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1.1 I

TEIRFLE A 42 (Shape Memory Alloy: SMA)IZZ D& Dl Y, YEVEETE% THh-> T, E
THZIETHLEDOBERICERT VW) 2=— 0 REE - RTHDH. ZOMWEIT
TEARFLIE ) R (Shape Memory Effect: SME) & FEIEAL, b OIS H £ THZE < OB N 72
EN, BLHLSORE R EHITREEES BTN DER, MZETH R L O % £ Ol
ISR ER TS 1Y,

& B ELD SME 1% 1951 4E127 A U %7, Columbia University @ Read ©1Z &> T Au-Cd
AEICBNTROICAHEN ™9, 1958 E0 7 T v L F#IZEBNT, TOMEEFIHL
ThHEOMEENBSR A ER T2 Z LN TE D Z LAVRSN. 1960 FITILFR A A%
HULIZRBEAAL v F BT AU DB TREI 2. Read HIXFEIREHIZ In-TI 41280
TH SME 23H 25 2 &2 A LTV PR, WPFhoddbmii TAMRICEETHY, —
KEITRVILHRZ F A TN, PR BLER IR oz b oo, ERIZRIT 72E
FAITIEE A EITON R -T2, F£72, SME L WIH SHES ZOFFICIZEZFEEL T
ol

Z D%, 1963 412 U.S. Naval Ordnance Laboratory (7 X U 4 #gs5RFFEAT) (& CHERS FRE
EMEFOBAFE FIZ Ti-Ni 41238V T SME 23R L&, 1965 4E(Z[FRINFFEAT o> Buehler &
2 Lo THMEEIC D TARIND 2. TiNi 54T RTHOG4E LB e, WFhod
BILFEDEIUIERER TR TR, AFLST WK TH 72728, Z ORI D
SME ([ZB3 285388 L, FERAE AT baaE 72, SME &V ) SENRFEH S
NHEIThoT20L ZORTHS.

MW, ZOMWEILT-NIGE&ETOETONE TH D EE 2 HI2n, 1970 FIT KPR
FOEKBH Cu-Al-Ni BAIZB W TH SME NI 52 L 2R L, ZhUdBgER <
NT oA NEEETHEEICHBEBOME THLZ EEH LT L. £D%, Cu-Zn

(i#%40), Cu-Zn-Al, FesPt, Ni-Al, Ag-Cd, Cu-Sn (Fi) 72 Ekkx ZpBApERl< LT
YA VERETHEENRHENTE Y.

BRI LT A RAAHE & IR A e S mIRIREN O A LZBRICE Z 5~ v
T A MEEOL DA (AT A NERE) O—FThDH. AT A MERER
EAN TR Z 2 BILEALOMZER TH Y, FFSEMENSRBORHAIREE LT 5 L &
DEINCT U H NGEETHO TR, AVICHEEZR LD OEN TREZE X DE
BThHDH., 2oLk, BHE~YALT A MEE ORE CTHRIEETFOREENELLHZ L
2725, 0RO ABETIIZHEOBBENREAIND Z LTI ORERZMRET 5 DIkt
L, SMA TIIRFEOBHENTHRIET 5. Wb L 1L, ZRITHNTEAM 727 0 AW iES)
DM THEWIHEGBERICH DO T, NI T2 hEBMEEND. v T A NERENIE
ETERICANE S 2D L, SO RE TITEENE 2 & TERT DR OM
BEREREA TN TLEWICIZRS Z E1ETE 20, SMA TR O FESNIC X - TR T
ONLEBMRAMRET-N T2 E EEET 20T, FOMBIZ L > TRABICHARESES Z & T



ORICEIRT D ENTE D, ZOMWED SME THY, Ti-Ni 54X Cu ZE4&k lIE
EAED SMA I Z DFFICHESNT SME 2B LTS OB Lasl, K& pafd
2LV ANY T2 FOBESTIIRISTERWEEN G2 DN HA T —RO&R & R
KMo DE AN L DA DORIEESOHENEZ 50T, MAL THREIFTE RVAKAD
PTHWRAETHZLICRD. BB, B8RICEVETILHH OO, HIRFEES LN EIE ]
REZR O A1 1-10%FEE T 5 19,

F72, AEILFEOMKIEZ FIHE U~ O LRRIEE 2 % ELL T2 2 72 SMA 1,
BN % - 2 T BRI EAT 9 2 & 72 < BRRFIZTEDOFGIRA~EIR L, B 72h b a0
JER LTz d X5 72288 & 7m 9 2 & ) b M54 (Super Elastic Alloy: SEA) & FEIZHU
SMA LIIXBIEND Z EMB VD, ZOEWITMERIBEDARTHD.

SMA 23 SME Z%H3 2 729121%, 400°CLL EIZEAL, ROBIREEZ &8I ES
WLMENRD L. Z ORI EERIE L TN, JGERELZHANT SMA ZitiESE
TWBIRICERE LR SiTbi s, L7 OIRGEEEA S NELEZR EOWEMEMTIZE > T
RIS TEY, HmPICZ OXRMINEANSINIRETH D720, BHEEL 25 L
JR AL OB EBMR AR ST EFLTET L ENTET, KAOTHhERSTLED.
ZOLHREENS, TIRDIELET SMA 245 ETHRERAIRATETHS.

AR X 912, 20 50 40 ORI~ 72 SME Z /R 8RR IN-0n, BET
TE4 (BLO) MR O, TEARETE )3k LOREE &S K& W2 & RIREIE
ARITEENFEMITH D Z LR END TiNi AN S TS, ZOMmT
X Cu fa@d, < —HT Fe RAEMERAINTEY, HEMTOALTWOEIG I
FERLCTHD. EEEORHEAEMRISHEN T2 L, Ti-Ni A<e i3 77 -Cm- et B,
Cu AT LM T THEEN, Fe RALITREETEREEREWY. £oHhT, Ti-Ni
BEITHRD B DL EREAHE SN, TOEREBELRL, ALHEDT T F~DF]
R RE SN0, EEITIE 1970 FROPIBEOMZEM (F-14 HEIFE) OMTEREkE T
~OMABYOERBEHITH 2 PO KISl END X ) ICoT-0F
1980 “EACHIEAIZ Ti-Ni A4 D HEARKFF INICKEL-BASE ALLOYS] (US,Pat.3,174,851) Kz O
JETHIEARRF T L B — 2 1L — ~EW 524508 | (F2AME 49-309) 23 FHTK
THIREIILIC /e > TUBETH 2 D, MEET, BTG L CEET 2MEE AL 7 a0
AR EOFERBIIB N TR T 7 F ax— W OMEEEFi>A~—F~T
T LTHREESNIED, T Fax—F L U THEERBCHEIER &, iy X
DORERLOTHASN TV, ZOHICIE, Ti REE0EKEAEOR S L&Ak
BETHDZ ENLERNIFCOFANERL, MENTFHRAAT N, B T—TL, R—
Y= FBLOEOEER R EHELIEHIND LI hoTe. &6, TESIFICE
W, ITHO MEMS(MicroElectroMechanical Systems)7 /34 A DFEE S TRV, ~A 7
nRy T B L F LAY, BT — 2 O PREFIREMLTVS. 20X 51,
UTAE TIREIR S B &SR B 28 SMA O 2RI H 438 T 5 1920,



b X5z, 2D SMA 2R L7727 A 2A0OWEFNRH Y, TERGEEEGE) &
W HFEL A —RICE L LTV AHIZHLELLT, ®HE L TEELTWDLILOIIFEEA
EIFELZRV. ZhiE, SMA OBSRENFEMA L ~LZEL TWARWT—R, SMA LISt DE
—HRNA ARG NIREDT I F 2 —Z DEkRe il Ko T SMA LIS D@ E T
NLr—ANEZ LD, LL, SMA IXEEH -0 ORAENBMMDO~A 70T 7 F a
T—HITHRTRENWZ L0, EARET 7 Fax—Z(ZTEDHZ LY, ARALEK
A TRY, %O~ A 70T 7 F a2 —ZOFBIIRPERVMEITHL LB BN
T3,

AFTNTZ O X5 RBUREZ AT, #ERIZITR2NWT e A2l ANDZ LickoT
SMA ZEtElbT 22 & C, TOXRRESNEL, SOICHERAAFEEZRET L O
Thb. oB, AFETIIEFE SMA OF T, KLEHAWTHY, BHHIN T LHI0%
W Ti-Ni GO RZEx R E L, LUFRHCEI Y O RY SMA X Ti-Ni &%+ bo L
T5.



1.2 BREIESeOTR
1.2.1 BREEASOMT

SMA [Z—fx DM EL L 1ZIER L 7 r Ak o THRE SN TEY, #HRICYZ-T
ISV M EMT T H0ENDHS. LvL, SMA IZIEFITIEMERR L, IEH-OF 2 dhii
PR TEIRZ L TR, mﬁﬁé’tf“%#éﬁgkwotﬁﬁ@MI%m%?éﬁ
HERHMWEER->TRY, BEREREM T+ LERETHL 2P, &6l,
BN TAZRB T, A~ OREE LTV INTA EE®%$&k#%%éﬂT%D“l:
DOIMTHEDHE XD 212 SMA O LIZET 2 MG IFHE < RS TV 5.

MLA~OT Fr—F & LT, MEOMTIEAZSGET 5 2 & BNEIICHKRF Sz, filZ,
Fe % SMA ICHsINT 2 = & T, MITMENHE EL, ZBIEES FRT5 2. UL, Ik
FEFEORLE -S> TLEI EVWIREARALIWZTVS P, 2ofich, MLH]
ICTPHBLEL TS 2 & T, BREESE LR TS EPomIitziEsw s 5k O
EHIMEINTWVDA, ZOFEIFTHEEIN LOHRZ LEHTERW E, INTREORIKG
BRHEOHILES S ZENTELORTHY, MLAKDOKESY EIF 5O TIERNOT,
TP IR T AR T Z ST L. 2ok 9, ISR EIC LD HET
BN TORERITEE L <, IWETEMENLOT 7 a—F1cfRb 0 #H LW TiEZ v
L2 TN TZ2ITO 7 7 a—FREICRINTND. BEE TIZHREIN TN FE
FREMT B =T =y F N s,

TR LI & g T & OB TOEEMOT — 7 WEBIZXIVINTT 2 FETHY,
HEMEROHLZWE THIUX, MEIOBSIZEIOTITNMLEIT) ZENRTEDH. ZOHIEZ
MImiéﬁ%ﬁ#ﬁmméw&woﬁ%@%ﬁo:k#%,%%EMIﬁﬂ%f%D,
SR OREIN TRLAFEEM TIZHW O TWD. L, BEMTIET — 27 &I
MEFRE 28 LTI L A21T 5 72 DI Lim i WE&&%&%ﬁoﬁ%@E@%é%ﬁ
FBZENTE R, BRI, SMA ORERENZ OREMEEIZ L > TRIL T
WHZEEZEZDE, WRRORTAZISEZITZLITRD.

=TT 7 r—y gy B X 3REMTE BRI L s EHELE ¥ Y0 2 1
PR REINTNDHD, ROBLEIIHARZ RS 5O TIEWed, Z 2 TIEA#E
DIZONTHII, BEICOVWTIIHRET D, 77— a U2 O Lok &k
T2 TR, LA R =03 A S 2 R 238 < 72 0 BN TAZ BB 2 1
2é:kﬁ?%5.SMA@v~$MIKﬁ,wa@ﬁ%/@®NdwmlwﬁﬂﬁE
1064nMA VSN D Z ENIFEAETH 2N, IETEH Lo LY, &
BIZSVABORENT = 5 ML —FRER SN HIR L. ZOJETIE, %%@E%
HEMTIZHA_RTHLS TELH 00, BEZTERIIMA DL LIITERNI &, LR
WCENXTDHOMERD D, SFMICET AT NEOMTARETH D E VST RAENH 5.

Ty F U IMLITHEEZ AN TR BRERET2FIETHY, vV 3 URKEOMHER
ENMTIZZ AL TWS., HHENLH T4+ NI VT T 742N TYAXF U T 2ET



Z LT, BRMICERENTON, BHITRROMTAREETH D, Z OHEIIMEFREDR
HNERETHLZEND, MEBMTLLOL =YL LR, BEBEREOEANRL,
SMA DOIEREIS T334 L7g\. —RMic v F o Z LA ThN D R50E, fEdbm T L
Dy Fr Tl —bDOEEZFHL TRy F U ZICE D @EmT AT MU 68
RHZEND, Y arREoREMEITHS. U 3 iE KO TMAHP 2 b7
N VERERNDZ LT, BAEZ T U7 2ITH> 2 ENRTE S, FlxiE, (100)0=
v F 7 b— MEIU)IZH LT 100 fFLL ERE Wz, (100)iIZi@E )~ A% o 7 & L
Ty F U TT 5L TET ALY NEOIMTRARETHS . SMA I EIEO= N
EBRTHDH LMD, TyF U ZMTIEREEE SR TWE23, 1990 412 WALKER & 9
28 HF+HNO; ROy F ¥ o N TV F oy F U 72X ML E1T>7-. L2rL, SMA
T RMEICH VLFRIN L TIRR G Y F o 72179 2 2IETET, 7+ FLIU AR
<~ A7 OMEOREGERY, EX 10um OFEFEEZMTTHIC8E-~7-. ZDk, 1998
FICHES OB T4 FLUR b~ 7 ORFMENEL, A Nz F o 720452
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Fig. 2 -2 Schema of reflectance distribution changeable mirror
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Heat flow

Table 2 -1 SMA palameters

Ti volume 55%
Ni volume 45%
Size 20 mm X 5mm
Thickness 0.7 mm

10 C/mn

—_—»

H\-A—.‘_H

A"

As
40 60 a0 100
Temperature ‘C
Fig. 2-4 DSC result of shape memorized SMA

Fig.

2 -5 Polishing instrument
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2.4 WMEBEOA—ATF A NERRIRE~DRE
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Shape memorized and polished sample

' 1Shape memorized sample

Heat flow

-\

40 50 60 70 80 90 100 110 120

Untreated sample

Af

Temperature C
Fig. 2 -6 DSC result of untreated sample, shape memorized sample and shape

memorized and polished sample
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TREESNS. 2F 0, KERELEELNDHEHINTELBGFEL THDRETH Y,
MENZ XD SMA OFREEIS IS TEAER L, R mERkoZ{bzi 36
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5mm

SMA SMA

(a) Only polished (b) Shape memorized and (c) Polished and
polished shape memorized
(Sample A) (Sample B) (Sample C)

Fig. 2 -7 Pictures of SMA samples

(a) Only polished (b) Shape memorized and (c) Polished and
polished shape memorized
(Sample A) (Sample B) (Sample C)

Fig. 2 -8 Optical micrographs and laser scanning microscopy images of SMAs

Table 2 -2 Surface roughness changes by process change

Ranm Rate of
25°C | 75°C | 125°C | change %

Only polished

(Sarpple A) ‘ 25 30 33 32
Shape mené(;rélzglde aBrsd polished 94 929 40 67
Polished and shape memorized

(Sample C) 47 51 49 4
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— 25°CiMartensite phass)
-—— 125°C{Austenite phass)

5 O T T T T T T

e e P e e

20 1 1 |. 1 1 1
GO T T T T T T

A0} e e -

Reflective ratio %

(b) Shape memorized and polished (Sample B)

200 300 400 500 600 700 800

Wavelength nm
(c) Polished and shape memorized (Sample C)

Fig. 2-9 Relations between wave length and reflective ratio (process comparison)
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Shape memorized and polished (Sample B)
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Only polished (Sample A)

Reflective ratio change
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/ e
AT et
Pl o f
t TR
0bF 7 i Polished and shape memorized (Sample C)

00 a0 #0500 600 700 8aa

Wavelength nm

Fig. 2-10 Reflective ratio changes by phase transformation (process comparison)
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(a) Polished at 25°C (b) Polished at 75°C (c) Polished at 90°C
(Martensite phase) (Compatible phase) (Austenite phase)

Fig. 2-11 Pictures of polished SMAs

(a) Polished at 25°C (b) Polished at 75°C (c) Polished at 90°C
(Martensite phase) (Compatible phase) (Austenite phase)

Fig. 2 -12 Optical micrograhs and laser scanning microscopy images of SMAs

Table 2 -3 Surface roughness changes by polished temperature

Polished temperature Ra nm Rate of
(Phase of SMA) 25°C | 75°C | 125°C | change %
25°C (Martensite phase) 24 22 40 67
750°C (Compatible phase) 25 36 28 13
90°C (Austenite phase) 24 22 22 -10
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- (a) Polished at 25°C (Martensite phase)
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(c) Polished at 90°C (Austeniate phase)

Fig. 2-13 Relations between wave length and reflective ratio (polished temperature comparison)
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Fig. 2-14 Reflective ratio changes by phase transformation (polished temperature comparison)
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DC power supply
O+ -0
Anode Cathode

Stainless plate

Fig. 3 -1 Experimental setup of electrochemical etching
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5. F7m, £EEO Ra 13OGIRZHEE LTV 23BN CITAEERT & e TR & 228 ki3 <,
WRDBEDNTNDREITIZE LML TV, 20 OR RITEIR S ORE e —E
LTW5.

5MDxTyF v EtTo kOB LR % Fig. 3-312L, =y F U 7K DBMRERS
Z Fig. 3-4 [T, MBVLEZIT> T RWakkl e 200°C TREEZ 1T > T2l Co Az
v F T NHEIT L, 300CLL E T AT 72l ClE=y F U I REE RV L3 o)
. 2O END, MBI L > TER S L LEEIEE 300°C LA EDOANELEE TR S 4,
LPRRFEIC X 63 LiCl-= % / — WIRik & AW =B = v F o 71ox L CRAFZ2MHEEZ
L, ¥, HRSPFEH I NE(L L THMMEIC LR N2 083D, 728, 2000CT
DIMELIL 2 AT 5 723t O = v F 0 J IR SITINBVLEL 21T > T Wik & e > T g
2%, 200C M L7 SMA OZEREIRE LY b EIRTH Y, MBI X HFEMIREDE(L) &
STl ThdEEZLND. LL, BEIBEL EICEEIT->72 SMA IZ25W\W T,
WIEEIC L 0 HREOMBLEZ 5T 52 L T LiCl-= ¥ ) — VIRIRIC L B v F o 71
XV, myvF o THEEOEWNISHLLOD, REINDZ EE2ERLTEY, Moy F
T YEREDFHIIZIZ A L2\,

LLEDS, 300°CLL EDOIMMBVLEE AT H = & T SMA IZiit—= v F > FMEfea 5 T& 5 2
ENDOND.
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Treated temperature:
Untreated 200°C 300°C 400°C 500°C 600°C

B PRSI Ee

Fig. 3-2 Pictures of heat treated surfaces

Treated temperature:
Untreated 200°C 300°C 400°C 500°C 600°C 700°C

Fig. 3 -3 Pictures of heat treated and etched surfaces

—y
o

Untreated 200 300 400 500 600 700
Annealed temperature °C

Etched depth um
()]

0

Fig. 3 -4 Relation between anealed temperature and etched depth
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3.4 BIRELEESRm~O L — MG

3. 3HUTBWTHIRLEIZ L SMA (Tifif= > F 2 ZHEREZ A5 TE 5 2 L 3N B
n, L—HVREHNZ LD~ A7 O ATREMES R S L7z, AREICIEHT) 200-1000mW,  FRS
RefE] 0.1-7.0 O L —HFRRE 217V, BEZRORBOKRFEZ8IZE L, SMA 2L —H % R4
L7=BEORHEIZ OV THREEZITS .

3.4.1 L—WRGSM L RmA L & DR

L — P IREHT O FHEMB T EO—Fl% Fig. 3-5 (R8T, AT RLE—(L—HPH7
X PREIRE 23/ NS & & BREHTIE Fig. 3-5 ()DL 5 IZhTHCEATH. AT xL
F—MNREL 725 &, Fig. 35 QDX THEWEBOHFIIZE D EADES BRI N
R 2 EREEOEAHMPEETDH. SHICARZRILXF—RNREL LD L, Fig
3-5 (d)D & ST .L BANEIZ AN D IRIEA 3 BePFIZ KB T & % 3 EffiE DA AT
BAETDH., KL—VHRERMEICBNTED XA TOECHNAERZ D0 % Table 3-1 12
R

BT A XD L —FHE XL —FIRERR & OBFFREZFHE L. REFIE LT,
Fig. 3-6 IZHRGH%Z 1.0 BICEEL CL—HFH I EEL I g & 2 OEATOER %,
Fig. 3-7 [V —¥H % 500mW 35 L0 1000mW (Z[EE L CHREEMA S SE- e &

DOEMFOELR 7T, Fig. 3-6 LD L—FHAOBIIEY, BEEOBIXERAIC
WINd 5 Z 0353000, Fig. 3-7 L0 BRKNFFHZEN ST & & 62 0EBITHME N %
AT, L—FHAEEINS R E TR0, —EMEICPORLTWD 2 ERSND. =
nH X0, LR AR S TH D IREH AT OIREE /3 A3 I #E T 5 F TITRERH
RS H L L, BT ORRLIEA IR Z B 5 Z EBRHETE 5.

3.4.2 EaEHOIR

W, L—PREEOTARE T ~D 26, REHEE D57/ ) BEMEE (AFM) 8122 21T
ST SHEOEGIHZNEFNICHOWT O AFM 4 % Fig. 3-810R1. AN 1EO L
ERAOTGIRZELITMER S ARV, ZBAEN 2 EO L &I21E, FRATICHDTNRERN
MR IND. ZOEADOESIE 100-150nm FZETH Y, HEZOKRKE S(Ry)170nm X
DSV, ZHUCHL, ZBEER 3 HIZRD L &L, PRICKREREENELTNDZ L
DHERTE D, ZoBREOEIITLV—FHT), BRENFEMICEZ->TEL, F£FICLoTiE
Ry # K& <Hx 5.

ZTIT, ZOBEOFEMERARL D, EEAETHMBECEMICZ L 28R L1772,
Fig. 3-9 ICHfd SEM %4 /r7. 7238, ZIZ T, BIEEARDICT LD, L—V Rt
HhEREL, BERMZELS T2 TREDOY A X2 RKEL LTBEETo T 5.
L—H R 2 T mEROERIIRZELE LTI, L—F T 7 L—ra itk bkELL
SIHBMZ K BTN EBEZHND. L= T 7L —ra Nl XRENMTONEZGR, vy
— Ty VERo MRS LITHEEROR E 72, INTIEBELICT 7 U B3M1ET 5.
L L, Fig. 3-9 »OBEEOPNBIIIER IS/ Hovafimicic> TR Y, Mz 8 e
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LWL LOoNFEEL, FEEICHRB LR FIIFEE LR W ERbns. 202 &
HBL—YT 7L —va NI DREIThbILTWRNWE I TtE 5. KoT, ZoOEEIX
L — RGN X B2 METHULER S VERL LIRS N U724, L — VRS THRICRHm SN,
BEE T DB T D Z s ic ko TERS N EEZONS. 2% 0, BEOREZ
eI, L—TREEHTOEMEL S HERH Y, L—FREHH D E/NS <, B
R L7e T blewn

AREBROLIETIE, L—FREH % 300-700mW & L, 400mW LLF Tl BB %
EEIZ, 500mW TIIIREEE#Z 1.0 BPLLTFIZ, 600mW LI ETIEMEAERHZ 0.1 L35
Z L CHRREEZEDRWEARES D ZENTE S,
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(a) Not irradiated (b) 500mW x 0.1s

o @

10um

(c) 500mW x 1.0s (d) 500mW x 7.0s

Fig. 3-5 Optical micrographs of SMAs irradiated by laser beam

Table 3 -1 Relation between laser irradiated parameters and pattern of discoloration

Irradiated time s

0.1/03|05|07109]1.0|3.0|5.0]7.0

200 | X X X X X X X X X
300 X X X X VANEN VAR ERVANEN IRVANRN BRWAN
% 400 |a|alolololo|loO|O
(500 A lO]O]O|O]O|@®| @@
60O @000 |0o/0 |00
§7oo Ole| o @e|e|/eo|/e 0@
§ 80 @ @ ®  ® @ @ @ @ | @
90| e e/ e e e e e e | e
1000 @ @ ®| ® @ @ ®@ @ | @

X :No discoloration A:Only one circle discoloration(Fig. 3 -5(b))
O:Two discoloration circles in concentrically (Fig. 3 -5(c))

@ :Three discoloration circles in concentrically (Fig. 3 -5(d))

43



Laser irradiated time: 1.0s

30
O:Outer most circle
% <:Middle circle 0
c @ :Inner most circle
3 20 r
o) o
) o
.g 10 o o
(] o R o .
o *
2 & @ * *
. e et
0 200 400 600 800 1000

Laser power mW

Fig. 3-6 Relation between laser power and diameters of discoloration

Laser power 500mW Laser power 1000mW
[:Outer most circle M :Outer most circle
A:Middle circle A :Middle circle
O:Inner most circle @:Inner most circle

30 -
| |
| | |
g— 20 _-.-.
S 10_&'93 O = x
g 1&9,,.. *
0 r;ﬂam | : | : | j
0 2 4 6 8

Laser irradiated time s

Fig. 3 -7 Relation between laser irradiated time and diameters of discolorations
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0 400nm

j—y
o

(a) Irradiated time Os (b) Irradiated time 0.1s

0 400nm

-y
ol

Fig.

0 400nm

£n
u—y
($,]

0 [um]
(c) Irradiated time 1.0s (d) Irradiated time 7.0s

Fig. 3-8 AFM images of SMA surfaces irradiated by 500mW laser beam

3 -9 SEM image of SMA surface irradiated by 1000mW x 7.0s laser beam
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3.5 L —HHRUNFEDIRE /54
3.5.1 FHRXKURT A —F OEE

Fefdd SEM @67 7L —va VK DBREMIPEZ o T2 ENEX bR,
L — P IRET ] & B GEE & OBIRRe, T—b FA A=V &2 AWV TE BN E D
N E(3.38LEEL, L—FREIC K 2B OEETEAITG LB NER S
HEEZOND., TIT, B\ORBETHLZ L E2HRTHH, L—VREEO SMA O
BEGHZRBL 7. kLT YT v E— 0% A LIEBEOWMEORE EHIZ-
WTIE Lax®OW®ENH Y, RS FHFmds XU G IS BERRIZ A DS - 7= - 1 R [E R 2 5OE
L, WiEEmE COREARHRSOBMREZELZ BE LT, B — A0 R — A0 X0 SLisfE
N 1le L% RETOHEEw, L—FH P OL—HFE2WIEIC AR LD B —Afuihn
HOEREr, S z 128 H1EE ER Thz,w)ix, PRI R Eka, £ TORHER,
BBk L LT

1-RP (=, (A 2 aweXpL_ﬂJ_’iem(_“Z)
T(r,z,w):OCZ_—ﬂkI0 JO(ereXp(_Zj a\ZNWZ s da (3.1)
ERHEEN TS, 22T, Joix 0 ROy THS. E—2PRX3.2.31HT
FHE LI E— L% 2.0um A E— 20K KRN 1e2 L7258 &2 o TE—28E LT
W2 DT, w=20x10%/2y2 =07x10° m1 & L72fH, SMA DO NXWRIUREL o = 7.79x10° [1m] , S
FR=043, BYRERK=20wm.x1& L7-. Table 3-2 |[ZFFHEICHEM Lotz ~d. 2B,
RBE FRIC X 20MEEOZBILITEERE L TWD. £, L—F OENLEN 07x10° m]), SMA
D NWUAR LN 77910 1m] TH D OxF L, EERIZHEH L7= SMA X 5mm ff, EX
0.7mm TH 5 Z &b SMA Z FIERRMEAR & L THl-> CTRIEZR .
3.5.2 WA ADIRE

L—HPREH L SMA #if, MRS ROBEEEOBFEZGB DXLV EHE LM REE
Fig. 3-10 (2777, E—ARMREREMTH 0 EREIGE, ARINAEZEE L TWWanZ &, &
JE LRI K DM D E L E BB L TV RWZ LTz, BEFEEK~DORADBEDE)
72 <, MERRIEHEIRGE % O E FIREBORESMEZFE L T D7, FEEROWRE &Ik
—HLTIIWARNnEZEZONLbOD, BlziE, L—FHJ 150mW TOIRET 428°C &
AR S, BLEEZERT 2 DI +37 MM Th Tnd Z ENTRENS. £z, §i
TR L&l Table 3-1 LV L—H¥RRE ) 400mW LT TSR RICE D &3
Gt R ORSRERH] (7.0 ) TH - TH)FAE LRV, 500mW ORFZI 3.0 L ED
T CTHAL TS, SMA OIREIFFHEERLY, 400mW T 1,107CTH D DIZKTL,
500mW T 1,379CTH Y SMA Ol Thd 1,300CE 2 5. ZDZ & XY EENED
WEICIVER IO THLZ EPMRTE D, ok, EBRASERTIX Fig. 3-7 £V
L— Y IREBALE D 1.0 RREORBEEM CEFIRBIGEL TS B XL, Eito
TO0MB LIV 3.0 HOREITINT b EFRIREBIZEL TWD &EX TRIERV.
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3.5.3 EAOREFIH

L—HH D&, FEBRCHEENEE LRk KA THD 400mW &, EBrEiT-7-
RRHEATHY, WL DHEESHEA L 1000mW & L CREZITY, L— RS
ICEAD SN K SR A WAE D o7z, 72k, B SMA (25 2 2 WBNTIREAMEIELL,
R IR (50~90°C), ERLIELOR A (300°C~), FIRFLIE(M00C~), ERE(1300°C~135 3 b
NHH, HEHLTHD SMA IZITRFLBLE 21T > TWRW2®, IRERITE Z 572
V. E T, BIEEORI FR~OREIIERE D GBENMRAT LR TEITT 50T, IRE
DI TRRALBEN R SN D FMHERET 5 Z LI TE 200, BILEORRIZ W T
REOE— LRI OHEE LT

L—HH 1% 400mW & L7z & &0 2 IRTiRESFi% Fig. 3-11 1Z/”kL, SMA i D
E— AP IB L O E— AL O B — SB[ OIRE A A Fig. 3-12 12T, RS
[ OIS PRI, Sl M OIRER TR NS 20, FBIROSERREZ b 2010 &
7o TWND.

TEIRFUED L 2 % 400°CUL RIZINEAS L7230 ORI B — AR 51T 2.2um, #h5
AT 2.5um EFHE S, T<NSWEEBRIICHE > TS, o, BMUESER IS
300°CLL BITHIEAS 7=y D B — LR G ORIT 3.2um EFFHE S5, 400mW T
7.0 ORI 21T > T BEOE A OFEIL 3.65um ThHh-o7=Z EnD, HEXDEE TR
WZ EEBBIZAN, BMBIBIRICB O THRINTEEAAMIIMBILIE TH D EF X TE.

L—H# 7 1000mW & L7z & & D SMA KD B — LT REB L — A Lo E—
LEH T A DR E S A % Fig. 3-13 12T, SMA O@US LI EISINEN S 723005 O - 881%
1.7um, ESIX 2.6um LFEEIND. WS Z 5 Z & T SMA OWPEEIZ K E 7228 (LA
by, REBRLENTL20OT, EBEORESMEITTNARELTWVDLIHDEEZXLND
W, AN K DB~ OB I um BRETH DL ETHITE S, £, BikRE
Z % 400°CLA BITNBA S V7 &R 1T B — 2 B 7 R O3 6.2um, #5717 T 7.1uym & &t
BEND., S5, BLENTERE S A ERSY O B — LT M OMAR1T 8.5um L EFHR SN,
EBRTHRONTZEAEHOYE 14.1um & REX2THRGFETD. Ind, HEElC X 222
ThbEEZLND.
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Table 3 -2 Parameters of laser and SMA

Laser Continues light
Power (P) | 0 — 1000mW
Beam diameter (w) | 0.7 X106 um

SMA
Photoabsorption coefficient (o) | 7.79 x 105 1/m
Surface reflectance (R) | 0.43
Thermal conductivity (k) | 20 W/m - K

3 OOO T T T T

=]
)]
o
i
T
1

-2
=
o]
=
T
1

Temperature of irradiated center “C
= o
= o
= =
1 1

300 - -

1 1 1 1
0 200 400 G600 200 1000
Laser power miM

Fig. 3-10 Relation between laser power and temperature of irradiated center
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Distance from beam center Wm

0 1 2 3 4 3 g 7

Depth Wtm

Fig. 3-11 Internal temperature distribution generated by 400mW laser beam
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Fig. 3-12 Temperature distributions on surface and light axis generated by 400mW laser beam
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Fig. 3-13 Temperature distributions on surface and light axis generated by 1000mW laser beam
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3.6 L—VHHNEIToRBREEREOZ Yy T
3.6.1 =yF 7K

t17) 200-1000mW, FESHRFH 0.1-7.0 B L —VRRE 21T o> 723l BHI s L T, 5 /=~
Y F T BT ol %, Ty FUTIBIROBIE T T2, ZOROT yF U IIRSIT 1.5
8.5um ThHho7=. =y F U TRO—F% Fig. 3-14 (27, L—VRE 21T 72500
~ A7 L LUTHREL, BBIREZSOND Z L AHGETE 5. RE L L—V RS 200-
1000mW, HEHEER] 0.1-7.0 P OFFHIZI W T, ZOFEOELIX 2.8-53.8um TH-7-.

LML, L—FREEFFICLs Ty FUr7BRPEBIEINRNI L0, TR
(Fig. 3-15)BZESNDHZ L0 -o7-. Table 3-3 I[CL—VREEMLE = v F o ZIRIR
LDORRERT. =y F U TRIE, L FREREO AFN T L =N S0 & IR
ENT, TFRAX—RNRKELADICON, BRIK, HERRELR-THDE. ZoZ LY,
IR HER SN2 OIX L —FRFRFICRENEE T DIZE S T v F 2 7 PERE M
HahholtBZzbhsd., I, BRRMBIE SN O™ v F > 7 HEREOA
Hlixanln, ZoEMNNSL, YA Ry F U 7PHEOFRLETEEL, EESHERL
tbDEEZHNS.

L—HHDB LY, L—FREREHE & FEER & OBfRE Fig. 3-16 [ORT. 7ok, HE
BITHFHEMBIC LV E ELSHE LD TH S, FEERIT L —VIRE ORI X
DREL 22D, L—REEEF OB LT EEICNRT 5 Z En3bnd. 2 O
IIRTEIC KV RS b— PR S fF L AR L ORfRE —H L TW5.

3.6.2 YAJARR

Ty F U TIRBRER E 2D b DI LT, L—VBREEMEICE > T, FEEmnY
YIRICZy F T E N, RELSTWDLLEOREEINT-. Fig. 3-17 [ZRE4ELC=
v F U TR —FIREGT 7 900mW, FE[#] 0.5 #) D SEM B4 7~3. £z, ZORDIHE
AR Z NS DIz, Wik E L —FBEREIIC K- THIg L7z, BlEEE % Fig
3-18 |Z/R9. =721, Fig. 3-18 Tik, MEFMEFES 5729, Fig. 3-17 ZFEf
JFIENZ 90° [ml#s L7z RREA /R L=, 7233, Table 3-3 XV, ZoOruIL —FHEEEC
SMA KHIZHEEZE LD ELTND Z ERbND.

U—VBEMSEOBIEER LY, ROESIIHEEFEOT v F U 7RIS LR L THERL o
TWaf, SEM %6, GHE ETRO BPESICHEVEREDO L S ITFE->TnWLH 2 LE
FOZOBEIZEARDBHENELTWDLZ ERNERTE S, 6, ZoOEFIFEEmEFT
BSNZH DI EN L —FHMBEOBIEER LY b b.

LLEMNS, ZoORIFBICA U8R OB MRRMEAL, NE2rH SMA BNy F 7
SNTAELELDOEEZLND. 728, RO EAPESICBIE SN v F o 7D
HOEEHPNRTEST-bDOTHHEEZLND. SIHIL, BENRETIHRETL—V
MR IRF AT o T BRIC Z O RN E T2 Z L 2 BE L, ZofZiE SMA KmA 4 55
DIFE, WHEIZLDIENICL Y TELELDOTHD EEZLND.
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3.6.3 A R F 7D

WIZ, o T v TREORBOFETIRD 120, FEEA L L—V IR X 2 A EERER & DR
fREFAT.

Fig. 3-19 [ZMREHH 2 500, 700, 900mW DESRDOI:EAE & L —FBEHNT X 52 G ERE
B L DA L —FRETREH & OBIMRTRT. HEER L L—FRIHIC L 2EAMER S D
X 1.0 X TNWDHZ E0n, BEFERLY BHEERPRELLoTND I ENNND.
ZOZEXY, MFHEMECIAANBETERNESE TL—TRFNICL 2 REOLE
DRATEY, BEHLD BIAVEHNR~A 7 E L THEELTWDZ B 00n5b. £,
FEEAR E AAHERE OHIT—E TR, L—VREOAFZILXF—RREL 2D L
XN aEmIcH S, Lal, 3.3HEINCEVHEHITL =y Fr 7 INLNnI LR
TRENTEY, WEHIZETRIEL L EZONEDT, HEEEEGOHEREDkIT—
ETHDHETHEN, ZOMELITFETS

ZHUZXFL, Fig. 3-20 iIZ=y F U 7R EZMN OB LT SEM &% /R~7. [FHX
FOHEEPREVWE ZIHE ROy VOO BRELSRSTWNDL I ENDNL. 2D
ZEmh, YA Ry FU IRV BEHE FO SMA BAxyF 73, WEHNLZ
O, BFSRIRITAESMANC AT THRE L TOW BN E L CE T L 72728, fEE
BREEAMEREDINNS Lol bDEBZHND.

3.6.4 L—W LM

MEETICLY, AFECTRELI-T yF Lo V&I BWT, BIART v F o kG
R 255 720121%, L—FIREHE S 300-500mW & L, 7] 300mW iR EHIRFR 2
0.7 Ll iz, 1)) 400mW TIXRHIFMZ RIS, 1) 500mW TIERRE R4 0.1 7
LR EFTHIL I W ENgin5d.
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Fig. 3-15 SEM image of a hill formed by etching after 300mW x 0.5s laser irradiation

53



Table 3 -3 Relation between laser irradiatied parameters and pattern of etched shape

Irradiated time s

01[03]05[07[09]1.0[30][5.0][7.0

200 | x X X X X X A | A | A
300l alalAajlO|lO]|]O]|]O|O|O
% 400l 0 |O|O|O|]O|O|O|]O]|O
5000 @ @ @ @ ® © | ©® @
600 @000 0 /0|0 @
70/ee|/e|/e|/e |00 ee
%sn]/e|e|/e|/e[e/e/e|e]e
CIVI B A N B N N B )
10000 ®©| © © | ® @ @ @ | @

X:Flat A:Hill O:Pillar (without defects) @:Pillar (with defects)

Laser power
0:400mW  [1:600mW @:500mW  H:1000mW

60
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0 2 4 6 8

Laser irradiated time s

Fig. 3-16 Relation between laser irradiated time and pillar diameter
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Fig. 3-17 SEM image of a pillar with defects formed by etching after 900mW x 0.5s laser
irradiation

§.dum 28.1um

Fig. 3-18 Cross sectional view of a pillar with defects
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10 |e Laser power
O:500mwW
@:700mW
:900mW [ |

Pillar diameter versus outermost
discoloration circle diameter ratio

0 1 1 1
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Laser irradiated time s

Fig. 3-19 Relation between laser irradiated time and pillar diameter versus discoloration diameter
ratio

—

Fig. 3-20 Side views of pillars
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3.7 BIBIROIER

L&k LTS 2 2L THIBRZERTE 2MBIRO~ A7 3 G605 Z &0
HLNERST2, 22T, ZOIBHAELT, L—VE2EETHZ LT, BBIREERT
EDHVAY EGD LRkl BIBREER T L Z R TE T, L—EREORKE
FEREICHREL, HHRAARXZY = ORIREERS D Z LN A[REE 2D,

3.7.1 L—WEERFOEIAA

ZUDIZ, V=P EEET D LICLDRBICONTEREIT->7-. Sanders I3k
R L —YER LZEORE EFRN, E&EEE v, TUv T o E—200E w, B0
[Ep, HELC, BMRERKk &L,

WAL 601

(3.2)

E7-LTND EE, BE—AnREIELTWAYLAE ERESMOENZTE AL ERNT & &R
LTW5. EMHE 1.0x10%ms, SMA OFE 6.4x103kgm3), HEN 270ung.w1& L, £ D
fih B — A w=20x10%/212 2 0.7x10° [m], ZMREF k=20wm.x 1L 3.5 8 OEZE AV TE
Ha{Tolz. ZOLE, wC/ak=151x10° £ 720, EESAMICL —FERITIT L AL EE
LW Z ERgnd. 22T, BERBICEADO T XBOLWwW=y F o 7BRE/ LT
400mW % L—VH & L.

3.7.2 L—VRKHLzyF LT

RE— K% 40um DO EMEE 20pum FR T 7P IZBWERR E L, L—V RS
BOTyFUTRMIZ3.6H EFL 5 hTHD. Z0EEHEoNyF U 7RO
SEM 4% Fig. 3-21 (T~ L, L—VHEMEEIC I VEIE L, Wrmfiks Fig. 3-22 (R
7. 72721, Fig. 3-22 ([ZBWTIX, WEFMZRET L7290, Fig. 3-21 & FFEH5H
12 90° ESL72REECTH D, ks, ZOMIPIROMEIX 5.7-7.0um, & 1% 9.1-10.2um T
HoT.
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Fig. 3-22 Cross sectional view of a line formed by etching
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3.8 £&9
ARETIE, 7+ VYT T77 4 Z2FALRY SMA OHI— v F 2 7 INT &2 I, L

— PR Lo TR ZEERHE L, ©yF 758179 2 &RkAL, UTEHLNICL

7.

1) 300°CLL EOBULEE G S DR biFix LiCl-= % /) — ViR = AW =Bt v F
Ik L CRIFRMMME 28D, ~2 27 L L THATHZ LN TES.

2) SMA HHEIZLV—HFHEEITH Z & TRFTPNCEWE AT, ~ A7 ZH#iET 5 2 &0
T 5.

3) SMA ZEH~D L —YHERFCARTRLXF—RNREL 2D E, WY BIENRAE
T 5720, A7 O 400mW L FO L—HH I TITH T EREE L.

4) U—VRBEEIT o1 B E LiCl-=% / —WiEEE VT 8V, 5 O TLE{T\V, H
£ 2.8-15.6um, =S 7.5-85um DIEBREZGEL LN TE D, £72, 400mW,
100um/s Tl —H¥ZEAE L= SMA TihE 5.7-7.0um, &S 9.1-10.2um OFIRO T »
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4.1 1FLHIZ
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WoBHRERENZD, RO - fi] & RE - Hilh) 288085728, 2 kool b
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TR, b—RIEIRE RTINS 5 Z LN TE, I 77 EOffHE T
RERWTHRRIMELSZEZ D Z L TR A BECEZ 2ME A>T\ b, £ T,
B SMA 77 Fam—H ~DOT XX — AN L—F Nz A, /I EIT> Z & T
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2. ZOFETIE, MEYKANT SMA IZ%BEICEFE L TWDH0, BEOHIEIZELCE
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SMA 77 Fax—4% OFAF L LT, 3D il T « A7 LA HORF/REER L OENE
T 7 Faxz—F R L, ERMBREZITS.
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2L LTIREINTWS. SMA EGEB) % FAWZRANAENT 7 Fax—4 2%, Zhb7T
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W5, 2L, 4.1 1HTRLEX DI, BEEEE-CAN RICH BEN WD L A
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Lo TV A (Fig. 4-5).

TR L, RETRET S SMA OXEEENAZFIH Lz fmsVEN T 7 F 2 =—4% % Fig.
4-6 IR, ZOT 7 Fax—2E SMA BB LOFIUTHE S, AT A NERET
2 MR D DR S5 (Fig. 4-6(a)). SMA {EIERTE TR Lo n— LRk (Fig. 4-4) %7t
L CTWD., MEELIT > TORUVIRRETIE S A 7 AN L 0 EHCIRICER 724, InEEEC
SMA OREIFINC Lo TEA T RANENT L. L—FRIFOHHOMEIC L > THR
PRBREN RN B 2155 Z LN TE (Fig. 4-6(b), SMA HEAENT 7 F 2o —Z DR
REZRIRT HZ LN TE D,
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(a) Initial shape

HE Cooled area

Heated area (b) Whole heated shape

NI

(c) Local heated shape(s)

Fig. 4 -1 Schema of multiple degrees of freedom moving

/ Moving pins

(a) Top view (a) Side view

Fig. 4 -2 Schema of usual tactile display

\\\ R %\‘%{%\“\

(a) Initial (cooled) state (b) Tactile (local heated) state

Fig. 4 -3 Schema of proposed tactile display
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TTension T

Memorize
diameter

—>\ — | & )

(b) Memorized

shape
(a) Machined (c—1) Used conditon (c—2) Used conditon
shape (cooled) (local heated)

Fig. 4 -4 Schema of making protrusion(s)

ﬂ <—>j

T o

Fig. 4 -5 Schema of usual SMA foil actuator

SMA foil

adhesion

Elastic
film

(a) Structure of SMA actuator

(b) Actuator behavior

Fig. 4 -6 Schema of proposed SMA foil actuator and its actuation
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¥, FMICBWTHRE ARy MEEIY b AEHER/ NS WiER (@) o L—HF 7]
20mW B L OO DOE AR v MEDY 3mm DL EOHEBR)NGFAET H. Zhux, HLEZL
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DT, KVREBRARy METOFMITIT > TW7RY.
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Table 4 -1 SMA parameters

Ti volume 50 %

Ni volume 50 %

Size 40 mm X 30 mm
Thickness 0.03 mm

Shape memory treatment | 500 C X 1h heating

Measuring space

[

' |

: |

|

--— : I Infrared
L | —1 .y omoo-| thermometer

aser | N R
beam : S PR EOEE

: |

|

Lens : |

|

Fig. 4 -7 Experimental setup of local heating
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W3, AREBRCIEEIROBE AR LIIRRIEAER 21T > Tk Y, ZofilKr b BEe
1% 3-5mm & L7-.
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Table 4 -2 Experimental conditions of local actuation

Laser Ar ion laser
Power 50-150 mW
Spot diameter 2 mm

SMA
Size 2-4 mm X 40 mm

Memorized diameter | 3-5 mm
Tension 2.3-17.2 mN
Ambient temperature | 24°C

SMA

Laser \{illor foil \g‘
beam Height

Splitter

NOZNOP

MiIIor\\ / 4

Weight \g.

(a) Experimental setup (b) Magnified view of

protrusion

Fig. 4 -10 Experimental setup of local actuation

5mm

(a) Initial shape (b) 100mW (c) 100mW () 100mwx2 (&) 150mW

Fig. 4 -11 Pictures of protrusion(s)
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Fig. 4 -12 Relation between laser power and protrusion size
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Fig. 4 -13 Relation between tension and protrusion size
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Fig. 4 -14 Relation between width of SMA rectangle and protrusion size
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Fig. 4 -15 Relation between memorized diameter and protrusion size
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Fig. 4 -16 Minimum space between two protrusions
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Fig. 4-17 Time responce of a protrusion
Table 4 -3 Transformation time
. 100mW 100mW 100mW 125mW 125mW 125mW
Conditions
6mN 10mN 14mN 6mN 10mN 14mN

Heating 2.3 2.7 1.7 3.0 2.0 3.0

Cooling 4.7 3.7 3.3 5.7 4.0 3.3
(s)
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(b) Laser power is 125mW

Fig. 4 -18 Time responce of genarating protrusion
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Fig. 4 -19 Time responce of disappearing protrusion
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ZITE, AETRETLIENT VFa—FOMEEY I 2 L—1 3 EEROMR
MOIETT 5.
4.4.1 BFETNEDT 7 F a=—XEHEOTH

BRTDMNENT 7 F 2= F 3RO T 7 F ax—FO—EREH L, IR
THEWREL, BFHICHEICET T DI N TE L. FEICHERT LI AT A—X
% Table 4-4 |12, €7 /% Fig. 4-20 |29, XY BEEFGIZT 7 F 2 —RICHBEE S
I, RIED D OFEHE x ONEICL—VRBEH S, L—FHNOS TR S 2a OEF
FPHAFLIEEAR 2r OIS L, Rich b AR £ CEERE(Q)F L OV 5
S F CEMEBONXERIRTND. QXD LA THD. vk, BRGHOES
2a X SMA s JOEMERR, #EAFRFAK, EEGR kA RBEROBHERRTHY,
L—HH DD DRREICRD D Z ERRETH 72720, FEBRIIZK D - (Table 4-5).
BRI DE S 1T

X—a (5.1)
ThY, L—FREAEZPLICRS 2a OB ¥E v ONIO—HL 25720, EF
A i 0D R

X4 =(x—a)+rsing
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L72h. IDITEHMTO) DR SR
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4 Se S O FERE I,

Xeage = X—a+rsind + {L—a(x+a)jcosd
Yyqe = F(L—C0s0)+ L a(x +a)}sing

(5.2)

(5.4)

s, 72720, 5.2-GARDBEY SEODIIETEHIFE 2a 2 THEM EIch D55 DHRT
HbH. L—VREENRT 7 Faz—2iRab LIRS %, ZRELFE O3 it
DHIIAHTLESTGRIFUTO L Y ICHEEZ T HHENRD 5,

BN T 7 F 2 = —ZRITITE SV T2HE (X—a<0) TERB@BERL, £
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LR, TIOFaxz—2OENERBELDZENAHEEL 2 5D.

(5.6)
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¥ coordinate (mm)

Table 4 -4 Modeling parameters

Actuator length
Memorized diameter
Laser irradiated point
Deformation area length

Deformation area center angle

1
2r
X
2a
6=2a/r

Table 4 -5 Measured deformation area length

Laser power

200mW

300mW

350mW

Deformation area

3mm

4mm

4.5mm

(a)
Straight area

(b)

Deformation area

Fig. 4 -20 Geometric model of out-of-plane displacement actuator
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(a-1) Irradiated point is 15mm from root
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(b-1) Irradiated point is 15mm from root
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(a-2) Irradiated point is 30mm from root

20

Y coordinate (mm)
=

/

0

(b-2

10 20 30 40
¥ coordinate (mm)
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Fig. 4 -21 Calculated out-of-plane displacement actuator shape
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Fig. 4 -22 Comparing of actuator edge moving area in simulation
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Table 4 -6 Experimental conditions of out-of-plane displacement actuator

Laser Ar ion Laser

Power 150-250 mW

Spot diameter 3 mm

Irradiated point 15-30 mm (from actuator root)
SMA sheet size 6X40X0.03 mm

Memorized diameter | 8 mm
Polyimide sheet size 6.5X40X%0.05 mm

Fig. 4 -23 Picture of out-of-plane displacement actuator

Mirro/ Laser
beam

Actuator

Insulation \/

N
A 4

Stage

Fig. 4 -24 Experimental setup of out-of-plane displacement actuator
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(a) Initial shape

(b) Irradiated point is 25mm from root (c) Irradiated point is 20mm from root

NN s
ssiazeziouns
(d) Irradiated point is 15mm from root (e) Irradiated point is 10mm from root
Fig. 4 -25 Pictures of operated actuator
a0
23+t

207

Laser power: 200miy
Laser power: 200m\WM
Laser power: 300m\M

Laser powsr: 390mW

Y coordinate (mm
o

D 1 I
23 30 a3 40

¥ coordinate (mm)

Fig. 4 -26 Operated actuator edge diagram
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Fig. 4 -27 Oparated actuator edges by simulation and experiment
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Fig. 4 -28 Comparing of actuator edge location
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