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ABSTRACT

This thesis describes the design and implementation of a prototype
piezoelectric (PZT) micro-actuator testing device for read/write heads of a hard disk
drive. The prototype tester can detect the defect of micro-actuator and its control
circuity caused by the open circuit. The technique used to detect is based-on the
follows. First, a PZT micro-actuator has its equivalent circuit as a capacitor. Therefore,
if there is a good connection between the control circuit and the PZT, its measured
capacitance value between terminals of the control circuit will meet its specification.
Secondly, due to temperature dependence of its dielectric constant, the capacitance
value of PZT increases with temperature. Currently, only capacitor measurement is
used for detecting the open circuit. However, as multiple read/write heads are stacked
togetherand share the same control circuitry, the measured capacitance value is the
sum of all PZTs. As a result, it is unable to identify which PZT is open circuit. To
overcome this problem, this thesis proposes a technique that exploits the temperature
dependent characteristic of the PZT. By carefully heating the PZT element while
measuring its capacitance, the variation of its capacitance value can be observed. This
profile is used to distinguish between a non-defected and a defected PZT circuitry.
The prototype testing device employed this technique was implemented using a 5-
watt green laser as the heating source. Experimental results show that when test with
a hard disk drive head stack assembly (HSA) which is composed of multiple PZT
actuators connectedin parallel, it can identify a failed PZT actuator within seconds.
To qualify this technique for production line, the experimental result using the

prototype device were also analyzed statistically.
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SUN 2.3 99AUTENOUVRY 381U (Head Stack Assembly, HSA) [3]
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2.2.1 Ysngnisainss (Direct Effect) [2]
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2.2.2 Ysngmsal daunsu (Reverse Effect) [2]
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2.2.1 wuudaeanslniivesiaqielediannia [5]

aniiglydianniaflduasduisuveseninfaiiasiaziidnvaswasdiulszneu

e

1 '
I =] =

drggaeaglann duinididanlasuaumlaiy (A) uaz (), Amunui(d,) wag (dy) wazan

9

[
[

Wouseaetaudygyimniuau (A1) was (B1) wraziieussdJagiielediannia 2 Ju

Qe

[y

WWou Ml uUNaUTAAUlUA LU Al Lag B1 UURUNNUER (A) voiieladlanvisATual Lay

0 (B) veufieleBiann3aTud 2 Snauiiousoainsnmbuswmia A2 uag B2 Ay

35U 2.17 druvsenauvesinquasianieledidinsanldnuasduieuvesensafantasi

ilosndaniieledianniagnuiuieusiuiuisesisliidaunumewuudnaes
n1ebinvauelae waulad (Van Dyke) [5] aauanslugui 2.181ae L, R, C., tTudw
wanang Anssuidenavesian diu C, wansnaauiRanuglivesianiaed f Co Lulumy

AUNNST 2.1
C,=¢— (2.1)

Wle ¢ Ae AmmBuseunslaiinelectric permittivity)
A fio Wuinidnvasianielediann3anlasuauiu i
d fle Armnuwesianieledianvia
! J < 1 U ay v [ J o | a ® a v
WU A1 G asduAamdnilaannisinAnimgbiiwesian ieledidnnsa Ay

LUUTIRRIRE 8@ TauNUME ALl AL e LA Awandluguin 2.18
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3UT 2.18 wuudaewsbni Januiieledidnnia vo9 wiu Tad (Van Dyke)
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psrvdeuANanysaivetlulasuenyioinesiiielediinnIAwaz9asAIuay

2.3 MINUNIUUIT sfuMIMagauAwAaUn Avas TRl uBianusad 1Y
lugnsafanlasiaaiu
Tunsudnansadantasididudemadoudiuusenaunieguasing Lt uwiudan
WI81ULATLRIRIAIUANTIB1Unau Iz U nautTuensafadlasilae e du

(%
LY Y L

diudsenauidfey sadunismaaeuauaudR uarauauysalvewieunnATInoudwilY

'
[ 1 a

Nuadeuddyegegluruiunisudn
L3 Ao w ' = CY R A s ] a s a «

asRUsEnouNd e 1miliveshsiude lulasienyiomaiiuuiiielydidnniaign
Tduiedudiduirdauiioiuiuuaziden JagUunisvaaoununinnsdousraieas
AuANiUNaslulAsLenYowes LAY NSVIAdaUANL ALY SHva L leBlan Vs Alvaie IS 3
drlugiineednisUssyndldusnngnisalanguaadieledianvia lawn nsiaaimsdves
nalmsousiun1snseAuLdena (Electrical Response of PZT, ePZT), N133AN154AGDUTN
Y 4313814 (Dynamic Electrical Tester, DET) haz N11530 A1AMLNH 109991 811 (Quasi

Static Tester, QST) AIUARNU

2.3.1 n1sdndgysalwindaenisnseAunina (ePZT) [6]
a Qg‘, <) v wa . v
wadan1snegevilliunisldnuauifveananianss (direct effect) Lasnisloi s

navilunaniieledidinn3ailmindyaumidinii laewsmunassgndeudiluidm
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v3a FrgaLdemeleie 1ieliusanssi JuilieTemeasunsindaanail i nas

nsggununaamisaldnulaiuieiuluuieguintgy

a &
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n) ) f)
3U7 2.20 dyaaundlaiiidenislismunadiluitnve et duianiele-
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= a a A ! [y = a a
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Manv3et3a [7]
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2.3.2 A153an5iaAeunivesiagnu (Stroke Test) 138 n1snagaunsluihuuuy
laundind (Dynamic Electrical Test, DET) [7-10]
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< [ & LY P PN { o 1 a 3 a 4 '3 4
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Y o Y & a s aa &
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a (3

A aa = v 44' A A o Y
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washinnuauAainuansiwvsvesiiem JeyatazgnilUldinszeznisindeunves
WU

o

WaFeuiiisunisivdsuwdasihunisesisuiudyaganivaundeulvlulas-ueeye
was wvlvamsassunaanvazveslulasLenyeLnels LAgLNUNMNTUABUNITNAREY

wazbUTEULT g UF U 1 BUN AV IR UM NUIYD I8 hanadagui 2.22 L Tuauly

'
a

doyanaumuanlulasiongiowad (drive voltage) NfiAuInludslulasuoryiowas iiuwm

Yoy INLaInTEEENNNSIARaUTIva NN W lUTaEUNTENS dyananiuau dAgwEn

a ;%4

N99UVIN NUUaRTUINdYIMBuNRaINTauAUN1TInT sazn 1sIAdeuTvesiis LY

(% '
Y |

Sogqaurwindyaanduaud andursygiinvuinsuauaudavuaufiasaansay in
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3282N15LARDUTIVIRIOU YINEINIBNITAATUINF YU IUNNAUAUAINT O TATZIZNNATS
LARBUTYDITIB UM A9 UNTENIFY L NTNEIEAN AU UINBNATITIATUTOUNTS
NAADU AN FUWUS TN INTYYIUAIVAN AU TLENNNITATOUNVBINIB U FILAAIRITUN

2.23

[ 56U ]
-

dnwihauagnaadyana
~_1—

Winmnedaanallihlidululasuaamaeas |4
— =

Taeumiazasinaiu

- 1—

anpuadaana Wi lviululasuasmaaas <
—___—

e unrisnasina
— =

Mmnadanagidauiadia?

~L__1—
winmneduanallWihlvdululesuaagiaweas
—L__—

Tasuuiazaiaiu

(%
o

sUN 2.22 Tunpun1sadeuAManyaizYad lulasLanyeLnes [9]
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5UM 2.23 MyinAnisaelounasnussenindyanunivelulasuaayieines tguiy

AUV DINIDU [10]

13 fnmaedouiivesgulifsuduansamausinised eudiingu uddsld
yedeunImevauasieruivedlulasuenyaneife nsnaaeutannsaldiuigiust
\Fguuuuifien (Head Gimbal Assembly, HGA) uagtaiis il sznaufeigiunatn
s gl sfimunanismeasureanaiaituegfunndeunasnisew dyguanuaiuiard
vesismuazsasliin dessnnluldiaameanssousvedlilasuoayeiwes Fadululsh
s uLUULAEY (HGA) uazyaieuiiusznoufeieuvatogi (HSA) axlairiunns
nageUNsLAdeul Mnravesteunnsasdlunszuumaleunonseu usdliteunndes
2nlulasuengiownad uenaintuszuunisiauu unisiadeufifisaunauindadldiaan

naasuuuLazldnunlunsfenuni swmadeurwa e liiingdmsull uaviunisuidn

233 LAS0MAdOULAADUTI Y0428 (ePZT Gen3)

LA383 ePZT Gen3 L JulaSeanagauLiiotnssoznisnsiedeuiivewheu el
wsadulwinlugslalasueayiemes fusiduindeumon lulasweayewes ilimeuia
N9LARDUT LarInsrornsiadeutive whenudeliusssulniindans 0-60 Taad Tnelvid
usefuitaz 10 Tradndeudnsvavnisiadaeudivesine u anduaviiiuusssuldiumemiu

L38893Ud 40 13k aunszuIunInaaauinanslusun 2.24
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[ sy ]
p— gy
& uuuA3asna§ay ePZT Gen 3.
-
BunasausrazAsiAdauinaciiaiu
T
Jadnudsnagiiiatu vz lulvuseauluvh
T
Wisuseaulvh lddoluTasuaniainas 10 Toas  [e=
o

ar - ' ar | P w o
Jadwvivnasriiauiialiuseau i
ldfaluTasuaniainas

[
U

2.24 JUABUNITNAFBUNISLAABUNVDINIBIU AILLATY ePZT Gen 3

=).

EAL

A A v 1 v d' Y & !
HANSNAHBUNITARBUNVDINIBUAILATEY ePZT Gen3 kandlitiudmn
Lulasueagiameiniusenaveg uuieulinnuanyssluagyhaulagndes ssesimenu
A d' . a o v fw ) a a v oo |
Lol (displacement) Azl Anuduius v ssAulni R deunuuiladu dadunanis

nagaunuanilugui 2.25

3UM 2.25 HAN1TNAEDUTEEEN NNNTIAGWAYeRIE M Tasnisdeulsatulniinesinag L Ugs

lulasuonyiawmas MewnTes ePZT Gen 3
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234 A1SNAEIUNISLAABUTNVRIRUlaeldssuuwUULaLYas (LDV)
FTUUNTNAdBUARUINISIAR U aglTlalwes (Laser Doppler Vibrometer, LDV)

gnldifumiesdoumsgiudmsunisiamunus n153AseisunisiiouuaznIsLAdou

Y

1 14 o W

wulu [11] fefusznsdduesnisldssuumimageuiionsunisuuiaees delduns
Fadumisnsiadeudive wheruuuuliduda inlwanaundessensinane fngdadu
vt Tou lunsneaeunisiedeudiveaiis ezl iiueu/ i dsunuuiaiien oy
sl sl Adlugwiladsnd (kHz) Joulviululasuenyeimesiioriuguns

LAADUN WU AUSwataweslUSiieu wadawesHazyiauaniveioulUgidisunas

Y A a L3

wgnldifiolinszvisraznisiadouiiuazaimislunisnevaussveslilasueayiowes
luTAsuengyiolnosuazaeasauaNiegndes mstadeuivesiulasueayieinosaziduly
puderimun 1n3esiadumishsuLuuiaigesannsaiasseynsnisindoudivesinem
feamutugglusedululasiuns nansiauansnisiedoufive s 1uves Avwnga

(lissajous) tigufuLssruliiuanafagun 2.26

3UM 2.26 N1sndenveanseioun Jaduniweniien Lagldiaes vesihemuuy

fven9a Wisudunisteuwssiulnihaud 1 Aladsed Widudieladidnnsa [10]

wadlansmaaounsiadeudilagldszuunisiauuuiawesauisadwlddmsunn
nagouYATIsLTUsENaUMETEuMaNE 3T Tngnisaunuusazififisasmuauiieiy
Lagdnsundsieuauadu egslstnulussuinnszuunisusznauiie wasnedey
VYBIWIDTUNAE 17 ﬂ’ﬁi’mmim?{auﬁmaqﬁaémé’qmdn%ﬁﬂﬁtﬁm{]@mmq6]6'1’&5

1) sruumsinnuulaesisareud syl iaun unsSNEnas

2) nameaeulFaum sl zandunsldaudemndunulunisnings

3) SPUUNTIALUULALER T A AT BaAN NIt NSy ududey Laggsen
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4) sruunsianuuialresfenismsaenintiauulunisndngs
PavainnINa1yit s n1snageull LU Wundeu il SluguIunISNES b

srlnluldlunisiieseidamiludedn Turesldanag

2.3.5 n1snadauauautan1elwia (Electrical Test)

38 n1svaae uildunisveasuman Timdluihves YanfielyBidnn3adera
Fafvssnuliiniz] iessnuuudaeasliiwesian feledidnyiadudufiuu s
T wndana Bevne st an feledidnniaagyidliemugliiiuisundas Tum
Uianuimndsesunnuuianifisledidnnianienisidousdeasesiviunnsosinimg
Iihazanas fafunistaAnuglaimeslulasweayoimesiiuninasmuguudnily
WiguifiguiuamnugliiaudenmunagainsansisaeuAunnueslulaswenyiawes
18 inafadgnldlunsvaseuiufanfeleddnniasdnfiduu uenandnsinanses
g sanunsavenmwliauysaivesnsidensevenssauny lulasuoayioines 1wy
8n2995 waz 1Un29as LTudy

Mo ve93s N5 inABuiuaud uuianieledianns alaeliduiaiumeuause
wansléfasy 2.27 angululasueayiowmesiargninaduiuaudazgnsiooynsuditush

WuUsggnnsua lufidde C, Fadudufvdszguuululuvdenvuin 0.1 lulasvisa nu

wserulniihouin 50 1aad wazdeaunsuwiiuasesi wilnd gy nliniuin s 100

a

Alaldsnd — 15 Wwnzdsed [13] 1 UUTAIAIINAN1TARUAUDIVDI99T F9azausaldly
o ! [y = a a de-dy v a i 1
nsAAIAuglniesianieledianniala 35 damsaldauluvuiunisndals us
A 1< YA Y] I Ao 12 <) [ 1 % AaY o w d 1
ilasnnidumeuwuunansia arianaldas dunisinAinaugliisay Jidedrianly

q1150EUAMLsve g wl g et itounl ey uau lusundandeniale

100 kHz-15MHz
C

3UT 2.27 2asinaAduiiunud vosianiieledidnnia [14]
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N1INAHBUAILNITIAAIA 1YL WA (Capacitance Test)

Jagtusindadlasiuszneusmensufard 5 uiulazUsznausmeiieny 10 ¥ 5oy
wnasmuaueenifiu 2 1993 Tnsusagissazauauiieu 5 Wusdesnniieiuiia 5
Wudeussuuurumniy é’ﬂﬁ”’u%ﬁaﬂ%ﬁmﬁmmmmms'wﬁ"u vzl daursuia 5 Wy
wndeuiilunmieusiu LL@'W%‘LLauﬂ%Lﬁuqﬂﬂ'ﬁﬂiﬁLﬁami'aQé’zgzgmﬁaa'm/ﬁaué’zgﬁmmuu
wHuFan

v 1 v A LY =

Tuusiazie/mdewsdlulasweagewesdauluianieledidnmia 2 Tunovum

q

v A

fu BefanufinledidnnIausiazudimemmglafiia i fe ¢, Fudu Aarugluim
wuuaeswewauled duiusarugliiiluusasiieed alasUssann 2, 1dewaen 5
sasovuuiu augliiiveslulaswoayiainodimunaed Al agUszananviniy 10C,

é’qﬁgummmaﬂw%ﬁaa%mmmmﬁ 1(DSA1) LLamaﬁmuam@ﬁ 2(DSA2) Liiuawdl
AWV Cry WA Crp, MUAWU 1INNMsUTENDUTIBIUAUIRsAIUANANY ] 9Elar1AI1ag

T duluany aunisi (2.2) was aunisi (2.3) nanne

Cn=C+C+C+C+GCs (2.2)

Cn=C+Cr+Cs+Co+Cro (2.3)

W G fla Amuglriiwedlulasueagewesinn i dwandlugun 2.28

= Hd 10 _"—=_ Cio
——Hd 9 :—r- C,
—— Hds :—r- Cg
=47 _|_=|— <,
——Hds& = C
Hd 5 r—
— Hd 4 —_ G
— Hd3 —_— G
Hd 2 [r—
== nd1 __=— <

DSA#2 DSA#1 GND Cr,  Cn GND

35U 2.28 1asbuitiadieuduuiuvesiniuusyy 10 Wi Taeuuseenidu 2 yagaz 597
L9990 C,,C,,C5,Co,Cs g Cy,Cr,Ca,Co,Cop AALABUTENULYINAY 2C, ALY

ulusuaunisi (2.4) lazay nS7 (2.5)

Cri =10Co (2.4)
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Cn=10Cy (2.5)

TunsaifiAnauunnsedluvuiunisusenauu dsmundiusenauluauysal
il ieasvesig uiuly@eusdeiulsasauandwinliaIru gl in anas s sy

n3inArugbiihsudaduiinswilsildvegeuanuauy salvensaslulasueaty awesla

——d 10
=_Hd9

'-l'-HdS

Hd 7

Hd 5

—— Hd 4
== Hd 3
I e

——— Hd 2

——— Hd 1

C, (G GND

3UN 2.29 2asauyaniliiiwesiigmewin 10/MAdauunnseduruIunisysenay

NJUN 2.29 Uaninsaimeasauandmsuiag 3 was 9 luauysel Aotinieasin

vibiauglniiswanandulunway 1571 (2.6) wavann sl (2.7)

Cni = 8Co (2.6)

Cr =8Co 2.7)

\forSeuifisummnugliisuivaasulsiudermunvesmau gliinsiadiens
iU (nominal value) Ae 10C, Tenuinisugniilashunisnageuinsguias faddsy
QRERRHITEY

uenanilunsditfaniiledidnmiavesieuuiniaiamidenefatuludnvae
seBunn wdmaliaauglaiiwesiituanas Saasilfanugliiheuve i ey
wdenanaduiu windauuanesnnafifmuaiuninesou suldie ey (DSAL
130 DSA2) agluinmun1snadey

weadansnaaeusentsineaug sl awsowsnuesyarhemin
waggavaguiidamunnsssoenaniuld udluamisassydumiwesis/madeudi

AULAYMNYLNDYININNTYDULTU LA WL BIUAL VUL ALY VNIRRT VUIUNIT b LTS
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nagoULioTEyAuMUImLLAE e ﬁﬂﬁgu%aa‘i’uﬁuéfaqﬂ’wumaw%’uﬂqqm'%"aﬁmﬁhmmsg
yifinfianursnsyysiumsn wdonevosiiewld Taemldiaiomaaeuildlulseanu
gnamnssnandulaiesinainnulainsmesiigusindy
ogslsfimuinadaiitelfuTouiiddy foneaeuldemusings funudu
guUnsaluazindeadonaaeui Fumiziumadudumioesmonsudnuitedindolal
ausaszyiuniin i deneld dafunuidediddanudsytumadaiuam T
W unAlAN1InTIvdeUMenIsInaAIAu gl wara s sEYmwLIAIL # s M U ed
v douuadddiuiandioledidnviemn quuilusinfarlasi iielildnuaiddluds

guamnssy Bavgliesutslavasdunluunsely

24 undsy
LY = a a ) [y e v 2 s & v @ A v 1
Faguiieledianniaduiagildnudulilasuwenyiawmes iluiduafowiieuuwuy
= s a q A o = YRR Ao v Y v v wn
azdualusninfanlasi iiveduindeumeuluiidunisteyalegngnies Lagldnaemdn
WUUEoUNaU (reverse effect) vaaiieladlanynia sluaurunisuszneumsuaziouns
1993mUANLII VAT LUlATwEAYLINes LnemsUsenauie urat IR i Nowiw
YUIAAINUBIEIARanbasHRNI Tl onafinruunnsomseidenie Feviliensafan
Lasivieuiaund dadudeiedvuiumsnswasumiuanysaivanisusenauineny tngld
[y o va o = a a &
nanN1sukasAuan UATan L elediannIananinanasnigli
Tuund lananfamealialunsnegeuanuunmsssasnisusenauianlulasionye
s v o ¢ =% aada [y d{' a
wasiiiuIasAIuANveslulATwoAyoLnes B350 LakA NINAFRULUUIAS DUV
187U LYW ePZT, LDV, DET 9@ seusiuvisnuiaunfvesingiu/mideuls wil
ausainrmmuinUnfvesiieniuiiieledidnnialavnnuszian desnisiunldanuuin
\esnniaseanaasudvinalnguagldimlunismaaeuum vilviAnaalddnegs daunwin
A1 A glaiiveddulasueayowesdudvediinnluamuisassyduniniuiaunaues

e Mlviinaugeentudunausaly
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v
wuINNITEAT QY9I

unin
nuniiuanbadnauenuautRve siaguuuiielediann3aigniuldlunis

AIUANNTIAR BUNYBITIBIULAzINATATSN 1R TIvEeuIsasinilweslulasuanyioines

'
aaa =

wuusiieledianviandludagiu widnedignmegeuivanuae wadinaddediinlums
nadeu 1 Tinaaeuldtuianuuuiieledidnniaunussamviniu siangawas i esay
Aunslalunislurviunisudnass dsluluunidasliiaueisindiawtsaldneaeuivly
lasueaginainatewuy Tdulumenisndnlaiasuas sanlagann Tuuniagiansan
wa a =~ a a g v & ¢ A A o DY
Auaudingamgiveniielediannianldnudululasuenynes iivenagdmldinun

watansnageunsivili tiewAdannaztotnnvesmatian1sadsulana 1uneunt

(%
a

U

3.1 AuanUAnIvaungivesdaqnelediannia
3.1.1 navasguugiinaauauiinnuduiielediannia [15]
e tanuiteledidnnialdsummuideuasvinliraudugeumslyiingusivg (Relative

Permittivity) 38 Armsfiladianain (Dielectric Constant) lUasuwUasluFsazdinavilsien

LY

Auntiiesianiieledidnvia ddeuld uigaumgdvesiandedlugeniirmilanagh

(%
[y o

Tivansanangadenmuaudfenuduielsdibdnvia nanfeianiuazliamisaialsng

[y

nsieleBidnvEariauunsuazkuudounauls Gegaumgidnaiendi gumgies (Cuie

' ¥ '
a1 v v v oA

tem perature) Feanfisludianys ausazyiinaeil Agaungin3 Mineiu Amiwiiedasiung

= wa < A ad a o a v =~ ad avvy
godeanandinnuiduigledianys a lumsldnuasvinibeduliandeledidnnialasy

ausougs laeinluieidweamgdnasliiuaimilswesmaunnlins \Judfivasasde

nandeawsaldauldilaglifnanszmusenuantituie

3.1.2 wavasauunginan1auglnivesianNelediannia

A gluiwesiagieludidnniai1aiinlsdasunasdogunaidouias
feanunsnofuneléied Anuqlaiihdidalddenn ¢, wlduustunssiumauBuseumy
Lyt (electric permittivity: £ ) auaums (3.1) ifleramdugoumslvihiaasuudas

MNQUNYNERNYINI A1 Cp WWRguwUawm N gun L Yuiu

Y
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A A
C0=5E=5,goa (3.1)

g, Ao AP BRSNS (relative permittivity) w3 A1AsTILaBLANAT

(dielectric constant)

g, Ao AMmNBNsaun Nl vesgnINA (permittivity of free space)

LTRSS

[ a o

A fio funinidavasianielediannianlasuauiulii

d fe mnunuvesianiieledianniea

a J A a a A ' a [y Ly s 1 A o
N19191 3.1 LLﬁﬂ\‘lﬂ’]ﬂ\WI‘l@@Lﬂﬂ@liﬂ‘ﬂi@ﬂ’]ﬂ’)’mEJUEJ@SJVI’NDLWW’]E’{NWVW s AMEUNNUAT

Yaaaniielediann3aidasiie

Properties 3203 PZT-5K  PZN-7%PZT PMN-33%PT
Curie Tempurature (°C) 225 160 167 140
Dielectric Constant at 1KHz 3800 6200 6500 5500

<

g ielodidnn3aciee Wisuiugamgd Tuge 40 - 200 °C
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3.2 nMsukanUszgnAlglunsagauANIuNNIDIvas aaRelyBidnnsa

A a Y} = a < a <y v
Weinsandsuanvesiagiisledidansailddulilaswoayameslugaamnssy

= ! a

g13anantasiluagiul14] wuinez Suviinldemenisdnin 3203HD Feil Argaumnniesv

Y

225°C fidmeiiladidnnin Uszunas 3800 idedafigamgivieafininud 1kHz duandlunis
71 3.1 uazArmanladiann3n dnsudsunvasaludnuasiiintudeguvgdiiu Tunaen

433 40 — 200 °C Ae3UTl 3.1 Asdunisildsuniasgamaiuuanielediaansalugisgumi

'
1 a

Aanan douvinlvrmaugaliihninladanldsusvasluludicnisfeiduy ordenannig

'
aday =

sanamil ninviliAsnsdsuulasgamaliv Jag iieledidnn3 uaanaslulaswenyiawes

Y

Tuvagnndeindranuglnihgenamisadunanisidsuidasarauglniiialagui

fadnisinanugnlnihdinanaz dun1siaamasuvewiieleBianns avane i

(% '
= =

AoruIUAY winnawisavinlinisildeuulasgangdiinduiiteledidnns adaladinis

WigadRed Amugneliiafiildsundadlunidunaldgeninaniiieladidanns adaiu

[
CY A

W RTINS TN faa9RsAIUANA UL e BLE M3 Ad Tl liauys alludn vauz U aews

nsilasunlaswesaaugnilniwesiisledidnn3adtdudenlidmasionnimugnis

1%
1% 1

Iirsanvilianinlasianaeilaudsuilas s idsaiuisaldisnistdlunisnsisaey
Yo ad a o sl a | ¢ a
wazsrylaiieledidnniadilarenasiulasieny awmesiinmiuluaunysaluuuidnieas
6 aNa A a a v a = ' A o oA 2 v
wannilunsaifiiigledianniauisininmuidenieliy wanvseviniilesamise

wiiavdwmaliainugneliihsusenaslilasweayewmesanasidniies wuaninaAIAwg

v A [

b ddaeglutedmuadsliamisansiaaeuarmunnsedla nonvasiedymily

auranld winsanufigruindieledidnnsafiinanudemeludnvasdagiians
Lﬂ?{suwaqmmmﬁﬂv\lﬂ’uﬁmmﬂmuﬂﬁauuﬂmqmmﬁ@mmﬂLﬂﬂi%&ﬁﬂm%ﬂﬁa@uamw
auysal Afudramsadunearmunninsdiinanldfavaunsassyldiuieledidnr el
venaslulasuengiatnesidudiAnaulyauysaliuuunnvievnl

! [ = 2] 1 o < ] a s a ad a &
EJ?J’]\TVL'iﬂW]lI LWEJI?ﬂVﬁ\TNﬁﬂiSV]Um@@maNU@ﬁ’JﬁJLUULWfﬂISﬁ@Laﬂ‘ﬂiﬂ PEUNNUNNATY

9

a a A

¥ = 1 d‘ ¥ U nd{ d! 1 o
ABDNNNITAIUANBYNLNUIZANAGDALIAT Lwavl,ﬂwqqmﬂmwmﬁuaﬂmqmuq‘mm 39 112.5C

Y

Mnaunfsuuazdeuludngm wuiis iuresmueauigalunisil i Aansiudsuutas
paumnivuTanfieled.dnvIavaseue nislimuiouseiaies Mevmuadl

1. msliimnufewsneuaaduisnsiluiAanisduda vidlilifeaudene e
Fuuswuuazdeneliig

2. \foanntagieledidnniadouindn (Hufifisledidnniaoun 1uw?) uas
Usvneudoufududuanuswiuvesien msléduasamesidvundngouamsa

1Y

muanliinawnnsznuiiiagfieledianvs adladmiaiivsianfesle
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3. WHAINANIUAINSOURDIALITAMIUAN AN SUTL AnTU UL TaRL e e BLa VS e
LAga1150InAN ToUNT BN AUNITAIVANNISLYAIN TaU LAETEE LN T RAIIUNS D UT

Wit gay weuvisasanganishiadm Seulaviuivinauseuliudenivug

3.3 unasy

UNHL AU LALLM NNITATINAOUANN UNNTDIYB435 LlATUWE AYDLNBT NAIUTE
FEUMWAUIANUNNTOY TAN9INRsAIUAN MoTanileleBianvsa NReduiieiu/i
Wenludumuasnegla lngldudnnisnsisaauannisinaiauglniisiuvesian ety -

a a 1 1 a U aaat LY Ao ! =
ALANNIANMUMNIATAIUAN LfuRen iUl TuTagdu udluvaeinenugluiasdns

< a 1

Iauseuludsianieladianns aumnagiinuaiiu ninirem/Maudeulalasuaiusou

'
1 a

wad vinlaraugluiudeniutuegsdunald wanvinTaoieleBianns auaznis

\WWeusaiueIsmIvANYasINud AN AN YTal uid1Amugliins LN duL e L aney

w30 LU LAY wansIiagielediann3 anserasmuaudmsuiuuiamiuunnsoasely

s

duyInd
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N1INAADN LA NAaN1INNaBY

unin
A v v LY va a v ] a a a

MNUNALNbaSeusiAeItuAuan UAn e ivesianuuuLiislediinns av
Ul dululasueayowasiuansanalasi luvuiunisuszneuimemudmuainudens
M3 0UBUNNT NAPTUL AIUUNDNIINTWADUANNNYBIIBT T AlaUBILININITVRERU
sl enitaunnsesiinannisideusetarsauaukaslulasuenyiainas vesiem
men1sinatrugliimiausidliau Seul Udwumimnguesieu/sMudeuiessy
o 1 = = ' 1% I A a Sa
AuntsaudsmeLiteazaintunisgeuneile laggmndnisuseneunaaiminuglah
g inIudelasuarusou wiisuniunnsesmnugliihagladiuds uuladluvasilesy
AU Asduluuniavdiausifvliiu gunsallviniuiew,gunsalnswinaiusauiiiniu
vululaswenyiowmaivesiigiu,Myindinugliinnsiiaseiamuadfvaznsnagey
v 1 Aaw o A & oA A a aa o &
WIsundvieu/deunsiuazide Live SuduiwnaidaiSnisnaasuninaueiamse

PlUlglun1snedauLiawenisunaazidgeananiulaasa

4.1 Avuduus ST AR i inldvadlalasuaayainasivaamgi

ndildnanauluundeuniidemanugluihvedalasuoayiamesazgtuide
paunniivedlalnsueaganadgeiu fufuiiladunsiiguinuantisingn Jandudednms
naaoslimu Soutuianfieledidnyi auas inArndmglulih uikededrinTosnismun
A euiiinduuutanfsledidnnsa 3adu dudosininidengunsnilunmsvaaeud
wnzay Seldungunsallinudon, tafesnsiatnarudouiiintuuutanfieledidnvia
wazadesinAnugluihlaedswan dadel

4.1.1 wumsnisidengunsalliauseuvudaqielediannialuaiuise

\esnndaguiisledidnviafiiulduiululaseayaneslusinfadlasivum
Aoudatdnnande MLne 1 Uy, AN 1.35 03 Wag Aumn 0.13 ual 1evvie

o =

WL Teun1UsENoUs AU iufiuasssesnazd i feroudaauiaziioluliinanssvusie
YUIUMNMIHAANINAFRUAITLTIALALAY 5 Furfideiy dadunishiauseuduianiiels-
duanniafasldiailaiiv 2-3 Juniiluusiazii wazdesniuauaamngililmiuni wilwes

gaungiin3nieluiiu 112 ssrwaidea dajudsdndudesdnisauauanusouniiinuln



32

' '
2 1 aada a

WU AETDINARINAINITLAUSDURBd I aaLw s N TUIS TN zan Azl

& &

wadAN1snagaud A dusenem

LY 3

AuaudRddguesatreinuwldlunimaasslaunnisasiauaznisauaunislv

]

al o

A Fouiinlfeg1ed vumduasivinadnmvuiaianiieledidnniadeliiAnemsdou
L wzUTnifeIn vty
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fafgunsnlawefasimnzauilddugunsallyiaudouiuiriomeany us

Taddedrinlusesszaznalunsmaaoy iileliilinssnuiusuiunissdslunisldaudss

Fedududoudonvurmidsllihweseunsailaiesiamnsalsinimiouleviiligumad
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duanninaugamniuieouan 27 asreaidiea 1Ju 60 asrgaidisanielu 3 Juiil A
wandbugun 4.1 dstiu Jndenawesoun 5 06 1ugunsallimdsnuauseulusmided

UONINUNITAIVANNAI TN TBUIINA WAL ALLDT AUV AGIBNITAIVAY

nszualniuazusaiulniilvivgunsaliaiwes uasssesiiarNaeuasaises

aamgdl (°0 Wisuiisurmubauiiiaduiislfiawed 1 3nd uas 5 Sad
100.00 - S
90.00 . A *
£0.00 4 ’
70.00 A '
p = lawias 1 dne  » Laweiag 5 6
L i
50.00 &
40.00 .
S — ; . . . " . " " - - -

Setting : Vbias = 4Vdc, Current = 1A

naCiuni)
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sUN 4.1 1WSguimguauseuniindudisldiaiwes 1 3nd wag 5 Tndlugiwian 3 Juniusn
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4.2 gunsafitldlunuvnasiuazn1sasFaUANMNTBALATBITARIANUYWHN
gunsalilflumsmanesléun gunsaliaweslvinimdeu, gunsninsiainauiou
uazLA3osinAA gl
4.2.1 auauvnvasgunsalliaduiaulunisnaass
4211 awdsvuiaanvesaunsaliaiyas
desnnifiglediinniadifasiuuiiomudouiedululnswoagoinesivum
fuilaeUszan 1 asedaduns dfugunsaliawesiliauiouiendusediduas
yundn lgduaeaawesiimnzaudonnnszyu msiiduiaudnadlifu 1 fadwns
Foawhlinsmuauduvtsiaglia wisuvuiieledidnnirvesiiguidsudam iy
wilughgs wiuvsigUnsnignduafouaweslunnindelldnuiuiondingyssney

Foufurate Pl uwuInfanslugun 4.2

UM 4.2 gunsallviauseumenasaieinsauyatuindoul uiuima

4.2.2 ,A399A599IMANT DU D IANAI9TUAIIUT DU

'
a

Tunmsnaaeumnlimuseuduiiielediins aaunseisllgamgianitgnmgie

Y

o = a =

Taouiieledidnniaflonmaszianudeneld n1saswinmusauiiatuuulilnswenye

3

= o

sl auddy duegeds Fanrsinarnusouazdea dunim SouniAnduuuian e le -
Slann3a MepuauiRnnangunsalinausouwuudunsse (IR Temp Measurement)
= o v oA o add a v = a a Y o v v a A

gniunldiie dneungdniuiive sianiiglediannia Lagldvdnnisnsiadusdaiu

UN WAV vian e Muay/uneanin udneauldiugunsalinaiuaunwuuduns i

()]

4

I £ a = [ 1 1% v [y 4 ] [y
NUUABIDNNAABUAIY Qﬂﬁ]’@\‘ii(ﬂﬁL‘IJiEJ‘UL‘VIEJUﬂ’]i’J@ﬂ’Wﬂ’N@Jﬁ@UﬂULVI@ﬂﬂJ ANLUATAIUNY

o

v

Y
noauas

a

1@% (FLUKE DMM Model 289) Fa1dugunsaiianuseuiiugi Tnasldnsia

D

A

a S a £ o o A = d = d' ) Y
Qmﬂﬂum@ﬂu’]‘UﬁqmﬁﬁUmgﬂqaﬂLmaﬂgﬁfﬂm‘gﬂl’ﬂ@ﬂ 100 DNALYALDYA NAIMUAU 1 UTTYINA AN

Y

wansluguil 4.3
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3UM 4.3 MsnadeugUnsalinAnuTeunuudunsuIallssuiis uiumsinAnnu soume

s AN asuiuRIneasafdnes (FLUKE DMM Model 289)

HaNINARUNT IRV TvamLAandaden 100 aerealdua gunsalinarmiou

WUUBUNTUTARAAIANEANMNTBETENTIN 99-10 TasAmnaalded Tuvned iasluAuila ae

'
a =)

LanIAQUNAT g 97-98 asrnaldua Awandlugui 4.4 Agumgiininlamegunsalin

Y Y Y 9

a

AU TBULUUBUNI IR ALansAlAlNALABeTU 100 aeAnsalfudLazgandTluueyIsIm

BN Aadou v vy U oA L) ! ~ v & v v
LLW@WQN“QNW?@I@W?ULW@ﬁNﬂULﬂa‘U%LLﬁ@@ﬂW@WﬂUW 100 29ALYALYYE AUUNITINAIY
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wesluAUdaddliagamginnitafiaisesdu Faunnedaudesiinnu Souiinduazas
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a a 4 o = w v H
NN (°) ﬂiwlu.ﬁmqqumﬁ Buiiiey 1AT09AT VIR T BuuLaurlsusa iy mes lududa luriiaen
105

m Target_Temp(°C) + IR_Temp(°C) ® Thermo Couple _Temp(°C)
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4.2.3 1nsae3A MMl

At datiunsldnulugramnsmais ifoananuunndluruiumsvageud
#luthgiu Judenltinsosfietarnuglihildllsaugnamnssy udegalsfnwreu
UniedsslednlaquldlunsnmassdidudeainsmaseuiFonaiiosnmuazaugniewes
\desflenfiaztiu il didueTesiunuy Fafdeinesianaasunuaiianlniwewien

(eCT: Electrical Continuity Tester) ﬁﬁLLaﬂﬂugUﬁ a5

3UM 4.5 Lasesianaasunaau Uanialwiwewineu (eCT: Electrical Continuity Tester)

4.2.3.1 N15RATRUTZUUNTIA
nsnadUANAMYesLAio e inardniTilas et 2 dau Laun nsnaaeusiy
afssnmadesiolndeminadeutnglas vndeuauituasnTinde UL MATe UTaE
AU (Gauge Repeatability and Reproducibility, GR&R) kaz N1SNAHBUAINUYNAB LAY
Wssuiisuindesfiotaiiarl fousuiaiemadeuinnsg i (correlation) Sndnn1sdaii[16]
1. NMadBUAULEiEI MW TSR ML LuE YaLATaaiTa I
nsnpapuiuLaissnmusaieloni 20819fe nanadeudnlasnaaeuay
Audaedouludu 3 advluudaziua ilonnasuiadosninewaies tadaenisatg
MNTuIEIMIMaae Ui naao unaneaudsiouluiy 3 adeluudagtunuibunis
naaovineiosinaylinamioufuutaedmaudsudveaeu anduFeuifisudinis
naaeusuaissamusniesieiniiialdlaefoulslunsmaaeuildlutlagtuie %GRER
Foaind1 10% fanandlumsed 4.1 nansvaaouvedaiesiaAinmgluin wuinnis
naaeuiuaissnmyesteislotavosmsindauglwilgaf 1 uagAau gl 2
Kunsnaaeu Tnge1 %GRER Nt 4% fuandlunsed 4.2 fufuiadesinaaiug

TniHun1sneaeuwasnsauldau
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A13199 4.1 Yenmualuade snmveaaiarinaiauglninlaen1snnaaugngeenis

NNUAULAN LAZNISNAABULUUNALAUNAABU[16]

STAU | STAUAINNULUIVBY Y% Tolerance n15anaula
1 0-10% YOUSU
2 10% - 30% 971998015 U W ULy 1o lusausu

(@uegiuwmalulagniyiniiet)

3 > 30% lygausu

M157197 4.2 HaN1VIAADULATDYINMIENITNIAGOULI) WAz N1V NIUMEAUAIY 5| AU

Parameter % GR&R Result
Capacitance 1 (nF) 2.70% PASSED
Capacitance 2 (nF) 3.12% PASSED

2. NISNAFBUAIUNADIVB A TDIHBTIAN19L Wil

' '
=) = v A

LA3D9L B INNAUBNIINNITNAFBULAD Y TNNYDUATBILDTAN L NHLA 9B 9TNg
maaummQﬂéfaﬁw%uﬁumi Wiguigulasasdainnalnifagldaunuieieas 1u
UIM3§U (correlation) LaevagaulA3asinAAm gl (eCT) LUSs Ui uAULATOIARRY

N9l WA195§IU (Quasi Static Tester, QST:)

A13799 4.3 YA MUALUNITNAZUMUAINYNABY Y38 LTABUAULATEIBIUNINTT U

Parameter Adudsans Sauaznis 1Jouly
n1sanaula YALY

Capacitance 1 (nF) > 80% < 5.0% PASSED Only

Capacitance 2 (nF) > 80% < 5.0% PASSED Only

Tagtdaulalunisneasy nvumnaduUszansnisanauladeauinnin 0.80 n3e

Spuay 80 kAYSPYAYNISIALYY (% Offset) LuAusSaeay 4.3 WaAIMIUAISI99 4.4
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A3 4.4 HANTNAFDUAUAIIUYNABY 1130 LTEUAULATEIB UL INTF Y

Parameter AU aNSNS Sp8azn15 VALY Nauly
fnaula
Capacitance 1 (nF) 98% 2% PASSED
Capacitance 2 (nF) 97% 3% PASSED

NaNsMAABUNUINAIBI AR LN (eCT) sunnsnaaoumBAdNU sEANSnT
dadulannnindesay 97 wazAfosaznisvalreinIosar 3 vesrAulidniad 1
wazAa gl 2 fuanwnuasied 4.4 Ssawnsalfouieiemeaeuilunismages
1)

\a3esiadmugliiildinunismaae uiinismageunts g namageunTIn
AfAuVIANEAY WagnsvadaUAILgNAes FaulaTesTnAinu gl (eCT) awsald

a v

funisneasdluauidole

4.2.4 n15inAn U Thvenitaunsaununsianusou

= P N A Y vy '3 v %

elaldengunsalsingiagldluntsnaassudi@slaun aunsaliatgeslvniusou

v = ) % a A o o ¢
YN 5 104, LATRINTIITUAINToULUUBUNTUIAkaTLATRIAAIA LN drgunsal
viaiuaueenwuuduganageuiieu/smandeu e inraugliivesisunsouduns

Tinuounnianiielediannia Asguil 4.6 lasisusunsnaaeigumngiivies 23 oew-

wadua linnusouneawes vilimiaausouvuianielediann3a gungliudueey

Y

1%
=

I3 a = = ~ a a a a
RRIZIXN I@IEJLW@J"U']ﬂ 23 aANTALYd LUU 71 99A AL ged ﬂ']EJIuL'Ja’] 39UM QQJVTQNLWNGUU

ufe 99 asmuaaidea n1elunan 6 Jui ndrntugunaiasivazanadunaidaum
\Ju 88 ssmwaldea Lilotnawiuly 50 Jund fagud 4.7

ot gliihuazgamafinméendsunaimuin il slvimusound anudiels-
SLdnnsamawglifiuduein 0.64 nFL8u 1.22 nF iedraruglifuiudu 90%
vuzfigamgiifisduain 23 ssmueadoadu 71 esaneadsanislunat 3 Juail faduly

auauanURvenieledianviafe ilogaumgdgeiu Aniuduseunislnias uisuwlas

RVARRET)

[
= 1

Wingu vilaau gl wWisusvaaiinduiguiu widufiyidenedn eawiuly
1NN 7 3w gaungliiieledidnninszanasinipswasiiiailufigaieininiiuiesdu
HaNeUNITaIRIAN SaUlinuAmInden dwalirimugliihianasain 1.3 nF iy

1.25nF é’quam‘lugﬂ'ﬁ' 4.8
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3UN 4.6 Lagglnsuuanaganaaeuinewsidey iteinainuglniesfism

wiaufunislimmseuunagfieledianvia
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e man1snaaesinAnubiingamgiiequeslulasuenyiamesiuiias i

Y
a ¥ U v 3

n150AneeLudu (linear regression analysis) Lo nuduiussenineaanuglniuag

'
a v a a 1

gamnd dsuanslugui 4.9 uiuledn avdudssanseamniveswnarmgliives titels-
5 a a U a

WAnnsadeUszana 0.0054 nF ¢ia 1 asAgatdea NanduUszansnisdnaula (coeffident

of determination, R?) v%i1iu 0.95 L.Lamﬁﬂgﬂ‘ﬁ' 4.9

AMLIAA(nF) AnuduiusaEning ammgliii(nF) fu eamglivuielsBiannia

1.4000

13000 y = 0.0054x + 0.7826 . PYLLE S A

R?=09551  ° e

1.2000
1.1000
1.0000

0.5000

9amgi(°0)
0.8000

20 20 a0 50 60 70 80 90 100 110
3UM 4.9 wansnuduiusseninanuglihialatveamginialauululasuenyioines
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ndnnInageuLhAnMIeanLUULATes e A mgl i ufunsTvinwdou
mnaesiflelironadesiuanauifnes andieledidnviaud dumeusdeludionishan
afaduiniemaaouieiu lasvhnmsinsaaweslinuiou wieussuunmedoudily
LR loindeuiuuu Silutiludumisne e sie \ASasTaiiusuiusEuUns
n3TaouLaraUAIA oLt uuLllsueayowe s iitetasiulalinu fouAu 100
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UM 4.10 13eaiarinmglifihsiudunislimufounniaives

nsmuaunslimwyeuvesaiwes ldlnunsauguusuiunsuadivaniy
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nsviauveaaissinAinmglilihian funisliamieunniawed usenisi
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n) )
SUN 4.13 NITULAAIKANTNAABY N) FIBWAHIUNTNAGEU V) T8 ufllilun1Tnaaey

Layszyuduwriaieundsniey

4.4 mMInegauLadesNWLATasiaA1Au luHrTauRuns R uteu
INLALYDT

\osnnaaandivesianfisledidnniaildidululasuenyoimeslunisduindeu
shsuasiinalpensiugunafifiiniu mnuiisledidnmialdsuaruiouiugunglaiash
Tinauan TRvesTan fitludidnniawdsuutadly Funadaveandosinainimgliding iy
nslsimmfeunniawesadedlianuieulusililasueayiemeslinensedfinmidosia
\Annrundemeduianiiludidmm3Ietssn Sudewinisaasuanuindedo vendasinen
m gl AunislimnudeunniawediieliileiniadesinAranu gluingu dunns
Tiaufeunniaesarliadeamuidonelaglifulnlasuengewes el duinieily
YuuNIHaAnas Seldvihnimeaeuniu duneudiuandusuil 4.14

n1snadautunaudl 1.naapunsLAdouiivewisuidou deiadomadeunt
\ndeufivewiieu (displacement tester) faeia3et ePZT Gen3 Aeun1smadeufMeiAIasin
A glniisndunistiauseunniaiyes

nsnadautunauf 2. naaouiis sy Tareuglaiiindsiadesindnam
lnifsandunsliaufeunniaises

N3V AdauTUABT 3. nadeuniaiAdeuivashisu iy deinlemaaouns
\ARBUTIVBIIB U FBLATEY ePZT Gen3 daniufsunIIAaaUmeIAIasIaAIAIIg -

Tnirgufunisldmnusauanatses
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npdauNsAdauiivasiae lne eia
ePZT Gen.3 riawinAanuglifimianlieny

v 4
TUNNALIDT

: Tndnemsqlihadaaldanuiouan :

a3

nadaunsadaufivawinaty tne lesas
ePZT Gen.3 widsinanenualyifmdanls

AudauaniaLs

d__ 4,
NAFAIUNTSLARDUN (ND)

(Displacement Test)

[%
v

inAaa lnihvasiagmday

frunnsTaamday (Capacitance Test)

d_ &, W
NAFIUNNTLARDUN (WE3)

(Displacement Test)

3UM 4.14 JuRuUNISVINEBUNITARBUN VDI B U UKATHEIMINAGDUME AN LT

nsoulAUsaUNNLALYDS

NNINAABINUI AnandRnIsiAdaudl vestaniielediann3aluielufing

WasuwUamdinisiaaiaugliimeiasesinaimuglaiwieulinnu Seuaniases

NNITIATIERNITONDDULTILAUNUI NI1TLAROUNYRIIB Ll UAMAGDUAN VIINOULAY

wad wansrduUsyansnisdinduls g9dis 99.05% n3e R’= 0.9905 AsuuasUlainaiesism
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X =[3" x1/n;leir1.23.4..n ; (4.2)
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A15199 4.5 A15PUIUAMNEDR (X +3S) ileniAiuaTaLsy Lieanng

NAFUNIE UL ULARLANEDRA

. e Mean Standard DEV Range
HGA Condition | Statistic Threshold Remark:
Avg.Cap(nF) S.Cap(nF) R_Cap(nF)

+3S 1.81 0.18 1.10 No
+2S 1.66 0.15 0.91 No

PASSED +1S 1.51 0.12 0.73 No
X 1.36 0.09 0.54 No
-1S 1.21 0.06 0.36 No
-2S 1.06 0.03 0.18 No
-3S 0.91 0.00 0.00 No
+3S 1.41 0.02 0.09 Yes Cover 99.73% of distribuition
+2S 1.29 0.01 0.08 No
+1S 1.17 0.01 0.06 No

FAILED X 1.04 0.01 0.05 No
-1S 0.92 0.01 0.03 No
-2S 0.80 0.00 0.02 No
-3S 0.68 0.00 0.00
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Stroke Test Average Range Standard
HGA Status

ePZT Gen 3 Deviation
No. of Good HGA 64 22 64 64
No. of Fail HGA 32 74 32 32
No. of HGA 96 96 96 96
Correct Identifying 96 54 96 96
% Test Accuracy 100 56.25 100 100
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Abstract—A technique for testing a piezoelectric micro-
actuator of a read/write head of hard disk drive (HDD) is
described. The proposed technique is based on the measurement
of an equivalent capacitance of the PZT thin-film ceramic. It
exploits the temper ature dependent characteristic of the PZT. By
carefully heating the PZT element while measuring its
capacitance, the variation of its capacitance value can be
observed. This profile is used to distinguish between a non-
defected and a defected PZT actuator. The technique was
implemented using a 5-watt green laser as the heating source.
Experimental results show that when test with a HDD head stack
assembly which is composed of multiple PZT actuators connected
in parallel, it can identify afailed PZT actuator within seconds.

Keywords- PZT actuator; dual-state actuator.

l. INTRODUCTION

Now day, hard disk drive (HDD) is the most popular non-
volatile, random-access mass data storage such as data center,
personal storage server and public server. Over the past
severa years, hard disk drive capacity has been increased
dramatically from gigabytes to terabytes. This is achieved
through the increasing in both areal density and the number of
disk per drive. A single disk can now store about 1 terabyte of
data.

Increasing the areal density by reducing the size of data
track width makes it more difficult to accurately place and
maintain the read/write head on the data tracks. In order to
overcome the problem, a dual-stage actuator (DSA) has been
employed. As the first stage control, voice coil motor (VCM)
is still used for track locating. For micro positioning control,
the piezoelectric (PZT) microactuator is implemented. This
second stage actuator is driven by signals generated from off-
track-error signals [1-2]. Schematic of a hard disk drive with
dua-stage actuator is illustrated in Fig.1. The second stage
actuator is mounted on suspension adjacent to read/write head.
Its control signals are connected via copper traces on a flexible
printed circuit.

Performance of the read/write head and so the HDD is
directly depending on the performance of the microactuator.
One of the main causes of head failure is the failure of the
microactuator and its control circuits. This can be either a
physicd damage of its PZT element or a connectivity
problem of the control circuitry which arises during assembly.

978-1-4673-9749-0/16/$31.00 ©2016 | EEE

Figl. Schematic of a hard disk drive with the dua stage actuator. The second
stage control using piezoelectric actuator is mounted on suspension adjacent to
read/write head.

process. Furthermore, in the newer designs, the PZT element of
the microactuator is even smaller and placed closer to the
read/write head than the older designs, thus it is more
vulnerable to damage. In this paper the technique to detect and
identify the falled microactuator based on capacitor
measurement are described. It used a non-contact approach that
suitable for implementation in testing process of the production
line.

The paper is organized as follows. Section Il describes
structure of microactuator circuit, its failure and detection.
Concept of the proposed detection technique is then explained
in Section Ill. The experimental results are in Section V.
Finally it is summarized in Section V.

Il. PZT-ACTUATOR FAILURE AND DETECTION

The microactuator is designed and operates based on the
reverse piezoelectric effect. In its operation, the appropriate
control signal is applied to the electrodes of PZT and produces
some deformation of the PZT structure. This deformation
causes a micro-scale displacement on the read/write head.
During the read/write access, the off-track error is used as a
feedback signal to form a closed-loop control system which



maintains read/write head at its correct position on the track
while the disk is spinning. The degradation of PZT element due
to its physical damage i.e. crack and hair-line crack results in
not enough displacement created to keep read/write head on
track and in some cases no displacement at all. In addition,
connectivity problems of its control signal such as a broken
wire, intermittent bonding/connecting also contributes to
microactuator failure and so the head failure.

In current designs of HDD, there are multiple disks per
drive. Each disk stores data on both sides. Therefore it requires
two read/write heads per disk. Currently, the five disks are used
thus it has as much as ten heads and ten microactuators stack
up to be a head stack assembly (HSA) as shown in Fig.2. To
minimize its occupying area, all actuators share the same
control signal on the flexible printed circuit. As a result, all
PZT elements of the circuit are connected in parallel. Since a
PZT can be modeled as a capacitor, the equivaent circuit of
micro-actuators of a HSA is a parallel circuit of capacitor as
shownin Fig.3.

Fig. 2 Head Stack Assembly (HSA). Shown in this figure is composed of ten
heads, thus ten PZT microactuators to operate with a stack of five disks

Fig. 3 Eight microactuators of a HSA connected in parallel are modeled as a
parallel circuit of eight capacitors. Today up to ten heads are used, thus the
circuit can have up to ten capacitorsin parallel.

To detect the degradation of PZT microactuator, severa
techniques were developed. A simple approach such as the
visual inspection is gtill used in assembly line but its lacking of
ability to inspect the inner heads of HSA limits its usefulness.
Anocther approach is the impedance measurement [1-4]. It is
based on the concept that when PZT element degraded or
damaged its equivaent capacitor is changed. Thus measure its
capacitance and compare to the nominal value can be used to
detect the condition of PZT. However because equivalent
capacitor of each PZT of HSA are connected in parald, the
measurement result yields the sum of all capacitances of the
HSA. Thus this technique can detect whether or not a HSA
contains a degraded PZT but it cannot identify the head whose
PZT is degraded. Other techniques which are effective for the

older design such as mechanical excitation [5-6] which based
on the direct piezoelectric effect are no longer applicable for
the future design which PZTs are smaller and more fragile.

The standard and also the most sophisticated technique is
the displacement test performed by the dynamic electrical
tester (DET). In this technique, PZT control signals are applied
while the disks are spinning. Then the displacement profile of a
corresponding head is measured and compared to its reference
profile [7-8]. This method provides a very high accuracy and
reliable test result. It can identify which head of the stack fails
individually. The process however, is time-consuming and
yields low throughput. In addition, it reguires a state of the art
test machine which is very expensive. Consequently, it is rather
suitable to perform in the failure analysis procedure than in the
production lime.

Since all available techniques are either costly and time
consuming or unable to identify individual head failure, in this
research a new testing technique has been proposed. It not only
detects PZT microactuator failure but also identify, by location
any failed head of the head stack. Because it is simple and fast,
the technique is suitable to implement in the tester for the
production line.

I1l.  THE PROPOSED MEASUREMENT TECHNIQUE

The proposed measurement technique is based on
impedance measurement, to be more specific, measuring the
equivalent capacitance of PZT element. As it was mentioned
earlier, the capacitance value changes from its nomina value
as the PZT degraded. According to the test results performed
on a large number of samples, it has been found that the
capacitance of a defected PZT that failed on the displacement
test is lower than its nomina value. The types of defect
include all cracks seen with naked eye and some hair-line
cracks seen under microscope. For the failed microactuator
due to connectivity (i.e. open circuit) its measured capacitance
value is zero. The limitation of using this technique with HSA
is that only the total capacitance value is measured. Therefore
when the total capacitance is lower than the nominal it implies
that there is at least one PZT element is defective. Unless the
defected PZT can be identified by its head, the whole HSA
will be destroyed. To improve its observability of this method,
additional step, atechnique that allow altering the capacitance
value of each PZT individually during the measurement need
to perform.

Consider the properties of the PZT element used in the
actuator. It is a thin-film ceramic whose dielectric constant is
temperature dependent. According to the study of its thermal
stability in [9], the result shows that its dielectric constant
increases as its temperature increases. Although it is non-
linear, it exhibits a monotonic relationship. Since the
electrostatic capacitance of the PZT islinear proportional to its
dielectric constant, it can be concluded that its capacitance has
a similar temperature dependent characteristic i.e. increase as
the temperature increase. Based on this conclusion, a new
technique for detecting a degraded PZT has been devel oped.

The concept for the proposed technique is as follows.
Because capacitance of PZT has positive temperature
dependence, one can observe the increasing and decreasing of
its capacitance value as its temperature is raised up and fallen



down. This capacitance-temperature profile is then used to
distinguish between a non-defected PZT and a defected PZT.
This concept can be applied to the HSA testing. During the
capacitor measurement of the HSA, if each PZT element is
excited one at a time the total capacitor value will change in
response to the change of the capacitance of each PZT. The
excitation however, if it is not properly controlled, can
introduce some adverse effects to the PZT. Piezoelectric
property of the PZT can be atered or in worst case destroyed
if its temperature is elevated to its Curie temperature.
Therefore to be conservative, the highest temperature raised
will be limited to a half of its Curie temperature.

To apply this concept to the testing in production line
several aspects are considered. Firstly, what is the best way to
raise and control the temperature of each PZT element in the
HSA individually. Secondly, the testing time must be
minimized to reduce cost and improve the productivity.
Finally, the proposed technique, once fully developed and
implemented as the tester, it has to be automatic and should be
compatible with the existing tester. With these constrains, it is
found that using laser heating is the most suitable approach to
implement. Laser beam can be focused to a very fine spot and
can deliver power in short duration of time. Therefore with a
proper set up it can be beamed to each PZT element in HSA to
excite each one of them sequentially while monitoring the
change of the total capacitance.

IV. EXPERIMENTAL RESULTS

The PZT element used in this experiment is the same type
as the 3203HD of the CTS Corporation. Its Curie temperature
is 225°C [10]. Thus the maximum temperature for excitation
was limited to 100 °C. A 5-watt green laser was used. Its
ability to heat up PZT element was indirectly evaluated
through the thermocouple sensor. The temperature profile is
shown in Fig.4. The profile shows the temperature of the
thermocouple as a function of time exposed to the laser beam
with various bias currents applied to the laser. From the
profile, heating with a larger bias current laser results in faster
temperature rise and higher maximum temperature.
Nevertheless, the highest temperature reached after 35 seconds
was less than 120 °C. With a proper combination of the bias
current and the heating time, the maximum temperature can be
safely controlled to be less than 100 °C. Since the temperature
of the PZT during heating cannot be measured directly, the
profile of laser with 1A bias current which gave maximum
temperature of 95 °C was used as the reference.

Fig.4 Temperature profile of the thermocouple heated by 5-watt green laser
with various bias currents from 1-2 A. The 1A bias current (the bottom most
trace) was selected.

In the following experiments, HSAs with two read/write
heads were heated by the laser for 22 seconds then stopped.
Their total capacitances were continuously measured every
second. The nominal capacitance value of each PZT at room
temperature was 0.6 nF. Thus, the total was 1.2 nF. Four
conditions of the HSAs were tested.

The first test is to observe the response from the non-
defected PZTs when raise its temperature. The result is plotted
in Fig.5. In this set up it shows that within 5 second, the heat
excitation can raise the total capacitance more than 30% from
its nominal values. Thus the capacitance of a PZT was
increased more than 60%. This is significant enough to
distinguish its response from the typical fluctuation occurred
in measurement. Note that the most importance information is
the amount of change not the absolute value.

The second set up is to test the response from the failed
actuator due to its connectivity problem i.e. the open circuit. In
this experiment two HSAs whose control signals to one of
their PZTs were cut were tested. Thus it created the HSAs
with one good head and one failed head. The total capacitance
was measured while heating with the same laser to the failed
PZT. The test results are plotted in Fig.6. Clearly, the total
capacitance remained constant at 0.6 nF which is the nominal
value contributed from only a good head of each HSAs.

Fig.5 Plot of the total capacitance of two working HSAs. It was measured
during 22 seconds of heating on one of its heads.

Fig.6. Plot of the total capacitance of the HSAs with a good PZT and a failed
PZT during 22 seconds of heating on the failed PZT.

Fig.7. Plot of the tota capacitance of a HSA when heated a good PZT (top
trace) and afailed PZT (bottom trace) during 22 seconds of heating time.



The third set up isto identify afailed head from aHSA. In
this test, a HSA with one good head and one failed head due to
open circuit was tested. The results are shown in Fig. 7. First,
the good PZT was heated. Total capacitance then increased
more 50% from its first reading within 5 seconds. Next the
PZT of the failed head was heated and the total capacitance
was not changed.

The final test is to measure the total capacitor of a HSA
with a failed PZT due to cracks on PZT. In this test the total
capacitance of a working HSA were measured while heating
one of its two heads. This result is shown as the top trace in
Fig.8. Then one of its PZT was intentionally damaged by
exerting force to create a crack. Its physical conditions before
and after damaged are shown in Fig.9. The failed PZT was
then heated by the laser. Its capacitance profile is plotted as
the bottom trace in Fig.8. It can be seen that after the damaged
the total capacitance reduced from 1.15 nF to be 0.75 nF. Thus
the cracked PZT still contributed some small amount of
capacitance to the total capacitance. Within 6 seconds after
heating the failed PZT, the total capacitance was increased
around 20% and much lower than its nominal value.

Note that, in al experiments the difference between the
capacitance of a defected and a non-defected PZT grows
steeply in few seconds after excited by laser. Therefore with a
properly selected threshold, the difference can be detected and
processed within avery short time.

All the results confirm that this technique is well-suited to
PZT microactuator testing. It can identify the failed
microactuator due to either the physical damages or the open
circuit. Moreover, a procedure to test an HSA can be developed
based on this technique. It is described as follows. Firstly, the
total capacitance of the HSA is measured at room temperature.
Then raise the temperature of the first PZT and measure the
capacitance. After cooling down to room temperature, repeat it
again with the second PZT and so on until finish the last one. If
the HSA has a defected PZT, not only its total capacitance at
room temperature is less than its nominal, but the change due

Fig.8. Plot of the total capacitance of the HSA with two good PZTs when
excited one of them with laser for 27 seconds (top trace). The bottom trace
shows the result after one of them was cracked and exited for 27 seconds.

Fig.9 PZT element in working condition (left) and after a crack was
introduced (right).

to the defected PZT measured during the heat activation is
noticeably lower than others. Therefore the failed
microactuator can be identified.

V. CONCLUSION

The measurement technique to identify a faled PZT
actuator of the HSA has been presented and tested. In this
technique, the equivalent capacitance of the PZT was
measured at room temperature and compared to the value
measured at higher temperature. Since its capacitance has
positive temperature dependence, when heated by the laser its
capacitance were noticeably increased for a non-defected PZT.
For a defected PZT due to its physical damage, its capacitance
not only reduces at room temperature but it is less sensitive to
temperature change as well. Therefore when compare both
measurements; the result can use to identify the defected PZT,
particularly, for the HSA which is composed of multiple PZTs
connected in parallel.
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