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ABSTRACT

Dual-stage actuation is an important technology enabler for advancing hard
disk drive capacity and performance. Advanced high-performance technologies for
the actuator and servo control are required in order to achieve not only accurate
positioning control on data tracks but also high-speed access onto another data
track. There is strong demand for hard disk drives manufacturers with high-speed
access performance, which generally requires actuators with a wider servo
bandwidth. This research focuses on the design analysis and performance evaluation
of piezoelectric PMN-PT based dual-stage actuator for hard disk drives. In this
research, several aspects related to the development of the piezoelectric PMN-PT
based dual-stage actuator for hard disk drives are investigated, which cover the
following topics: study the properties and comparative piezoelectric materials based
unimorph cantilever model with PZT and PMN-PT; evaluate the performance of
piezoelectric PMN-PT based dual-stage actuator in terms of mechanical and
electrical characteristics aiming at a useful compromise performance in the stroke
travel of the R/W head more than twofold improvement; investigate the degradation
in ferroelectric and piezoelectric properties of PMN-PT due to high temperature of

150 °C and was 2 times harder than PZT piezoelectric.
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g1indania il uazsaudanisAnunisyinnularesduseneuvewineueniafan lasi
2. noaeuTaniieleBianysn

nasaniilsideniagieledidnninyia PMN-PT uda sinnnsmaaeuaussauzly
sULuuauUABLsUFUAEY (unimorph cantilever model) fian1sdapsruszidouislal
ludiofisud wagmsinadeyasss iefigatianssaurvesszaynsindeud WenSoudiou
fuanuiieledidnvEnuuunildlutiagu
3. Negeus U infania i

ihianfieledidnninadia PMN-PT idonuds infindeuuriiduansenardiasi e
ihlunadeuanssnug Wisuiiey fuisiusideaadlasillutiagtu Tnsagldyniaiesile
n37393Ra8LANaLTeS Laser Doppler vibrometer (LDV) #in1e uSem dunn inalulad
(Wszmalne) St Mlumsiadoyarimeiubmamaniuandadnemans
4. vagoumNLLTefe

desnmsusegndldianiiledidnninude PMN-PT iJuTanuielval vivehildu
fduiuuuassanuz s uainfadlasi Fsdudufemeaeuainininiede Tulins
yuaNFeu ileuansfelnmnuannsavesianisledidnvinfideiiiafiosnmsegumnius
av979 wazauantinIuudaseiiuinnin laoflaziduntisanduyureadsain
NITUIUNTTHER
5. AAseagung

Ansinavesdoya warasunanisuszgndldauianieledianninydalm
WeBufuaussouy wazuszansualunsunluldatdlugnanvnssy sudaveayaidedniildan
nsnaaes annsailuusegndldanu wasWauigunsaliniesflofldlusuiss wazau
guamnssusalula



1.5 Usgleniianinezldsu

1. foyanisuszyndliuaznaaeuiagioledidnvinsin PMN-PT Aanansauldly
lunisesnuwuu wasiawgunsallueuanla

2. feusiadadlasiuuusiduiiuvuassanusiduseifisledidnninvia
PMN-PT fiflaussouzluszoznisindoudl fuannitvesdnlutlagiu wazAinisife
2BawmeIda (hysteresis loop) dlAfiinin ileimmndieuensanariasi Tilaussaurgegn
NAIUNNTONU-Teudayaasauiiuan (disk)

3. YaguieledidnvinlassadamdnuuuiBaien (single crystal) ¥in PMN-PT sy
nmanegouiisuivsuulagiu PZT fanuudusipamuninnd aunsaandiuiuveadsly
n3UIUMTHAR Treviilviaaduyu unardalunagaamnsuls

1.6 918aZL88AVDIINYITNUS
Homilaznaniluinendwusaduisznouine

unil 2 Mwsmvesiisuanindadlasiuag taaifieledidnnin ludruvesieu
gninarlnsazndiuuliiwesaudesnts dutszney uaznisvhaudesiu dmsy
Fanfleludidnninazinduisiiunvesiag wasdssinnvesiagitelfeudlafanisiay
ezt g

unil 3 aNITIATIER uazvnaetaNsInuzvesTaniieledidnninluguuuuaiy
Wasu3UTuAEa (Unimorph cantilever model) Tnerinun13s1aassulusunsa ANSYS
seseleuisliludiednns uazmanaaeuindeyass iilevinsiUSeuidisunadnsdls

unil 4 nsuszendldTagieledidnninade PMN-PT luihsusisndanlagi
uasnnApuansInuzIouieuiuTanifielsdidnninada PZT lnevhnismagoutisluibs
WaranswaziTaainemans

unil 5 imsnageuautdefievewheusiafanlasiuuuftuiuuuaes
anuzPdusofieledidnminulin PMN-PT meldanufou uasnaaoumsudausaiisudy
Jaouielwdianninyla PZT

unil 6 agUnanTidouastelauauus axnanisunasUvesnside nadwiild uay
wwImslunsiausiaeenns3dy



undl 2
- 1 s a 6 LY = a a a
Waguaninnanlasiuasdaamelydiannsn

wand1fguesiignuasafadlasiluniseu-leudeya vuarukiman (disk)
Tusninfadlasdfiduiunaaiuvuiuduvessiuiusesdoya (areal density) gedu
Aomnuannsalunisiindedeyangasni angui 2.1 sziuiianuvuiuiuyesdiuiy
yostoyaiisnsininivln 30% dellagiads (Compound Annual Growth Rate, CAGR) Tag
AilfnangnsnsmuIamaannsn 2.1

wunltSinueumuutiugesiwureseyafiutusduunevasiensananlas
wlifutunieliBsuuasmuming Wesnnlasadmiunmsdafiveriafadlasign
SvualFTivnniInsgIu 2 9unn Aoruna 2.5 61 waz 3.5 49 nanfde WeuTumnisly
Foyalifiusnntuazgstunnd ldhanduniafulnddeyadiuinin roufumesduynna
w3o nsidndeeyassulad lngnsiiauazdetayaani@sniies (storage server) L¥u
ﬂﬁiLUﬂlWaamIaaﬁﬂaan(youtube)ﬂﬂWﬂﬂﬂuwaUﬂ Gacebook)ﬂﬁiu%wmauaNWLﬂUiuﬂim
a1 (line application) agifun1sifiuannug fMensdsugunsaiisyaasiinadenisamuas
wn feugUnsalmdrieanuuulifiuanuglilasuadsuesaiadlasdlv demal
fimuuazinanansafatinsiazdesimumalulad wazudnnssulitudinunislud
grinnarlag aunsnsessuUinumumuuiuresuwesoyaiutulneifiiunves
g1sananiasidinvinay

10
I ; ; ; HDMR = Heated-Dot
NC N - e W Y Y T/ ’ N  dis Magnetic Recording
= ; (BPMR+HAMR")
{2 | PMR*=PMR withTwo 1~ ’ | r o
: Dimensional Magnetic | : BPMR* = Bit
= | Recording (TDMR) | _~“ gy '@ Patterned Magnetic _|
poll and/or Shingled R di
c . : ecording (BPMR)
Q Magnetic Recording HAMR® = Heat Assisted with SMR and
© (SMR) * Magnetic Recording TDMR
E ?‘\ﬁl : wlith TDMR and(or SMR :
= 1 o S A S | S
< " "
__________ PMR = Perpendicular :
__________ Magnetic Recording :
i i i i i i
2013 2015 2017 2019 2021 2023 2025

Year

JUN 2.1 dasmsiivlavesanunuwivlunisianudeya [11]



aun138nsINsiAulavesUsateya

End year ;.

CAGR=[(—
Frist year

11 (2.1)

a

End year = Youalannie

Y 9
=

First year = Uayauusn

Y

. ~ 2
n = PUIUUINUA

Laza1IN3UN 2.1 wanswwslinveamalulagnisdaiudoyauuaiuwiman (disk)
lugninfantasi lneageduiaisesdiuainanugmalulaganiegliuin dall
PMR (Perpendicular Magnetic Recording) @a n1sUuiintayakuunudng vinlins

v A £ %

Jnisosdeyaldunnniumeluladneumhifinsdafudeyauuuuuiuey Tasfinmmuiuiy
auands 1 insedndentaiia (Thit/in?) [12-14]

PMR+ vanludiddeinaluladnistufinudindnuuuassiii (two-dimensional
magnetic recording) 4i8nTedefa SMR (Shingled Magnetic Recording) Aa n15¥mi3es
Toyaluu 2 1 na1ihe n1sIatsesteyalvinisdeuniuiuvesuaudayaundiu
Wisuiailounisyndsenssdestesthufifinnsdousivuensyiloswisdau feiBtagsily
msfmfuteyaaunsadstulddn 25% Tusuaindy

HAMR (Heat-Assisted Magnetic Recording) i winluladiasldiaiwesdininuiou
\lovasveneiumisfiagsinisileusu-toya dawaliarunsaidou 9 (bits) Mevund
Snasuagvirlianumuiniuresiuiuresteyagelude feamnsafiuanugainiis
16l 5 1

HAMR+ (HAMR with SMR) Ao tnalulad HAMR waiin1sifiunisdniesdeya
WU 2 77 Yilamnsagdoyaldundulsisn 25 %

BPMR+ (Bit Patterned Magnetics Recording with SMR) A tnalulagn1sinass

A A a a

fuiifudadoya Tnssuuvumsdaiudundudeou dufulunmsdadunduioutoyanyld
Sunudsdoyaiweriuusuunndnamin dmalidanumnuiugaaauszana 4 wizdase
§13°987 (Thit/in?) [15-17] wazvandumalulaBnsdndosdoyauuy 2 87 asvilfanuse
eyalénniulésn 25 %

HDMR (Heated-Dot Magnetic Recording) fia n1stufindeyaigeusiminuuuldaiu
Souamzan laedammuiiiugeanUszan 10 insedadentsaia (Thit/in?) [18-20]



2.1 #7UUsTNaUVBINIBIUTIIAREN LASI
Tuni1sAmuInseeanwuUIa 1uaIsARan tasHiA U TuNazaadnla
drulsenaundnneu anansnesuielianguil 2.2 Tnsuuseendu 3 dumandail

e

1. HGA (Head Gimbal Assembly) fio yagogdiulalevaiyniiaugsafantasi
fiusznoulude sheu-deudoya (RAW Head) vinihfiulassianuaudeyasoaunlyii
Tne Fow-doudeya xlivamevidensed (coll) ilemilenirauuuimanassuansi Tng
wfudsdoyauunuuingn (disk) muswmisiiviu-deudoyadau nsazendigedu
dleamuuimdnuyuyinnuy nsendivesing u azenduniseniuuuardnauruiuiieL
(suspension) TasussauTInNvLYBITLMIMAN azdwmalviuauduieuendatu lunsd
flgnsndanlnsivgainny e uaziadeuiioonluasauinauenauusivdnuyuiiuiiile
Ueamsheududaiuauudmdnauiaaudemels

2. E-block Ao yavasiogudnys E n30138nd0¥011 UUUI8IU (actuator arm)
siudiuneginuinevesiieuesafantasil Ianudrrglunistiglmigu-geudeya
dll d‘ Qy ! Q‘I o Y a dll d‘ a 1 s =] N .
AOUN Fudunvinliiinnisieasuil LSuninuslnesunalInidss (Voice Coil Motor, VCM)
lasusnutazgniumeean Welnsdeudygyiumielnii ssiRensiviienirluiinau
gk Inelmfinnsiadeun un1sindeunazligavyuunuiienu (pivot) Nilyansugnty
(bearing) ugunsaifildsesiunsvyunastisantsudoavusenineiiduda

3. HSA (Head Stack Assembly) fio savis usnsafarlas Avhgatudiuduuumn
Usznaudulugnieuesadanlasi lnenisusznauaziingt HGA uusenuiv E-block
fiusnasBagnuea (swage hole) Wilegnuaagniriiusg @uﬂuaa%mqgﬁq swage hole uay
HGA Tnefigui HGA axfluunaidnning swage hole 1iognuoaruaziinnsvene5uL HGA
yhliTudaues HGA Bafindl E-block efinRnamysnifagiFanitatuin HoA

d' a a a va 1 1 [ A a & = 1 1
‘U’]ﬂE‘U‘VI 2.2 AR UNYLNWHLANAUANUAVDILNUITULULNANNIBDAGN mwﬁlaﬂm

drudsznavluiiguesafadlasd uiluesduseneundndulunistuiindeyaiinea

' a ! & 2 = Y ' &  av v |
nd13fe MuLLWEn (disk) 9zgnaluiAfeunlganswilindniilideuasegiing 2 a1u
1 [ dy A a 1 1 =3 ¥ 1 [=3 .
arsudmaniannsoauvselulalmisgnasaial nsiivtayaadly Auwsinén (disk)
sslusiadyyraidnealugudnuwae <07 war “17 Tunistuiindeyatuldndnnisnis

witlgahvesauuudvanlunisadudyauninea



Bearing

“x'vaage hole

3¢ \{?GA
- ‘\\/?;ékmk ~,/
Vs

JU# 2.2 ddseneuninvesinenugnsnfantasi

2.2 waNN19INIUYRIIguEninfAanla

madhfedeyaverhieusinfaila szEuanmsvinnuresynieu-deutoya
indouiludsdiundsvesdoyafignilessiaunudeyalivufiiauuiunsingn (disk)
Tusiadadlasi muiidygramuandnismudumiandoud Tnodumiaieu-eu
Yoy avindouileguu unia (track) way Lwnines (sector) Toya Inuninazuvsdiuy
Foyardununaumu sevisnauglian@delusui 2.3 lumsssyaviunauniaasizy
1NWMUUBNEAINERUlY diuddulugy Ao diuvedwnines lngauvangazkUs
unsroeniudiug veadsmilwessnau duduhen-deutoyaazimih i fedoyanu
frunils uniauaziennoiiignimuaiu lnen1siiauazisuaniaiuauaeulnsalans
meﬁﬂé"ﬁmmmmLmﬁamﬁmﬁauﬁlﬂuﬂizLLﬁlWﬁﬂ‘Viar;hm%ﬁajuama%wmmﬁm%aﬁ
STUUNIAUANULUUEBUNEY (feedback control system) dsraliadouiilugaiumisuay
Foyaiszylaogramiugr mandeuiiazutsesniiu 2 fome Tnsludmnzusnavindoudise
aulafiondumisiiogainag Bondamasiin uniadum (track-seeking) wdsanty
Weu-sudeya agaruAIiunts udrdsridundadeundululugluuuvesdygyin
AAIALAADY SanaziidunnsIAAeuinAIY (track-following) LazazLARoUTauNd
e Teuteya egnsaaienansuniaviesumisdyanunainadeudugud



R/W Head

JUN 2.3 dulsenaunsen-lsudoyauuauuiman

2.3 daduiiwuunaegiiluidguaiinfaniasi

naifisduresmmmIkinyesiIueseyadunTuynad dwaliiiaumsves
msasmelulaglunisindeuiiheiu Tneynieu-deuteya gnitmunusulag Heath
Tud 1976 [21] Waummumuuduresswiuvesdeyaluvastuiiiowd sedumngludse
$137957 (Mb/in?) uaggaansiadeud (servo bandwidth) 9858%319 500-1,000 18504 (H2)
éﬁ“ﬂﬁumﬂ%ﬁ’rﬁ’uL%ﬁLLUUiJg:uqﬁ (single stage actuaton) Musduidsenamesunaindss
a3uT 2.4 (n) Auteswedmsundouiludumindeyalfegregniosuasusiugn fMensimun
7113189V LIUTDIT AU T oy T uLNEY 500 Winluanfiesdundnd
Huseauingludsansnsia (Gb/ind Tudl 1990 Yen et al [22) uauisniFuuuanlunis
LnFITULEIUUN AT (second stage actuator) 1114 Tnafin1siauiuuliAnves
Zappe [23] wag Fujita [24] mua1nu wdeaniulul 1991 AUKUUKSNUBIYANIB1U-LT Y
foya gnitmuiulng Mori (25] Wieuddamanunuuiurouniaseviundadvunndn
191 1.5 lulasiuns (um) finnnuanusavesuewmesunaindsddannsadidds s
TuiimAenil (second stage actuator) il uasadanlasiaiuisadrluau-1geu
Yoyaluunia (track) Advuraidnls gldangud 2.4 () 1Wumsiusinfuszning
AadutswuuUgugll (single stage actuator) kagAaTuLiTwUUNFE T (second stage
actuator) 3enIFITUUUEDIEA UL (dual-actuator)
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o —
J—
"

-

Piezoelectric

Sinele Actuator

Dual Actuator

(n) (¥)

JUN 2.4 gavigugniafaniasil (n) dduiuuudgugll wa () sadusuuniend

Tnefloafelumsvasesiadsduiuuumiegivisesndu 3 nau Fuanduzud 2.5
i ﬁﬂ(ﬁ?ﬂﬁLamLL%uﬁuﬁaém—L%u‘ﬁa%a (actuator suspension) [26-31]
2. Ansausaaddiasu-deutoya (actuator slider) [32-33]
3. Ansausiadlusieu-Teudon (actuator head) [34-35)

HH| ([N

(%
v v v Y

JUN 2.5 duvtsdnaaiiduiiuuuniegi (n) wuudu () 1avsu uag (p) Tuieu
NFUN 2.5 dunsnsinnsdinasiesyernisiadouiveine1u-WWeudeya lngasy
1N MUNIATLUAIT199 2.1 n1sivuaiavesiIsu-lWeudeya Fagui 2.6 e
ANUUATANIG ATUNUIVDIRIDIUAIGLNY X ATUTIIAEHNU Y bAE ATUUUAIEWNY Z
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o LY = Nt o [ o v = a{'
dmiunisiedeunlunwinssimuaavlukuannudu 1, 2 uag 3 AuaIRU Lagn1snaeud
Tunuamvyusoundu 4, 5 waz 6 auaduuiy

5UN 2.6 MsfvuaANIUewiIeY

M19°9% 2.1 wan1sveapssTanielediany3nluiumniese UumeuaIN AT TN LAY

Position Materials Mode Bandwidth Normalized Reference
(kHz) stroke
(nm/V)
Suspension PZT Lateral (dsy) 1 96 [26]
PZT Lateral (dsy) 7 28 [27]
PZT Lateral (ds;) 10 300 [28]
PZT Lateral (dsq) 10 280 [29]
PZT Lateral (dsy) 20 50 [30]
PZT Lateral (ds;) 20 200 [31]
Slider PZT Lateral (dsy) 7 15 [32]
PMN-PZT | Lateral (ds;) 22 29 [33]
Head PZT Shear (dis) 2 14 [34]
PMN-PT Shear (d;s) 50 1.6 [35]

1%
) a v v ]

N @ ! a v ! [ { a a o '
INAITNN 2.1 7\]3L‘WL!’]NTL!’NBﬁ'l‘lﬂﬂ/iiyll,ﬁ@ﬂ%%%ﬂﬂmfnﬂ@L‘WEJI"?J’E]L@ﬂV]iﬂI‘LWﬂLL‘WLN

Y a ! L A

wruduiaeu (suspension) LasnLdusuvisiifadsldais Sneuazsuugniigaileliiey
fusnaedia safusumts wyudusasnu (suspension) azdusunisiannsaldeuldass
Tugmanunssundnensadaniag uidwiunsindauinasousddedfoausaiau
Tugaeaudganitdumisuauduiieu (suspension) Idilosaingatndeuiiogiiuiiim
sheu usdmsunsindataniieledidnyinluheu-Boutoya avannsndifuaudoya
#aziBoaniuddeidefonimaniidudounaridinannnlunistusy dduesdalianmns
Antuasdldlunssuauniawdneninfarding
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2.4 auautRvaTanelydiany3n

YanifieleBidnnindndu Jaquesintugs iosndquautifiasnialing
annsadniFedlasadnuisauliihidenlild Fonusingnisainisiin Inanlsidu
(polarization) Aon1sdni3esiianisvesiiiln nswSeuarsiaqiielediinnininainans
oflum3 (inorganic compound) 3nNUseneufuAnUiisefiguvniias JuoynAvesiansm
Fodnfuauindueynavuadsuluvdedamality Fa3eniiniseneunin (sintering)
wazvllassaiendnivdsulunniu TneTandieledidnnin Sheiinulusssumpuazain
nsdansedt Tnetaginulusssund TduA wimend (quartz) ussan3u (tourmaline) way
indoenisad (rochelle salt) Wudu uazanmsduameindndunifoanunsatiandaGes
fanislnanlsiedu wazidondanindnaiuianielaseairandniinovaussauda
eledidnvisnleffian 16un PZT, PMN-PT waziuBoulymius (8aTios) tudu

dmdunmsldauvestaniislediannin awisauvsdwuneanliilu 2 dnvue fe
auURifigleBLann3nuuunense (direct effect) wazaudfiislediann3nwuunisdou
(converse effect) TngiTugsil

2.4.1 AauantRielgBaNYSNLUUNAS

Tnefanautffmifanieledidnninaiunsaiadalndih (electrical polarization)
leldsuusinavieussieazidasusundanuna (mechanical force) lifulnil (voltage)
NN3UT 2.7 (n) wamsanmzliifinnsnsyyinanieifandilifiusnseyiuasusy eiae
USINALNNTEINQIUR 2.7 (@) dxiiuindindslwihesnunlusuuin waglumandudu Ui
2.7 (p) diefeTanmazlindanulwitlufiomeau mnfinsanduaunisaglasd

| R 5

b

P ‘j' ! ‘ar
L] ! | 4| t T ] ‘ .

(n) () (m)

JUN 2.7 anmzdigledianyinuuumiemss (n) lidinsnseii (v) dn1sdu way (A) Innshs

[ = a & a o v L4 s [ &
aun1s¥anuiieleBianniniuuniange Inedgydnwal P ununninasvesanudutaliili
921

dT (2.2)

w]
1

> |O
1
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dlormualii

T @0 wseituinszindefiuiininga viediiiondn aanuifu (stress) dniae

Ju (N/m?)

Ao ArunwwUuUszUURilaBIany3n (dielectric displacement) (pC/N)
Ao Uszalaih fwhedu Q)
fio ApsiiieleBidnyin (piezoelectric constant) vasans Svheidu (C/N)
fie iuiiminsmvenieans fmhedu (m?

> 2 O O

snnannisaenanaintsadluussgndaldeauliiguy Auiuifsandsey
(energy harvesting floor) T ugunsalfansiaduainueu (pressure sensor) Tiduiaas
Mutlalniin (electric generator) guUnsalgaufia (gas ignitor) Judu

2.4.2 andudfieledianninuuunmedon

AnantAfiaui TanieledidnviinannsaifianisBavienavesaqedls Weldsu
usadultin zvinliAansWasuuUassUs1s (deformation) TunaueansiUasunlasgusns
aannvidedestuagiuusadulnihilasu disuil 2.8 (n) uansanzddlddnagelalugs

(% IS

Tan vmninsUaunssiiauazinnsuafivesiandesui 2.8 (1) wagmnleulsaiuuin

[ a

Janaziinn1svenesgui 2.8 () mnfinnsanduaunisaglane

+E

E,—‘
L | |

{ B S 4
- - 8
{_ N

7/ |

(A)

JUN 2.8 anmwiiieledidnvsnuuunedeu (n) Widnisnsevir () Insteulvau
wa () Insdeulviuan

aunsieledannInLUUNIe UL LA

S=—=dE (2.3)

Weruuali
s fie AnuesERATAnTuNglwilatan (om/V)
E  fo awwlnih (Electric field) Snwaeidu (v/m)
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AL @9 Anugmlasukladly
L, A8 ANV

Tngpuvaneves d fe Aasiiifieledidnnsniowuuusngniseifieledidnnsn
yensanaznedenld Wosnanidusnsdmvesnsuasuulasgundsanu Wethaunisd
2.2 (U51n9N150in19059) Uag 2.3 (U5NgN15ain1egey) afiarsanianaaudiveseinig
faneju (elastio) wazaladiinninvouiletan awsadewduaunisiiuguitldesune
Usngnsaliieledidnvnlaai

D=dT +£'E
S=S T +dE

dloruunli
D fle AnunuwiuUszuuRaladidnyisn (dielectric displacement) (C/m?)
S fAe AMULASEA (strain)
d e amsfidieledidnni3n (Piezoelectric constant) wasans Swaedu (C/N)
T fo ussiunnseyhseiudiniingn videdisenin amnadu (Stress) Doy (\/m?)
" e Arsfiladidnin (dielectric constant, permittivity) Inedaaydnwaidaen T
WIULSINAAST (F/m)
Ao gwulad (NQ)
S Ao dulszAvBnnuBaviguvesans (Elastic coefficient) Inedayadnwaisen £
wnuawlniasd

dwfudiendidsluannisil 2.4 uaz 25 uansfieUuuainsiinnuLAuLas
Al NEITU 1INFULUUYRIADIAUNITILUARITIANLULANA 199N 5IAS B u Tan
Feasduiusfuauandfivestanfielediinvinviindu uazuananifid oy Tanifels
Bidnvindsilnaantitusg fufiams dedussnfudesyyimmadusroslufulaie
wansfaieulvanngfiamsiidmun Wy Weussadadlagi denfirmadu ds; dadu
Fulsraviuieledidnviniiuanstemnuduiuslunisifalnanlaedu (Usngnisainiemss)
Tuwwadsandutaliilufiensd 3 vidslusuadeestan deviliAaaudilufianed 1
visornudnswestan fuanduguil 2.9

91N3UT 2.9 () uansdsnsimuanundn 3 fiamna dauguil 2.9 (1) Wdmsudu
fuauriiu Tnevhlududssansidieledidnnin dnasssududuasiosiine 2 f 1wy ds B
osugldhavusnvineiie fiemalwanlsisdu fuaviiaeamuneisiicmawesnnuiaion
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(n) (¥)

JUN 2.9 Bemsvadtnanlsiwdy (n) vuukwiigledidnysn
wag (V) vugnieueninfanlasi

nnannisiinanaunsailuussgndildunsuanaweslugunsalddnnsednd
Faty spuuiadmindudeunds (fuel injection) szuumuaNganisie (air bag) s¥UULUTA
szuutiostualue dwiugaamnssuenueud ou-deudeyasinfadlasi shandimin
TuiSeafiant ndesdreguiinea dmiugnanvnssudidnnseding gunsaldraedasilouwnmd
wesnszdunduiiie tnslindusanileda (ultrasonic) #1vsugmamnssuyanITuNms
Dusiu



unii 3
nsUssivaussauzvaiaameluBianysn

TuunilgnanfinisUssiuaussouzvosiagfielsdidnnsn lnevhnaieuiiey
wuuiillutiaduiiBendt PZT uazuuulvsifitnaueiionin PMN-PT dnunisdradlagly
aunisnsadad1nswarselfouisinludiediuud (finite element analysis) wagnadau
amiaum%amumuLﬂﬁaugﬂ%uLﬁaa (unimorph cantilever model) wialsiiiulalésn
Sanuileladidnvianuialviuuy PMN-PT flanssauzimiionirfanieledidnvinildluiagiu
939 newazimsiluussendldluimsuansnfaningi

3.1 Jaqiieledidnniniildvagoy

% =

Fanuieledianvinludeagiugnihundssynaldluiieuaninfadlasi lnegnldidu
AduiuuunRenil (second stage actuator) luni1siafounive g 1u-WWeudaya

Tutaguiinisdenldianiieledianvinyiia PZT awnnddelmusauvesianviiniife

v

fiaunmnudeguugias iWesanuiduneulunseuiunisuanaisafaniasi dn1sldy
gaunQiaatia 150 asewaida welinndafatuanuudsia windagieledidnn3nfien
9ounnTA3 (curie temperature, To) fifaziansdsan minanlsiwdudeldnuiueumgl

1 Y
= 1

ivue Jsdananian1sidenanssnuzvesiItulswuuNAegil (second stage actuator)

Y1 £

fawdinnfanuuulvg PMN-PT fendudsednsimieladinniniigauin Weweuiuwuu PZT 9

q

)

'
1 a =2

Miuegdagiu wivaidefe Araamgiasen delaendluliiiiu 100 ssmneadea (°C)

Y Y Y
oA [ a a

uwilosmeUagtutedinvesiagiieledianninvila PMN-PT Tunisnuseaiiuseu uas

a o =

TupeunIsnanidudeudnalisinigs Weiguandanieledidnvsndungiewmaslunis
W Fanladnuautfouienamnssunsndnesnfantasideanisle na1ife Jenmgiia
3ae saudedunuluniswdalvsinignas lneligudn 2 uS¥nNYreWaufe

Y
v

TRS Technology kag HC Materials 919 2 §uanlsssundsegluansgowsng lawmuw
JaouieledianninuazliumeaedumAdeluund

¥
=1

Tunisveaeslauvngy 10u 5 9a wasFaguualu 2 nau Ineusznaulume il
1. NquY03 PZT Usznaunigianain usem Morgan ju PZT-508 uay US¥n APC

[ [

U PZT-855 awvgiidenly Wesandrguwarilngnimununldluieuenindanlasi

2. NGNYDY PMN-PT Usenausiedanain usen HC-MAT U PMN-PT wag uS¥w
TRS Technology U TRS-AXB way TRS-5XB

TneAnuaudfvesislediannsnudazaiananilananisnan 3.1 dwsuanuaut
Tuprsstlaggninluldlunisauinriussdeuisinludiofiuud
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o 0 wa [ = a g a
13199 3.1 ﬂ']ﬂmaNUﬁﬁJEN’m@LWEJI“U@LaﬂVlﬁﬂLLazﬁLLG]L!LaﬁLﬂiﬂ 304

Physical and TRS TRS
_ ) MORGAN APC  [HC-MAT PMN- SUS304
Piezoelectric PMN-PT PMN-PT .
PZT-508 PZT-855 PT cantilever
property TRS-4XB TRS-5XB
Piezoelectric d, =-97 | d;=-175 | d;; =-1750 | d,, =-1650 | d,, =-1700
Charge d,;=225 | d;;=400 | dy;=400 | dy;=2820 | dy;=400 -
Constant (107*2C/N)
ds=330 | ds=59% | d; =59 d,s =146 d,s =59
Relative Dielectric &= 1290 &= 1290 &= 1290 &= 1600 &= 1290
Constant [ £ ] £33= 1000 | £53=1000 | &;=1000 | &;=8250 | &;= 1000
Elastic Compliance SS-115 | SS-=115 | SS-=115 | Sf=702 Snf 115
Constant E E E E E
Sp=-37 | S5=- Sp=-37 | S,=-131 | S,=-

(10712 m#/N) - . . % :
S3=48 | S5=4 Sp=48 | S3=-560 | S;=-

E E E
Se=135 | Sg=135 | Sh=135 | S5-=1194 | S5-135

E E E E E
Sp=319 | Sp=319 | S;=319 | S;=145 | S;=319

E =
Se=350 | Sg=350 | Sg=350 | Sg=152 | Sg=350

Density (kg m?) 7600 7600 8100 8200 8100 8000
Young’s Modulus (GPa) - - - - - 190
Poisson’s Ratio - - - - - 0.28
Size (WxLxH) (mm) 4x15x1 4x15x1 4x15%x1 4x15%1 4x15%x1 4x15x0.1

3.2 E‘ULL‘UUﬂ"Ii‘WﬂﬁaUﬂﬂJiiﬂuz

Tunseenuuunedeuanssnuzvesianfisledidnvinazyinnimnaaes vielusuuuy
n331aes nsnadauiaA1asiIngUniaiindesiiofn wasAnumanssnuiiinduiutan
Feledidnninite 5 e seludunsieszidmanans wazidainomans et
wadnsildunfansundentandieludidnnindmiviluAndsluiisuensaarla
dmfusduuunisiingest IfdensduuunaseswnsgiudiiSenduin auasusy
Fuiien (unimorph cantilever model) Tuniaans Tnsftaunisvesauyasusuduien
(unimorph cantilever model) 9811 WAN ST EZN15IAAOUT LagkIulUsUATH ANSYS
diedransnisaussnuziussdouislnludiedund ndmintursyhmveaeuaussnuzas
fensin nsedeuivesatsmuasusudegunsaifn LDV Adeyaiildaiunsaasy
ausTnULRLTAR LA

3.2.1 ﬁ&lﬂ’]’iﬂ’]‘uLUEIFJUEULLUU‘??‘H@EJ’J

é{’m%’uaumimul,ﬂ?iaugﬂ%gulﬁm YzilaunisuinsgulunisAnnszesyeIvany
anilunisindoudt (31] Tngluaunisiidanysznoudauansiolud 993U 3.1 (0) sUuuy
TuinaidsznaulufeTanman 2 Tu AetuduuuanFendi dusfinsgyii (active layer) Fsay
Butaniviildatsaiudsusuidieriinisdounssiuladi luauidedagldfag
dieleBidnnin drudududiadenit dugnnsesin (passive layen agiutanuszinn
wén aunuiaa wielnnudendld 9103U7 3.1 (@) uansszoznisiadeudivesdiudans
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A (5) Weleuusulih lnenismegeuindudowigninduausiunissusuvanuy
= Y A & o I °o A = A =t
Wasugutuied wavdodndudiunusganuie lneanuasontagsveznisinfouiity

wwaunu Y fedndu 0 weliiudaienfiouiivintu

hp active layer (piezoelectric)

all ‘Jiffj'f::;i:;,flfl;; ﬁ

M T K

tip displacement(d)

=

passive layer (sus304)

(n) ()

JUT 3.1 lassafemuidasugduuutuined (n) dwdszneu wag (¥) nsindeud
vosgnlany

[

aunssULUUAUABUUT WAL wanslagail

~3s,s,h,(h, +h))I*

6= 3 3 2 2 4 2 3d31V
4s;s,h.h” +4ss h h” +s “he +s7h " +6ss h°hy

(3.1)

s A9 S¥EENISATONNUINMUMETUIY
s, P ANATIRNIZ YR TERaLALLAAINTA 304
P 1 A [ = a = a 2
s, A9 AAsTlanzvesdanieledianysn (m?/N)
h, Ao AUV TANALALLAANTA 304
h, e erumuvesiasisledidnnan

v A ussuliih

| fle ANUENIVDIATY

d, Ao AAsemzvesianieludianvinlunsiuuszg (pC/N)

Tun1snisnaaesiidmiutugnnsgsiasidenlifanaunuiaangn 304 (SUS304)
downdutanuiindeatuisusiafadlai warnsBainvestutagiansasBainge
n178%a 3M™ Scotch Weld™ §u DP-460 EG uivnnluaunistinunliduseniilaifinase
sy lesmndunmiinnuuienn fduauns 3.1 agldthdunmnda nefinuen
wazAUNieesTanis 2 Fursdearinfu uiagdstudinnunu Tassuaduluny
P37 3.1
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s R AU AN ANUAUN ﬁw;au
' ¥ ’ (mm) (mm) (mm) ()
SUS304 - 15 il 0.1 25
PZT APC 855 15 4 1 5
PZT Morgan 508 15 4 1 5
PMN-PT HC-MAT 15 4 1 5
PMN-PT TRS X4B 15 4 1 5
PMN-PT TRS X5B 15 4 1 5

3.2.2 ypduBamuAsusuuuududion

nseenuuuaBadutuuiinrudndusgieiidesiisdinista farunsove
warldausiudld fadunmsesnuuumanasou Swdadu 2 du feduusn Wududadu
Uihaduinevesaulasusutuion ludwuilfeanwuuantouussiuluiliiutan
Fielediinninde wazdruiiaesfeyninidosnisusznauseningnaudsusuduiion
uazyndasnuuLAUALEs uansluguil 3.2

5UN 3.2 yanegeusunuuauUisusutuien

nsUsEneuyanadeuALUAsugUTuies TnoFuannisiigadadu uansdu
U7 3.3 (n) Tnegndudnlunisuszneudemanduusznou fagui 3.3. @) ilelsdelunis
fadeeszorn1sBaauisusuiudien uaslinansvanosiiauindedio naniesvey
ALBNTeIATUIUABLFUTWREY Axdesiiannsiiane uasTaquaazadaasiiniamaass
5 A Lwiazﬂ%y’ﬂsfﬁaqﬂszmwLamﬁmwiﬁlu%uimjmua iWotlostuauaaiaindounas

HaNIgnuaInNnNIsannig nasnduiinisusenuyagadudaagua 3.3 (A)
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Yadudaauasusutuiied asUsenuiuseninduuuiasuadduduneuiiasdednliuiy
WaenAewin1sdnses Issezviiunnase dagun 3.3 (3) dhaunsaliwnszey 19nSes
Fununow wazinistnyanaaeuliliunaunNImMaaes

(@) (9)

sUN 3.3 annzyanaaeu (n) YaBadu (1) Mstvan (@) N15UsEAU Lay () Nslenszey

3.3 MSIATITALANAdaULINaA1das (Dynamic analysis)
nsneaBLazAnwnansuiliAnuiuTanfieledidnniniBanamansiduded
dfanndmiumsihluesnuuugunsaiiisusiindadlasi iesainnansynuainaud
nsdutias (resonant frequency) agdsuaranudemslvigunsaiendamadlasils dafuly
duifehnsiengiiuuuudiaesdiessdeuisliludefuwudinulusuunsy ANSYS
uwaznadeuinanianiniaiesiiotaamefannuiiuiifiaduuuvesianfisTledidnnin
dieButumnugndeseansinmeiinuuuuasuarns nddeyasieiinty

33.1 MIIATIRMIANAGURaY (Resonance analysis)
ms%"waaﬂugmwuimmamamwwﬂﬁsugﬂ%ﬂ’ulﬁm (unimorph cantilever model)
Tnethaunisudsulusunsuiiiosnassnmsiinnuddunesielusunsy ANSYS d1msua
AuautRveiisledidnninuazArqudnvaznisnigninusazsdaaiuisadiniain
AN5197 3.1 wazm31ad 3.2 thluldlunissassanudnisduios Ssnnudildlunsmeaeu
N5918098Y19ANLARILA 100 TSR (Hz) 9 50 Alawdsmd (kHz) Anualugasiidugu
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anudldauluiisueriniadlas dedmasenisoanuuunaznisidoulusunsy
muANNTAdeuTiveseu-deuteya Tinanmassdnnuiduieanszagilian
anudemels 91nn1sirassiulusunsuazldauiduiesvesian PZT uag PMN-PT
aonndesiu nanfe an PZT waz PMN-PT auilluunanudduionsniloudu Tnsusagivun
fdsl vundl 1 fid 2.8 Alawdand (kHz) Tnuadl 2 T 8.1 Aladsad (kHz) Tnuadl 3 fd
17 Alaudsnd (kHz) Tnuadl 4 fiAn 27 Alaidsnd (kHz) way Tuundt 5 fld 43 Aladsnd (kHz)
wadnsfldanlusunsuazuvadu 2 dau Aedrudl 1 axifunimnissiass fagudl 3.4 (n)
uazAnATAduRaas 5 Tuua FUil 3.4 ()

&\ SETLIST Command
File

wwiik  INDEX OF DATA SETS ON RESULTS FILE ekkek
SET  TIME/FREQ  LOAD STEP  SUBSTEP CUHULATIVE
2804.0 1

8192.2 1
17099. .|
277317, 1
43521. 1

O W RO =
oW no =
LW =

(n) (@)

JUN 3.4 1@a1nANSYS (1) WUUd1aed (1) Anudnsauiewsiasinu

dwsunmraesnisiinanuinisduiieais 5 uaduiagui 3.5 (n-2) WWugud
wanaANanNsAUNedlde?l 1-5 auaey

B

(n) @) (m)

) (3)

SUT 3.5 nmdrassnudinisdusies (n) Tnuadl 1 (@) Wnuedi 2 () Tnuad 3
(9) nuad 4 waz () el 5
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3.3.2 N1SINAMNANITEUNDS

iWioifunisBuduainugndes vesuuudassiliainlusunsu ANSYS Faldsiannsg
neaesinAauinisduiios fiAatuaiauuuuuassnuiUAsusutuie laeldiadosdio
fwaiasaunuiiuiiiiuuvestagieledidnvinlasldyannaouiaisesvasie Polytec
$u OFV056 a3t 3.6 Taedmuateulumnasadu Jeuusswiuasil 10 Taad anudldlugag

Aaus 100 183G (Hz) 89 50 AlaBsnd (kHz) uTIANaLNUYINITAIMUAYA
91U 1,569 0 6l93UN 3.7

=
=
=
=
=
=
=
=
=
=
=
=
=

Macrw, Wsdow Mt

e S K G = o A E MmN

€aN
(=l
3]

3.7 MIMNUAIAAULAUULRTIFR)
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n1sMruAARNANELAY FsfmualiNUatgaudsusutuie Aagun 3.7 lng

o | = = a v a & W a & 3
AUMIUANBNATELAIADIALINAY LaTNITNARDUITITUAITUN 3.8 9nFUaztiugalalses
dunsluususulagvesmufsusutuie)

S\\lj 42

UM 3.8 9A5UAUTDRALTRTALN

nan1snaaeanltiaintusunsuandudigui 3.9 szuteenidu 3 dwmununeas
Tnefian 1 asdunmdiaesnisindeuiivesiandielsdianyin vanaaud 2 wsdudoyaagy
ANuINTFuNaIAazlnunlngITUBNYIENAULAEALAR YWY INNALazaTUMaYA D

gaanlutsiy dwsunueey 3-7 asdunsuaniannudnisduiesusazdidaadunnud
nsduiastauslidedl 1-5 Mua1eu

P alE
5 Fle Abyeee e : =lalxi
ls@ m.-hm_ Clles dREDRN W77 R ala” > F|
= O T e
cavenc s elintion_pmecgts
Doman i) 7t a:-q-e:a G ,.3@?“«‘ ry
Sorw 2 [mm [0 |

Tt Ed | P 1m|u¢ =
HNTS| WNTS
4125 16TI8.E 15780

3T |
F =

LG

= e | i Wkt
- e Average Spectrum
BandS 4650k
Rert HUTShE
4 [ wath 3819k
j j\\_ﬁ_,x_‘___‘_ ___Hhh— i
10 E o a0 50
Frequency | kHz |

5UN 3.9 Hanisnaaesilaantusinsy

ANNSUNNBLUUINEBITTITAAANUDNITEUNDING 5 T1un Lﬂuﬁagﬂﬁ 3.10 (n-3) u
sUTkaRIANNNTEwiRdlrua? 1-5 auddu
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)

(@)

5U# 3.10 nMmLUUTIReIANNdduN IEuieInse (n) el 1 (v) lvuad 2 () lnuad 3
(1) uad 4 uaz () lvaiai 5

WawANteaINN1597189 9 WTUSENTL ANSYS Hazn15naandinA125997n LDV 11
WIgUgU AINNSIN 3.3 NUINIAdennaaIny

M13199 3.3 AnudnIsauiaalnue 1-5 vaianmna 5 nau

. Frequency Modes (kHz)
Material | Model | Tester = 1 - y

1% Mode | 2" Mode | 3 Mode | 4" Mode | 5% Mode
TRS LDV 2.92 8.14 17.15 A (- 43.56
5XB ANSYS 2.85 8.15 17.06 27.74 4351
b TRS LDV | 283 8.16 17.05 | 2752 | 4356

.
E 4xB ANSYS 2.82 8.21 17.09 P 5 43.68
LDV 2.85 8.22 17.18 27.59 43.61

HC-MAT

ANSYS 2.86 8.15 17.14 27.58 43.58
APC LDV 2.95 8.19 17.15 27.66 43.52
N 855 ANSYS 2.82 8.18 17.09 27.83 43.64
“ | Morgan | LDV | 293 8.23 1725 | 2782 | 43.66
508 ANSYS 2.85 8.22 17.16 27.68 43.55

winiraudnisduieslulauan 1 vesiaqiieleBiann3niia PZT wag PMN-PT
Magudl 3.11 aeWiudinguuesian PMN-PT fidnisindioust figendt PZT §ia 4-5 win
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Resonance frequency/ Displacement
5.00E-07

R
HC-MAT, 2812.5, 4.45E-07 r TRS 5XB, 2906.25, 4.54E-07
4.00E-07
TRS 4XE, 2812.5, 4.06E-07 , \ PMN-PT
£ 3.00E-07
o 00 ——TRS 5XB
g p
£ } ——TRS 4XB
g
"
& 2.006-07 HEMAT
8 .
a ‘ ——PZT APC
PZT MORGAN, 2906.25, 9.43¢- — PZTMORGAN
1.00E-07
/ ?‘ :PZTAPC 2938.75, 8.08E-08 E
0.00E+00
0 1000 1500 2500 3000 3500 4500 5000

Frequency (Hz)

JUN 3.11 szgzmaiadeunlulyuni 1 ¥99n31udn"sduias 119 5 fegna

3.4 N5AATIZRLANAdRULTNERnEANEAS (Static analysis)

Tumsmszegnisiadeuiivesuuudtassauiudeusuduiion Tévimswieuiey
SEMINNISAIUINIINANNTT 3.1 waznisinsrezaSeiiintuainnisvaaes Wedou
useliihmsiliiuTagieledidnyin uazinszoziadeuiluannzvgaisanansnialiain
w3esiadiouas (optical profiling system) 6750Lﬁuqﬂﬂiiﬁm%"aqﬁa‘?@hﬁawaﬁ’ﬁmisuan
U B inelulad (Ussindlng) $aitm Taemseuamasnsnaaesdudail

3.4.1 N1sAUIMIZEENsIARBUT

ﬁwmmmﬁzaznwna%auﬁmaﬂgﬂLmeuLUﬁau'gﬂ%’juLﬁm AUITAAUINANNTT
wmsguil 3.1 Tsvinsunuenssiulaiiac Tudsdaus 0-30 Taadf Tngazunuanfisiy
afaay 5 lad dvsuanduusnuantivestagfisledidavinuazaunuiaainsn 304 Tu
auns annsatiaanm e 3.2 lWunualuaunis Weunuaiidosnisudagldszozns
m?{auﬁmawmamum?{augﬂ%y’wﬁm Faps97l 3.4

3.4.2 nsiansiaRouil

dmfunistanisindeuiieseazldiadesiioTauuy optical profiling system
B9 wyko Ju NT9100 fsuandlugui 3.12 Tneteulunnsdn azvinisteunssfuasiiiiad
az 5 hadudwihmsinszerlasimungauatslunisin fagud 3.13 azinszezdigavans
iAot Wisuserdlddeunssuuas douussiufiimun ailduandumsied 3.4 1Wuf
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SO0 Mode 1

=2 9kHz
50

400

350

—TRS5XB ——TRS4XB HC-MAT —PZT APC ——PZT MORGAN

Displacement (nm)
&
o

Mode 3 Mode 4 Mode 5

50
f=17kHz £=27kHz f=43kHz
0 SV /AP 27 N R
0 10000 20000 30000 20000 50000

Frequency (Hz)

JUN 3.14 Anudmsdunesndnlaass kazainnisdnassia 5 nun

3.5 WaN1INAaRLLAaLN1TaAUIIeY

MNNANIINAGRUANTIAURITINaAanslun1sInaesiussideuIs i ludiodiuuduas
mstar1aieiiiindu wuiinnudenadestu fis 5 ium vesarminisduies 210Ul 3.14
witudndunsmvesiiogiei 5 e Sarwinsduriosousiutusi 5 iunanud dmwa
TanunsoiYagiieledidnninvialva Ao PMN-PT anldunui Tanieledidnninuie
Hagiuvuheusinfanlasilld Tnglisuduigdeseenuuuienial mszdnvauynis
\Anmnuinisduiieseglulnunanuiiieniu lneidedne lidedld1gluniseenuuuyn
vhewainnaniasl wagsmdwendninlilunismuauannsaliyaddaiuls

dmunanmaaemnadagmansdmiunsiadoudives usingaUaevesau
Wasugduden annsaasunsieudisussninnisduin (calculation) uaznaassin
939 (Wyko) vasianiieledidnvinuiln PMN-PT Lansfan1ssil 3.4 wazaziiuinsiuuali
wiloudu uwiteyaiiinlfadsaziidriosndmntasteya fguil 3.15 illosnanaunisly
fwnalilafmuusiiduduresnmsfinniaunduan esinluaunsuesimavesduniad
Anduasatiosnuasiusgfuriavesnm fu narnmasunuagldrszesfndoud
aanheitialdats mnthansduauisuisussistandieledidnminiedalsl
wazii agnuiianuialniflaussourganiivenduds 9 i faguil 3.16
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PMN-PT TRS X5B PMN-PT TRS X4B PMN-PT HC-MAT
Voltage Wyko | Calculation | Wyko | Calculation | Wyko | Calculation
(V) (um) (um) (um) (um) (um) (um)
0 0 0 0 0 0 0
5 0.438 0.97 0.42 0.88 0.55 0.90
10 1.108 1.94 0.98 1.77 1.05 1.81
15 1.1925 2.90 1.77 2.65 1.85 2.71
20 3.257 3.87 2.80 3.53 295 3.62
25 4.086 4.84 3.80 4.42 4.13 4.52
30 5.343 5.81 5.05 5.30 5.12 5.42

Diphoement (um)

(X

Voltage (V)

—+—wyko TRS X58
—@—cal TRS X58
—a—wyko TRS X48
s cal TRS X48
—+—wyko HC-MAT
—8— cal HC-MAT

3UN 3.15 uanauwnliuveinsilSeuiieusseen1siafauil INNIALINKAZNITINISS
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Deflection V3 Voltage(Formulation)

===PZT  APC 855
—=—PZT Morgan 508
PMN-PT HC-MAT
A —=—PMN-PT TRS X4B
—+—PMN-PT TRS X5B

Defection (um)
2]

5 10 15 20 25 30
Voltage (V)

UM 3.16 Wisuileussegnisindieuniveaianieledianvsnelialusluazin v 5 faegns

3.6 a3UNaNIINAADY

311n151Aa8s kansliiudenisiiiauiisvanssausvesianiielediannin
WUU PZT uay PMN-PT UuuuusiaesguuuuauiUdsusuduion anndeyavosmanis
nadevansIourisludunanianiuazaingaans luirnsdunisduiuniunged
nsdnaeausE leudslnludiedwuduazn1snnaesind1d3e navesdoyaniuaenndoeiu
Fefulunisudneniafadlasfluoueaiifesnsiniteledidnyinelnlml annsntiaunis
uaziuuaesnaidatull Wlilunisesnuuu dslisuiuazdomannsintagaiadio
Usendindunu uasfidndymuideiuandiiiuivheueniasasiasimndnsirfasuie
Tnadlulda3s avifinaussauzvewiieuegannfessosnisindoud fu1nninds 9 i

¥
a =

‘VI\‘iENllIllNaﬂiu‘Vl‘U‘VH\‘]ﬂ'TLJi']ﬂ’]ﬂUﬂiu‘U’JUﬂ’ﬁNﬁﬁ]Lu%]ﬂﬁ]']ﬂﬂ’)']mﬂﬂ"liﬁuwa\‘mLﬂWU‘LlL‘U‘Ll

a

Anwaly LG"lEJ’JﬂU‘{j‘{I"DUu VI’]GLmﬂW]ENﬂJﬂ’]iLLfgﬂ‘Uﬂ’]ﬁ\‘Iﬂ’JUﬂﬂJLW@%@ﬂLﬁENEJ']‘L!ﬂ’J’mi‘l ‘VIV‘I)’]ELM

D

a

Weusiananlasiiinaudene wazniseenuuuiieiusinnanlasiludiiienaniua
PIAUDNNTAUNBINLNATUA BT UNU



unil 4
a (% 1 ¢ Aa 6
msﬂszLuuauiiauwmmmuaﬁﬂﬂafﬂmw

waannTiaseikaznaaeuluund 3 Idduiunmaaeuruuuuiiasauaznig
NARDIALTIOULTIIvasTan PMN-PT uay PZT n1eliuuusians “auddsusuduiiien
(unimorph cantilever model)” wafilé#annnisnaass wansliiiufsanssauzvesian
PMN-PT finifondn daduanuideluuni 4 Felevinnisneaeuian PMN-PT uuiis1u
ansananiasiade lasidududnisfadefagfelsdidnninasuuie usninfan luaunseds
nvaseuTangAnssyludy warans wae adnernans

4.1 wwnesazdamvuavasianieludiannindmiuiigiuaninfaniasi
{osnfagiieluillunismnaes szdessiumauazdermusligndesmumasgu
fusem Binn walulad Ussalne) $1in fwuedudielviiulaléi Wanesgudertuiy
nsUszneviigtugniafanlaiiludagdu fawanslugud 4.1 () waz 5U 4.1 (1)
mwmmmwLLamawumwamam giuitvuduinvoafisledidnninazindeudas
Fufinia (Ni CHROME) uagnes (Au) tielsinsmdeaimisluihfduwazntostuinues

LY

'Ja@LWEJIGUE]ﬂﬂ'JEJ ﬁ?ﬁ'ﬁ‘UaWWiUﬂ’]ll'l(?]'ﬁg']ﬂiﬂﬂ?’iﬂ?llﬂllﬁaﬂLLNL!LWEJIGZIE]Laﬂ‘Vlﬁﬂ

<

WuRa mNS199 4.1

f——— 1330413 pm ———

+—— Au ELECTROD
f*— Ni CHROME ELECTRCD

VIS
¥ ey [+— PIEZOELECTRIC
2 J A
AN S e NI CHROME ELECTROD

102+10 pm[ Piezo thickness [ J | i P 4

1016413 pm [ B, T o~

Au ELECTROD

(n) ()

JUT 4.1 wiudigledidnnin (n) v uag (v) Tuiaian

M15°99 4.1 Tarvualunisaauauianisledianyisn

PMN-PT Ni CHROME Au
Material Layer
(pm) (nm) (nm)
Thickness 102+10 90 + 30 175 + 60
Length 1330+13 na na
Width 1016+13 na na
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4.2 msinssudagdmiunsinns
Tudumnsutiazidunismioniagdmiunisiiluuszneu Insutsesnilu 3 diu
PUFUT 4.2 Watmuali JUN 4.2 (n) Ais eusnsafanilasi dwmsunismaaesagldiieu
! a v v da o = a < a a = G a o = ' Y v
JuihgInuiunanTaqieledianninia PZT wsiiduguitldnisusen dnn lulalduas
wiignunsafazhumegeulleuiieu einanlalldiuguludquemieusenle dmsu
JUN 4.2 (v) anifudaquauiielediann3nfiussyasuuidunuiaun lnefinnsszyiianig
Tl delife Yanfieledianvindidnuuuduuan (POS) uasTanfielydianvsniidnuuuy

L [ L4

Juau (NEG) 1losnnananuiiawain uazaluruiumsusznou Tnefimsszydyydnual
msltiduuy dguit 4.3 dmsulunisiedntandislsdidnninuuiisueiinfadlng
2¢ldn12 2 wila Ao 1.n79%aua LB Loctite ABLESTIK §u 20355C-1B1 (1128uA9)
wag 2. n1atnlaid8%e Loctite ABLESTIK §u 2030SC (1178131) Fan1aviaansaile

LaAnaFagUT 4.2 ()

@) () (m)

JUN 4.2 nswisendseneu (n) Wsugisadadlasil () Janiielediannin waz (A) N1

JUN 4.3 Msszyiiamsvesiuiitandieledidnvsnildlunisusenay
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6’5 a [ = Aaa a v 1

4.3 ‘U'Lm'ﬂuﬂ'ﬁ@lﬂ')ﬁ@lLWEJIQ!@LﬂﬂVIiﬂUUW?@?U

ludupeull nannsdfAyeginisvgean1isesiinisauauyIuiu wedseaniam

oA A ~ = a o & o o A a Ay

wazANULeiolunITnaaes lnelisigavidunn1ugun 4.4 69l d16Ui 1 N1EuAAY
aaﬂmé’wauuuﬁaéwuié’gmiﬂLﬁu 0.1 fadwns (mm) a19UN 2 NIEWLASAUUULEY
~ a & a v | a A a o v A a ' ~ a @ a
Wielediann3nazdaebiiiu 0.1 Daduns (mm) a1aUi 3 N1EMIUUBNULAelaBLaNNSN
2zfadliitiosnin 0.05 Taduns (mm) a19UN 4 N1IAWN AUBNUIEIVBUUUIMIBIUAD 9L
Ya8n11 0.05 faduns (mm) d1eu 5 nAwAIausanAuraaLpuLeledLdnnsnTulUda
ﬁaém%é’mhﬂmLﬁuﬁuawaaﬁaémﬁLLNULWUI%@L?W%@N@&UJ LAZAIAUN 6 NIAWAINAY
neuawHuieleddnnsnILlUTIe1uaraadlliAy 0.15 Tadwns (mm)

4, Min 0.05mm

from nonconductive

1. Max 0.1mm

from Baseplate.
Adhesive edge.

2. Max 0.1mm from

piezoelectric edge. 5. Overflow on top of

3. Min 0.05mm frnn/

nonconductive

piezoelectric is allowed
maximum up to

Backside edge line.

Adhesive edge.
6. Overflow on top of

baseplate is allowed
maximum 0.15 mm

from Baseplate edge.

sUN 4.4 uansUTunannnaiuadlunisusenaumuuu

dwduguil 4.5 Hunmnneiuthesineusinfadlasiileyszneuiadani
IngagiuuHuisledlanyn3 nuue uIrAesvauAuaelisrag iU 0.1 Taawas (mm)
wazszaumkuielediEnv3niflefioussiuvesiieruazdoskiiiu 0.036 fadiuns (mm)
Tnedumaunisandaiised

Cross-section view of HGA/Piezoelectric/Circuit

0.100mm “._ Conductive adhesive 0.036mm
—

Base plate Base plate t

Cil'c/I:it Nonconductive adhesive

JUN 4.5 ndinweeudne wansusanannasuaulunisuseney
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4.3.1 wganni1alivinazinlniuuiieu
Tunsisududsenau agneann1alilidnasuusLmiereen1useesu (load beam)
TuuSnagui 4.6 (n) waz nathliihlugaageuluih (crcuit jumper) daguit 4.6 (1)

Slider

Piezoelectrico .
— %
. / ~
Load beam ——f&\y/
/'/ r\
Base plate --\/

(n) (¥)

non-conductive Adhesive

Conductive Adhesive .

JUN 4.6 nswSeudsznau (n) Mswesadanlasil uay (v) N1

dmsuiienianisveanni1alidrlndNsrs uuukazvauais azisuaInRanisgnelu
Y MUAUMINEEYN 1-4 daudndluun 4.7

JUN 4.7 fiemnanisvgaanialdialiia

waznmegaanthlnihasuugagedlii Tnaisuainnsveeantivnssugie s 4.8 (n)
waglUamuneny 3N 4.8 (v) auay

JUN 4.8 irnavigeanitlnih (n) Iadudie (¥) aauYn
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4.3.2 msnefaqitelediannsnuuiastunazniailniiledeusedsasinii

Fununmsnauiutanifiledilinnin uansdwutumeu 1-2 Kiluzuil 4.9 Tnenns
Menduieuazrnudiy ndmintulainmameeanmidilwihiiledeusoisasesng
auysaluy suadui 3-4 Tuguil 4.9

1
Ly

UM 4.9 ddiunsnaurudasialedidnninwaznianiliiii

4.4 psvasaunsileudamsiniiussingnu

nsneasun1sideudenaliiiueaiieu tionsiadeunisUsenouuHy
Wigledidnvdnuuiisty danuaysaiusol AMumsmeasuinadaiulsey Tnewsesdlo
fnAuanslusuil 4.10 (n) wazgufl 4.10 (1) wansiersasmalaiuazardiiuuseq
Taervualii P Aaadiuuszq dardiasyszana 410 pF wasninididesdiunsiuiuy
pl + p2 azegluyie 810-830 pF Tun1sveageunindAruennieani nuieieduau
a13lasupudemeatnvuIunIUsEnay

P~ 410 pF

I
1
1
I
l
1
| == | HGA-820pF
1
1
1
1
1
1

(n) ()

JUN 4.10 Tarndaifiuuseq (n) yanadeu waz (v) 2asnialiihuazandafiulseq
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TnglunisinAdiiulseq asvinsiarundesganssel (microscope) faguel 4.11
TugUaziulurananduns Aoyl 1 99939959381 Jvuinadnunineussuiu
10 lalasiums (um) Tunrsinagyinnisiafunfiisuiunsanuusey

UM 4.11 n1sdnnunfeRans sl

4.5 Lﬂ%ﬂ\‘i‘lﬂﬂﬁ@UﬁﬁJiﬁﬂuzﬂla\‘]ﬁ?dqu

n1snAaesaNsIIUEYes usfafadlasi laldasesnaaouiinsgiuiinig
Vst T wialulad Usswelng) sadn Ideonuuunaradietuun fseanunsoneaeuinsyey
A1siadoufivesiigiunasiinsisiiienaudle Iﬂsé’am%amaamﬂuﬁqgﬂﬁ 4.12
Usznausie 6 daumdn fad

=
7

U 4.12 1AS0IARBUANTTOULVDINIDY

CaN
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JUN 4.13 vgunsundeunlUgagnuruaukiuanvyy

1. YanNuaLmManyu (spindle stand) a3U7 4.13 lnsunuatuuaividniyu
a11150U5UAUS5aULe il UYL AR UM SN ULILIAANLIARNSE NGNS o DU
widownuwindniolaelududa vindudasziianisidenne Tunisnaaseiazldninus?
~ | P
71 1,000 58UABUI

2. YAsEUUAU (Shaker) N13531889AudbAiUE U Mlalaeldyassuuduasia
ANMUDRUNABINISNAFRULA 1UN1SNAaBIldAINLA 1-100 Alatdsad (kHz)

3. ndesnneidle (Video camera) I¥dmsusiinisasnaaunsisAInugndes
vaegunsal lauinaziludiumisesiisny dundsawes saudaduiinnisvieuluvus
naaey 31n3UR 4.14 egiiuinisu-doudeya dduadoudiludaauusingn (disk)
Tngannsadananisalinuiundesialela

5UT 4.14 nMsasAgunsalannnaesanedile
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™

U 4.15 gmtalees LDV

4. yovawesdnsunisin LOV Wuyaiivassuasatgesuditdug iafiazviou
nauUsEIIaNS AIgUN 4.15

5. ganauianesd1miuana1nnssy (Industrial PO) 1899312 UUTNISALIS LAY
FaNALISUDITTUULASDINAAaU TdnsneInsveeszuuARLRILARIADLTLIN F9dTudaald
AoufmeTdmsUanamngsy asndnieUss i anaaussausgILaTIINS )

6. 53 UUIUSWNSUTRNALIS Matlab kazlusknsy Labview TUswAsuNLElunisun

[ aa

Fu1ufdInean1uszuiana Aslusunsy Matlab wag Labview datdulusunsuni

oo

ANMUEINISOANUIANNTNIAIAANERN S o a8 190 ue

a 4
4.6 NIINATHIULYINAAEANT
a o v v 1 ¢ a 3 s o w = < 1%
ANANIsAUNeIvaeilgueiafantasi daudrdguinidesandudeys
PusuaniansUszanaaissnnaesszuuginfantasillagsiy egaiguaIwasAuLs)
lunsidesdeya AuANTAUNReNEU-Teudeya aunsauTulsuayselduanng
20NLUULAYaNYAIUYDIYANIBIU BEINTU AINYIT ALY WInTn JUTN A1ALFIEUTS
FLreIIaNUS UL BerUsEneuwmaisiuiinaiunnudnmsduiositindy fal
wndiArdwusnasuly azfenavznsznuiuaiaudnIsauiewiug daudminasuy
Taouiielwdidanvznyida PZT 1w PMN-PT asfinansznunseli a1naunisitldaiuan dnns
AYUATIANIILUILNUYDILATRINAADY LasTIANII9198991NNI1T81UAIIINIIBIUY
Aaguil 4.16 uavangulswduaunislanail

Gain(dB) = 20log, (%j (4.1)
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VA
A
Slider in-plane
Off-track motion
-
R
|
Y
a
p X

JUT 4.16 NMSMUUATIANI LI UYDITZUY

mMshauessruuMIInanuRduiosansdsgUn 4.17 TneBuanieuiidniniu
YnszUUAY (shaker) indouiidlUdusuniminmay Feuasiianisendatu aeswieos
Uumﬂu,m'mﬁmmﬁué’mmm%uwm (Input f(t)) Adeutaemnuideud 1-100 AlaLdsnd
(kHz) 191 1UF9g ATz U U (shaken) YaTanisiadoud LDV azsinnisiadagyia
L016W# (Output X(t)) Tugﬂmm?{miLﬂ?ﬂlauﬁmaaﬁaéfm—ﬁawﬁaga Tagtafilduniu
aunis 4.1 ndsarnmsduandlaylaan Inuaanudduiesresianfisledidnnin
¥l PZT way PMN-PT fa3uil 4.18-4.19

Input 1(t)

FOURIER
ANALYZER

Output x(t)

SHAKER

(%
[

3UN 4.17 FupunsinAinnuiinisduiies



Gain20*Log(nm/V) in dB

Gain20*Log(nm/V) in dB

PZT, FRF GAIN Magnitude (dB)

2nd Torsion

39

JUN 4.19 Tnupanudnisduiiesvesianieledidnninydin PMN-PT

20.008 kHz ~ Sway mode

15T Torsion 22.656 kHz

15.727 kHz

\
ST Bending
8.148 kHz 2" Bending
16.6 kHz
0 5 10 15 20 25 30 35 40 45 50
Frequency kHz
JUN 4.18 lnupanudinisduiasvesianiieludidnninutin PZT
PMN-PT, FRF GAIN Magnitude (dB)
2" Torsion
19.504 kHz Sway mode
18T Torsion 4 22.256 kHz
15.680 kHz

15T Bending

8.156 kHz 2"¢ Bending

16.208 kHz
0 10 20 30 40 50
Frequency kHz
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a a 4

4.7 NINAHIULUEANUAENT
szaznIsndsuiivesieu-lsudoyaiaudAguin Wesndudivsuenis
aussougauilunIsidifuwnudeyavuaiuwdinin (disk) indleieuiisuiienu
grinnanlasindszeznisiafioud Munnddeuiiaussauzivilonin dmsutuneunisin
MsrErNITAGoUNvesiIg uasafan e3u1elanegun 4.20 N15UABSUIINTIBIU

¢ a ¢ al pR| v g v ' I3 . ° a ) A A Ay Y]

g1sadan iwdsunludilianuusdivin (disk) wazimunganaginnisiadoun An1ut1eves

o

vou-Teutoya mugaiaireiiiszy (aser dot) vinmstoudayaamiud 800 1§5ad (Hz)
wseu 2 1aad (V) rulufensasaeny (power amplifier) vgnetlu 20 1aaa (V) 1Udedn
Yaquieledidnvan Anndeuuisueniafadln Tasfeu-Toudoyaasinnandoud
Fnsianisiedeuiiuieuiisususeninsdganaesenids (reference laser beam) waw
FuaALLANEITeIAAUAILE (different frequency laser beam) Tnedayay s u-as
s a3 (sensor head) MidsnssiugaAIUAN LDV (LDV controller) Tnaaiiléiiy
Yoyasvezmsiadeud (stroke data) Tusuuuurasdyanadnih fsdulunisussananatons
agrumnlasdyaralviunduiinea (DAQ card) TunsuUawassyinenan 10 50U
AIEdNTINITdUTaYA 500 Alalgsad (kHz) kanawar ulusuNINULABLAIADS (computer)
Tnenaiilgasduszozvoandoufivesisiusisanas waznisiinaedaneaida (Hysteresis
Loop) vesTanuileleBidnninuiin PZT wagPMN-PT Uanasaguil 4.21-6.22 ansiandiu

NG N
Ve

\ﬂ Different frequency laser beam
Laser dot 1 E Reference laser beam

Bt B : 'y f
' \ 4"———0—J‘—l- -~y . % /
/ | B
g A\ yl ‘,)’
Loy

20Vp-p, 800Hz

Stroke Data (uu/V) Stroke Data (V)

(Analog to Digital
10 Cyecles,

sample rate 500kHz)

2Vp-p, 800Hz Sync Signal

5UN 4.20 Tunaunsinseerveaine u



PZT Stroke Hysteresis Loop
1200
500 473.84
400

-400

Displacement (nm)
o

-486.60
-800

-1200
-25 -15 -5 5 15 25

Piezo Input (V)

JUN 4.21 szspdoudl wavnsiindaneitavesianielediinninyiin PZT

PMN-PT Stroke Hysteresis Loop
1200 1090.61

800

400

Displacement (nm)
o

-400
-800
-1200 -1086.17
-25 -15 -5 5 15 25

Piezo Input (V)

JUN 4.22 szevindioudl wavn1siinsBanesdaveianiieledidnninalin PMN-PT
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4.8 WANINAABILAZNTTEAUTIEY

TunsnmeassdafiddnfignuosnsUszifiuanssouzvesiduiiuuuaosanugidu
mefislediannin PMN-PT dmsugninfantasil Aenginssuilenadians agnginssuds
afmerans laonansmnaesiilduianmitaueidu 2 daudedl

1. ngAnssudsnamansludesuuvuanuiduies 1etinanaassangudl 4.18
uay U 4.19 snagUaslumsned 4.2 azfiuiniagiteledidnvineia PMN-PT dAnAdnud
durieslulyuaifeafuiagiieledidnninuia PZT wagaiidadnsinisvens (gain) Aflua
aonndadlulumaieatudie nanfe lutligtuiivgiuesadadlasdiinishnadatan
dielwdianvdnyie PZT lusriadadlas lnsszuumuauildniugunisiadeuivesiism
Fovhaumeldmnulumssu-deudeya sruumuauazvanidssnmsihaulugisaid
Huiies FeuesmnTanifieledidnninadin PMN-PT fazanldunusiin PZT anwnsaviian
Ansauuieusdnfadlnsildios Taefilddemfuasurioutssuununlnl

M13199 4.2 ArAnuddunsiasdazliaAuAvesTEn PZT Way PMN-PT

Frequency (kHZ) Gain (dB-nm)
Mode

PZT | PMN-PT | PZT | PMN-PT
1* bending mode 8.148 | 8132 | 1.874| 2237
1° torsion mode 15727 | 15.048 | 14.194 | 14.610
2"% bending mode 16.600 | 16.152 | 19.628 | 21.430
2" torsion mode 20.008 | 19.688 | 27.825| 26573
Sway mode 22656 | 21.856 | 27.581 | 26173

2. wqaﬂiiuL%aaam&Jmamﬁul,%agﬂl,t,wsuaﬁmmﬁauﬁLLazmiLﬁmq%ama%%aﬁuaa
vheweindailasi naannsmaaestinnasaslunsed 4.3 asdiuddedeunssiulii
20 Taad irdusgnineiisusriadadlasdfidfduiiwvvassaniugidudae
\elediann3n PMN-PT uay PZT aglaszoznisindeudiggaidu 54.61 uay 24.36
ulunsieliad Ay wuiwhewildiagieledidnydnuia PMN-PT Snnsindoui
asanannivanieleBidnninadn PZT 8 2.24 wir wagAfiuiininindaneidaditoy
niYagiieledianvisnetin PZT 89 10 i

ATl 4.3 asuamainsBanetanassesindounvosian PZT uay PMN-PT

Peak Voltage (V) | Peak Stroke (nm/V)
PZT | PMN-PT PZT PMN-PT
20 20 24.36 54.61

Hysteresis Area (V-nm)
PZT PMN-PT
4191.2 419.8
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N5UT 4.23 siinsTsuliisuszeziadeuiiuaznisiinidaineivavesian
ieTeBidnn3nadin PMN-PT uay PZT TnsidudinGuieanifisledidnvinada PMN-PT
uazidulzAotaniieledidnvineda PZT ileowisuiisunaiiniedaneidasziiiuinian
Wislediann3nolla PMN-PT Zdnwaziludunsaunnnirfaqiieledianninaia pZT
Favsventadiesninlunismivguilududiuazireniniesainnisteunsssulundy
Fumismsiedeuiiudunsaddidudeulumsmunuieiisuiuandeledidnuuy PZT

PZT vs. PMN-PT Stroke Hysteresis Loop

1200
1087.690152

900

600

_ -, 478.2730785
E = "B
£ 300 .-

o

=

)

£ 0

)

o

[ -

2 -300 el

172) - -

2 oo

-600 -485.4080079

-900

-1086.673918
-1200

-25 -15 =5, 5, 15 25
Piezo Input (V)

JUN 4.23 WisuWipussezipdauiuaznsinBanesdavesianialediannin
Wilp PMN-PT Wag PZT

4.9 a3UNaNITNAADY

MNNMsNaaed wandliiiufianinTeudisuaussauzvesiisuendafanlnsiin
FuiiuvuassanuzAdufioifieledidnninuia PMN-PT way PZT Wefiansaniangingsu
Banamansnuiitasanuinsduiosfiaenadosiu vislinisaruauszuuluiey
arindanlasilidniudesnislalusunsulunsvinidesdsauinisduies esain
annsalilsunsuduliiae waniefansanludunginssudsadnemansgnuinsvey
Msidouresiisueinfanlasiiildianfoledidnninvila PMN-PT SA1u1nn10
a9l 2.24 Wi uazfiddndafiufinaAasBameidatooninie 10 vinuguiu daualsid
wefgsnnlunsemuaufiuiuduazienituuy PZT 1n
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a 1 A C% 1 f a 6
ﬂ’liU‘J%LﬁJ‘lAﬂ’J’l%J‘IJ"IL%Gﬂ@%@ﬁ%?ﬂﬁﬂﬁﬂiﬂﬂﬂﬂqﬂiw

Tuunivinsfinwuasnaaedide gaduludesenuidefovowdnfusiidan
amunielddoulviinaaeunazdnanuaiuisavesiagiisledidnninduuy PMN-PT
nuanImaassluundl 4 aziiuin FeusniadadlasdfidfduiimAsgfisetan
wWielodidnnInaila PMN-PT flaussouzgunnideifisuiviagiieledidnninvia PZT
wigvnthluldauaiasdesdiinfannznsidouqunnaingumgiiduddy Wesan
Faquiieledidnninezideaiuauisalunisindeufivinoglugungiiudrdismun
TusnideifanfelediinnEnaiin PMN-PT annsonuanudouldaeds 150 esaneaidoa
(°0) muituanimunuli Insunfisgnusgldlitiu 100 °C faduioldfigaddudeya
fimngaufunssulssiununmveseniadadlas lunsmaassuiandu 2 duu dauusn
nagouinaussaurnsidonguAmuesiagfileBianninuila PMN-PT meldgamiigdn
Panuiielediannsnuila PMN-PT Ssansnsariaulilaglivdeuuvasiogumgil druilaes
Junismegeuanuuduswesianiieledidnvnviin PMN-PT isuiuiagiieledidnn3n
viln PZT wuuildluiiagtu et wafldlusisandiumvendsainnisunninvesian
Weledidnvinlunszuaunisuszneumeuasanantas

5.1 n1seudusiudieanuiou

nsnuseguuglivesieuesafaniasid msuTanelyddnvsndviin PMN-PT
fveulvnismeass Insthwheueinnadlasiildtanfielsdidnvinatn PMN-PT lueulug
yhanufeunsilasguvnfasSusuiiaudou 100 °C Tnsvinisassusulilugviiaruiou
Huinan 30 widt uasthdunueenmlitawenidunan 1 $1lus devasihdunulunaaey
farwialy udsanifurheusifinaudeudu 120 °C 140 °C 150 °C 160 °C waz 180 °C
awdisu Tugud 5.1 fie tasewhanudeudildlunismeaes ngldiaTesde Thermotron
DdueTeanldarulu U3 Tinn wmalulad Wszmalne) $1a luiosu joRnisves
LNuN calibration Labs

5Udl 5.1 Aewhnnudoudsie Thermotron Ju ATSS-80-10-10
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5.2 anutndedeianwanans

nsnadeuiarAnyinanszussningamgifiinduiunginssulunisiinaiud
fuiesvesinsusninfailasiitaziAinnisasunvadnuaniuinield nininis
Wasuwaswiliineu-deudeyaiinnnuidemld lunsmeassliiniesinanssous
yoisu-Feuteyamilouunil 4 Tnsteulvnismaasadudagud 5.2 Bunszuiuns
npaean1sinAInuddusiosnesieu-Teuteya Tnsauwiman (disk) asgnususe
uaLnoflAusiuaLwaiman (spin stand) iflevsnuadouiinlugsldusiunivnanaiunyu
yaduaziiiou (shaker) azgnaufionud Afmuua 0-50 Alaidsnd (kHz) lasilingiadn
AT (accelerometer) Jusmuauieunduddiyaduaziioutfuiiu-anuseiulyls
AUATFeINTg miauuaaLUuammmm (input f(t)) Y9Iz UY Tnemsduvesieuiinaiu
N1509NUUY 1H8991NUTINN3TUBHUINWIE1Y (baseplate) FxiTNALIIINATODNUUY
deszuuinauagld Lov Sanafiiinduluvinadiuirsesiasiududygiueen
(output x(t) 183455UU MNATNARBINUIN AR T UAsuLUasl lidawasielnun
yeanuAnIsduTios dvsunanisnaasazidufanisnad 5.1 Ineansisazegludiuves
de 5.5 Nan1snAaekaraiuTgHa

LDV, Output x(t)

accelerometer ——

Baseplate, Input f(t)

shaker
motion

5UN 5.2 MIveaedinAnuinsduiasiney

5.3. AUl LYedaivadneAans

n13inszeziadeuivnsiisu wldinTesiotnsvegnisindeuiinuy LDV
890 Polytec Ju OFV-534 Taefvuniteulusenistoudyaranauuuuled (sinusoidal
wave form) A48 800 1839 (Hz) fiusasululiia 20 Taad $1u9u 10 s0U Faguil 5.3
Lﬁaﬁwmi‘vmaaqﬂaué’iymmﬁummﬁmuﬁ'aulsu‘mﬂﬁ@ﬂﬂé’ﬂﬁjémaﬁmaaﬁlmﬂ AN
nMapdeuiiunialian devhnisianisindeufivesiieu-deu sonuTudygaedng
Nndrygal LDV azannsaiandiuinszezmaaaeuiils fauandugui 5.4 91ngUasiiiu
szpgnaedouiidu 2 ngu nanfe nquilliguugisening 130-150 °C agiiszoznis
\ndouiigianegil 1091.05 uilumng (nm) uazngudl 2 axflgamgil 160 uay 180 °C flszez
nsindeuiigegnusyana 845.09 wiluwns (hm) azwiuldinile gamaiiunnnii 150 °C
svpgnsdeuiivesiisnuansafadiasiaziiuanas wavnannmsteudmyaunduwuule
ansahadeyailalunansimninidaneida axiuldindogmmgiuinniy 150 °C

N3\AnBame3TassulANINTY denaliinnisanawesadesnimlunisaiunule
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Laser dot
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PMN-PT Stroke Hyteresis Loop
1091.05
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800
'\845.09

g 400
N
=
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g 0
g === 160C
& -a00 e 180 C
[=
-800
-1200
25 -20 -15 -10 FS 0 S 10 45 20 25

Piezo Input (V)

5UN 5.4 5r82n15iAR0UNUeIeULALNSIinNBamNe TTa

5.4. AU ToTBIE9ANAINL

dsdrfydmiusisu-Toudeya fe Anuamuvesgunsailunisldau siuds
YUIMIHARTIaT0anTedBNTT UL Mﬁﬂuﬂmmﬁﬁﬁmﬁa i’amﬁai%&ﬁﬂw%ﬂ
wwual,aaiuﬂ%wu Fodesonisuaniinidene uandofanndemeasdosiisisiu-toy
foyaifouiamniui ilesannszuaunisiadefanielediinyiniinssuiumsfinniuuy
amsludumeutssnsy dmsumifeiinave Tasudelmife PMN-PT wnasdldunuuuuiia
fiduia PZT losain PMN-PT fianmuudansaninndt anunsagléanlaseairseznes
nnelu faguit 5.5 10unislindesqanssaidinnseuuuudesnsan (Scanning Electron
Microscope, SEM) Faf&eweng 2,000 i1 Lﬁa@é’ﬂwmﬂmﬂa%ﬁq Imaﬁgﬂ 5.5 (n) aztduvea
PZT lnsaziuifudnvazifoilueuniadnguuin 23 lulaswas (um) §afiafiy
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dwiugy 5.5 (v) aziluves PMN-PT Nfidnvuglassasisuuuiedeaiu viliaeldinaed

AMULINIATIESS PZT dslunsvaaeunnuudaustlneinAussnagaantunsviliian
= a a g < v o w a L4 < 14
WgleBianyinuaniin azidudeyadAglun1siigaianuudauseeas PMN-PT ¢

(n) (¥)

sUl 5.5 nwrindswenegadia 2,000 W (1) PZT uae (¥) PMN-PT

Tun1smeaeuiausenalusausnaiesianfisledidnvinliuen azlfiadosdiedn
S0 IMADA U PZ-4 (digital force gauge) Lﬂuﬁ’qgﬂﬁ 5.5 (n) dmSunisdufinAusanaggn
\n3esagyinistuiinardalusfllomduiavesniosnauiuianfisledidnninaunan
fanandluzuil 5.5 (1) Termunlunimaaeuavinfagielsdidnvinuin PZT uay PMN-PT
lusuaufeuitaumnd 100 °C 120 °C 140 °C 150 °C 160 °C uay 180 °C & ntiuyin
ManeaeUInusINAgan TV et TeBiann3numnin

(n) (¥)

JUN 5.6 LaTeailainmALTINAgean (n) 13esin uag (v) N1snAlALAN
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5.5 WAN1NAADLAZN15aAUTIEY
HAN1INABILILANYINANTENUTENINQUNY NNV UAVANTTOUL VDB 1Y
grinfantasiidfmdusuuvassanuenduiiedisldianvsn PMN-PT lnananisvaaes
gnuuseeanilu 3 ngudail
1. WoRANssUTanamansiLansoanuluguanudnsauieniinisuansdnyue
anda 5 Wuaanudmegiu lneiinavediazlnum warudAaraan)innagey wansa
= [ ] P v a a o ! 0 ! P
M1397 5.1 nasvsdanamiuladudiinisiiugungdaas 100-180 °C A1A1ud
nsduiosia 5 nupenud Alideuudas Sadifanfieledidnvsnudn PMN-PT azgade
< 4 A a a 0 [ ! v A IR
anduansalunisindeuiiilogamaiiiu 150 °C Aaglinsenuiulnunanudnisduies
aeduedlunisavAuszUUNISIUYesiIs ugsafaniasinldTaniieledidnnin
yila PMN-PT azdefliafosninlunisarvaulunisvavidesaiiudduneslafnindan
= a s a a
wieleBianninyila PZT 11N

M15197 5.1 gumnilsenudnisduiositinduuuiey

1% Bending 1* Torsion 2" Bending 2" Torsion
Temperature Sway mode

Q Mode Mode Mode Mode

O (Hz)

(Hz) (Hz) (Hz) (Hz)

100 8,148 15,727 16,600 20,008 22,656
120 8,612 15,184 16,024 19,640 21,952
140 8,132 15,048 16,152 19,688 21,856
150 8,084 14,636 17,760 19,416 20,488
160 8,172 16,052 17,248 19,840 21,856
180 8,108 15,680 16,208 19,504 22,256

2. NN IUTRITEEEMIAROUNURITIB IuESARAN AT Wavinuuneldgamlin
& < Y o g v =~ a s a a o P2
499 WA snaaeaziuladvie nledasmeledianvinyia PMN-PT agviaulan
LaznuuNigEai 150 °C Awandluguil 5.7 Ineundan PMN-PT Maldagnuninusou
alaiAiu 100 °C Ingdag PMN-PT Aldlunisnaaestiondnswaunlinuainuiouganiiung
1n fadumnazidiigu Wldiveiadadlasd awnsadlldiundndunnnuauiouls
Ladifu 150 °C TunsaleafuduaArnuiniIsiinganesda Nianisindeuitlundu minden
geuansfieanssaugnIsAIUANLEiesAINeT dauanlugui 5.8 aziiudiA1iuinisie
YFameITaITTuNINTWTegumaligauiy 150 °C
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Peak stroke VS. Temperature

200 60
180
~ 50
o 160 g
3
< 140 40 @«
L -
= 120 g
£ 100 30 F
5 80 =
g 60 20§
= 40 0 3
20
0 P e 3 i 5 6 0
= Temp 100 120 140 150 160 180

=@=Peak stroke | 55.27 54.83 55.13 54.98 47.88 43.36

a

5UN 5.7 naveansinszuzinfounvesieuregungil

U

Hysteresis Area VS. Temperature

£ 3500 200
- 180
> 3000 -
5 160 @
S 2500 140 B
b =]
< 2000 120 &
2 100 2
@ 1500 80 E{
& 1000 60 &
S 500 40 =
= 20 O
Q 1 2 3 4 5 6 0
=t Temp 100 120 140 150 160 180

e Hysteresis Area  469.8 486.9 475.7 485.4 2462 2862

a

sUft 5.8 flufinAnisBaneitarogaugd

3. dwfungAnssunismuusinagegadiinlviianiieledidnninifansunnsinile

yedeufnnfiuguvniiigatu lnsnan1mnaeuksnausiartsguund wandlusuil 5.9

wituldiwaresuvgififviulidmaneninuudwesinfisledidnninis 2 vin

widziuiInTagiieledidnninyila PMN-PT Ao uudauaznuwsinauinniniag
\ielediany3nila PZT fvaouiin
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Hardness Test VS. Temperature

0.160

0.140 PN

0.120 * . * * *
0.100

0.080

0.060 I\.’.____-—-I~ " g
0.040

0.020

0.000

kilogram-force(kgf)

100C 120 C 140C 150 C 160 C 180 C
—a-PZT 0.063 0.051 0.055 0.061 0.058 0.055
-4=PMN-PT  0.134 0.117 0.118 0.120 0.122 0.119

5UN 5.9 AUIINAGIENTENIN PZT Wag PMN-PT Wiguiugaumgil

5.6 @3UNan1Tnnag

MnMIneasdInLTelievesTaniieledidnninyia PMN-PT asnsoasulsi
fanunusiomuFeugaaia 150 °C dwsunisienvessyaznisindoudl fsnnguanszny
vostaniieleBidnvinludaamansiunnudduiiodiietu lifinadegnmgl uazanu
ufavesiaguiuideadty deusigwaddduisuuuyisnifieianieledidnnin
¥iia PMN-PT #ls1uar1u3autin 150 °C Armaiuiduniswes wazainuudsveaian
wieledidnnin Tnefiguugiazlidmwanszny usaziinadenisidenvesszoznnsindeud
Wity dmsunisneaeunsenaasfiuirfanfieledidnninadn PMN-PT Sannuudeuss
1Inn3d 2 wih WeisuiuTanfieledidaninaila PZzT Aldludagiudunszuiunis
HanewesAanlasi
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6.1 @3UNANIINAADY
InerinusatuilfiiauenisinYanieledidnnineia PMN-PT undszandlily
vheuaniaaadlasilagyimihidusduiuvuniogd Fadunsiluyszsgndldaslu
9RANNNIIUNERgISARANLATTvRIUTEN Finn walulad (Uszwdlne) 31dn Tunismaaeg
wusoanidu 3 diu Imaiudaumﬂ%ﬁwmiwaaqLawwﬁﬁa@lﬂﬂi%@lﬁﬂm%ﬂﬁqu,u*u PZT
waz PMN-PT TupisilSeuiieuyss@nsamuesTaniielsdianvin wuu PZT wag PMN-PT
mumiﬁi’waaagﬂqumumﬁaugﬂ%’julﬁm (unimorph cantilever model) 31nUayaU8IHa
nMaveaeuUsEAnE ATl uRamansuazainemans liiasdunisiamnumnud
nsdnaeauszsuisliludiediuug uazn1Inaaese naveslayadIuaNARBITY LAY
wansliifiuimgAnssuvesiagieledidnninfiinanuiduiiesis 5 e dewisuiy
YanifoleBidnninite 2 wuu anfetududnsusifoitu uissesnisiedeufiunnnid
WUU PZT §i8 9 ¥
Tudwiaeuduniniterfaniieledidninludsegndliluiewaadarilasiid
frduiduunassaniugfidudeiisTedidnnintauuy PMN-PT uag PZT dofinnsanis
noPnssudaamaninuiilnuenuiduiesiidenadosiu uiideRarsaludiungfnssy
\Beadngmansaynuitszeznisedeuivesianfigledidnvinyia PMN-PT fidminnii
gafie 2.24 win dewalisiasuansananlasdfifiduiiiuvuassantuzidusae
Wisledidnnin PMN-PT adeuiiirfaunudoyavuauusdmanldsiniiniuuudildian
deledidnvEnatin PZT lutlaqdu uasiidrdniimiuiinnsdmedameidatesndiis 10 wih
deralvtiadosnwlunsmuauiusiuguasenifandioledidnvineda PZT 11
dugavhedunmaseuninindeievesieusnindadlasifisifduiuuuass
annugfidusoiieledidnnin PMN-PT anansonusendtuiougsgnia 150 °C wawiile
9auMnAilAu150 °C aziinnnsidouvessraznisiadouiivesiaeuaiindadlasi d1ming
wansgnuresfaniisledidnnindmamansluduanuinisduiosiiin iy azld
nansznUReguVdiiuannty nanfeliigumgfifidauiugumniaiiay Tuuslunis
AaamdnisdurieafazlivAsuudadlunugumad wagludiuvesnnuudmusoussng
vosiagiiieledidnninvda PMN-PT Zaauudeuseuinndt 2 w1 Weisudviang
deledidnviznadn PZT ldlutlagtuvesnsyuiunsuanainfarlasi
asulfingueninfadlasiidfduiuuuassanugiiduseisledidnnin
LUU PMN-PT flUsgandaingeninlunuudeqiude PzT luidwesszoznisiadeud
yasguednfanlasiiinnninds 2 v uagnginssuludisnnuiidunisiesldwisunyas
annsnilufndauuiieiueninfadlasifuiuiiagiures sy Finn welulad
(Wszmealng) $rda Ielasilidesinisdsulusunsuavauszuulni iesaininlnun
AnuAnsduiessaogludisnnuiiiy wirfuithidesdonauaziuamu lumsiawun
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TWsunsu Bndssifiuiidrdgfeaiuuiusimudousanaiiuinnintagiieledidnnin
¥iia PZT f1 2 win iesandhsiusniafadinsidudutudnineiunsian winde
Sanufieledianninuuiheuinnisuaniin aglianunsnthiagieledidnvineenuduudeu
Tnild asfevinisfisieiuasanadiasivieyn daduninidrfaniielsdidnnsn
yiln PMN-PT unldluietusninfantasi szdwmalinssuiunisusenauieiueaninfan
lasiandiuruvenduainnisunninvesiagiieledidnninacld inlduivnanveads
wazifiurlstuld

v 1'% Y

6.2 UDLAUDLUZLAZLUINISIUNITAUAT WAL

Tuaddeliidelanegevdstandfnnsianiieladidnvsnudn PMN-PT aslurieu

§ a 6| % a a IS) o =i L A oY = - !

gnindanlasiuaginUseavsnnluienisindeuivesneuilaassesnisiafouinannnd
Tanuielgdianviznalia PZT 81 2 i Tumamgef]seuinszesyaanisinauresie u-dau
Joyanuuazieaiiidnun azanmnsadnisloyaldagasimss dulueanuamsdunsiamn
1 ao & o w ! g v = a a a [
AegenlnuIdeidainisadiiieuildiagiielydianninyia PMN-PT lUWmun
N1591U-T8ureIgueinfanisiuuundndauligeda nandslulagunisdiia
ToyauuKaULILIANTISNAAGEUN 2 Tinizhe JanizusndsiAdeuifIBunSnAuN
(track-seeking) wagdaneigaaduwninineu (track-following) naife

1 AISLARBUN = 1 WNSNAUMT Lag 1 wnSnAnmi
mnansathluimmnssuuauet Winsvinnuresine w-leudayainfauimeyadid

1 ASLAROUN = 1 UNSNAUMI LA Na8unSnAnmAIL

A Y] | QAI Y =l a <& a a = dl‘ QA‘ ¥ [ :’1

WosnnauildTaniielydidnyinvlin PMN-PT fissugiadouindnaun Aeu

MNINITALITEULATUANNTO -l utayakuU a1 saleieun 1 ATILAIE1N150
grunaneunsn fasnuls aslavheuensafadlasingianulilunsidndeloyagaunn
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This paper presents a microactuator for a dual-stage actuator (DSA) of hard disk drive
(HDD) based on a lead magnesium niobate-lead titanate (PMN-PT) piezoelectric material and a
comparative evaluation of its performance versus that of a traditional lead zirconate titanate (PZT)
microactuator using the laser Doppler vibrometer (LDV) sensing technique. PZT microactuator
technology has commonly been implemented in the read/write (R/W) magnetic head of HDD.
It has a significant function, that is, it moves the magnetic head rapidly and accurately. In order
to achieve both accurate positioning control on data tracks and high-speed access across another
data track, advanced high-performance actuators and servo control technologies are necessary.
An actuator with a wide stroke travel range is essential for HDD as it gives a high-speed
access performance. In this study, we focused on comparing the proposed dual-stage PMN-PT
head-based actuator with the existing PZT actuator that were mounted on a commercial head
gimbal assembly (HGA) using an LDV to determine whether the proposed device could be a
worthy replacement of the traditional PZT microactuator. Our experimental results show that
the proposed PMN-PT microactuator provided more than twofold improvement in the stroke
travel of the R/W magnetic head. Moreover, its dynamic behavior was suitable for assembling
a high-density HDD in the future for big data storage without any needs to redesign the HGA
nor to costly invest in new assembling machines in a production line. The comparative data
of dynamic and static behaviors of PMN-PT versus PZT obtained in this study may be put to
good use by sensor designers. Moreover, for many cyber-physical system designers, our data
may make them take interest in PMN-PT as a better-performing sensor and an actuator for their
systems.

1. Introduction
Setting a technological roadmap for the hard disk drive (HDD) industry is the key to

expanding storage capacity for supporting the analysis of a huge volume of cyber data in cloud
computing. One of the most challenging issues that is a consequence of tremendously increased
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areal density is that it requires extremely smaller HDD track widths. HDD track widths have
been getting smaller at a rate of approximately 15% annually for concentric recording," in
which bits are written in concentric segments across the radius of each disk. The write-read
head in HDD is a mechanically positioned magnetic head. A radially traversing head reads data
that are stored on concentric data tracks on a rotating disk. The recording density and spindle
rotation speed of HDD have been developed and have advanced at a remarkable rate over the
past decade, but the number of tracks per inch (TPI) has been much more difficult to develop.
Fortunately, the number of bits per inch (BPI) can be increased by using highly advanced
head and media technologies.?) An extremely precise track-following system is necessary for
attaining higher track densities. A second-stage actuator for finely moving a read/write (R/W)
magnetic head is considered to be a good solution that meets the higher accuracy and speed
requirements of the more advanced servomechanism in today’s HDD.®4 For second-stage
actuation, a precise actuator assembly is integrated into the head gimbal assembly (HGA) at a
location near the magnetic heads and isolated from the voice coil motor (VCM) that is used to
drive the whole actuator. To perform track-seeking, a conventional VCM moves the entire head
and arm assembly at a low frequency, and the motion of the slider enables the microactuator
mounted between the VCM and the slider head to perform high-frequency track-following. To

meet this objective, various microactuators including piezoelectric,>®
(8,9

electromagnetic,m and
electrostatic

In most solutions for second-stage actuators, the common piezoelectric material used is
lead zirconate titanate [Pb(Zr,Ti)Os; or polycrystalline lead zirconate titanate (PZT)]. PZT
actuators have a very long developmental history in terms of both material and design, but
now their mechanical and electrical properties may not be suitable for the future development
of today’s HDD head: this is because a single-layer PZT plate cannot produce a large
displacement. Moreover, although a multilayer PZT plate can provide a large displacement,
its cost and manufacturing complexity are prohibitive. Recently, a new piezoelectric material,
lead magnesium niobate-lead titanate (PMN-PT), which has good potential for obtaining
a larger displacement, has been introduced. PMN-PT has been shown to provide a much
better energy harvesting performance than PZT in a paper by Panthongsy and Isarakorn;!? it
provided an energy density of 352.85 J/gm?, while PZT provided only 8.44 J/gm>. This is the
main reason why we were interested in developing PMN-PT as an actuator because their result
implies that, for a given applied voltage, PMN-PT should convert the electrical energy into a
longer slider head travel. Even though PMN-PT materials have a high dielectric permittivity,
high piezoelectric properties, and a high electrostriction, which are much higher than those
of existing PZT materials, they have a low Curie temperature and thus were not widely
used in HDD. However, a new supplier-developed PMN-PT material is currently available.
Therefore, in this study, we aimed to comparatively evaluate the performance characteristics
of PZT versus PMN-PT extensively as used in a real actuator. It was expected that PMN-
PT would provide a reasonable compromise between the static and dynamic behaviors of the
actuator. In addition, the bandwidth of a microactuator crucially depends on the resonance
mode: it determines the overall stability of the servo control system and the settling and seek
performance characteristics of the HDD system.!!V Therefore, in this study, the resonance

ones have been developed.
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mode of the proposed actuator was also determined experimentally whether it remained the
same or changed to a certain degree. The comparative data of the dynamic and static behaviors

of PMN-PT versus PZT obtained in this study may be put to good use by sensor designers.1>~1¥

2. Principles of HGA and Laser Doppler Vibrometer (LDV) Sensing Technique

In 1976, the first commercially available HGA used a single-stage actuator with a VCM
actuator to position the R/W head at the desired location and to reduce the seek time, as shown
in Fig. 1(a). To increase the HDD data density, the size of the bits that represents a piece of
information stored on the disk and the spacing between HDD concentric tracks were reduced.
With these reductions, it became more difficult to position the R/W head’s transducer element
over the center of the data track. In addition, the actuator’s arm and suspension that extend from
the VCM to the R/W head swing the head from the load/unload ramp beyond the disk’s outer
diameter to the inner-diameter data track near the central motor hub. The relatively large mass
of the head stack assembly results in a relatively low vibrational resonance frequency, which
makes an accurate head positioning over high-density tracks very difficult and slow. For the
next-generation HDD that can meet today’s areal density target of much smaller track widths,
a dual-stage actuator (DSA) is needed, as shown in Fig. 1(b). A new piezoelectric material in
the DSA is required to meet the technology roadmap of higher areal density.!> The key to
achieving a DSA design is choosing the right piezoelectric materials. Generally, polycrystalline
PZT is used in manufacturing HDD as it is cheaper than single-crystalline PMN-PT. However,
a new fabrication technology for a PMN-PT material that is as cheap as a PZT multilayer is now
available. The physical and piezoelectric properties of both are shown in Table 1.

2.1 Second-stage actuator in HGA

A DSA implemented in a HGA consists of a conventional VCM first stage and a piezoelectric
actuator second stage. The second stage consists of two piezoelectric actuators attached to a

Piezoelectric Actuator

/: O :‘< ____________________ % | - ‘ Head Gimbal Assembly
ay— O

‘ Voice Coil ’_‘ -~

Pivot Bearing

@ (b)
Fig. 1.  (Color online) HGA designs: (a) single-stage actuator and (b) DSA.
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Table 1

Physical and piezoelectric properties.

Composition Unit (N/A) PZT PMN-PT
Density (p) kg/m? 7500 8200
Dissipation (D/tan’) N/A 0.025 0.01
Elastic compliance (S11) pmz/N 10 14
Electromechanical coupling coefficient (k) N/A 0.72 0.85
Initial depolarization field (E,) V/mil 20 38
Mechanical Q (Q,,) N/A 30 42
Piezoelectric coefficient (d31) pC/N 250 620
Polarization field (E,) V/mil 65 70
Relative dielectric constant (K33) N/A 3200 4100

suspension’s baseplate in a robust design as shown in Fig. 1(a). The first-stage (coarse) actuator
is characterized by a large travel range, but generally poor accuracy and slow response. The
second-stage (fine) actuator moves more accurately with faster response but only for a limited
travel range. By combining both actuators with an appropriate control strategy, the limitations
of the single-stage actuator can be overcome; a combined performance of both high precision
and large travel range can be achieved.

The operation of the second-stage actuator with voltage applied to the microactuator circuit
is shown in Fig. 2(b); one piezoelectric die expands as the other contracts as shown in Fig. 2(a).
An application of opposite voltages causes the slider to move in opposite directions. This action
causes a R/W head movement that is less than one millionth of a meter, but it is exquisitely
finely controlled. Since the piezoelectric actuator stroke at the head element is very short and
the moving mass is very small and light, this element’s vibrational resonance frequency is
much higher than that of the VCM single-stage actuator. As a result, the DSA can rapidly and
accurately position the head element over the correct data track.

2.2 Piezoelectric material selection

For the past few years, the dual-stage positioning of a magnetic head in HDD by using a PZT
microactuator has been favored. A piezoelectric PZT material can only actuate a very short
displacement despite its advantages such as a high Curie temperature and long-term reliability.
To move an R/W head through a large amount of data stored in HDD, an actuator that can
cause a wide range of displacement is required. A single crystal of PMN-PT solid solution,
(I=x)[Pb(Mg;3Nby/3)O3]-x[PbTiO3] (PMN-PT), is a new-generation piezoelectric material.
This new material was formulated to exhibit a large electromechanical coupling coefficient, a
large piezoelectric coefficient, a large dielectric constant, and a low dielectric loss. All of these
properties result in the vast improvement of stroke bandwidth.

The single-crystal PMN-PT material exhibits desirable piezoelectric properties. If all
of its domains were perfectly aligned, it can provide ten times the strain of a comparable
polycrystalline PZT element.!® Nevertheless, its main weak points are its low Curie
temperature and high cost.
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Fig. 2. (Color online) (a) R/W head movement of the second-stage piezoactuator in operation and (b) piezoelectric
circuit.

Therefore, with a recent supplier development of a high-Curie-temperature and low-
cost PMN-PT single crystal, it was found that PMN-PT was able to truly provide a larger
displacement than PZT. This study is an extension of a previous simulation study of the
displacement and resonance modes of HGA,!”) which also suggest that the improvement could
be expected. The dimensions of each layer of both piezoelectric materials are shown in Table 2.
The cross-sectional electrode surface is plated with Ni chrome and Au electrodes [Figs. 3(a) and
3(b)].

Piezoelectric wafers were supplied and attached to UV release tape. It was easy to verify the
poling direction; a label with either a positive (+) or negative (—) symbol was affixed to the tape
to designate the positive or negative pole, respectively, as shown in Fig. 4(a), and a raw HGA
nonattached piezoelectric is shown in Fig. 4(b).

2.3 LDV sensing technique

An LDV is a device for making noncontact measurements of a vibrating surface. A laser
beam from an LDV is pointed at a surface of interest, and the reflected beam and its Doppler
shift are extracted from the surface vibration amplitude and frequency that are the outcomes of
the motion of the surface. The output of an LDV is a continuous analog voltage that is directly
proportional to the target surface velocity component along the direction of the laser beam.

An LDV can be used in many types of measurement techniques that depend on a specific
application purpose, such as single-point vibrometry, scanning vibrometry, three-dimensional
(3D) vibrometry, rotational vibrometry, differential vibrometry, multibeam vibrometry, self-
mixing vibrometry, and continuous scan laser Doppler vibrometry. In this study, we used a
single-point vibrometer. It is a standard equipment for measuring the velocity of any point of a
target surface under observation. In general, a laser interferometer uses two beams to measure
the vibration of a target surface (a slider head in this study) with a frequency domain difference
between the internal reference beam (laser signal input) and the test beam (laser signal output),
as shown in Fig. 5(a). The raw data from the LDV is shown in Fig. 5(b), where the x-axis is the
data point and the y-axis is the position of the moving slider head.
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Table 2
Piezoelectric material dimensions and tolerance specifications.

Material layer PZT (pm) PMN-PT (um)  Ni chrome (um) Au (pm)

Thickness 102 £ 10 102 £ 10 0.09 +0.03 0.175 £ 0.06
Length 1330 £ 13 1330+ 13 1330 + 13 1330+ 13
Width 1016 + 13 1016 + 13 1016 + 13 1016 = 13

f—— 133013 um ——

J— Au ELECTRODING
“f— Ni CHROME ELECTRODING
1016+13 pm
" /J¢+— PIEZOELECTRIC
| \\/ ‘ <=5 +—Ni CHROME ELECTRODING
10210 pm [ Piezo thickness | I > s / / 7 f— AuELECTRODING

(@ (b)

Fig. 3.  (a) Piezoelectric material dimensions and (b) cross-sectional view.

(b)
Fig. 4. (Color online) (a) Plate piezoelectric wafer and (b) raw HGA.

laser signal out

—

- /\/\/\/\/\/\/\/\ Laser beam

laser signal in 27925
276.00
27400
27200

1000 1500 2000 2500 3000 3500 4000 4500 4999
Data Pont

(@ (b)
Fig. 5. (Color online) (a) LDV sensing of slider head and (b) raw data from LDV.
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3. Piezoelectric Die Assembling Steps

The second-stage actuator of an HGA consisted of two piezoelectric dies of which the poling
direction of the left die was positive and that of the right die was negative. The top surface
was connected to the electrical ground with a conductive adhesive, while the bottom surface
was connected to the positive pole of the driver circuit also with a conductive adhesive. At the
time of the study, a suspension-based actuator was assembled by a pick-and-place machine.
As shown in Fig. 6(a), the piezoelectric dies were bonded to the load beams of the HGA.
Piezoelectric dies must be placed very carefully and accurately so as to avoid short-circuiting
the piezoelectric or creating a non-ohmic electrical contact and to not cause a crack.

The three die assembling steps were as follows.

3.1 Dropping nonconductive and conductive adhesives on the HGA

A few drops of nonconductive adhesive, Loctite ablestik 2035SC-1B1, were applied to the
load beam of HGA for securing the piezoelectric material to it and preventing short-circuiting,
while a drop of conductive adhesive, Loctite ablestik 2030SC, was applied to each circuit
jumper shown in Fig. 6(b) to electrically connect the piezoelectric die to the positive pole of the
driver circuit.

3.2 Attaching the piezoelectric die

The piezoelectric actuator was assembled by a pick-and-place machine that placed
piezoelectric dies on the load beam of the HGA that was already applied with adhesives to
within stringent placement tolerances, as shown in Figs. 7(a) and 7(b). The piezoelectric dies sat
on a nonconductive adhesive layer that acted as an adhesive “dam” between the surface of the
piezoelectric material and that of the load beam. The nonconductive adhesive overflow distance
was allowed to be up to 0.1 mm (0.004”) from the top edge of the piezoelectric plate to its body
and from the top edge of the piezoelectric plate to the base plate as shown in Fig. 7(a). Similarly,
the nonconductive adhesive overflow distance at the bottom edge of the piezoelectric plate was

Slider ﬂ
Piezoelectric /.

\/ N
Load beam -7“'\/

Base plate —

non-conductive Adhesive

Conductive Adhesive

(b)
Fig. 6.  (Color online) (a) Schematic of HGA and (b) area for applying adhesives.
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Overflow on top of piezoelectric
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Backside edge line

Max 0.1mm
from Baseplate.

Overflow on top of baseplate is

allowed maximum 0.15 mm
from Baseplate edge.

Max 0.1mm
from piezoelectric edge.

Min 0.05mm /
from nonconductive

Adhesive edge.

0.100mm Conductive adhesive 0.036mm
-+ 1.23mm

Base plate

Base plate f

Cireﬁit Nonconductive adhesive

@ (b)

Fig. 7. (Color online) (a) Tolerances of adhesive application and (b) cross section of the side view of HGA.

allowed to be 0.15 mm (0.006™). Figure 7(b) shows the tolerance of the gap between the side of
the base plate and that of the piezoelectric plate of 0.100 mm at both sides and the tolerance of
the height of the piezoelectric plate relative to the height of the base plate of no more than 0.036
mm.

3.3 Electrically connecting the piezoelectric plate to the driver circuit

Electrical connection points between the HGA and the piezoelectric plate appeared as a
raised conductive adhesive “line” that also physically secured the piezoelectric plate to the
HGA, as shown in Fig. 8(a). If the conductive adhesive did not make good contact with the
plate and HGA, the part would be rejected. A minimum adhesive line length of 0.05 mm
(0.002”) was required to ensure good electrical ground connection. Also, the circuit jumpers at
the bottom side of the piezoelectric plate needed to be verified to make good electrical contact
as shown in Fig. 8(b). The verification was performed by an LCR meter, but the details of the
verification procedure are not reported in this paper, but will be reported in our next paper.

4. Experimental Procedures and Results

HGA performance concerns its dynamic and static behaviors. The most important
parameter of its dynamic behavior is its resonance frequency of a certain vibrational mode. For
our purpose, it was sufficient to determine whether the resonance frequency of this developed
HGA fell in the manufacturing specification range, because if it did, there would be no need to
modify the manufacturing process. The base plate was excited by using a shaker and the lateral
motion of the slider was measured by a Polytec OFV-534 LDV and the resonance frequency of
each mode of interest was determined and displayed as a graph by the HGA testing system. The
most important parameter of the HGA static behavior is its stroke travel range. To measure it,
only the piezoelectric plates themselves were excited by applying a sinusoidal voltage at 20 Vp-p
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Fig. 8. (Color online) (a) Specifications of conductive adhesive line on the top surface of the piezoelectric plate and (b)
points of contact of the circuit jumpers.

to them and the displacement range of the slider was determined by the same LDV. In the next
two sections, the experimental procedures and the measurement results of these parameters are
reported in detail.

4.1 Resonance analysis

A servo control system controls the position of the slider of the HGA over a track on the
magnetic disk. HGA resonant frequencies are very important to the overall stability of the
servo control system and the settling and seek performance characteristics of the drive system.
They depend on several HGA design features such as length, thickness, mass, rail height, spring
rate, and mass distribution.

An HGA has many natural vibrational modes depending on a particular design. Normally,
an HGA design would have the following five important mode shapes: Ist bending, 1st torsion,
2nd bending, 2nd torsion, and sway. Resonant mode shapes are considered to be the most
critical HGA design parameters that are optimized during the design phase and monitored
during the production cycle as items of specifications. The specifications of our design exactly
followed those of the manufacturer and are shown in Table 3.

For measuring the resonance frequencies, the HGA testing system used several devices,
namely, a shaker assembly, a spindle stand, an LDV, a video camera, a signal analyzer (Matlab/
Labview), and an industrial PC, as shown in Fig. 9.

HGA resonant measurement is an open loop measurement of the transfer function between
the input at the baseplate and the output at the R/W head [see Fig. 10(a)]. The settings of the
tester were as follows: a sinusoidal frequency range of 1-50 kHz, a disk spindle speed of 10000
rpm, and a flying distance of 0.635 mm between the disk and the slider head (Z height). The
measurement operation started with the shaker excitation of the baseplate of the HGA, hence
off-track motion was generated by the shaker and the displacement, velocity, and acceleration of
the slider were determined. The shaker provided a persistent excitation of the desired frequency
bands with adequate energy.

Figure 10(b) shows f{¢), the baseplate velocity excited by the shaker, and x(¢), the slider
velocity measured by the LDV. The relationship between the gain (the logarithmic ratio
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Table 3

Specifications of resonance frequency of important modes.
Resonance mode Unit Min. Target Max.
1st bending mode Hz 7350 8150 8950
Ist torsion mode Hz 14700 15500 16300
2nd bending mode  Hz 16800 16800 17600
2nd torsion mode Hz 19000 20800 21600
Sway mode Hz 21600 22800 24000

FOURIER
ANALYZER

Output x(t)

Fig. 9.

Input f(t)

@

T S, S W SEERALI SR W P e, B
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—— e

(Color online) HGA tester overview.

Slider in-plane S~

Off-track moﬁ‘on/' _
/};)

(b)

Fig. 10. (Color online) Transfer function measurement of HGA: (a) process diagram and (b) directions of shaker

modes mapping to the slider.

between base plate and slider velocities) and the HGA vibrational frequency is shown in Figs. 11
(for PZT) and 12 (for PMN-PT). If the base plate and slider velocities are expressed in the same
unit, then the limit of the gain as the frequency approaches zero is zero.
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Fig. 11. (Color online) Resonance frequencies of PZT-based HGA.
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Fig. 12. (Color online) Resonance frequencies of PMN-PT-based HGA.

4.2 Stroke analysis

The maximum stroke of a microactuator affects the settling and track-following performance
characteristics of a design. In this work, the piezoelectric plates were excited by a sinusoidal
voltage at 20 Vp-p at 800 Hz for 10 cycles in order to reduce the chance of electrostatic
discharge in the HDD as shown in the flow diagram in Fig. 13.

The stroke and hysteresis data were collected by pointing a laser beam to the R/W head that
was being tested, and the reflected beam was detected by a laser interferometer system, which
outputted the displacement for each input voltage as shown in Fig. 14.

5. Discussion

The most important performance characteristics of a microactuator are considered to be
those of its dynamic and static behaviors. The performance parameters of its dynamic behavior
investigated here were its resonance frequency and slider head gain. Shown in Table 4 are
resonant frequencies of five vibrational modes of PZT and PMN-PT microactuators and their
corresponding slider head gains. Since the resonance frequencies were not much different,
indicating that their mechanical stiffnesses were not very different, modal performance
characteristics such as the resonance frequency of the HGA were dominant and it was not
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Fig. 13. (Color online) Flow diagram of stroke analysis procedure.

PMN-PT Stroke Hyteresis Loop

PZT Stroke Hyteresis Loop

1200

o g
2 E e
~ 400 -
-1 £
g o e
g 3
2 e
- ! 8. U
2‘ 400 -
a | a
_800 | -800
|
1200 1200
25 -15 -5 5 15 25 -25 -15 -5 5 15 25
Piezo Input (V) Piezo Input (V)
(@ (b)

Fig. 14. (Color online) Measured response of stroke linearity and hysteresis loop.

Table 4

Results of frequencies and gains of PMN-PT and PZT actuators.

Mode Frequency (kHz) Gain (dB-nm)

PZT PMN-PT PZT PMN-PT

Ist bending mode 8.148 8.156 1.874 2.237
Ist torsion mode 15.727 15.680 14.194 14.610
2nd bending mode 16.600 16.208 19.628 21.43
2nd torsion mode 20.008 19.504 27.825 26.573
Sway mode 22.656 22.256 27.581 26.173

necessary to rewrite the notch filter in the servo code in order to replace the PZT actuator with
the PMN-PT actuator in the HDD as well as to change the original HGA design. Moreover,
the gain levels of the PMN-PT microactuator were not much different from those of the PZT
microactuator, signifying that this new actuator can replace the traditional PZT actuator without
any need to redesign the mechanical structure of the HGA.



Sensors and Materials, Vol. 30, No. 10 (2018) 2195

Table 5
Results of stroke travel and area of hysteresis loop of stroke travel of the PMN-PT and the PZT microactuators.
Peak voltage (V) Peak stroke (nm/V) Hysteresis area (V-nm)
PZT PMN-PT PZT PMN-PT PZT PMN-PT
20.06 20.06 24.36 54.61 4191.20 419.80

For the static behavior, the performance parameters investigated were stroke travel and the
hysteresis loop of stroke travel. In general, a wider range of slider head stroke travel results
in desirable lower track seeking time and track-seeking error rate because a single actuation
can cover a larger number of data tracks, which were the purposes of the development of
this new actuator. In the same vein, a smaller area of the hysteresis loop of travel makes it
easier and faster to control the movement of the slider head because of the more linear control
characteristic, which was also the other purpose of this development. The results in Table 5
show that the peak stroke travel enabled by the PMN-PT-based actuator was more than two
times longer than that provided by the original PZT-based actuator, and the area of the hysteresis
loop provided by the new actuator was smaller than that provided by the original PZT actuator.
This longer stroke travel afforded by PMN-PT is in full agreement with an investigation by
Kim et al."® which demonstrated that the tip displacement of a unimorph actuator provided
by PMN-PT was 15 times larger than that provided by PZT. From all of the better performance
results mentioned above, we concluded that this new PMN-PT microactuator is a step above the
original PZT microactuator and can readily replace the PZT microactuator.

6. Conclusions

In this research study, PMN-PT was implemented in a DSA of HDD. This was the first
time that PMN-PT was investigated in an actual comparative experiment with traditional PZT
as a microactuator of an HGA of HDD. Comparisons were made on 2 parameters of their
dynamic behavior—resonance frequencies and slider head gains of 5 vibrational modes—
and 2 parameters of their static behavior—slider head stroke travel and area of the hysteresis
loop of stroke travel. The experimental results of all 4 parameters indicate that this new PMN-
PT actuator performs better than the traditional PZT actuator; in particular, it has a more than
2 times wider stroke travel range than the PZT actuator. Moreover, this new technology can
be applied to current manufacturing lines with no need to upgrade the existing assembling
machines and can enable the fast and precise positioning of the R/W magnetic head of
extremely high density HDD for large data storage in the future. Besides demonstrating the
superiority of PMN-PT over PZT as a microactuator, the comparative data of dynamic and
static behaviors of PMN-PT versus PZT obtained in this study can be put to good use by sensor
designers. Moreover, in current research works on cyber-physical systems, PZT has been used
as sensors and actuators for many types of systems such as wireless piezoelectric sensors and
(9 and energy harvesting.?” The data from our study
should point a way for researchers in search of a better-performing piezoelectric material to take
interest in PMN-PT as a practical replacement of PZT.

actuators for structural health monitoring
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Abstract—The piezoelectric actuator technology for moving
the read-write head of Hard Disk Drive (HDD) is very important
and widely used. Advanced high-performance technologies for
the actuator and servo control are required in order to achieve
not only accurate positioning control on data tracks but also
high-speed access onto another data track. There is strong
demand for hard disk drives with high-speed access
performance, which generally requires actuators with a wider
servo bandwidth. This paper focuses on the comparative
piezoelectric materials based unimorph actuators with classical
piezo (Polycrystalline PZT) and newer piezo (Single-crystalline
PMN-PT) ceramics. The advantages of piezoelectric materials in
terms of mechanical and electrical characteristics aiming at a
useful compromise performance displacement and resonant
frequency are studied and analyzed.

Keywords—Unimorph actuators, PZT, PMN-PT, HDD.

1. INTRODUCTION

The hard disk drive (HDD) is the main data storage device
in a computer system [1, 2]. In HDDs, the write-read head will
store and read data by mechanically positioned magnetic head.
The data will be stored on concentric data tracks on rotating
disks and read by a radially traversing. Over the past decade,
the recording density and spindle rotation speed of HDDs have
been developed to advance at a remarkable rate. Currently,
using advanced head and media technology can significantly
increase the bit density (BPI), but the track density (TPI) still
remains at a relatively low level [3]. To achieve higher track
densities, extremely accurate track following is required. As
storage density increases, dual-stage actuation, in which a
precise actuator mechanism is integrated near the magnetic
heads separately from the voice coil motor (VCM) used to
drive the overall actuator. It is believed to be a solution in order
to meet the higher accuracy and speed requirements on the
servo mechanism in a HDD [4] and during the process of servo
writing [5]. In the dual-stage actuation, a conventional VCM
would move the entire head and arm at low frequency to
perform track seeking, and a microactuator mounted between
the VCM and head slider would control the motion of the slider
enabling it to perform high-frequency track following. Various
microactuators, including piezoelectric [6,7], electromagnetic
[8] and electrostatic [9-10] ones, have been developed to meet
the above requirements.

978-1-5090-2597-8/16/$31.00 ©2016 IEEE

Nowadays, Pb(Zr,T1)O3 (PZT) solid solutions are widely
used as microactuators on dual-stage hard disk drives. PZT
microactuators use directly the electric field induced strain,
including longitudinal, transversal and shear strain derived by
piezoelectric  coefficient d33, d31 and dl15, respectively.
However, the bulk single PZT plate cannot produce large
displacement because of the relatively small piezoelectric
coefficient.

An alternative to PZT is the relaxor-based systems, that is,
the Pb(Mg1/3Nb2/3) O3-PbTiO3 (PMN-PT) material. PMN-PT-
based materials are characterized by a high dielectric
permittivity, high piezoelectric properties, high electrostriction,
and are suitable for applications in multilayer capacitors,
actuators, sensors, and electro-optical devices. The value of ds3,
ds;  (Piezoelectric Constant) and Kss (Electromechanical
Coupling Factor) affects characteristics of piezoelectric
materials, and the value of PMN-PT single crystal is much
higher than that of the existing PZT. Superiority of property of
material shows its exceptional effect which applies to practical
device

The purpose of this paper is to clarify a comparative
performance analysis of piezoelectric materials between PZT
and PMN-PT based on unimorph actuator model as aiming at a
useful compromise performance for static and dynamic
behaviors.

II. MATERIALS AND DESIGN OF ATUATOR

A. Materials selection

The use of microactuator in HDD utilizes PZT for a dual
stage positioning on a magnetic head is still favorable in recent
years. Even though, the advantages of piezoelectric PZT
material are fairly high curie temperature and long term
reliability, it can actuate the very short displacement. Since the
actuator that is able to actuate in wide range displacement is
needed for moving the read-write head in high data storage
HDD. So, the PMN-PT material providing the longer
displacement is selected to study. In order to obtain the high
performance actuator, the some commonly used piezoelectric
materials having the high piezoelectric strain constant (d3;) in
Table.I are selected and investigated.
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B. Design of piezoelectric unimorph actuator

A piezoelectric unimorph actuator is designed as illustrated
in Fig. 1(a). The designed actuator consists of two layers as a
piezoelectric layer and elastic layer. An elastic layer is made of
stainless steel grade 304 (AISI304), which is the same as
material of head gimbal suspension. Two layers are attached
together by using epoxy 3M™ Scotch Weld™ Epoxy
Adhesive DP-460 EG. An elastic layer will cause the bend of
moving piezoelectric layer. The length and width of the two
layers are identical but the thicknesses are different. In Fig. 2,
instead of soldering the wire to piezoelectric element, the PCB
plates are directly pressed into both side of piezoelectric
surface by stainless steel in order to simplify the configuration
and tuning the clamped range.

TABLE 1. PHYSICAL AND PIEZOELECTRIC PROPERTIES

Physical and TR! TR!
. y . MORGAN|APC HC-MAT s = SUS302
Piezoelectric PMN-PT |PMN-PT ¥
A PZT-508 |PZT-855 |PMN-PT cantilever
properties TRS-4XB [TRS-5XB
Piezoelectric = o7 |- = ds1 = d31 =
Charge 45 = 225 —175 —1750 —1650 —1700 .
Constant d;: —330 d33 = 400 [d33 =400 [d33 = 2820 |d33 =400
(1072C/N) dis =590 [dis=590 [dis=146 [dis=590
Relative
Dialesitie e11=1290 lenn = 1290]e11 = 1290 [e11 = 1600 (e = 1290 -
Constant [io] £33 = 1000 [e33 = 1000]e33 = 1000 [e33 = 8250 [e33 = 1000
0

Elastic SE=115 |SF=115[§F =115 [S5=702 [SE=115
Compliance E— = z ye 24

SE=37 |gE=-37|8E =-3.7 |§E =-13.1[gE =-3.7
COnStaDt 12 12 12 12 ¥3
(10712 m¥/N) SE=-48 |SE=-48|sF=-48 |SE=-5605" =438

SE=13.5 |SE = 13.5[SE = 13.5 | Sk = 119.4/ 5% = 13.5

SE=31.9 |SE=31.9[S%, =319 |SE =145 |SE =319

‘656:350 55:35'0 3656:350 S";: 15.2 S§6:35.0

Density (kg m)| 7600 7600 8100 8200 8100 8000
Young’s . J - - . 190
Modulus (GPa)
Poisson’s Ratio - - - - - 0.28
Size(WXLXH) | 1151 fraxisxt | axisxi | axisxi | axisxt [4x1sxo1
(mm)

*some of the properties are estimated.

ke active layer (piezoelectric)
- VAT

passive layer (sus304)

@

tip displacement(s)

()
Fig. 1 (a) Unimorph actuator structure and (b) applied voltage

2016 IEEE Region 10 Conference (TENCON) — Proceedings of the International Conference

Fig. 2 Design model of piezoelectric unimorph
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Fig. 3 The corresponding modal shapes

When a voltage is applied across the surface of the
piezoelectric layer, longitudinal and transverse strains will be
presented as shown in Fig. 1(b).

III. EXPERIMENT AND VERIFICATION

In order to achieve the reliable comparison of performance,
the dynamic and static behavior of fabricated piezoelectric
actuators are investigated as:

A. Dynamic analysis

Frequency analysis was carried out in order to obtain the
maximum displacement at resonance; ANSYS software was
used for estimating the resonant frequencies and model shapes
of piezoelectric unimorph. The contributed physical and
piezoelectric properties of the materials in the simulation are
given in Table 1. In fact, resonant frequency is always the
design concern of the dual-stage actuator in HDD. Figure 3
shows the modal shapes corresponding to the first resonance
appeared at 2.8 kHz, the second at 8.1 kHz, the third at 17 kHz,
the forth at 27 kHz, and the fifth at 43 kHz.
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Fig. 4 (a) Polytec vibrometer OFV056, (b) The corresponding modal shapes.

B. Static analysis

An analytical relation for the tip defection (8) of the
unimorph cantilever can be written as the following equations
[11]:

e XURYNS

Sl ”K dV (1)
K =4ss h It +ds.s h b +52h+sh + 65,5 B2 - )

where 0 is the tip displacement, s; is the compliance of the
sus304, s, is the compliance of piezoelectric material, V" is the
applied bias voltage, 1 is the cantilever length, hs and h;, are the
thickness of the sus304 and piezoelectric material respectively,
and d3; is the piezoelectric coefficient. The equation (1) is
valid only when the lengths of the piezoelectric and elastic
layers of actuator are equal.

In the experiment, the deflection on the tip of cantilever in
Z direction has been performed by using a DC bias voltage no
more than +30 V due to our spec requirement for hard disk
drive and measured using an interferometric profiler (Wyko
NT9100) as shown in Fig.5(a).

(b)

Fig. 5 (a) Measurement system (b) specimen on clamp fixture

IV. RESULTS AND DISCUSSIONS

As the results of finite element (FE) and harmonic analysis,
the simulated and measured resonant frequency of fabricated
actuator are approximately equal. Fig.6 illustrates the tip
displacement and resonant frequency of actuator in first

3470

vibration mode. With the same dimension, the unimorph
actuators based on piezoelectric PMN-PT and PZT materials
resonate at about the same frequency. So, it verifies that the
PZT material in dual actuator can be directly replaced with the
PMN-PT material.

500
450 HC-MAT : TRS 5XB
f=2.8kHz, D=444nm |5 £2.9kHz, D-453nm
400 i
R TRS 4XB i
E f= 2.8kHz, D=406nm
= 300
£
Emo | e TRS 5XB
£ i ——TRS 4XB
F HC-MAT PZT MORGAN
A 1 ——PZT APC 2 f=2.9kHz, D=94.3nm
g == =PZT MORGAN PZT APC
50 f=2.9kHz, D=80nm
o = et S
o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
Fig. 6 Displacement VS Resonance frequency at first mode of 5 piezoelectric
materials

Table II shows the tip deflection values of actuators that
derived by theoretical calculation and experimental
measurement. The theoretical results are significantly
difference to measured results since the equation (1) does not
include the term of epoxy bonding. However, in this case the
mathematical formula is can be used to design the unimorph
piezoelectric actuator with the maximum displacement.

In Fig.7 and 8, By applying voltage in the range of 0 - 30V
to the piezoelectric unimorph actuators, the tip displacements
of actuators are proportional to the applied voltage. The
increasing of displacement is not exactly linear due to
nonlinear response of piezoelectric material. All PMN-PT
piezoelectric unimorph actuators have the approximately
performance, and can provide the higher displacement range
than PZT piezoelectric unimorph actuators, which are
appropriate for moving the write-read head in high data-storage
density HDD.

TABLE II. COMPARISON BETWEEN THEORETICAL AND

EXPERIMENTAL RESULTS
PMN-PT TRS 5XB | PMN-PT TRS 4XB | PMN-PT HC-MAT
Vt}l\t]ﬁ;ge Theoretical | Experiment | Theoretical | Experiment | Theoretical IE55P ;céime
(um) (um) (wm) (um) (wm) (iim)
0 0 0 0 0 0 0
5 0.97 0.438 0.88 0.42 0.9 0.55
10 1.94 1.108 1¢77 0.98 1.81 1.05
15 2.90 1.925 2.65 1.77 2.71 1.85
20 3.87 3.257 3.53 2.8 3.6 2.95
25 4.84 4.086 4.42 3.8 4.52 4.13
30 5.81 5.343 5.30 5.05 5.42 5.12
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V. CONCLUSIONS

This paper presented the comparative study of unimorph
piezoelectric actuator based on PZT and PMN-PT materials.
The comparison is focused on capable of actuation. In the
research implantation, the designed actuators were analyzed by
using the finite element and analytical method. The harmonic
analysis is carried out in order to investigate the performance
of fabricated actuators. From the experimental results, the
PMN-PT piezoelectric unimorph actuators can actuate the wide
displacement than PZT piezoelectric unimorph actuators,
which are appropriate actuator for the write-read head of high
data-storage density HDD.
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Reliability of PMN-PT Piezoelectric Material as an
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Abstract—In the latest high-density hard disk drives (HDDs),
the piezoelectric actuator of head gimbal assembly (HGA) is the
key technology for precisely positioning the magnetic head. To
increase HDD’s areal density, a smaller track pitch and a faster
spindle speed should be used but the faster the spindle rotates the
larger the disturbance is. Hence, a newer PMN-PT piezoelectric
actuator is needed to overcome the displacement bandwidth
limitation restricted by the current PZT piezoelectric actuator.

This paper investigated the reliability and performance of
PMN-PT piezoelectric single crystal that was implemented on the
a commercial HGA for the first time in an experiment. The
objectives were to ensure that PMN-PT would not crack during
the HDD assembly process and the performance of HDD
equipped with this material was still reliable under thermal
degradation. From the experiments on a prototype HGA, it was
found that PMN-PT had a high degradation temperature of
150°C and was 2 times harder than PZT piezoelectric.

Keywords—HDD, PZT, PMN-PT, HGA, Thermal degration

1. INTRODUCTION

Demand for data storage is ever increasing due to the
modern trends of massive cloud storage from many devices
such as mobile phone, surveillance camera and Internet of
thing devices (IoT). Moreover, data service is not only just for
storing data but also includes big data analysis by some kinds
of algorithms such as artificial intelligence (AI), machine
learning and deep learning. Both of these functions crucially
need high-capacity data storage device.

Recent HDDs use a dual-stage actuator for moving the
slider head: first, coarsely moving the actuator arm for a
relatively large distance by a voice coil motor (VCM) that
generates a torque on it; this kind of movement has a poor
accuracy and slow response time; the second-stage actuator
gives a highly accurate travel and faster response time for a
relatively short distance. The key to the development of a
future second stage actuator is for it to have a larger travel
bandwidth. In many research studies, researchers have tried to
design a more-effective placement of the piezoelectric plates.
Their designs can be divided into three categories. First, an
actuated suspension is a design that places the actuator along
the suspension arm [1-4]; second, an actuated slider is a design
that places the actuator between the gimbal and slider [5-7];
and third, an actuated head is a design that places it on the
slider [8-10]. The two most importance figures of quality for a
dual-stage actuator are resonance frequency and stroke

bandwidth. Resonance frequency relates to the mechanical
design of HGA and stroke displacement bandwidth depends on
the piezoelectric actuator location and the type of piezoelectric
material such as single layer or multilayers which affects the
manufacturing cost. Regarding these issues, the HDD
industries are developing a new second-stage actuator to have a
larger stroke bandwidth, to be reliable and low cost.

Piezoelectric single crystal of lead magnesium niobate-lead
titanate  with  chemical structural formula of (1-
x)[Pb(Mg13Nb23)03]-x[PbTiOs] (PMN-PT) is an advanced
piezoelectric materials compared to Polycrystalline PZT, lead
zirconate titanate (Pb[Zrx)Ti1x)O3) that has been commonly
used so far.

The stroke displacement bandwidth produced by this single
crystal material was larger than that produced by PZT. It also
has a high piezoelectric coefficient, large electromechanical
coupling coefficient, high dielectric constant and low dielectric
loss. However, its cost and complexity were of concern. In one
of our previous studies [11], we have collaborated with a
piezoelectric material manufacturer and requested that they
provided a PMN-PT sample that would meet the requirements
for the HDD market. They had provided it and we did
experiments on it. the results showed that the stroke
displacement bandwidth of this PMN-PT sample was 9 times
larger than that of PZT, so we actually implemented it on a
real, commercial HGA and tested its performance and
reliability.

The objective of this investigation was to evaluate the
reliability of the single crystal PMN-PT implemented on a hard
disk drive head, especially on the degradation of stroke
displacement bandwidth and hysteresis loop at high
temperature. We also measured its hardness to see whether it
would withstand the rigor of HDD assembly process.

A. Piezoelectric Materials

PMN-PT has a comparable cost to PZT. The advancement
in the manufacturing of single crystal PMN-PT piezoelectric
material enabled it to meet the HDD requirements that some
manufacturers were adopting, especially the high curie
temperature. In our selection of PMN-PT sample for HDD, we
look at its piezoelectric charge constant and direction(dy)
where the first subscript represented the electric component
direction meaning that the input voltage would be applied in
that direction and the second subscript represented the direction

978-1-5386-3555-1/18/$31.00 ©2018 IEEE



of the mechanical effect meaning that the piezoelectric plate
would expand and contract in that direction, as shown in Fig. 1.

—
Slider Motion

Slider In-plane
O track metisn

(2)
Fig. 1: Piezo actuator on HGA (a) Direction, and (b) Operation

+V on Piezo

Table I shows the piezoelectric coefficient d3; of PZT and
PMN-PT. PMN-PT had a higher piezoelectric coefficient d3;
which led to a larger stroke displacement bandwidth as
indicated by the unimorph cantilever equation [12]

3s,5,h,(h +h)F
L R j{ Y gy (1)

where 6 is the stroke displacement. It can be seen in
equation 1 that 8 is directly proportional to ds;, so we selected a
high ds; value for this high density hard disk drive study.

Table. I PIEZOELECTRIC PROPERTY.

For the HGA assembly, we used a commercial suspension
with a piezoelectric plate that had the dimension and tolerance
specifications as shown in table II below.

Table. II DIMENSIONS AND TOLERANCES OF PIEZOELECTRIC PLATE.

Piezoelectric property PZT PMN-PT

Piezoelectric Charge Constant (107'2C/N)

dy =280 |dyy =-578

B. Hard drive Head and piezoelectric die assembly

In the first generation, hard disk drives moved their
read/write heads to access data along concentric tracks by using
only VCM. In 2005, longitudinal magnetic recording (LMR)
was replaced by perpendicular magnetic recording (PMR)
which was a more advanced technology for storing more data
than LMR and led to smaller track pitch such that VCM could
not perform well with PMR.

This led to an introduction of a second-stage actuator for
supporting high areal density as shown in Fig. 2(a): single
actuator moved by VCM, (b) Dual actuator moved by VCM
(coarse tuning) and piezoelectric (fine tuning).

(a) (b)
Fig. 2: HGA (a) Single, and (b) Dual Stage Actuator.

Material Layer PMN-PT(um) [Ni Chrome(pm) (Au(pm)
Thickness 102+10 0.102+0.01 0.175+0.06
Length 1330+13 1330+13 1330+13
Width 1016+13 1016+13 1016+13
| #— Slidler
Conductive adhesive
Noncondudctive adbesive
Piezoekeetric Cross Secton /,\u ELECTROD
i L\ «*= Ni CHROME ELECTROD
1 el b iy | ~— FIEZOELECTRIC
I A : """“"r plate e —————"'e— N1 CHROME ELECTROD

e An ELECTROD

Fig. 3: HGA component and cross section of piezo plate

As can be seen in Fig.3, The second stage actuator of
HGA was composed of two piezoelectric plates per
suspension but each had a different voltage poling
direction: one side had a negative direction while the other
had a positive direction. The top surface was connected to
electrical ground with conductive adhesive (Loctite ablestik
2030SC) while the bottom surface was attached to the base
plate with non-conductive adhesive (Loctite ablestik 2035SC-
1B1)

After the attachment of the piezoelectric plates, the electric
circuit needed to be checked with an LCR meter that measured
its capacitance which had to be in the range of 800-840 pF as
shown in Fig.4.

T
i

o ]!-—

W m—

e

e T
N & AT
' .
! uH i
] P~ 410 pF i
E—F HGA = 820 pF ;
e Lol
: I !
s )

(b)

Fig. 4: (a) LCR meter, and (b) piezo circuit diagram

II. EXPERIMENT AND VERIFICATION

In this study, the PMN-PT plates were tested of their stroke
displacement, resonance frequency, and hardness in
comparison with those of a traditional piezoelectric PZT.
Before the first and second tests, their thermal degradation
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characteristics were determined by placing the PMN-PT
equipped HGA in a thermal chamber (Thermotron ATSS-80-
10-10) at 100 °C, 120°C, 140°C, 150°C, 160°C and 180°C. It
was kept at each temperature for 30 minutes then left standing
outside the thermal chamber for 1 hour before measurements of
stroke displacement bandwidth and resonance frequency were
done with a Laser Doppler Vibrometer (LDV). The third test
was measurements of the hardness of PZT and PMN-PT plates
with a hardness tester.

A. Stroke displacement test

For the PMN-PT stroke displacement bandwidth test as
illustrated in Fig.5, an LDV (Polytec OFV-534) was used to
measure it with the HGA moving under the condition of
sinusoidal voltage at 20 Vp-p and 800 Hz for 10 cycles to
excite the piezoelectric plates and prevent -electrostatic
discharges during the test process (i.e., the maximum potential
was +20V). Not only stroke travels were recorded, but the
hysteresis loops of displacement were also recorded since the
characteristics of the loops highly affected the operation of the
servo mechanism that moves the read/write head.

20Vp-p,800Hz L

Fig. 5: stroke displacement test in operation

B. Resonance frequncy test

The HGA resonance frequency was measured as follows. A
transfer function between the input at the baseplate and the
output at the slider head was determined as illustrated in Fig. 6.
The 3 conditions set up in this test were 10,000 RPM for disk
spindle speed, 1kHz- 50kHz sinusoidal frequency and the
distance between the slider head (Z height) and the disk of
0.635mm during head flying.

At the start of the test, the shaker generated an off-track
motion at the baseplate of the HGA and the displacement was
measured by LDV (Polytec OFV-534). The transfer function
determination needed the input and output to be in the same
unit of acceleration, so an accelerometer was mounted on the
shaker to obtain its acceleration.

LDV, Output x(t)

Disk

accelerometer ———= \
Slider
Baseplate, Input f(t)

shaker
molion

Fig. 6: Resonance test setup

A “Frequency Response Function” (FRF) is often used to
present resonance information. The FRF between the specified
base-plate off-track displacement motion and the slider off-
track displacement motion were determined. During the
resonant test on the HGA, the important parameter measured
was the slider physical displacement.This response amplitude
is shown in the form of the dB gain of the ratio of output (slider
head) to input (shaker motion) and calculated mathematically
according to the equation below,

Gain(dB) = 201log,, (Output x(t) / Input f{(t)) 2)

where x(t) is the baseplate acceleration obtained from the
accelerometer mounted on the shaker and f(t) is the slider
acceleration obtained from the LDV. From Eq.2, the gains of
five modes of resonance frequencies were plotted as shown in
Fig. 7.

4 Torsion Sway mode

&0 19.504 kHr 22.256 kM
g » 17 Torsion \ -
2/ 12,680 kllz A NN
£ Sl ATRN
E . _‘__.__.—~*"/ \ v e D
E -1 1T Bending
8156 kHr 2 Hending
- 16.208 ki
&

o s 1 15 £ = 0 K o = 0
Frequency kiz

Fig. 7: Five modes of resonance frequencies.

C. Hardness test

HDD manufacturers have faced a problem of cracks of
piezoelectric plates while the other parts of the HGA were still
functional. In general, the whole HGA would be disposed of
as the attached PZT plates could not be replaced. This was
because the PZT material was made from ceramic powder that
was easy to develop cracks. Although current PZT
manufacturer continues to improve ceramic powder by making
its grain size smaller to produce stronger plate. However,
PZT’s hardness is still much lower than that of PMN-PT.
PMN-PT material is made from single crystal that is
homogenous and not in granular form like piezoelectric
polycrystalline PZT as can be clearly seen in the 2,000x
magnification SEM (Scanning electron microscope, Jeol JSM-
6010) images in Fig. 8. PZT had a granular structure with
grain size around 2-3 um but PMN-PT had a single crystal
structure with stronger bonds between atoms.

(a) (b)
Fig. 8:SEM , (a) PZT, and (b) PMN-PT
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We performed a hardness test to prove that PMN-PT
was harder than PZT by using an IMADA force tester and a
PZ-4 digital force gauge that could measure the maximum
force that can cause a piezo material to crack as shown in
Fig.9.

Fig. 9: Hardness tester, (a) the tester, and (b) mounted piezo plates

III. RESULTS AND DISCUSSION

The results of stroke displacement and hysteresis loop tests
after thermal degradation at various temperatures are shown in
Fig. 10 and 11. The stroke displacement test showed that the
PMN-PT stroke displacement bandwidth degraded after a
thermal degradation at and over 150 °C; at 160 °C, the
degraded extent was 13% and at 180 °C, it was 20%. It was
concluded that the maximum temperature that did not
negatively affect the thermal reliability of the PMN-PT second
stage actuator was 150 °C.

Peak stoke(nm/\V) VS, Temperature(C°)

ture{C*|

Temperat
-]

1 ! 3 4 5
—remp 10 120 140 150 160 10
e P 30k (V) 5527 54.83 55.13 5498 4788 4326

Fig.10 Peak stroke after the HGA was heat-treated at different
temperatures

Figure.11 shows the hysteresis loops of PMN-PT after
having been heat-treated at different temperatures. PMN-PT
hysteresis degraded when the temperature of heat-treatment
was over 150 °C; at 160 °C, it degraded 5 times and at 180 °C,
it degraded 5.6 times. The maximum temperature that did not

negatively affect the hysteresis reliability of the PMN-PT
second stage actuator was 150 °C.

Hysteresis Area(V-nm) V5. Temperature(C®)

Hyvteresh Area(V-nm]
B

1 3 ] 3
— 1m 10 140 150 160 m

—— e a1 A ) 458 =5 R ama 28 82

Fig.11: Hysteresis area after the HGA was heat-treated at different
temperatures.

Figure 12 shows the hysteresis loops of the PMN-PT
material heat-treated at different temperatures. At 150 °C and
higher, the hysteresis loop widened up making it difficult for
the servo mechanism to control the movement of the read/write
head.

PMN-PT Stroke Hyteresis Loop

Displacemsent (am}

5 a0 15 40 5

5 1 15 m E

]
Plezs lupul (V)

Fig.12: Hysteresis loop degradation.

Table III confirmed that the 5 modes of resonance
frequencies did not change after the HGA was heat-treated at
different temperatures. Even at 150 °C where the stroke
displacement bandwidth started to degrade, the resonance
frequencies were not affected.

Table. IIT Resonance modes after the HGA was heat-treated at different
temperatures.

18 1*Bending | 1% Torsion |2"Bending | 2nd Torsion Sway mods
Mode Mode Mode Mode
100 8148 15727 16600 20008 22656
120 8612 15184 16024 19640 21952
140 8132 15048 16152 19688 21856
150 3084 14636 17760 19416 20488
160 8172 16052 17248 19840 21856
180 8108 15680 16208 19504 22256
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Fig.13: Comparative hardness between 5 PZT and PMN-PT sample
pairs

Figure.13 shows a comparison of the hardness of 5 PZT
and PMN-PT sample pairs obtained from a hardness test. The
average hardness of PMN-PT was 2.12 times higher than that
of PZT as mentioned above that the structure of a single crystal
is stronger than the granular structure of polycrystals.

IV. CONCLUSION

Single crystal PMN-PT plates were implemented on an
HGA and investigated of their stroke performance and
reliability. Their hardness was also checked in order to avoid a
piezo material crack issue in the HGA assembly process. In
this research study, the PMN-PT piezoelectric actuator was
analyzed by a Laser Doppler Vibrometer and a hardness tester.
Harmonic and displacement analyses were carried out in order
to investigate the performance of the actuators after thermal
degradation. According to the experiment results, the second
stage actuator made from PMN-PT seems to be reliable
regarding stroke displacement bandwidth at a temperature of
up to 150 °C and the PMT-PT hardness was 2 times higher than
that of PZT. Because of its higher hardness, implementing
PMN-PT in an HGA should alleviate the piezoelectric material
crack issue during an HGA assembly process and lower the
production cost of HDD manufacturing. In additional, the
resonant frequency of the HGA is mainly depended on the
mechanical structure rather than the piezoelectric materials.
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