowaieliaasuaunldlulusunsudung

Tvdie e umunsaud s unSauLABIaNY



54

undl 4
ASANEN WAZIANOANITULTINAINVD IV INA

Tagldszuunnasinlans i

N13NARDY
szuuuarWlansiiimadngunal dsgu 4.1 TeesvuulusUsiesingunsally

yasile Favinlaannnisadiaasiiassruindnlasianizdvsusyuul

;
®
Fiio N

U7 41 sgvunissunimvenvesmaanisvatiaunatinlansii

MIYIUYBITE VULV Usenausedudidey 3 dau fa

1. szuumsmen e Usenausheunasalgusn nass CCD microscope Way
NIAAIBNINTBIVIEY National Instrument(NI PCI-1411) Iaedeyaaidloainndes CCD
microscope sainURISadEnmegsennalslFTURygamindnlilasnevlnsiaes
WEITINENTEIBNIMYBINTIARBA TN LAMNAT s U T e Tuldwed

\osanszuuuarinlansiifieenuuvlunsmeaesildndeslulasaladuvuiaud
Wedwisagiuniindiunwminunfuusariienmanasuen(external flash) s
ganuUUTITImmhuresiadtenmuazuaatlvaenndesty Sliwudunaiildey
Wusgu 4.2 aailiimivevlumsdisnmiatulasdgunsaauaenadesfuazannan

fenmlanmaing wnlinmde)desvinlnldannsafiuseasdasluninle



55

i 2805

sU# 4.2 AnaneINlUsunsy Labview Meainmseaisnniasiasinasyinaudlal

ADAARDINY
Adutuil anvafinanmdaaienmu NI PCl-1411) Yasu3dn National instrument
& I=Y = o 1 i s N -d‘ i o
Falu frame grabber card  %iia monochrome inanmanunidngyme Wels3y
s a ¢ v oa | ] g - i
dygrauminddielisunisauma u nailag awdunisudaideulinismadaunisorenn

al HIJ =t v - du J o 1 ar
wisudall dunuiefanasunaraeApufnTuNEILMLe Frame 2 mgﬂ 4.3

TRIG s1gnal 1o the
camera

- a o L3 i
“5]1."71 4.3 ¥anNNIININUTDINITANIENIN

<

a - a a - l Y ) a 8 a da  ¢d
Waﬂﬂ']iw'\3'1504'1ﬂ"l‘5Lﬂﬂﬂ']W!JﬂW'iE]ﬂ'J’NQSﬂENWQ'ﬁmqqqﬁﬂémqmﬂiﬂaUULﬂﬂ'ﬂwﬁﬂﬂ 0]

L e3®_

vounsuiicenm  Anmiadumszdygravnduauranialusunisiadaveansud
1 Fuilivasnafiuaunariregiulinsounqulufiansud 2 (flash exposure time =~ 20
ms ~1 o) wifluvnfesdiuihnmaisiuandugd duenadunse dygranisty
fifladguaansuil 1 Foiliuauraruduvdeifouimuamidendrluiiem 2 Fady

dudAgAe devihmsminnaivesuasunaresnlunndygiuvindnisaaiennuszun



56

a -l a =0 | - = v & w
1 Wasielvuasunagluiiafidumiansud 2 wed AaludgIN1TAIUANIIN
lulaspaulnsaaasaviasiinisniianal lnusieasiduauanslumtannly
0 cli et @ A L3
2. ssuumuRumsaenm dislilasreulvsaiaeilasudygunwuees
n5293uld llasmeulnsaiaefazdsdynaniadesnlu 2 g yausnlédudygiuduwnves
3 1 4 dl U s at L= -i!
n1iadrenmlagldlusunsy Labview litemruaunisanenn uazdgyginnadonyania
A v o 4:' s L3 1 al 1 al at .‘: dv ]
weliunainn Fuiadudazgniivissreriiaieiudwuanddugy 4.4 vsligasszesia
vhwaaﬁaéﬁaﬂaaqnﬁmﬂuﬁwL’Jmﬁm{ﬂn"mn'1'wuazuamﬂmﬁ’mmiﬁomzﬁ’uwsﬁ

(synchronize) munileinanaluuan

Droplet At At
gt~ [ —E]
P f “ b » = l
capture ~‘ h‘ —‘
§ t, +20 i 1 +20 s t,+20 .

Flash _' : J
exposure g

P ¥ 4 1 [
U1 4.4 msnnwaunensaen ez Uassud T

3. syuuveRvBIma? Ustnaudistuay fsnyirszauuseruanlineii(pressure
regulator) \A384 pressure dispenser(IEl AD2000C) LavnNTzUaNUIIYWOANAD AMSUNTS
A = Ld = Qley ‘ﬂ’ 5 2 o ar ar
naaeuiefnwnginTsuidmatfvemeahuusgldnszvendimiuussquaamaingy 4.5

P ¥ 4 i aad il < o =~ o [

iesnidntiuvesvaidszian Newtonian fluid Aiflasauminmdsadudiossyoglu
P ar . o g a T S

myugnanIainwan wanudugyuimalileunige liwulduneaunazaininlve

o o o = @ i v
sannnnszuenuealalaendlilsvhnmmesssitoninussiuermannniseyluavay

< @ =
UM 4.5 valve dwiudmeaveauva



57

o

1. dngunsninmaeigy 4.6 vssyihaslunszuen 4 ml fvuaussdunsil 490
kPa miamsten A ufuieugeinsawuhiineaidarusunseainenh
wdesiuveasguuituiin Tnsnstenmusazadslifinismbaaaiiutueisay 250 us
(iHurmisnaiiinnifgamedmiuiunsasduamginssuvememitinailas) widwiu
wansneapsituansiiduitssdunilsvemanisasesianun Wosan awinig

' =i o el | o ) as )
DEMNUNINARADNANIENINVLTIINITIUA UL UAIDE19YALIUNIUY

@ Pressure Dispensor
- S }

| Microcontroller unit :MCU
sensoring Sig. | ]
frame grabber : I | 10 Computer
< Display
flash exposure. &N;_ 1

CCD Camera

o o video in
| KD e O e T

o v . (qa) o ot e “ wa ¥
?U'Vl 4.6 ﬂ'ﬁqaa‘ﬂfﬁmn’ﬁﬂﬂaa&'izUUﬂ’!Uﬂ'thWﬂﬁﬂ'ﬂqwqﬂﬂ?ﬁﬂl‘ﬂﬂ“ﬁ')ﬂ‘ﬂ'ﬂqwﬂﬂu’f

2. ereruge Tl Lazuuilonyoames
NI5IARaNaUe ERLNLA Y Aeahanlusiunisvnvaunmnawiie lvie

anudaauludwmisfingia Insldlusunsy image) dwsunsmuauan wasdnummyy

Weneelusunsy Matlab G‘fw,am‘luguﬁ 4.7

0.0 > (-q'!n:r.ﬂc may )

©
0

"0

E

2% it -

. ' f\
%0 % T T T~ S T o e e e e

(b) (c)

4.7 meiemyudenlulusunsy Matlab

aadt
=
=i



3. msmegudenuiaieulvmsinsaneendu 3 nsdl Tnsusaensdius
oonduspmsdudieuazivesnw fail

nsdin 1 334210 (Cimag = Comy 5 8 = 90”)ﬁiamal,ﬁm%uﬁmgmﬁaamﬁm

N9EIA 2 auvay

A ) @/ ¥ " o Y
- LQ@UI‘U?V\WTUHNVI’NWWU‘?IWEJ (GILRRGIRISI))
| RN
(Crman < Cr(mln))§ 6 = tan"(M)
€ max) “C(min)

- Reulvdwiiugmvnesnura (duainduiumg)

T, -T,
(Cr(max) > Cr(mm)); 0 = tan-x(Lc(mm))

(max) ~{mm)
N3N 3 yutnu
- Geulvdwmiusuvnsiudne (Fuainduidv)
a -t r(max)'r(mm)
(Cr(max) > Cr(mm)); 6 = 180 -tan (-——-)

(max} -c(min)

- FeulvdwmSuyumassnuend (duaindung)

\ L .-f
{Citmag < Cimin; 6 = 180° - tan™ (22_tmn) )

(max) -c(mm)

W9 im0 A A1y VEIUMIARA(pixel) UiduIN@EuamIa UlL) Allenunniign

b= '

My A8 A1y YBIAMILRR(pixel) ViLduaIN@Eunivse iiw) ﬁﬁﬂ'wﬁaaﬁqﬂ
Cimao AB AN x VBIRUMUIIA(pixel) vduaIN(@unvse i) Viﬁﬁﬂmﬂﬁqm
Chmry AB A1 X VBWUMUIR(pixel) VULEUAINEUnIvIo Y Viﬁmﬁaaﬁqm
Crmm BB AT X 04 HIWMUST ﬁﬁﬁmnﬁqﬂ

- ' ° A v -
Cimm) 78 AT X 80 STy Sentoedign

4. MIVIANAINNG Lastduniaudnan

58

ANUguUaLSFrivemeavasvaa I inInNsSsulisugnTEIusERINSIUAT

wiviwasingmihwniisuiisuiarainaamnam  Inedeyanmmiwiinssidusives

pixel
] o/ 2
- WWU PCB aiewunm 1.2x1.2 cm
- ANAAIUNTNYBINTINEAAT 576 pixels

Fefusasndnfarinfy 20.833 um /pixel



59

(b)
A - o ~ a 1 1 s =
UM 4.8 FBmsuiuiisudasdrusenindagaia) wasainalunm(b)

Erlunm Yaauntisvementily 138 pixels Fofurnaseivoweainyintu 1.43 mm

'luﬂ'iaﬁmsmﬂ'ﬂmmqqﬁﬁwﬁwﬁ%‘rmLﬁEJ'Jﬁuiﬁuﬁﬂmwaqmmqwmuw’u PCB
msUfufsuiomuumiiwiessduannsaldinnessulunsiasanlfiguiu ue

msaelidsiivunelndidsaivisidesmsianiduiiuiouiisumsnndiu nsizavtaeli

APARRIALATBLEAAIINNTINTS I guNa TR idinaaneiy

4.3 HANINAADY

4311 HANIIYINADINBL A TNENENERVEIMAITIIATLAY

osndmualiidenmsaesaaaisswitamiaatos (250 us/nam Fausafu
Suiinnmlsifununnuitandiiiuanzgiiininuasuadnunsa moaveunadld
‘z‘s’mamﬁﬂumfuﬁaguﬁ 4.9 uazanguartiulddaiaudn nenvesmaiinisiUAsuLlag
wqﬁn‘ssuaemﬂm%’qmn'lmj"mu.'sﬂLéu*?imnmmuﬁuﬁa Lasdnvuzadreiuaaudutag
sTpvnandus udiSeden %qmﬁwgwﬁuﬁaLﬁana%ﬁu'ﬁu Fonupidsaasiiuldandianan
Avuiinfiaufiinnluneudusznm 1 ms) uasiutudess sunseiananieiusyana
\igu 20 ms

4.3.2 nIMraNMMAaasinAyulen AN LasEURIANENATNTBINERATBIVAY

Han sveaesinAmNden AN LasduNIgUENAIEATEUNAINNTNEIENEN
voumamaR A IuIunsEIeave sy aiteguuuRl PCB uansfaunsmiss

JUM 4.10-4.12



3
v

i

#

4.9

as

-

/e,

14
o

o |- Y V) a & a
ﬂEWULﬂQWﬁQWﬂ@Q‘WﬂﬂquQLLWLiﬂﬂuﬁ]unizﬂﬁ“f{ﬂuQUUWUNq

60



140

I —u—|eft angle
l e right angle
120 A
-
o
2 100 4 ]
=
3 { :
[
o ;T '-
o 804 A o =4 -
= "i.'t . 2 _____;;-F—""'.
= ¥ L
2 o .
2 VI
80 - -
L]
40 T T i — T T T T T T T T
20 30 40 50 60 70 &0 20
_ Time (millisecond) h
=i i o i i a
FUN4.10 ANBRUEAN ALY KAZUVDINEAU]
3 5 1 ~ "4 T T T T
v
204 -
|
Y Y
Eal
25 IT .'1;"., b
L5 Y
- | {
=4 T (WG
L 20~ | | Ty -
D . t Y ¥ e
f | ) FY \
T Y !
15 l\ﬂ I w | - s o
T 3 L! o0
Lx
10+ 7 :
T T T ¥ - F T T T . 1 L I !
20 0 40 50 60 70 80 a0
_ Time {milhsecon_g]
5UM 4.11 WaMIIVAReIANGNUaMEALITIA#NY

61



62

124

Spread (mmj)

20 30 40 50 £0 70 80 a0
Time (millisecond)

gﬂﬁ 4.12 HANSINTWIANISVLIEAVDIVEALT

wunanudenvisaesiufivunliudnsasfeniufe anatagiunnuazdeiiely
1 1 & < ' a2 = - | Y
PRUsNAAANTENUNY MNNTUITADYY NTULAT AU YN 80 B3 Falieivenundl

= ] &‘ =Y § 73 ) s 1 d‘l’ = L=l Au as s g o el 0
anunsoileney UuLRale wansdmanusEdnaiuig PCB vinmdilatunesindiien
innveduduanauifanzssninguesiaguasiuialan

i < w | 4l 1K e '
ANsIgavEATRIERTIUAEULYA Funaruhinisiytuiezanasesadnauluea

< & 5 oda @ '
VY| EUS U‘UE{JULWiﬁtLWJﬂ‘33tL‘VIﬂ‘fJ’E]\W]EJ@‘LJ"}WLﬂﬂ'ﬂﬂﬂi%ﬂﬁﬂ?ﬂh@ﬁi%ﬁ?"lﬁﬂﬁ’]EJL‘?JMLLﬁ%

v
= =Y

WUH(5 mm) mnniW\Immqa%aqmﬁ’ummqaLﬁawamﬁﬂwqmﬂauuﬁuﬁaﬁﬁﬂsiﬂaﬁ’umnﬁq 2
mm Gsaeandasiuzunanteassiivemidimsdusiassidnuuniundusrernanis

ANUUENTINNITVLILFIVDMUAVBUNAADUINUANA NI INNTINUANAIY  LaE
auge Ao ddnwasmdduluneuusnudidedenn el udnsBn 2 suiluuliiuves
dunsvlanasneuiianiuneit

pgdlsfinu nsmivia 3 gudsaaaniliifufadiindneduuseniswils fio (dunsnil
mswdsuwasethannuazdmadluseudusundsniiveaveunmannsenuiiuuds 8
Wukannenuiiiannsenuiiu waraavnedenemueavameaiiseguuiumfingnas

, i o " i ! as a‘u’ - "
Juetalsituegiumussseninlianavesiaguaziiuiiatiu(adhesion force)



63

unii 5
ATSUIATNITIRLADSVBIVBIUNAIDINTSUY

N1518ATNVDIUNAT

5.1 uuIANNANTIEMIATNISIABIaIMITUALUALSASINTT LA

PINNISANYIWI8YDA C.P.Chen warame(l1] Minausisnismaisnsinisiua Q
o uAuTINaveaveuvalagldEunis fluid flow model Wugiudaseiuraliluund 2

aunist (2.13), (2.15) war (2.17)  laemmnsiimes N uas Kyks anltdmsunisAuia

'
@ =

Sm3nNTIvagaziiavdsunlaniasssurauvanudsulumsnnuidusanailaiaus

€

o

FFnsewsdwestwunzanlind) wead i nsuinetdnusdezidiiausisnisun

v
d

AITIBIAINaIMIEIEN1sIngUNIainITnaes lnesvasiBeniifal

5.2 3annaasy

1. dngunsainiimegeanegy 5.1 Uﬁqifwmm?}ﬁa Helbluboy U393 8 1adans
(100% of full scale anFuNUsTiFe pressure sensor) aslunszuanueavesaridn s
T ruadeuansiegy 5.2 Toussiuausieaszana 3.5 MPa Ssgnaruauedyaalih
970 function generator  NMYNINNEAUDUUAILAZ UUTINNAFYEIAN pressure sensor
Toaisufuine: t, = 0-500 ms (t, Wuduadsas 25 ms)  AntvinsveasEuaads
saq Wldansesusmanudiu 75%, 50%, 25% uas 12.5% of full scale AuEWU &N
thivhnsmeaeuuientuiien 3 ads itewanade

2. AunuAvings mamuTiesvemenusunaidaliu 3D aunsaRatsanldann

a2 2D Teeanuiae[12] ThiausdsnsnidsunnsmenisnnyinenIw 20 naninluwiiwnu

e

X 1ufiuunes dalunwignanieteRasudunsinssuenuruunsifiaumuiyiiu h

wagdidurgudnauhiuaun e Iwtug Agndn e nisdivualuamiiaiy
o , L

aunAsEUUNYY  SeuUTnsianldenaunsUiinsvemsanszusniiufe 1V = v,
n=}

dle v, =ar’huazBiramgadaieaiiuuiing avihliauwsiugvesiunsiun

&N Al

839U Tun1siiEanAIANLARIRLAA D UTIARRINANTFRTIUNTW Fapuuenfigafed

goU 1 pixel VBINN)



64

Mizroeomtrotier; MOU

putse fromm E Gen,
framue gmhi"mr

Nash exposure

Funtion

Gene rdtx T

g i ()Nf(}nl’w-swm !

Electrical pressure regulat%

T

"‘:i I”i’t VUSRS ROTRROT }'““M"‘"‘- PPPPP l Csille m,mpq

ol

i

display

&

S
i Computer

s g Frame grabber

{ Voo ih | i

= - w
UM 5.1 MydngUnsaintsvinaeaiveAnudnsinsinavoumad

a3

LN NN

E‘U 52 Iﬂiﬁﬂ'ﬁ’]dﬂ'iu‘U’e]ﬂ‘Uﬁﬂ‘U']‘WJ"I‘uﬂqﬂiUﬂ']‘i"/lﬂﬁﬂﬂ']ﬂﬂﬂ‘i’lﬂ’ﬁl‘lﬁﬂ

as

U 5.3 Wushegamsmuiinasmeaveanaadeiifandniiseduimu 12.5% of full
scale o4 1281 t=0, 250 war 500 ms  14lUsWNTY image) dwiuniswiveunim anild
TUsunsa Matlab lunmsmuinms(sivazideavedlusunsuuansluionanssnada) dar N Tu
aunsie Swaudu/uduresnwiignia xy scale Aensainaszwitsnniuruiaeds

gavnealaUIunsuemeara e’



65

Volume = 0
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= volume flow rate with error bar@ 75% of full scale
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Script file(mound fe) vadlusunsy surface evolver AmMSURNMAN BT UEATBINAIUY

U

// mound.fe
// Evolver data for drop of prescribed volume sitting on plane with gravity.
// Contact angle with plane can be varied.
parameter ANGLE = 90 // interior angle between plane and surface, degrees
gravity constant O // start with gravity off
//Materials Parameters
parameter GAMLV = 0.072  // Liquid-vapor surface energy of solder (N/mA2)
parameter den= 1.6e-10  // Density of water (Kg/milA3)
#define wall (-cos(ANGLE*pi/180)) // virtual tension of facet on plane
constraint 1 /* the table top */
formula: x3 = 0
energy: // for contact angle
el: (wall*y)
e2: 0
e3: 0
vertices
1 0.0 0.0 0.0 constraint 1 /* 4 vertices on plane */
2 1.0 0.0 0.0 constraint 1
3 1.0 1.0 0.0 constraint 1
4 0.0 1.0 0.0 constraint 1
5 00 00 1.0
6 10 00 10
7 1.0 10 10
8 0.0 1.0 1.0
9 20 20 00 fixed /*fortable top */
10 2.0 -1.0 0.0 fixed
11-1.0 -1.0 0.0 fixed
12-1.0 2.0 0.0 fixed
edges /* given by endpoints and attribute */



1 12 constraint 1 /* 4 edges on plane */
23 constraint 1
34 constraint 1

41 constraint 1

2
3
aq
5 56
6 67
7 78
8 85
9 15

10 26

11 37

12 48

13 910 no_refine fixed /* for table top */

14 10 11 no _refine fixed

1511 12 no_refine fixed

16 12 9  no_refine fixed
faces /* given by oriented edge loop */

1 110-5 -9

2 211-6-10

3 312-7-11

4 4 9-8-12

5 567 8

7 131415 16 no_refine density O fixed /* table top for display */
bodies /* one body, defined by its oriented faces */
1 12345 VOLUME 1 density den
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Script file(solder bridge.fe) v03lusunsu surface evolver @wuiudnwnisiialyneiuing

parameter wet_angle = 15 // interior angle between plane and surface, degrees
parameter vwet_angle = 20

parameter dry_angle = 90 //sus // interior angle outside strip
parameter vdry angle = 90

parameter solderwet _rightangle = 90

parameter solderwet_leftangle = 90

parameter bridge_angle = 90

parameter rot_angle = 45

parameter minus_rotangle rightplan = -45

parameter minus_rotangle_leftplan = -135

parameter xleft = 0.01 // left side of wettable strip

parameter xright = 0.05399999 // right side of wettable strip
parameter vxleft = 0

parameter vxright = 0.06399999

parameter vxleftl = -0.00549981

parameter vxrightl = 0.06950019

parameter vxright_sus = 0.06449999

parameter dong = 0.10720019

parameter xleft2 = 0.12290014

parameter xright2 = 0.16690016

parameter vxleft2 = 0.11290014

parameter vxright2 = 0.17690016

parameter vxleft_edge = 0.10720019

parameter vxright_edge = 0.18220019

parameter vxleft_sus = 0.11240002

parameter vyleft slider = -0.047989865

parameter vyright sus = 0.047989865

//Materials Parameters

parameter gamlv = 0.45 // Liquid-vapor surface energy of solder (Kg/s/2)
parameter gamlv_bridge = 0.45
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parameter den= 1.3e-10 // Density of solder (Kg/milA3)
parameter mr_grav= 385000 // Acceleration of gravity (mil/sA2)

gravity constant mr_grav

#define WETT (-gamlv*cos(wet_angle*pi/180)) // virtual tension of facet on
#define DRYT (-gamlv*cos(dry angle*pi/180)) // virtual tension of facet on
#define VWETT (-gamlv*cos(vwet_angle*pi/180)) // vertical surface tension
#define VDRYT (-gamlv*cos(vdry angle*pi/180)) // vertical dry

#define solderwet right (-gamlv*cos(solderwet rightangle*pi/180))

#define solderwet _left (-gamlv*cos(solderwet leftangle*pi/180))

#define bridge (-eamlv_bridge*cos(bridge angle*pi/180))

//#define A cos(rot_angle*pi/180)

#define B tan(bridge_angle*pi/180)

#define C tan(rot_angle*pi/180)

#define D tan(minus_rotangle rightplan*pi/180)

#define E tan(minus_rotangle_leftplan*pi/180)

constraint 1 /* the table top */
formula: z = y*C
energy: // For contact angle. Note that conditional expression is just
// the two tensions because dx strips each have constant tension!!!!
el: -WETT*y
e2: 0
e3: 0
constraint 2 //vertical panel
formula: z = -y*C
energy:
el: VWETT*z
e2: 0
e3: 0
constraint 3 //vertical panel

formula: z = -y*C



energy:
el: (x > xleft and x < xright) ? VWETT*y : VDRYT*y
e2: 0
e3: 0
constraint 4 //solder right_plan
formula: z = (y*D)+0.01835929
energy:
el: -solderwet right*z
e2: 0
e3:0
constraint 5 //solder left_plan
formula: z = (y*E)+0.00711842
energy:
el: -solderwet_left*z
e2: 0
e3: 0
constraint 6
formula: y = -0.004052885
constraint 7 /* the table top */
formula: z = y*C
energy: // For contact angle. Note that conditional expression is just
// the two tensions because dx strips each have constant tension!!l!
el: -DRYT*y
e2: 0
e3: 0
constraint 8 //vertical panel
formula: z = -y*C
energy:
el: -VDRYT*y
e2: 0
e3: 0



constraint 9 //vertical panel
formula: (y < 0)? (x = 0.06850019): (x = 0.06399999)
energy:
el: 0
e2: -bridge*z
e3: 0
// one-sided constraints keeping stuff inside wettable strip
constraint leftcon nonnegative
formula: x - xleft
constraint rightcon nonpositive
formula: x - xright
// one-sided constraints keeping stuff outside wettable strip
constraint outleft nonnegative
formula: x - vxleftl
constraint outleft2 nonpositive
formula: x - vxleftl
constraint outleft3 nonpositive
formula: x - dong
constraint outright nonpositive
formula: x - vxright!
constraint outright_sliderl nonnegative
formula: x - vxrightl
constraint outright sus nonpositive
formula: x - vxright_sus
// constraints for keeping certain vertices exactly on edge of wettable strip
constraint leftedge
formula: x = xleft
constraint rightedge
formula: x = xright
// one-sided constraints keeping stuff inside wettable strip
constraint vleftcon nonnegative

formula: x - vxleft
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constraint vrightcon nonpositive

formula: x - vxright

// one-sided constraints keeping stuff outside wettable strip
constraint voutleft nonnegative

formula: x - vxleft

constraint voutleft 1 nonpositive

formula: x - vxleft

constraint voutright nonpositive

formula: x - vxright

// constraints for keeping certain vertices exactly on edge of wettable strip
constraint vleftedge

formula: x = Vxleft

constraint vrightedge

formula: x = Vxright

//one-side constraint:2

// one-sided constraints keeping stuff inside wettable strip
constraint leftcon2 nonnegative

formula: x - xleft2

constraint rightcon2 nonpositive

formula: x - xright2

// one-sided constraints keeping stuff outside wettable strip
constraint outleft2 1 nonnegative

formula: x - vxleft_edge

constraint outleft2_2 nonpositive

formula: x - vxleft_edge

constraint outright2 nonpositive

formula: x - vxright _edge

constraint outright3 nonnegative

formula: x - vxright _edge

// constraints for keeping certain vertices exactly on edge of wettable strip
constraint leftedge2

formula: x = xleft2
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constraint rightedge2

formula: x = xright2

// one-sided constraints keeping stuff inside wettable strip
constraint vleftcon2 nonnegative

formula: x - vxleft2

constraint vrightcon2 nonpositive

formula: x - vxright2

// one-sided constraints keeping stuff outside wettable strip
constraint voutleft2 nonnegative

formula: x - vxleft2

constraint voutright2 nonpositive

formula: x - vxright2

// constraints for keeping certain vertices exactly on edge of wettable strip

constraint vleftedge?2

formula: x = Vxleft2

constraint vrightedge2

formula: x = Vxright2

constraint slider_left nonnegative
formula: y - vyleft slider
constraint sus_right nonpositive
formula: y - vyright_sus
constraint outleft_sus nonnegative
formula: x - vxleft_sus

constraint circle

formula: (x-0.06399999)A2 + (y+0.0046193)A2 = (0.003*B)A2

vertices

1 0.06450004  0.024053955 0.014305295 fixed
2 0.06450004  0.019117215 0.019242035 fixed
3 0.06450024  0.061617247 0.061742067 fixed
4 0.06450024  0.066553987 0.056805327 fixed
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/720
21
22
23
24
25
26
27
28
/729
30
31
32
//33
34
/735
36

0.04450004
0.06449999
0.06450004
0.06449999
0.04450004
0.01950004
0.01950004
-0.00049996
-0.0005
-0.0005
-0.00049996
-0.00049979
-0.00049979
0.02196256
0.02196256
0.03608816
0.03608816
0.02781757
0.02781757
0.03608816
0.04450024
0.04450024
0.06450029
0.06450029
0.06450024
-0.00637418
-0.00637418
-0.00049977
-0.00049979
-0.00049977
0.02781757
-0.00549981

0.014053975
0.014053975
0.022341745
0.009179645
0.009179645
0.014053975
0.009179645
0.024053955
0.014053975
0.009179645
0.019179625
0.059026105
0.063900435
0.07864698
0.07371024
0.06585268
0.07082651
0.07082651
0.07576325
0.07576325
0.07576325
0.07082651
0.07576325
0.07082651
0.051835285
0.071683055
0.066808725
0.06391545
0.05656056
0.06878978
0.06585268
-0.01343269

0.004305315
0.004305315
0.015764465
0.009179645
0.009179645
0.004305315
0.009179645
0.014305295
0.004305315
0.009179645
0.019179625
0.059026105
0.054151775
0.06889832
0.07383506
0.07592516
0.07095133
0.07095133
0.06601459
0.06601459
0.06601459
0.07095133
0.06601459
0.07095133
0.06860986
0.061934395
0.066808725
0.06391545
0.06307735
0.05904112
0.07592516
0.01343269

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed

//suspension pad
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37
38
39
40
a1
42
43
//44
45
46
47
48
//49
50
51
52
53
54
55
56
57
58
59
60
61
//62
//63
64

-0.00549981
0.01450019
0.01450019
0.06950019
0.06950019
-0.00549981
0.01450019
0.01450019
-0.00549981
0.04950019
0.06950019
0.06950019
0.04950019
0.06950019
0.06950019
0.06950019
0.01450019
-0.00549981
-0.00549981
0.04950019
0.06950019
0.06950019
0.01450019
-0.00549981
-0.00549981
0 0

0.06399999
0.06399999

-0.00355921
-0.00355921
-0.00355921
-0.00355921
-0.01343269
-0.01392636
-0.004052885
-0.004052885
-0.00405288
-0.00405288
-0.01392636
-0.00405288
-0.00405288
-0.038116385
-0.047989865
-0.047989865
-0.047989865
-0.047989865
-0.038116385
-0.048483535
-0.048483535
-0.038610055
-0.048483535
-0.038610055
-0.048483535
0

0 0
0.025 0.025

0.00355921
0.00355921
0.00355921
0.00355921
0.01343269
0.01293902
0.003065535
0.003065535
0.00306554
0.00306554
0.01293902
0.00306554
0.00306554
0.038116385
0.047989865
0.047989865
0.047989865
0.047989865
0.038116385
0.047496195
0.047496195
0.037622715
0.047496195
0.037622715
0.047496195

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed

//s\ider pad

//constraint 1,2 ,outleft

//constraint 1,2 ,//outright

constraint

1,9,outright_sus//sus_right//,voutright//,outright
0 0.049 0.049

65
66
67

-0.00549981
0.06950019

-0.044 0.044
-0.020 0.020

97

constraint 1 ,voutleft,//sus_right//,outleft

constraint 2 ,outleft,slider left

constraint 2,9,outright,slider_left



69 0 0 0.064 //solder ball

70 -0.05549981 -0.048483535 0.047496195 fixed

71 0.23220019  -0.048483535 0.047496195 fixed

72 0.23220019  0.00438066  -0.005368 fixed

73 -0.05549981 0.00438066  -0.005368 fixed

74 0.23220019  0.07864698  0.06889832  fixed

75 -0.05549981 0.07864698  0.06889832  fixed //top&bottom plate
76 0.005 -0.044 0.044 constraint 2 ,slider_left

7 0.05899999  -0.044 0.044 constraint 2 ;slider_left

//78 0.005 0 0 //constraint 1,2 leftedge

//79  0.05899999 O 0 //constraint 1,2 rightedge

80 0.005 0.049 0.049 constraint 1 //vleftedge//,leftedge
81 0.05899999 0.049 0.049 constraint 1 //,vrightedge// richtedge

//solder ball edge conditions

82
83
84
85
86
87
88
89

90
91
92
93
94
95
96

-0.00549981  -0.00355921  0.00355921
0.005 -0.00355921 0.00355921

0.05899999  -0.00355921 0.00355921
0.06950019  -0.00355921 0.00355921

0 0.009179645 0.009179645
0.005 0.009179645 0.009179645
0.05899999  0.009179645 0.009179645
0.06399999
1,4,9,outright_sus//,voutright

-0.00549981  -0.004052885 0.003065535
0.005 -0.004052885 0.003065535

0.05899999  -0.004052885 0.003065535
0.06950019  -0.004052885 0.003065535

0 0.014053975 0.004305315
0.005 0.014053975 0.004305315
0.05899999  0.014053975 0.004305315

constraint 2,5,outleft2
constraint 2,5

constraint 2,5

constraint 2,5,9,outright
constraint 1,4 voutleft
constraint 1,4// eftedge
constraint 1,4//,vrightedge

0.009179645 0.009179645constraint

constraint 5,6
constraint 5,6
constraint 5,6
constraint 5,6,9,outright
constraint 4

constraint 4

constraint 4
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97

0.06399999

0.014053975

4,9,outright_sus//,voutright

98 -0.00549981
99 0.06950019
//copy pad

100  0.17740006
101 0.17740006
102 0.17740026
103 0.17740026
104 0.15740006
105 0.17740001
106  0.17740001
107  0.15740006
108  0.13240006
109  0.13240006
110 0.11240006
111 0.11240002
112 0.11240002
113 0.11240006
114 0.11240023
115 0.11240023
116  0.13486258
117 0.13486258
118  0.14898818
119 0.14071759
120 0.14071759
121 0.14898818
122 0.15740026
123 0.15740026
124 0.17740031
125 0.17740031
126  0.10652584

0.00438066
0.00438066

0.024053955
0.019117215
0.061617247
0.066553987
0.014053975
0.014053975
0.009179645
0.009179645
0.014053975
0.009179645
0.024053955
0.014053975
0.009179645
0.019179625
0.059026105
0.063900435
0.07864698
0.07371024
0.07082651
0.07082651
0.07576325
0.07576325
0.07576325
0.07082651
0.07576325
0.07082651
0.071683055

0.004305315

-0.005368
-0.005368

0.014305295
0.019242035
0.061742067
0.056805327
0.004305315
0.004305315
0.009179645
0.009179645
0.004305315
0.009179645
0.014305295
0.004305315
0.009179645
0.019179625
0.059026105
0.054151775
0.06889832
0.07383506
0.07095133
0.07095133
0.06601459
0.06601459
0.06601459
0.07095133
0.06601459
0.07095133
0.061934395

constraint

constraint 9

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed



127
128
129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

0.10652584
0.11240025
0.11240025

0.10720019
0.10720019
0.12720019
0.12720019
0.18220019
0.18220019
0.10720019
0.12720019
0.10720019
0.16220019
0.18220019
0.18220019
0.18220019
0.18220019
0.18220019
0.12720019
0.10720019
0.10720019
0.16220019
0.18220019
0.18220019
0.12720019
0.10720019
0.10720019
0.17690016
0.11290014

0.066808725
0.06391545
0.06878978

-0.01343269
-0.00355921
-0.00355921
-0.00355921
-0.00355921
-0.01343269
-0.01392636
-0.004052885
-0.00405288
-0.00405288
-0.01392636
-0.00405288
-0.038116385
-0.047989865
-0.047989865
-0.047989865
-0.047989865
-0.038116385
-0.048483535
-0.048483535
-0.038610055
-0.048483535
-0.038610055
-0.048483535
0.049 0.049
0.049 0.049

,outleft_sus//voutleft2//,outleft

156

0.11290014

-0.044 0.044

0.066808725
0.06391545
0.05904112

0.01343269
0.00355921
0.00355921
0.00355921
0.00355921
0.01343269
0.01293902
0.003065535
0.00306554
0.00306554
0.01293902
0.00306554
0.038116385
0.047989865
0.047989865
0.047989865
0.047989865
0.038116385
0.047496195
0.047496195
0.037622715
0.047496195
0.037622715
0.047496195

100

fixed
fixed

fixed//suspension pad

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed//slider pad

constraint 7 ,voutright2//,outright

constraint 7

constraint 8 ,outleft2 1,slider left



157
158
159

160
161
162
163

0.18220019
0.17690016
0.11290014

0.11790014
0.17190016
0.11790014
0.17190016

-0.044 0.044
0 0.064
0 0.064

-0.044 0.044
-0.044 0.044
0.049 0.049
0.049 0.049

//solder ball edge conditions

164
165
166
167
168

0.11290014
0.11790014
0.17190016
0.18220019
0.11290014

-0.00355921
-0.00355921
-0.00355921
-0.00355921
0.009179645

7,4,outleft_sus//voutleft2

169  0.11790014
170 0.17190016
171 0.17690016
172 0.11290014
173 0.11790014
174 0.17190016
175 0.18220019
176 0.11290014
177 0.11790014
178  0.17190016
179  0.17690016
180  0.11290014
181  0.18220019
186  0.06899999
0.06399999

0.00688066

0.009179645
0.009179645
0.009179645
-0.004052885
-0.004052885
-0.004052885
-0.004052885
0.014053975
0.014053975
0.014053975
0.014053975
0.00438066
0.00438066
0.00438066

constraint 8 ,outright2,slider_left

//solder ball

constraint 8 slider_teft

constraint 8 slider_left

constraint 7 //,vleftedge2//,\eftedge

constraint 7 //,vrightedge2// rightedge

0.00355921
0.00355921
0.00355921
0.00355921
0.009179645

0.009179645
0.009179645
0.009179645
0.003065535
0.003065535
0.003065535
0.003065535
0.004305315
0.004305315
0.004305315
0.004305315
-0.005368
-0.005368
0.00048066

constraint 8,5,outleft2_1//3
constraint 8,5
constraint 8,5
constraint 8,5 ,outright3//2

constraint

constraint 7,4//,vleftedge2
constraint 7,4//,vrightedge2
constraint 7,4,voutright2
constraint 5,6

constraint 5,6

constraint 5,6

constraint 5,6,outright2
constraint 4

constraint 4

constraint 4

constraint 4,voutright2

//constraint wall// circle//

0.00438066
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//

187  0.08550019  -0.0108 0.045 //constraint wall
188  0.09050019  0.0158 0.045 //constraint wall
189  0.06099999  -0.0006193  0.045 //constraint circle
// vertices

edges

112 no_refine fixed

223 no_refine fixed

328 no_refine fixed

489 no_refine fixed

595 no_refine fixed

656 no_refine fixed

761 no_refine fixed

8 5 10 no_refine fixed

9 10 11 no_refine fixed

10 11 9 no_refine fixed

11 11 14 no_refine fixed

12 14 15 no_refine fixed

13 15 12 no_refine fixed

14 12 13 no_refine fixed

15 13 10 no_refine fixed

16 12 17 no_refine fixed

17 16 15 no_refine fixed

1814 no_refine fixed //half 1

19 18 19 no_refine fixed

20 18 23 no_refine fixed

21 23 24 no_refine fixed

22 24 21 no_refine fixed

23 21 22 no_refine fixed

24 22 19 no_refine fixed

25 24 25 no_refine fixed
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
a6
47
48
49
50
51
52
53
54
55
56
57

25 26
26 21
26 28
28 3
4 27
27 25
34

17 16
30 31
31 32
32 16
30 34
34 17
36 37
3738
3839
39 40
40 41
4147
47 48
48 46
38 43
43 46
46 39
43 45
45 42
42 36
41 50
50 51
51 52
52 53
53 54

no_refine
no_refine
no_refine
no_refine
no_refine

no_refine

fixed
fixed
fixed
fixed
fixed
fixed

no_refine fixed

no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine

no_refine

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed

//suspension
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58
59
60
61
62
63
64
65
66
67
68
69
70

//T1 6278
//72 78 79
//73 79 63
///74 63 64

54
55
52
56
57
58
58
56
59
55
60
60
61

55
36
56
57
58
50
a7
59
53
60
61
42
59

75 64 81
76 8180
77 8065

///78 65 62

79 66 76
80 7677

81 7767

//82 67 68
//101 68 69
/7102 69 66
///103 66 62
///104 67 63
//105 68 64
/7106 69 65

no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed

// solder ball

constraint 1 ,outright

constraint 1 ,voutright//,outright

constraint 1 //,vleftcon, vrightcon//,leftcon,rightcon
constraint 1 ,voutleft//,outleft

constraint 1 ,//outleft

constraint 2 ;slider_left//outleft

constraint 2 ,slider_left

constraint 2 ,slider_left,outright

constraint 3 ,voutleft

constraint 2 ,voutright
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83
84
85
86
87
88
89

90
91
92
93

94
95
96
97
98
99
100

7071
7172
1273
7370
7274
7475
7573

54 61
51 57
40 48
37 45

32 34
14 13
8 6

28 27
22 23
3119
30 18

/7107 63 85

108
109
110

85 84
84 83
83 82

//111 82 62

112
113

67 85
66 82

//114 63 89

115
116
117

89 88
88 87
87 86

no_refine fixed // top & bottom plate
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed

no_refine fixed

no_refine fixed //side edge slider
no_refine fixed
no_refine fixed

no_refine fixed

no_refine fixed //side edge suspension
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed

no_refine fixed

constraint 2,5,outright
constraint 2,5

constraint 2,5 ,outleft

constraint 2,9,outright

constraint 2,outleft,outleft2

constraint 1,voutright
constraint 1// vieftcon, vrightcon

constraint 1,voutleft
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106

//118 86 62

119 8964 constraint 1,9,outright_sus //,voutright
120 86 65 constraint 1,voutleft 1

//101 76 77 //constraint 2

//102 78 79  constraint 1

/7103 76 62

/7104 77 63

//105 78 62

//106 79 63

121 90 91 constraint 5,6

122 9192 constraint 5,6

123 92 93 constraint 5,6

124 9385 constraint 5,9,outright
125 8290 constraint 5

126 9890

127 93 99 constraint 9

128 94 95 constraint 4

129 9596 constraint 4

130 96 97 constraint 4

131 8694 constraint 4

132 97 89 constraint 4,9,voutright
133 9894

134 9799 constraint 9

135 9998

//copy pad

136 100 101  no_refine fixed
137 101 102  no_refine fixed
138 101 106  no_refine fixed
139 106 107  no_refine fixed
140 107 104  no_refine fixed
141 104 105 no_refine fixed
142 105 100  no refine fixed



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

104
108
109
109
112
113
110
111
110
114
100
116
116
120
121
118
119
121
122
123
123
125
103
124
102
115
126
127
128
126
129
130

108
109
107
112
113
110
111
108
115
113
103
117
120
121
118
119
117
122
123
118
125
102
124
122
103
114
127
128
114
129
115
131

no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine

no_refine

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed

//half 1

//suspension
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175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

131
132
133
134
135
140
141
132
137
139
137
138
136
135
142
143
144
145
146
147
144
148
149
150
150
148
151
147
152
152
153
146

132
133
134
135
140
141
139
137
139
133
138
136
130
142
143
144
145
146
147
130
148
149
150
142
140
151
145
152
153
136
151
153

no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine
no_refine

no_refine

fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed

//side edge slider
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207
208
209
210
211
212
213
214
215
216
217
218

219

220
221
222
/7223
/7224
/7225
/7226
/1227
228
229
230

231
232
233
234
235

143
134
131
128
112
106
125
119
127
126
154
163

162

156
160
161
157
158
159
158
159
167
166
165

157
156
171
170
169

149
141
138
129
111
105
124
120
117
116
163
162

155

160
161
157
158
159
156
154
155
166
165
164

167
164
170
169
168

no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed //side edge suspension
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed
no_refine fixed

constraint 7 ,voutright2//,outright

constraint 7 //,vleftcon2, vrightcon2//,leftcon,rightcon

constraint 7 ,voutleft2//,outleft

constraint 8 ,outleft2 1,slider left
constraint 8 slider_left

constraint 8 ,outright2,slider left

constraint 8,5,outright2
constraint 8,5

constraint 8,5 ,outleft2 1

constraint 8,outright2

constraint 8,outleft2 1,outleft2 2
constraint 7,voutright2

constraint 7//,vleftcon2, vrightcon2

constraint 7, voutleft2
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236 171 154 constraint 7,voutright2
237 168 155  constraint 7,outleft_sus//voutleft2

238 172 173 constraint 5,6

239 173 174  constraint 5,6

240 174 175 constraint 5,6

241 175 167  constraint 5outright2
242 164 172  constraint 5

243 180 172

244 175 181

245 176 177  constraint 4

246 177 178  constraint 4

247 178 179  constraint 4

248 168 176  constraint 4

249 179 171 constraint 4,voutright2
250 180 176

251 179 181

252 181 180

//new solder ball edge

261 66 65

//262 67 64 //constraint 9
263 156 155

264 157 154

265 156 187

266 155 188

267 180 186

271 186 99 //constraint wall
272 188 64 //constraint wall
273 187 67 //constraint wall

274 186 187 //constraint wall // circle



275 187 188
276 188186
2717 67 189
278 189 64

faces

1 70 66 57 90

2 68 -90 58 67
3 -65-60 56 -66
61 -91 55 60
62 63 54 91
64 -44 53 -63
45 -92 43 44
46 49 42 92
-48 -47 41 -49
10 50 -93 40 47
1151523993
12 -69 -67 59 -52

O 0 N O 1 A

//constraint wall //,circle
//constraint wall // circle
constraint 9//,plate z

constraint 9//,plate_z

no_refine density 0 fixed
no_refine density O fixed
no_refine density O fixed
no_refine density 0 fixed
no_refine density 0 fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density 0 fixed
no_refine density O fixed

no_refine density O fixed //side slider

133940 4142 43 53 54 55 56 57 58 59 no_refine density O fixed

14 34 35 94 -37
15 36 -33 -38 -94
16 17 13 16 33
17 -12 95 -14 -13
18 -11 -9 -15-95
19 10589

20 -4 96 -6 -5

21 71396

22 232-181

23 -29 97 -30 -32
24 -28 -26 -31 -97
25 27 -22 25 26
26 2398 2122

no_refine density 0 fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no _refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density 0O fixed

no_refine density 0 fixed

no_refine density O fixed
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27
28
29
30
33
37
38
40
41

24 -19 20 -98

no_refine density 0 fixed

3536 17-12-1110-4 -3 2-29 -28 27 23 24 -99 no_refine density 0 fixed

34 99 -19 -100

112 -124 127 -134 132 119 -278 -277

no_refine density O fixed

//dark blue (change the old one)

//suspension pad

261 -120 131 -133 126 -125 -113 //dark blue (change the old one)

-126 -135 -127 -123 -122 -

133128 129 130 134 135
83 84 85 86
87 88 89 -85

//copy pad face

42
43
a4
a5
46
a7
48
49
50
51
52
53
54
194
55
56
57
58
59
60
61

121

//pink_leftside (change the old one)

//pink_bottom (change the old one)

no_refine density O fixed

no_refine density O fixed

no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density 0 fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
178 188 189 190

no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed
no_refine density O fixed

no_refine density O fixed

205 201 192 206
203 -206 193 202
-200 -195 191 -201
(36 -200.~ 1017 k95
197 198 189 207
1994 1791771388 ¢ 7}-128
180 -208 178 179
181 184 177 208
-183 -182 176  -184
185 -209 175 182
186 187 174 209
-204  -202 194  -187
174 175 176 177
no_refine density O fixed

169 170 210 -172
171 -168  -173  -210
152 148 151 168
-147 211 -149 -148
-146  -144 -150 -211
145 140 143 144
-139 212 -141 -140

no_refine density 0O fixed

//plate

//slider faces

191 192

112
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69

62 142 136 138 212  no_refine density O fixed
63 137 167 -153 136  no_refine density O fixed
64 -164 213 -165 -167 no_refine density O fixed
65 -163  -161  -166 -213  no_refine density O fixed
66 162 -157 160 161 no_refine density O fixed
67 158 214 156 157  no_refine density O fixed
68 159  -154 155  -214 no_refine density O fixed
170 171 152 -147 -146 145 -139 -138 137 -164 -163 162 158 159 -215

no_refine density 0 fixed
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70 169 215 -154 -216 no_refine density O fixed //suspension faces

71 231 -241 244 -251 249 236 -264 //dark blue (change the old one)
75 -243 -252 -244 -240 -239 -238  //pink_leftside (change the old one)
76 250 245 246 247 251 252 //pink_bottom (change the old one)

//mew solder ball faces

86 79 80 81 277 278 75 76 77 -261
87 220 221 222 264 217 218 219 -263
91 263 266 -275 -265

92 275 272 -278 -277 -273

93 265 -274 -267 243 -242 -232

94 274 273 112 -124 127 -271

95 271 -134 132 119 -272 276

96 -276 -266 -237 248 -250 267

bodies

1 30 3337 38 86 volume 0.000268 density den

2 71 7576 87 91 92 93 94 95 96 volume 0.000268 density den
read

kik := {unset vertices where_on constraint 9,
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unset edges where_on constraint 9;
//unset edges where on constraint wall,
unset faces where_on constraint 9;

g;ur; 85 u V;r gl0;}

gogo:={ g; u;r g5 u;V;r, ¢l0; }
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Source code TUswN5U Matlab

% n1vaLnavuIn(surface evolver)
egl = imread(edge_eql.jpg); %imshowlegl)
level = graythresh(egl);
BWegl = im2bw(egl,level),
RSegl = imresize(BWeg1,[336,285]);
xform=[100
010
726 1];
tform_translate = maketform('affine' xform)
[BWegl_trans xdata ydata]= imtransform(RSeg1, tform translate);
%imshow(BWeg1 trans)
BWegl trans2 = imtransform(RSegl, tform_translate, ...
'XData',[1 (size(BWeg1,2)+xform(3,1))],...
"YData), [1 (size(BWeg1,1)+xform(3,2))]);
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% N13113A c.g. (surface evolver)

egl = imread('90.jpg);

level = graythresh(egl);

BWegl = im2bw(egl,level);

IV_BWegl = ~BWegl,;

FIV_BWegl = imfill(V_BWeg1,'holes’);

LFIV_BWegl = bwlabel(FIV_BWeg1);

s = regionprops(LFIV_BWegl,'centroid’);

imshow(FIV_BWeg1)

hold on

k=1;

for k =1:numel(s)
plot(s(k).Centroid(1),s(k).Centroid(2),'e*")

end

hold off

% NMSEIWAMNLIIA C.g.
egl = imread('edge egl.jpg’); %imshow(egl)
level = graythresh(egl);
BWegl = im2bw(egl,level),
xform=[100
010
726 1},
tform_translate = maketform('affine’ xform)
[BWeg! _trans xdata ydatal= imtransform(BWegl, tform_translate);
%imshow(BWegl trans)
[r,c] = find(BWegl trans==0);
A =[rc];



%dmIUNIIFUMUIYDIRR D; Uay D, ﬁgué’w%q 0-360°(surface evolver)
RSeg5 R =imread(‘testl-1.jpg);

BWRSeg5 R = rgb2gray(RSeg5 R);

Eeg5 R = edge(BWRSeg5 R,'zerocross’); imshow(Eeg5 R)

K = bwlabel(Eeg5 R);

[r c] = find(K==4); %l[r c];

B = size([r c])

B(1,1)

i=1;

=1,
while i <= B(1,1)
if r(1)<220 & c(i)>220
R@) = r();,C(0) = (i); angle(i) = (180*(atan((220-r()/(c(i)-220))))/pi;
elseif r(1)<220 & c(i)<220
R() = r(D;C(0) = c(i); angle(i) = 180 -((180*(atan((220-r(i))/(220-c())))/ pi;
elseif r(i)>220 & c(i)<220
R@) = r();,C(0) = (i); anglel) = 180 +(180*(atan((r(i)-220)/(220-c(i)))/pi;
elseif 1(1)>220 & c(i)>220
R() = r(i);C()) = c(i); angle(i) = 360 -((180*(atan((r(i)}-220)/(c(i)-220)))/pi;
else
if r()==220 & c(i)>220
R() = r(@),C(0) = cli); angleli) = 360;
elseif r(i)<220 & c(i)==220
R@) = r(i);C(i) = c(i); angle(i) = 90;
elseif r(i)==220 & c(i)<220
R(@) = r(i);C() = c(i); angle(i) = 180;
else
RG) = r(i);C(0) = c(i); angle(i) = 270;
end

end
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i=i+1;
end
RC = [R' C;
ag = angle’;
D = size(ag),
D(1,1)
while j<361
for k=1:D(1,1)
if ag(k)>(j-0.5) & ag(k)<(j+0.5)
Alk) = aglk);
else
Alk) = 0;
end
end
E = abs(A4),
G = agfind(E==min(B)));
if size(G)==
) = G;
else
g() = max(G);
end
=L
end
H =g}
for 1=1:360
I(V= find(ag==H();
LU= RCA(V,1); M=RC((V),2);
end

LM = [L' M7
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% nsvAen(msanwinginssudanaifiveavan)

kik = imread('86.5.png");
kik2 = reb2gray(kik);
K = bwlabel(kik2);
[r c] = find(K ==0);
yl = min(r);
y2 = max(r);
x1 = c(find(r == min(r)));
x2 = c(find(r == max(r)));
if x2 > x1
angle = (180*(atan((y2-y1)/(x2-x1))))/pi;
elseif x2 < x1
angle = 180 - (180*(atan((y2-y 1)/(x1-x2)))/pi;
else angle = 90;

end



% NNIMIUTUNTUEAUDANANTTUUNRYAVDILEN)

kik = imread('500.png);

[r c] = find(kik == 255);

edge = [r ¢J;

rmax = max(r);

rmin = min(r);

high = abs(rmax - rmin);

i=0;

while i<high
width = c(find(r==rmin + i));
abswidth = abs(max(width) - min(width));
area(i+1)= ((abswidth*5)/196)*(abswidth*5)/196);
i=i+1;

end

trans_area = area;

imshow(kik)
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% THE PETROLEUM AND PETROCHEMICAL COLLEGE
s CHULALONGKORN UNIVERSITY

PPCSDWI-06-203/001.4

A SO CHULA 12, PHYA THAI ROAD, BANGKOK 10330, THAILAND

i N
se=uf THE-RESEARCH-AFFATRS

ANALYTICAL / TESTING REPORT
Report no. 324/54

Sample owner

Sample type
Number of sample o1
Instrument used . Brookfield / LVDV IiI ( Temp 25 °C)
Date of receiving : August 17,2011
Date of analysis . August 24, 2011
Result
I | : e X
Sample ! Spindle Speed (rpm) Viscosity (cP)
b B
HINITU 27 250 199

-
Analyzed by : g (! Approved by : P /

(Mr. Suksan Putthakulanan) (Assec. Prof. Dr. Pramoch Rangsunvigit)

Researcher Associate Dean for Research Affairs

N.B. The result is valid for sample analyzed only.
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Hardware Overview

This chapter presents an overview of the hardware functions on your
PCI/PXI-1411 board and explains the operation of each functional unit
making up the PCI/PXI-1411.

Functional Overview

The PCI/PXI-1411 features a flexible, high-speed data path optimized for
the acquisition and formatting of video data from analog monochrome and

color cameras.

The block diagram in Figure 3-1 illustrates the key functional components
of the PCI/PXI-1411.

LUT SDRAM

PCl Interface @

Analog Video Video Color Space IMAQ SDRAM and @

(BNC or S-Video) > Decoder Processor Memory Scatter-Gather )

Interface DMA Controller a

A A A
Acquisition, RO, 4
and Control

External Tngger —P» v

Figure 3-1. PCI/PXI-1411 Block Diagram

Video Acquisition
The PCI/PXI-1411 can acquire analog color video in a variety of modes
and store the images in the onboard SDRAM memory or transfer the
images directly to PCI system memory.

© National Instruments Corporation 3-1 IMAQ PCI/PXI-1411 User Manual



Chapter 3 Hardware Overview

Video Decoder

The PCI/PXI-1411 supports NTSC and PAL video standards in either

composite or S-Video format. The onboard video decoder converts the
incoming video signal to Red, Green, and Blue (RGB) data and passes
this data to the color-space processor for further processing.

The video decoder also allows you to control numerous parameters to
optimize an acquisition. You can independently adjust parameters such
as analog input range, brightness, contrast, saturation, or frequency range
(controlled by different filters). See the Measurement & Automation
Explorer online help for a complete description of the PCI/PXI-1411
video parameters.

Furthermore, the video decoder strips out all necessary clock and
synchronization signals included in the video signal and controls the
acquisition conditions automatically. High-quality circuitry regenerates
even bad timing signals allowing acquisitions from, for example, a video
cassette recorder (VCR).

@ Note The IMAQ PCI-1411 revision C,IMAQ PXI-1411 revision A, and all later revisions
are factory calibrated to improve measurement accuracy and board-to-board consistency.
Specifically, the luma gain and chroma gain have been calibrated. See Appendix A,
Specifications, for accuracy specifications.

Color-Space Processor and LUTs

IMAQ PCI/PXI-1411 User Manual

The color-space processor receives the RGB data from the video decoder
and performs several different (optional) operations on the data before
passing them to the memory controller. Processing functions include the
following:

*  Adjusting independent gain of the three signals (R, G, and B). You can
use independent gain to perform, for example, white balancing on the
acquired image.

»  Applying three independent look-up tables (LUTs) to the R, G, and
B data.

*  Converting the RGB data into Hue, Saturation, and Luminance (HSL).

»  Processing the hue plane to clear pixels where the saturation
falls below a predefined threshold value. This function is called
post-decoding coring. You can use this function to remove part
of the image without color information (monochrome) that
otherwise would introduce noise on the hue plane.

32 ni.com
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Chapter 3 Hardware Overview

The color-space processor can export the video data in 32-bit RGB or HSL
formats or in individual 8-bit hue, saturation, or luminance planes. For
more information on these image types, see the Image Representations
section in Appendix B, Introduction to Color.

SDRAM

The PCI/PXI-1411 comes with 16 MB of onboard high-speed synchronous
dynamic RAM (SDRAM). The PCI/PXI-1411 can use the onboard RAM
as a first-in first-out (FIFO) buffer, transferring the image data as it is
acquired or acquiring the image data into SDRAM and holding it for later
transfer to main memory.

Trigger Control and Mapping Circuitry

The trigger control monitors and drives the external trigger line. You can
configure this line to start an acquisition on a rising or falling edge and
drive the line asserted or unasserted, similar to a digital I/O line. You can
also map many of the PCI/PXI-1411 status signals to this trigger line and
program the trigger line in polarity and direction. For a list of mappable
status signals, see Chapter 3, Programming with NI-IMAQ, of the
NI-IMAQ User Manual.

Acquisition, Scaling, ROI

The acquisition, scaling, and region-of-interest (ROI) circuitry monitors
the incoming video signals and routes the active pixels to the SDRAM
memory. The PCI/PXI-1411 can perform ROl and scaling on all video lines
and frames. Pixel and line scaling transfers certain multiples (two, four, or
eight) of pixels and lines to onboard memory. In an ROI acquisition, you
select an area within the acquisition window to transfer to the PCI bus.

Scatter-Gather DMA Controllers

The PCI/PXI-1411 uses three independent onboard direct memory

access (DMA) controllers. The DMA controllers transfer data between
the onboard SDRAM memory buffers and the PCI bus. Each of these
controllers supports scatter-gather DM A, which allows the DMA controller
to reconfigure on-the-fly. Thus, the PCI/PXI-1411 can perform continuous
image transfers directly to either contiguous or fragmented memory
buffers.

© National Instruments Corporation 3-3 IMAQ PCI/PXI-1411 User Manual



Chapter 3 Hardware Overview

Bus Master PCI Interface

Board Configuratio

Start Conditions

The PCI/PXI-1411 implements the PCI interface with a National
Instruments custom application-specific integrated circuit (ASIC), the
PCI MITE. The PCI interface can transfer data at a maximum rate of

132 Mbytes/s in bus master mode. The PCI/PXI-1411 can generate 8-, 16-,
and 32-bit memory read and write cycles, both single and multiple. In slave
mode, the PCI/PXI-1411 is a medium-speed decoder that accepts both
memory and configuration cycles. The interface logic ensures that the
PCI/PXI-1411 can meet PCI loading, driving, and timing requirements.

n NVRAM

The PCI/PXI-1411 contains onboard nonvolatile RAM (NVRAM) that
configures all registers on power-up.

The PCI/PXI-1411 can start acquisitions in a variety of conditions:

¢ Software control-—The PCI/PXI-1411 supports software control of
acquisition start. You can configure the PCI/PX1-1411 to capture a
fixed number of fields or frames. Use this configuration for capturing
a single frame or a sequence of frames.

*  Trigger control—You can start an acquisition by enabling the external
trigger line. This input can start a video acquisition on a rising or
falling edge.

e Frame/field selection—With an interlaced camera and the

PCI/PXI-1411 in frame mode, you can program the PCI/PXI-1411
to start an acquisition on any odd or even field.

Acquisition Window Control

IMAQ PCI/PXI-1411 User Manual

You can configure numerous parameters on the PCI/PXI-1411 to control
the video acquisition window. A brief description of each parameter
follows:

¢ Acquisition window—The PCI/PXI-1411 allows you to specify a
particular region of active pixels and active lines within the incoming
video data. The active pixel region selects the starting pixel and
number of pixels to be acquired relative to the assertion edge of the
horizontal (or line) enable signal from the camera. The active line
region selects the starting line and number of lines to be acquired
relative to the assertion edge of the vertical (or frame) enable signal.

34 ni.com
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Chapter 3 Hardware Overview

Region of interest—The PCI/PXI-1411 uses a second level of active
pixel and active line regions for selecting a region of interest. When
you disable the region-of-interest circuitry, the board stores the entire
acquisition window into onboard or system memory. However, when
you enable the region-of-interest circuitry, the board acquires only a
selected subset of the image frame.

Scaling down—The scaling down circuitry also controls the active
acquisition region, The PCI/PXI-1411 can scale down a frame by
reducing the number of pixels per line, the number of lines per frame,
or both. For active pixel selection, the PCI/PXI-1411 can select every
pixel, every other pixel, every fourth pixel, or every eighth pixel. For
active line selection, the PCI/PXI-1411 can select every line, every
other line, every fourth line, or every eighth line. You can use the
scaling down circuitry in conjunction with the region-of-interest
circuitry.

35 IMAQ PCI/PXI-1411 User Manual
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Signal Gonnections

This chapter describes cable connections for the PCI/PXI-1411.

1/0 Connector

The PCI/PXI-1411 uses one S-Video and two BNC connectors on the
front panel to connect to video data inputs and the external trigger signal.
Figure 4-1 shows the position of the three connectors.

@ <¢— VIDEO
00
}'_ S-VIDEO

@ <«—TRIG

Figure 4-1. PCI/PXI-1411 Connectors

© National Instruments Corporation 4-1 IMAQ PCI/PXI-1411 User Manual
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Chapter 4 Signal Connections

Signal Description

Table 4-1 describes each signal connection on the 1411 device connectors:

Table 4-1. 1/0 Connector Signals

Signal Name Description

VIDEO Composite Video—The signal allows you to make a referenced single-ended
(RSE) connection to the video channel.

S-VIDEO S-Video—A connector composed of two signals, as follows:

Y——The Y signal of the S-Video connection contains the luma and
synchronization information of the video signal.

C—The C signal of the S-Video connection contains the chroma
information of the video signal.

TRIG External trigger—A TTL I/O line you can use to start an acquisition or to
control external events. You can program the triggers to be rising or falling
edge sensitive. You can also program the triggers to be programmatically
asserted or unasserted similar to the function of a digital 1/O line or to contain
internal status signals (by using the onboard events). For a list of mappable
status signals, see Chapter 3, Programming with NI-IMAQ, of the
NI-IMAQ User Manual.

GND Ground—A direct connection to digital ground on the PCI/PXI-1411.

Custom Cables

If you plan to make your own cables, refer to Figure 4-2 for the pin-out of
the S-Video connector, as seen from the front of the PCI/PXI-1411.

GND

GND

Figure 4-2. S-Video Connector Pin Assignments

IMAQ PCI/PXI-1411 User Manual 4-2 ni.com
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Specifications

This appendix lists the specifications of the PCI/PXI-1411. These
specifications are typical at 25 °C, unless otherwise stated.

Formats Supported

Input formats
RS-170/NTSC....coooiiiiriieiiinienne. 29.97 frames/s
CCIRPATR Y =, [, 5488 7 20 25 frames/s
Output formats
RGEWN.. 7. Y7 L dhdae \.. . s PR, 32-bit
HSE CRS. .88 Lo 8 VD 3 32-bit
BNG: BIHAS] or [t ..\ ST €y 8-bit
Pixel aspect ratio.....c..ccceeveiierniinnee. Square pixel
Video Input
Quantity 2 M )SITITTIT TR £ € 1 (VIDEO)
VIDEOL...... 5 ). S oS Composite video on BNC (RSE).
Y/C on S-Video connector (RSE)
Input impedance........c.ccccccevvviiiccieiinnens 75Qx1%
Input range (blank to white)................... 700 mV (calibrated) or

400 mV to 1.00 V (variable gain)
(PCI-1411 revision C and later,
PXI-1411 revision A and later)

Frequency response (luminance)

Full range .....cooveevrmveivencriceeeee 12 MHz (-3 dB) typ
(all filters off)
Programmable.........c.cooovennnnnnn, Decimation and lowpass filters

© National Instruments Corporation A-1 IMAQ PCI/PXI-1411 User Manual



Appendix A Specifications

Accuracy

A/D Conversion

Color Decoding

Memory

Absolute accuracy!

Luma gain......ccceecevreenuenennn,
Chroma gain ........cccceeeenenene.
Temperature drift.................

QUANTILY ..oveieceereercrerereerceas

Dynamic range........cocoeeeeninas

Sampling Frequency

RS-170/NTSC.......cceovvvennnn.

Composite video

Luma path.....cccceoorvvrinenenns

Chroma path ...

! Calibration conditions:
White level700 mV
Contrast  1.00
Saturation 1.00
Brightness 1.00

Luma bandwidthFull

Ambient temperature25 °C nominal

IMAQ PCI/PXI-1411 User Manual

+ 2.5% of reading

............ + 2.5% of reading

<250 ppr/°C

One 8-bit 2X oversampling
for composite video

Two 8-bit 2X oversampling
for Y/C (S-Video)

46 dB typ

27.54 MHz (double rate
of square pixel

29.5 MHz (double rate
of square pixel)

Chroma trap filter and/or
line comb

Bandpass filter and/or line comb

16 MB synchronous
dynamic RAM

Three 256 x 8 (RGB only)

ni.com
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Appendix A Specifications

External Connections

TIigEET SENSC ..cvevevreiiviniireieinereecraeaea TTL
Trigger level ..o Programmable (rising or falling)
PCl Interface
PCI initiator (master) capability............. Supported
PCI target (slave) capability ................... Supported
Datapath......ccocoveiinieieieieninricrinccins 32 bits
Board voltage ........ccocorviriiviinirnecs 5V,12V,-12V
Bogrd-typed .«2.Y 4.7, L oS B Yg . M 32-bit half-size card
Parity generation/checking,
EITOL TEPOTHINE ecevivinviiirerreniireeeeeecciaenaas Supported
Target decode speed..........cccoevvnieiane. Medium (1 clock)
Target fast back-to-back capability ........ Supported
Resource locking......ocooviveieviiioencnnne Supported as a master and slave
PCLinterrupts ......ooooovvvcccrciiveieeriiennee Interrupts passed on
INTA# signal
Base address registers ........cocoovvvreninnn BARO (16 KB)
BARI1 (64 KB)
Expansion ROM.........ccoonveivnernn, 4 KB

PCI master performance
Idedl". Y.20.@ -3y 2 5. V. 133 Mbytes/s
Sustained........ccccovverenrenrescniininn. 100 Mbytes/s

Power Requirements

Voltage ....coevivvcrenieiniccctceeeeeni e +5V (1.00 A)
+12V (75 mA)

© National Instruments Corporation A-3 IMAQ PCI/PXI-1411 User Manual



Appendix A Specifications
Physical
Dimensions
PCI- 1411
PXI-1411 e
Weight
PCI- 1411
PXL 14N S SOMNNISLLL o
Environment

Operating temperature

Storage temperature

Relative humidity ......cc.coovvivereonerircrnne

Operational random vibration
PXIonly) oo,
Nonoperational random vibration

(PXIT only)

133

10.7by 17.5cm
(4.2by6.91n)

10 by 16 cm
(39by6.31in.)

0.136 kg
(0.3 1b)

0.154 kg
(0.34 1b)

0-55°C

-20-70°C

5-90%, noncondensing
839,653 h at 30 °C

EN 55011:1991 Group 1 Class A
at 10 m FCC Class A at 10 m

MIL-T-28800 E Class 3 (per
Section4.5.5.4.1) Half-sine shock
pulse, 11 ms duration, 30 g peak,
30 shocks per face

5 to 500 Hz, 0.31 grms, 3 axes

510 500 Hz, 2.5 grms, 3 axes

Note Random vibration profiles were developed in accordance with MIL-T-28800E and

MIL-STD-810E Method 514. Test levels exceed those ri

ecommended in MIL-STD-810E

for Category 1 (Basic Transportation, Figures 514.4-1 through 514.4-3).

IMAQ PCI/PXI-1411 User Manual
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Slot-type Photomicrosensor with Cable

EE-SPX-W

Photomicrosensor with built-in
amplifier and attached cable reduces
external light interference.

CSM EE-SPX-W DS E 4 1

« Light modulation effectively reduces external light interference.
» Wide operation voltage range: 5 to 24 VDC
» Easy operation monitoring with bright light indicator.

Be sure to read Safely Precautions on ( (
page 3.

Ordering Infq_;__mati_og

T Infrared light

T Sensing | Sensing distance | ""Output | Cable | |
Appestance | § J megmy-”'i;‘r; I (sﬁ% i configuration | length- h 0, ikl
i Dark-ON EE-SPX302-W2A 1M
.1 36mm
{ Light-ON EE-SPX402-W2A 1M
! Dark-ON EE-SPX304-W2A 1M
‘ ] 3.6mm ‘ ‘
Ay Npi | LiohtON S EE-SPX404-W2A 1M
i | Pt Dark-ON EE-SPX306-W2A 1M
[—"] 86mm
? Light-ON EE-SPX406-W2A 1M
Dark-ON EE-SPX305-W2A 1M*
} 5mm
; Light-ON EE-SPX405-W2A 1M*

* These models (EE-SPX305/405-W2A only) are not conformed to CE standards.
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EE-SPX-W

Models | EE-SPX302-W2A, EE-SPX402-W2A
EE-SPX304-W2A, EE-SPX404-W2A Sopoasoiegielon
Item EE-SPX306-W2A, EE-SPX406-W2A
; & *1. The indicator is a GaP red LED
Sensing distance 3.6 mm (slot width) 5 mm (slot width) i o a‘!’;:mi: ;wrn g
Sensing object Opaque: 1 x 0.5 mm min. Opaque: 2 x 0.8 mm min. 2. The response frequency was measured by
detecting the following rotating disk.
Differential distance 0.05 mm max.
Light source GaAs infrared LED (pulse lighting) with a peak wavelength of 940 nm
Indicator *1 Light indicator (red) Disk
| Supply voltage 510 24 VDC +10%, ripple (p-p): 5% max. |
Current consumption Average: 15 mA max.; Peak: 50 mA max. . .
NPN voltage output: nma
Load power supply voltage: 5 to 24 VDC EE-SPX305-W2A
Control cutbiit Load current: 80 mA max.
OFF current: 0.5 mA max.
80 mA load current with a residual voltage of 1.0 V. max. Disk
10 mA load current with a residual voltage of 0.4 V max.
L I
Response frequency *2 | 500 Hz min.
Amblont lllmination 3.009 Ix max. with incandescent light or sunlight on the surface of the
receiver
Ambient temperature Operating: -10 to +55°C
range Storage: -25 to +65°C
Operating: 5% to 85%
Ambient humidity range i
Stgfgf: Skhiade% EE'SPX302W2A EE-SPX306-W2A
: Destruction: 10 to 55 Hz, 1.5-mm double amplitude for 2 h each in X,
Vibration resistance Y=dnd 2 ditections
Shock resistance | Destruction: 500 m/s? for 3 times each in X, Y, and Z directions
Degree of protection IEC IPS0
Connecting method Pre-wired (standard cable length: 1 m)
Weight 1859
Case
Material Polycarbonate
Holder
I/O Circuit Diagrams
NPN Output
Output - ion s 109 Bt cledh
Moo configuration” | Timing charts Output circuit
Incident
Mot 95
oN
EE-SPX402-W2A B " o
EE-SPX404-W2A o ol oN
EE-SPX405-W2A Hght-ON R S A ¥ s
EE-SPX406-W2A | Bhe Operaibe I_”ugm ndicator (#8) ] grown
(relay)  Raleases \ | C
Load 2 4
N . posald ; 451024 VDC
Incident
s || —
ON '
EE-SPX302-W2A o opr— [
EE-SPX304-W2A Output OoN * Voltage output (when the sensor is connected to a transistor circuit)
EE-SPX305-W2A Dowi-ON vasisr  opr B[
EE-SPX306-W2A Load1  Operates
(elay)  Releases
H
Load 2 ‘ =
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EE-SPX-W
Engineering Data (Typical)

Sensing Position Characteristics

EE-SPX302-W2A EE-SPX302-W2A
EE-SPX304-W2A EE-SPX304-W2A
EE-SPX306-W2A EE-SPX306-W2A
T ON Dark-ON T ON Dark-ON
|
G;Q:%u d
= 1 .
fauapi ]
d
Tt OFF T OFF _
1 2 3 F] 5 6 0 1 2 E] 4 5 6
Distance d (mm) Distance d (mm)
EE-SPX305-W2A EE-SPX305-W2A
T ON Dark-ON T ON Dark-ON
EE-SPX305-W2A
| A d !
HEEEE NS :P
= o @ (9]
T OFF Tr OFF
0 1 2 B 5 b Q i 2 L} 5 6
Distance d (mm) Drslance d {mm)

Safety Precautions

Refer to Warranty and Limitations of Liabmry

| /\ WARNING e ol Precautions for Correct Use
This product is not designed or rated for ensuring ® Make sure that this product is used within the rated ambient

safety of persons either directly or indirectly. environment conditions.
Do not use it for such purposes. ® Wiring

+ When extending the cable, use an extension cable with conductors
having a total cross-section area of 0.3 mm?, The total cable length
must be 2 m maximum.

«To use a cable length longer than 2 m, attach a capacitor with a
capacitance of approximately 10 uF to the wires as shown below.
The distance between the terminal and the capacitor must be within
2 m. (Use a capacitor with a dielectric strength that is at least twice

the Sensor's power supply voltage.)
51024 VDC
5‘::0;/[@ |
10 pF min.
 —
Extension cable
2 m max.

» Make sure the total length of the power cable connected to the
product is less than 10 m even if a capacitor is inserted.
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EE-SPX-W

(Unit: mm)
Tolerance class IT16 applies to dimensions in this datasheet unless otherwise specified.

Dimensions

EE-SPX302-W2A (ﬂ,s—ma?ﬁe) mlﬂ) St-6.64— Indicator wingow
z

EE-SPX402-W2A
1 i = R3.2
S 1“ A 'QE’“
(4 4 R3.2
: S';s note, a» 25 2 d#a.—_-u:coj

le— 15.6 —13"-25;06“_
® k@ 6.5 .
7 3 g 3

fo— 21.2—l= s-l

* Vinyl-insulated round cable of 3.5 dia., 3 cores,
(0.14 mm= with 1.0-dia. insulator); Standard length: 1 m
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Abstract- Solder bridging is a serious defect of solder joints in
ultra-fine pitch devices such as head gimbal assemblies (HGA). A
three-dimensional model to simulate the formation process of the
solder joints bridge of slider and suspension in HGA assemblies is
formed and numerically simulated to predict formation shape
using Surface Evolver program. Based on these results, solder
bridging mechanism and factors influencing the solder bridge are
investigated involves solder volume, wetting angle. The result
show that 'it is a critical solder volume V, for the solder joints to
avoid solder bridging, which can be used to evaluate anti-bridging
ability of the solder joints.

Keywords: Head Gimbal Assemblies; solder joint-bridging; surface
evolver; solder volunie; wetting angle

1. INTRODUCTION

In HGA assembled processes, one of the key processes is laser
solder jet bonding (SJB) of electrical connections between
sliders and suspensions. In SJB machines, solder balls are
singulated and jetted through a nozzle to make electrical
connections between sliders and suspensions. During jetting,
solder balls are melted via pulsed laser with times between 0.1
and 10 ms. Pressure of inert gas jets molten solder through
capillary. Solders are melted and jetted on times close to a laser
pulse width. One of the major defects of products from a SIB
process is principally caused by a solder bridging effect. The
matn factors determined whether the solder bridging occurs are a
solder ball's wetting angle and its dynamic behavior. Various
chemical and physical phenomena influencing wetting angle
dynamic are difficult to modeled or formulated at an acceptable
accuracy. In addition, the advanced hard-drive technology
requires the smaller size of sliders and suspensions. This
requirement is a driving force for better prediction of a wetting
angle and dynamic behavior of solder jetting deposition in order
to minimize the solder bridging defects.

Several researchers have proposed numerical models for the
prediction of solder joints. S. M. Heinrich established a 2D
model of a solder joint using the numerical simulative method
and the results were applied on the mechanical reliability
analysis of solder joints {1]. K. A. Brake developed a Surface
Evolver program to predict 3D molten metal shaping based on

the minimum energy principle [2]. Many other researchers aiso
attempted to narrate interconnecting solder joints of high density
packaging devices using the Surface Evolver program and the
mechanical reliability of solder joints was then analyzed [3-4].
Another model used to interpret solder bridging of fine pitch
leads is built by the authors and the solder bridging process is
investigated using the Surface Evolver program [5].

The purpose of this study is to investigate the factors
influencing solder bridging using a 3D model based on the
Surface Evolver program. These factors include wetting angles
of molten soider on slider and suspension surfaces. The model is
validated by comparing the calculated solder bridging geometry
with that obtained from the high resolution SEM images of real
solder bridging.

11. MODELING APPROACHES

A.  The surface evolver program

SURFACE EVOLVER [4] has the ability to predict solder
Joint shapes. Given a set of geometrical constraints (pad, lead,
board geometry) and materials data (surface tension, wetting
angles and gravity) this code s capable of predicting
equiltbrium joint shapes. It has been used to investigate the
impact of a range of process parameters such as solder volume,
surface tension, pad size, etc, and their relationship to the
formation of solder defects such as bridging {6]. The details of
the Surface Evolver program and the theory associated with the
program are extensively provided in the manual [4].

B, Simulation of a slider-suspension solder joint bridging

The Surface Evolver program requires information as an
input in the form of an initial data file. This file comprises of
the initial positions of the vertices, oriented connectivity
information for the construction of surface edges and facets
from the initial vertices, system constraints and user-defined
parameters. The initial shape of the surface as define in the
input data file is normally unrealistic. In this work, the initial
model is presented in the Figure 1. The geometry of slider and
suspension is obtained from CAD drawing [7]. Therefore, it is
comparable with the actual HGA geometry. The solder



geometry is chosen to give a volume in the desired range of
investigation. The volume may also be changed interactively
during simulation in which volume is a dependent variable.

The solder is assumed to be a laminar, isothermal,
incompressible, and Newtonian liquid. The wettabilities of
solder on the slider and suspension pad are independent
parameters in this study. The effect of gravity in the calculation
is in the plane as shown in Figure 2. The slider and suspension
are configured in the direction of 45 degree to the horizontal
plane. A molten solder is jetted through a nozzle (placed just
above the slider-suspension configuration) and made electrical
connections between sliders and suspensions. Only a pair of
slider and suspension is electrically connected for cach molten
solder, For example, in Figure 1, the solder ball 2 is in the
liquid state while the solder ball 1 has already solidified. This
situation is completely different to the bridging model of a
reflow process described in the literature [S]. In the reflow
process the solder bridging occurs by two molten solder in
liquid state. Therefore, the shape of the bridging tends to be
symmetry.

4
i
o

iSolder ball 2

D] =

E
Figure 1 initial model of a slider-suspension solder joint
bridging

Solder ball

{

<— Suspension pad
Slider pad —=>

Figure 2 Side view of the initial model

I1I. RESULTS AND DISCUSSIONS

Figure 3(a) shows a typically SEM image of solder joint
bridging. The solder ball A was jetted onto the slider and
suspension before the solder ball B. As mentioned above, the
solder ball B was in the liquid state while the solder ball A had
already solidified. The surface topology labeled as C in Figure
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3(a) is the interfacing area between the molten solder B and the
solidified solder A. The cross section image of the bridging at
plane A-A is shown in Figure 3(b). The cross section has an
elliptical shape due to the gravitational force as shown in the
Figure.

Shider

K
Gravitational
force

Suspension

c)



Figure 3 a)a SEM image of the actual slider-suspension solder

Joint bridging b) a cross section image of the image (a) at the

plane A-A ¢) an output image from a Surface Evolver program
d) a cross section image of the image (¢) at the plane B-B

Figure 3(c) shows the final shape of the solder bridging
effect from the Surface Evolver calculation using the model
described in Figure 1 and 2. The overall appearance of the
calculated result is comparable with the SEM image shown in
Figure 3(a). Minor discrepancy is in the area shown in Figure
3(a) labeled D and shown in Figure 3(c) labeled E. This is due
to the temperature dependent surface tension of molten solder.
The cross section image of the simulated hridging at plane B-B
is shown in Figure 3(d). The cross section area is fitted with
the elliptical equation and shown in the dotted line. Such
equation is also used to generate the elliptical curve (dotted red
curve) in the Figure 3(b) for making the comparison, The good
agreement is found between the simulation and the real solder
bridging. This confirms the validity of our model.

The model is also used to investigate the factors influencing
the solder bridging. In this research, we are interested in the
wettability of a molten solder on the surface of slider and
suspension. In soldering process, the wettability ol a molten
solder is one of the important parameters. The more wettabilty
(lower wetting angle) indicates the more tendency of a molten
solder to spread out over the surface. The more spreading of a
molten solder increases the chance of the bridging between two
adjacent pads when the solders have enough velume. Many
factors (i.e. the cleanness of the slider surface, the temperature
of a molten solder. the composition of a solder ball) influence
the wettability of a molten solder ball. In an industrial process,
it is relatively difficult to achieve the fixed wetting angle of a
solder. This is due to the variations in many factors such as
material, process parameters. Generally, the wetting angle is
varied +/- 20% reference to the design value. Therefore, in
order to avoid the bridging effect, it is essential to identify the
range of the solder ball critical diameter (or volume). The
critical diameter D, is the diameter of solder ball that has its
minimum volume, which sustains a stable bridging between
two adjacent slider-suspension pairs. Figure 4 shows the results
from the model using the wettability of a molten solder on each
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surface as the independent variables shown as a horizontal
axis. The vertical axis is the critical diameter of a solder ball.
The calculation is based on the material data shown in the
company manual [7]. The differences between each plot are the
variations on the wettability on each surface. To avoid the
solder bridging. the solder ball diameter D has to be less than
the critical diameter (D < D.). The critical diameter in the
Figure 4 is the normalized value to the initial solder ball
diameter (D,) recommended in the company manual [7].

IV, CONCLUSION

In this paper, we proposed the numerical model based on the
Surface Evolver program to simulate the solder joint bridging
effect of slider-suspension connections in HGA process. The
good agreement is found between the simulation and the real
solder bridging. The meodel is also used to investigate the
factors influencing the solder bridging. Based on these results,
solder bridging mechanism and factors influencing the solder
bridge are investigated involves solder volume, wettability of a
molten solder on each surface. The model can be effectively
used to determine the size of a solder hall to avoid the solder

bridging effect.
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Abstract— In this paper, we present a flash photography method
for the measurements of the fluid flow dynamic of a fluid
dispensing system. A fluid dispensing system is one of the key
processes to deliver fluid materials to various positions in
assembly parts electronics manufacturing industries. The
dispensing process is a complex dynamic process and time-
dependent. The parameter identification of a fluid dispensing
model by using with measurement values of the accumulated
final volume is usually employed. This technique may not
provide the satisfactory results. To improve the accuracy of the
parameter identification, the fluid flow measurements based on
the flash photography methods is proposed. To verify the
performance of the proposed system, the experiments with
various fluid levels inside syringe were carried out. The pressure
dependent fluid flow curve constructed from the measurement
values is presented, in order to identify the parameters associated
with the model. The identified parameters are consistent with the
fluid properties.

Keywords— Time-pressure dispensing, non-Newtonian fluid,
laminar flow, consistency index, flash photography.

1. INTRODUCTION

A fluid dispensing system is one of the principal processes
in electronics manufacturing industries such as surface mount
technology (SMT) and Hard Disk Drive (HDD) assemblies
[1]. It is designed to deliver fluid materials such as epoxy,
adhesive, encapsulant to various positions in assembly parts.
In SMT processes, a dispensing system is normally used to
apply the solder paste onto pads of a printed circuit board
(PCB) before performing the reflow soldering process. As the
reduction of the pad size/pitch and demand for high reliability
electrical interconnection, the amount and profile of the solder
paste formed on the PCB has to be well controlled. The
comparable circumstances occur in HDD assembly industries
where a dispensing system is used in many processes. One of
the key critical processes is the recording head (slider) and a
supporting structure (suspension) attachment. This can be
achieved by the application of micron-size adhesive dot on to
the desired position of the suspension. The automatic
placement of the slider on top of the adhesive dot is performed
before curing in a UV curing system. The amount and profile
of the adhesive dot is the critical parameter in the current

HDD manufacturing process, since the dramatically reduced
in slider and suspension geometry.

A time-pressure dispensing is generally complex dynamic
process and difficult to control [1]. This is due to the system
performance can be affected by many process parameters such
as an air pressured supply, a fluid temperature, structural
parameters of a system and a flow behavior of the fluid being
dispensed. The inconsistent amount of fluid dispensed can be
occurred due to the changes in process parameters (air volume
or fluid level) during dispensing action. This is a serious
consequence in the time-pressure dispensing process [1-3]. To
eliminate such a problem, there are numerous models
developed and evaluated to accurately predict the performance
of the dispensing process. The extensive review of the models
to predict the performance of time-pressure dispensing model
can be found in [1].

Li et al. proposed the model identification method for the
estimation of the process parameters and used as the initial
values for the adaptive control of the process [2]. In addition,
other methods based on system identification method were
also used to identify the process parameters [2]. However,
most of the parameter identification methods described in
literature [1] is relied on the measurements of the final
dispensing volume. The volume measurements are then
related to the equation (5) by time-integration. Since the
dispensing process in a compiex dynamic process and time-
dependent, therefore, the parameter identification with
measurement values of the accumulated final volume may not
provide the satisfactory results. The fluid flow measurements
based on the flash photography methods is proposed in this
paper, in order to assist the mode! identification.

{I. MODELING APPROACHES

A. Modeling of a fluid dispensing process

A fluid dispensing process has been studied by many
researchers [1-4] for the last two decades (Figure 1). The key
issues are 1o characterize and represent the flow behavior of
the fluid being dispensed as it causes significant effects on the
process performance. The flow rate of a dispensing process
can be manipulated by many factors such as an air pressured
supply, a fluid temperature, structural parameters of a system
and a flow behavior of the fluid being dispensed. Under the



assumption of the fluid of non-Newtonian flow behavior
as the most of the fluid used in electronics and HDD
manufacturing process, the relationship between the shear
stress and the shear rate in the fluid is typically non-linear.
There are several models to describe such a non-linear
relationship [4]. Among these models, the generalized power
law is the most accepted and can be written by [1-2.4]:
T =1+ Ky" (1)
where t and 7, are a shear stress and a yield stress,
respectively. y is the shear rate and K is consistency index.
Normally, the values of n, 7, and K can be determined
experimentally using the instruments such as rheometers.

In a typical fluid dispensing process, we generally assume
that the fluid is incompressible and time-independent. And
also the fluid flow inside the needle is laminar flow and no
slip between the fluid and the needle wall. The inner shear
stresses at any point in cylinder with radius » and the needle
radius R can be given by [1-2]:

RAP
2L

_rAP_ d p
P 5L ;and 1, =

(2)
where AP is the frictional pressure drop in the needle and L is
the needle length,

For the fully developed flow inside the needle, the
following relationship may be derived relating the shear stress
at the wall of the needle 7, to the volume of fluid flowing per
second through the needle cross-section, @, and the shear
stress [4]:

R [ ,
0= % ] 2 f(r)dr @)
0

where the f(r)is the relationship between shear stress and
shear rate of the fluid being dispensed. With the generalized
power law of equation (1) and (3), the flow rate of the fluid
through the needle can be derived by [1-2]:

TR3

- KT“T'&,(TW = Tu)(nﬂ}/n

Q

o|n 2 . 2n?
Im+1 " Zn+ DBuTD v
2n?

+(n+l)(2n+1)(3n+1)rg

)

By substituting (2) into (4) and rearranging with the
approximation of a yield stress, 7, that is much smaller than
the frictional pressure drop, AP, we can rewrite the equation
(4) by [1]:

Q = K,APY + K,APN=' + K, APN—2 (5)

where N = 1/n and the coefficients K,, K5, K5 are
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and C=(R-r1y)/2L
27,L/AP.

The model described above has been used to investigate
and control the flow rate in the fluid dispensing process [2]. In
order to effectively identify the parameters N, K, K;, K5, our
proposed system

and the critical diameter 1, =

Compressed Air

{

Syringe

Needle

Substmate

Figure | adiagram of a typical fluid dispensing system

B. Experimental sctup

The experimental setup is shown in Figure 2. It comprises
of two main parts. These include the fluid dispensing system
and the flash photography system. The fluid dispensing
system. consists of a voltage-controlled pressure regulator
(SMC), transmission line and a dispenser containing a syringe
and a needle. In order to monitor the pressure, a high precision
pressure transducers (SMC) is connected to the special design
connector mounted on the dispensing syringe. The magnitude
and duration of pressurized air are controlled by using the
voltage-controlled regulator. The desired values of magnitude
and duration of pressurized air are configured using the signal
generator (Agilent) in which the output signal is sent to the
regulator. Therefore, the amount of fluid dispensed can be
regulated. The signals from signal generator are also used for
the synchronization with the flash photography system as
described below.
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Figure 2 the diagram of experimental setup

For visualizing and calculating the volume of the
dispensing droplet, the flash photography svstem is utilized.
The setup is shown in Figure 2. The signal of the dispensing
actuation from the signal generator is send to  the
programmable delay generator as the trigger signal. Upon
receiving the trigger signal, the delay generator sends out TTL
signals to the frame grabber card (National Instrument PCI-
1411, connected to the CCD camera) and to the LED flash
with different trimming. The signal for the operation of LED
flash has to be 20ms delayed from the one for the frame
grabber, in order to capture a dispensing droplet
simultaneously. The delay time between the trigger signal and
the TTL signals for the frame grabber can also be
programmed via the delay generator. By changing such a
delay time, images with different delay time from droplet
ejection can be captured. These images are combined to obtain
a sequence of drop formation, As a consequence, these images
of separate drops can be used as a substitute for the actual
process drop formation. The captured images are then
processed in the PC by the program written in NI platform as
described in the following section.

C. Determination of droplet volume from captured images

The droplet volume for each image sequence can be
determined by an algorithm proposed by Thurow et. al. [5].

The examples of captured images at different delayed times of

Oms, 250ms and 500ms are shown in Figure 3 (a), (b) and (c)
respectively. They also show the resulting images from the
volume calculation algorithm. The image processing
algorithm consists of four steps as follows:

1. Identification of Region of Interest (ROI). In this step,
the capture image area is adjusted so that the tip of dispensing
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needle is approximately limited to the middle of the upper half
of the image. Once the droplet is formed at the tip of the
needle. the droplet is approximately in the middle of the
image as shown in the figure 3(b) and (¢). By performing this
adjustment, we can reduce the image region to be analyzed
and therefore the computational time required.

2. Detection of droplet contour. The edge detection
algorithm is used to create the contour of the droplet and the
needle from the captured images. Firstly, the image of needle
without droplet is processed with edge detection algorithm as
shown in Figure 3(a). This contour is used as the reference to
the other images with droplet together with needle. In Figure
3(b) and (c), the contour of the droplet and the needle can be
clearly identified after performing the edge detection
algorithm.

3. Image subtraction. For the droplet volume calculation, the
contour of the droplet without the one of needle is required.
This ¢an be achieved by performing the image subtraction
between the image with needle contour only and the one with
both needle and droplet. The resulting images are the contour
of the droplet only as shown in Figure 3(b) and (c¢) (right hand
side).

4. Volume calculation from the droplet contour. By
assuming the droplet is rotational symmetry, the three
dimensional volume of the droplet can be approximately
calculated by two-dimensional droplet contour. The droplet
contour from the previous step is cul into stripes in order to
calculate the volume of the rotational body similar to the
procedure described in [S]. These stripes are set vertically
inside and fill up the droplet contour, The three dimensional
slice of equal thickness are then calculated from these stripe.
The volume of each slices can be calculated by [5]:
U= nrid (6)
where d is the thickness of the stripe. In our case, d is equal |
pixel of image resolution. r is the radius of the stripe. The
values of r can be calculated by the horizontal length of each
stripe. n is number of slice. The volume of rotational body of
the droplet can be estimated by adding individual slices
together which is [5]:
Vdroprct = Eﬁ:l b, = E#:-—l T”"nzd- (7)
The calculated volume is in the unit of pixels. Therefore,
we need to convert such a volume to the SI unit by using the x
and y resolutions of the photographic system. In our case, the
resolutions in x and y directions of the optical system are 25
um and 20 um per pixel respectively. For examples, the
images of the droplets shown in Figure 3 (b) and (¢) were
processed with previously described procedure and the
estimated volumes are 1.38 and 9.42 mm’ respectively.



(a)

t=250ms

(b)

(c)
Figure 3 The examples of captured images at different delayed times of Oms.
250ms and 300ms and N s the number of sheed layers

I11. RESULTS ANDDISCUSSIONS

For the performance assessment of the proposed system. we
performed the experiment with concentrated syrup with the
viscosity of 199 ¢P (measured by Brookfield/LVDV 111 at 25
degree C). The fluid was filled in the syringe at different level
measured by a photographic method. The flash photography
system described above was performed simultaneously with
the dispensing process at different fluid level.

Figure 4 shows a typical trigger signal recorded from the
signal generator. Such a signal was sent to the voltage-
controlled pressure regulator for the activation dispensing
process. Since the pressurized air passes through a pipe and
other mechanical fittings, therefore, the dynamic pressure
inside the syringe is normally delayed and behaves like first
order system. A typical pressure signal recorded from the
pressure sensor mounted onto the syringe is shown as the
squared symbol in Figure 4. The time constant of the pressure
dynamic during the fluid dispensed out is different from that
of the pressure dynamic during stop dispensing. This may be
caused by the different in air volume inside the syringe during
ON-OFF period. In this paper, we consider only during the
ON period for the construction of the fluid dispensing model.

After the image processing as the procedure described
previously, the droplet volume can be estimated for each
captured images at different delayed times. The time-
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dependent droplet volume starting from the beginning of the
dispensing action can also be calculated and shown in Figure
5. This is a typical result from the experiments with the fluid
level inside the syringe of 12.5%. The data was calculated
only during the period of the air pressure inside syringe is ON
status (0-500ms). The results show the progressively rise
similar to the simulation results in literature [2]. In order to
represent the flow dynamic behavior of the fluid, the
numerical curve fitting was performed by using the least
square fitting procedure. The fitted equation is shown in the
inset of the Figure 5. The solid curve shown in Figure 5 is the
calculated data from the fitted equation. The time-dependent
fluid flow rate is then calculated by the time differentiation of
the fitted equation.
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Figure 4 A wpical trigger signal (dotted) from the signal generator recorded
during the activation. of the voltige-controlled pressure regulator for the
dispensing action_and a typical pressure signal (Squared) recorded from the
pressurce sensor mounied on the top'of syringe during the dispensing action
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droplet image sequence by the image processing procedure with the flud
level inside the syringe of 12 5% and the numencal fitting curve (solid line)
calculated by the least square fitting procedure to the polynomial equation
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In order to identify the parameters associated with the
model described by equation (5), the pressure dependent fluid
flow curve is required. The pressure dependent fluid flow
curve is the plot of the time-dependent pressure values against
the calculated fluid flow rated from the equation of the time-
dependent fluid flow rate. Figure 6 shows the average values
of pressure-dependent fluid flow curve (squared). The
experiments were performed five times at the same fluid level
of 12.5% and the standard deviation is shown as the error bar.
The numerical fitting procedure based on the least square
fitting was performed in order to fit the experimental values
(squared) to the equation (5). The fitted equation is shown in
the inset of the Figure 6 and the solid line is the fitted curve.
The calculated values of N is 2.33 or n=0.43. Such a value
indicates that the type of fluid is pseudoplastic, or shear-

thinning fluids. This is consistent with the fluid properties of

the concentrated syrup used in this study,
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Figure 6 Pressure-dependent flud flow curve (squared) at the flind levelof
12.5% and the numerical fitting carve (solid line) calculated by the least
square fiting procedure to the equation (3)

For the assessment of the influence of the fluid level in
syringe, the experiments were performed with different fluid
level listed in Table 1. The N values of different fluid level
show slightly changed. This is due to the N wvalues is
principally contributed by the fluid rheological properties
rather than the process parameters. However, the fluid level in
syringe dramatically affects the parameters K, K5, K-, thereby
changing the fluid volume dispensed. The decreasing fluid
level generally causes the increasing in the parameter values.
This is similar to the simulation results presented in literature
[1]. Therefore, to completely model the fluid dispensing
process, the changes of parameters K,,K,, K, has to be
accounted as the fluid height changes.

Fluid level

n syringe N K, K. Ky
100% 223 005489 0.0013 0.0058
75% 2.30 (. 05489 0.0019 0 0084
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50% 228 0.05489 0.0019 00089
25% 2.33 .05489 0.0021 0 0099
12.50% 2.33 () 06869 0.0031 0.0099

Table 1 the summary of the parameters described in equation (5) caleulated
from the experiment values of the different fluid level in syninge

IV.CONCLUSIONS

We present the flash photography method for the
measurements of the fluid flow dynamic of a fluid dispensing
system. It comprises of two main parts. These include the
fluid dispensing system and the flash photography system.
The conventional fluid dispensing system used in electronics
industries was used to demonstrate the performance of our
proposed technique. The flash photography system is specially
designed and. utilized for visualizing and calculating the
volume of the dispensing droplet. The image processing
algorithm was used to determine the time-dependent droplet
volume and fluid flow rate during the dispensing actuation.
The pressure dependent fluid flow curve was constructed from
the measurement values,.in order to identify the parameters
associated with the _model described by equation (5). The
identified parameters are consistent with the fluid properties
of the concentrated syrup used in this study. To assess the
influence of the fluid level in syringe, the experiments were
performed with different fluid level. The N values of different
fluid level show slightly changed. The fluid level in syringe
dramatically affects the parameters K,,K,,K;. thereby
changing the fluid volume dispensed.
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