YA AT —DEDDOIVER M —7
BEREHE) D i~ 1 7 g A% ¥ T — DB

202 048H

A&



PAEm L Tt (25)

WRAF T —DmODIYVEA e —7
ENEREHE D~ 1 7 1 Ry F— DI

202 048H

Bl

BN AR AR E T 5e Rt

W& A R B



BRX

E1E FA
1.1 BF7Eds
1.2 A A7 —HAC BT 2 AR ONLE ST

1.2.1 YersA A7 o —Hifi OBk

122 BT D74 =B AT v X ITHES AT LD T K
1.3 AFHC o B & ARk
ZE R

F28 J4r—HRAMSYFVITRBE DR T LD UAHERET

2.1 W=
22 T —HARNT XU Ry 7T —IffEilE
2.2.1 JFR

222 7a MEATRIBPE S AT SO
223 T—F 7 7 7 MEWHEDFHM

23 74 —HANT X TAFENFEMRE
2.3.1 JFH
232 7'a A TRIRE S AT L O
233 7—F 7 7 7 MEBREDOFEAM

24 fiE

B IR

FEIE REYIYETA IV OR T v F—DERBRMEREE
3.1 #E
32 BBEENI) D M~ A 7 n AX v S —DKE
3.2.1 BREh PR
3.2.2 xEHEAE
323 YU NRT y TRIGIYRT A
3.3 ERL5 1L
3.3.1 AN T. 7 v = AR 3L
332 MM T. 7ok AL
3.3.3 fERURE R
3.4 BRENFEAT
3.5 fhE
2B 3R

O 0 NN N = =

10

13
13
14
14
17
22
23
23
25
29
31
32

34
34
36
36
37
41
47
47
49
62
65
67
68



FTA4E YR A—H - BEND 71
RESVVEIS IV OXFT v F—DHR

4.1 FE=E 71
42 B 7 I v FRIZEREIE) Y #i~ A 7 1 2% ¥ T —Dixsk 72
43 {ERLGE 76
43.1 BAINL 7 o & A 76
4.3.2 TEHRIRER 78

4.4 FFEARARR A 80
4.4.1 BRENFEAT 80
442 EHEKRET Y 7 86

45 = 89
23 SR 91
ESERELUSHBRDORE 92
5.1 AFw L D 92
52 StkDRS 95
ZE LR 97
AWFIECBS T Dam 3L - JEE - Fraf 98
Eirse 100

FikzEq 101

i



18

S B

A
i

1.1 FIRE=

EFRE FUEZ O TRETM ONBREE T in vivo BIEZZAT O oA A7 —8il Ot
) OFBIZIE, ZONAA F T —Hfi Y — & UTREZK 21T 5 WS
(Endoscopic histology) 2428 4L TV 5 [1]. A A7 — & 1351984 41T Alfano ©IZ X
STERINTEFHETHY (2], WA OMRRY) 2 MBI T 21RO N 72—
LI3E S T, HFRBIENREINL 2 NREBIZE T 2 FESIN TH 5. B, FWET
FMESET A BEFEOMLAE ) BT E N FEHF LT, 3 oniEM@AER S L2815 23V
C, ZOHAEMETOWERIEIC K> TEAKRE - 5832 [3]. Lo BIMIEOR
EEALTIE, T OMEFAEIC L > TEMMERMEN EFRHEE R TN Z ERMbIL
TWo. ZORETIICE T 5 BEREMMOERE T M7 R MIA A=V T HRER
NBI (Narrow Band Imaging: BEHIEOCEIZRE) [4-7] 1%, BB A A7 —HiflfE LT
e [EFE TR S iz, NBIL X2 Of HEN O NHEIZM OERAR B ~a3 I E &L L, N
BIFHRT & A DH RN T2V IH<ITE -7, LivL, NBI BRBIHFETD
RV AR A SR B R R T D MR A A= U 7 FETH Y, BUEOWNHEE 2k
(T A Z BEUS K DTERHINT & o 725 E O 2 %L S NTH - TV 5. ERRETE ORER
AR B 2R WEEBLMED & 5 NHLEE T2~ & m LS8 272012, WETNLO E & 72 11E
T R AR RIS AT —HIR BT R TH D .

INETIE, bL—¥— Ny 7T —imEsHlliE, btz e —Lv o AWEE, BFREHaNE
7 & REREIC W T, ARHBROIHMRE in viro BIERZ ARG E LIZ~UF by 79 A
AWFREIEE NI SN TE 2. TF, TNO_XUF by 7Y A O PELEE O L 7
MM FE T (bulk opto-mechanics) &~ A 7 B AFx ¥ F—~v A 7B IT—L o7
MEMS (Micro Electro Mechanical Systems) #& -IZE &2 52 & T, A LT —~DJis
Mz Bry L LIRS A XO/NRIET A ZDOHIFEBRRFE S IE L T\ 5 [8-11]. L
L, BIERREIE - JREE SN TWDERUTF by TEEE T O in viro BIE L I1THER Y,
WHLEEL T D in vivo TIE TITOIRO5EHE) - FENGER) - 5 IS A BNER) & o 7 il DU EE)
2K > THERALE A X U RRERFFZN T 5. Jt MEMS Bl 2 658 S &7/ VLT 1
AL XS TTR L~V OWNBE T in vivo BIEAHIO THERIZ/R 572738, B T Clrigas
WHEEENCEK ST 5E—a T —F 77 7 MZXo THIEDEREMENKDILD Z & 23
BE LTHELCE ., —RMICE—a v 7 —F 777 hEid, BIERSEREEER O
FAXHZEZBIC L > THE SN D /A XOMHTH 5. NBI [ZEMER R0 A T Big@leT
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bolclo®, BE—v a7 —F 777 MIWEITEEE B X ehol-. —F, L—F— Ry
77 —ERHINE, Yo v — L AW, BFEREHEMNEL & Vo e BRI RRET —
2 ERMETZHMEDEEE, T—ra v T—F 777 hBMMEREICEET S Z & TH

2l *®En5MEFﬁﬁ@%bﬂé JRATRAL O E B 72 E T — # & 1R AT RE 72
WA, AT —Z RN T HT2DICIE, T—a T —F 777 b &K 5 A
EFIARAIRTHD.

AWFETIE, E—T a7 —F 777 FOREBAEZHRE LT, T URER Mr— 7 BEi#EIY)
DV~ A 7 AX ¥y T —%aT7FE L L THERINDI 7+ —TANNT v 7 HEY
AT BERET D, KB TE, 74 —HA R T v XU THRAEV AT ADE— 3
VT —F T 77 MEBGEE PHAICHREFE L2 BT, BEVAT LAOaTHEFTHLIVE
A b u— 7 BEREN D ik~ A 7 0 A% ¥ —DBREE A E Lz

1.2 kA F FT—EMICHE T E5EXKARDLED T
1.2.1 364 F T —HifOBRK

AREITIE, FTRORKBHZIEAA T —EIROIURZBBL L, oA AT =128 5
FAEEIN & L CORMIEDNLE ST 21T 5.

e o #2375 (NBI: Narrow Band Imaging)

L—H— Ry 77— Es VL (LDF: Laser Doppler Flowmetry)
Ytk — L AWikETE (OCT : Optical Coherence Tomography)

HFZ @t F I EE (ALL Autofluorescence Lifetime Imaging)

® 0o e

Fig. 1-1 12, N F by FRELERE & NREE A XO/NHE T A 2Dl Z w9,
YF by FREIEE TIE, ~y NS D - EE S TO S HEE R GITBLE 0 IS &
I, BABENEZRENT D, NUF by TEEE T O invito JIETIX, RIEZEE - WESS
M OMEBN BRI L — BRI TN DT, B—a vy T —F 77 7 MIFAE L. NS
BET NA AT, Ir—70mn 0 BRI L — =R RN S, e —7ICAR]T %
BIBEDC RIS 5. NEEET D in vivo JIE TILONROEEE) - MERES) - 51 A 8)E
B & o TS IDOHEEN I & o THES R OMEN I U REDORFHZEN T 5720, AIE
X WE T v — 7 HOEEEREN — BRI T, T—va T —F 777 EBRRETS.



. . Endoscopic
Bench-top sensing device sensing probe

Application to
optical biospy

Incident
lignt

Fixed WD
(WD: Working-Distance)

Fig. 1-1 Comparison between bench-top and endoscopic sensing devices.

@ P EE L (NBL: Narrow Band Imaging)

NBI (30l E&#HIH+ 2 2 & T, ZEOMER#EL 2 WITOMMEGE TERT D 5%
ThHD [4. MEPIHEET HRMERO~E 7 0 e L, HE 4150m, 540 nm (ZBWVCHE
WIS R BT D, 7 4 v F—Z VT 415 nm, 540 nm % F0 & T D BROEIE (narrow
band) [T > 720, MEBNO~NE /B B TRIRSND 720, €/ 7 a @i L CldmiE s
HIHEND., WEAEWIZEMEES £ TENERT 5720, E 415mm OF AT
KA OB E TR S, R 540 nm OfkIEIT IRV E OERIR CRIL S 5.
T/ 70yl T —EigE AT 52 LT, Fig. 1-2 1277 X 972 NBI B34 B
Enb.

B IR R O%E & N o TR ERAL T, Fig. 1-2 129 & 9 ICIEF AR & ol U C il éH
ERRELSEMLL TS Z ENMBb TS, NBI E@LT%& SN D K O M AERRRC
HHLT, ZMICEDTRAN R ENTWD [5-7]. Fig. 1-3 [T X 912, [F—l@Ees T IE
B DT L~UUZ L5 T NBI JERBIZE CRO ONHFT AN R > TEBY, T HOATEN
M/ — BN E TS, NBL IZNHREE FRIE IS W TERMIME % — o 2500
AL TEDLETHERTHD DD, A7 — L5 H 5 WEHE % - B0 AE S % —

T E VST EERZMNCE > TnD. I ATHEETHS NBL (FE—a T —
FT7 7 NOEEEZIFITL b\%&f‘%ébi‘, EHIMAE 2 — L OFEENRRET —5 (fr
B« P e i) 2155 2 S I3REMICNEETH 5.
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(a) (b)

Fig. 1-2 Magnification endoscopic view captured by NBI. (a) image of normal esophageal
mucosa of human, (b) image of intramucosal cancer of M2 stage (cancer invades lamina
propria mucosae but does not reach muscularis mucosae) [5].

b

_.t::;.' -' s k
Normal pattern Faint pattern '

etwork pattern

__.--"j:f"ﬁ"l -_.' A r 4 -~ ‘,. .h.‘.‘ ]

Dense pattern Irregular pattern Sparse pattern

Fig. 1-3 Capillary classification based on the endoscopic NBI images of colon [7].
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@ L—Y¥—Fy 75— k&A% (LDF: Laser Doppler Flowmetry)

NBI & RIERICHIAEICHEB L2lETEE LCTLDF BT oD, AR L L —W
— 3N 2 BB T A ARIMERIC L » THELS N, Ky 7T —3 7 h LIt FHELDER
BETD. ZON Ry 77 —RE2ROTOCFHREFIE, HUIMEER MLk 2 JEEfl I E m T
RETH D [12,13]. 6 Ky 77 =2 & HARMNEFEIC AWz gt o2 713 1970 R0
BIYE &7z [14,15]. Ok, IEFFERE [16,17], K& LIZRE [18,19], FJEIELHS [20,21]
B LI PIESE [22,23] &V o R HIESG & §E - FHEE TE 2R8B80 T, RESE
GEDORPEY =N & LTRSS AL TWD. FlZIE Wu b [16] X, ERICEE S 7R
FOFOMPEEZRET 5 Z LI K > THIRERE A FHN L 7. Stucker & [21] 1%, H{KOH)
X EBR/NRICIMZ D720 BE &2y N ECEEL, %% 0RO Mm% 5 L 7-.

NS5 > LDF HIE Tk, Fig. 1-2 R0 Fig. 1-3 TR & 9 R LESRRA I LT
HE 7o —7 %2 AT CHZIT> TV, Fu—ToEmie—ar 7 —F 777
MMz 270D FRTHHN, T THLE—Var 7T —F 777 MIEET D BIcHf
JEINZ Ko T ERAE T2 2 LAHME S Tn5 [24,25]. Fig. 1-2 X Fig. 1-3 TxRT
X 9 AN B ML 1R FTRY 22 2k = 1T & > TRIBICZEALT 2 W REMENR B D 12, PR
BETHEITNE 7 v — 7 OfE ) %2 FE)CHEE LR HHE LTl 70 [24].
I FE RS & 2 JE AL O T 2 215 72 OIS ITIEREfE DS LETH D03, A7
=g YT —F 7 7 7 MERBIEDFE LW O WSS T OFERAII EIXEH L T
AR

@ ¥akE—L U REEE (OCT : Optical Coherence Tomography)

OCT 1, &= b — L 2 2N 2 AW FUE  CA MR O W 2 nI b 2 Il E i
Thb [26]. EEMEIL, #HEOFAOMROER NG 3 TR oMEaT 5. 5]
2T —HEATDHI LT, WS HTROBRITBERE 7 v 7 7 A LG5, WEHEGT —
ARG TE 5. OCT %, EREEDS 1~2 mm OHEEEEICBWVTEBLZ 10 pm OF
ZEfR o R RE 7R TR B 2345 DD . OCT (TJFERAYIT 5\ 22 ) 3 i ae C AR IARHH i oD BT % 7T
b cEx 22 &b, WEEEOBREN SHELZE ~OIGEH £ TOWRIEWBFER T T
W5 [27-29].

WNRSE o> OCT #MIE TiX LDF & [, Fig. 1-2 <° Fig. 1-3 TrRT XL 9 R bis R
AR U CHE Y 2 — 7 2 LA CEHIIZ 4T > TV D [30,31]. Lee & [30] 12k -
TR SNT-NIESE OCT 7 31 2% HWCHIE &z, BIEEML oM & & E% % Fig. 1-
4 |Z/RT. Fig. 1-4a L0, IRESIGHEEENC X 2 ME 7 — U EREBROLE (E—var T
—F 777 8 BEHINTHWD OO0, FHAINZR A= LARIME S Z — o BBE ST
%. LDF ERRICHIE 7 0 —T7 oIt —y a7 —F 777 bWz 57200 KT



F1E F
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HLHN, =T arT—F 777 MIFET L RITHEME I X > TS HEET S 2 &
NS STV S, Fig. 1-4b (THERIE 112 X » THLIEAN 2 L 7= oD OCT I & 5 i 4
/9. Fig. 1-2 R° Fig. 1-3 T/RT X 9 M0 IMEER MR I3 R ETR) 22 B £ /712 K » THHET 5
72, WHRHEETHE 1T N 2 FE CHEE LR ORIET 5. £D7=, Fig. 1-4a DX 5
RGN TE D56 L Fig. 1-4b O X D 2R EET 256084 T, HEFHRMEIZER.
PEARE I X 2 M EFBMEOIK T 2 M7 5 7 OIS ITIEEMBPIE R AR TH D, F4
BRE—a T —F7 7 7 MRBIEDTE LW NS T OIEEL OCT JIEILFEH
[PRQAY/NAY

Fig. 1-4 Endoscopic angiography images captured by optical coherence tomography. (a)
OCT image of nondysplastic Barrett’s esophagus. Arrows indicate regular honeycomb
microvascular pattern, which is similar to capillary pattrens captured by NBI. The shape of
the honeycomb pattern may be distorted by motion artifacts. (b) OCT image in which
honeycomb microvascular pattern is disappeared due to contact pressures. Dashed line
indicates the area where honeycomb pattern is vanished by contact pressures exerted by the
imaging catheter. Scale bars: 1 mm [30].

@ BREAFOHAIFE (ALI : Autofluorescence Lifetime Imaging)

AR E £ D A FE - O w8 FHmTaot s T OfER L OEFAOREIZ L -
TREEND. ZDD, HrIpHHENRT A—H C%ﬁ‘fémi‘é%ﬁf@ﬁ'm&tﬁxbf, TE &
72BN FIRECH D 2 L D HOEH M2 AW RBE RS EA TV D [32-40].
Phipps & [37] 1%, & NHEOUIT V> F O ERE L, #EHmD SRR & MRAEVERLRE
OHBINARETH D Z &R L7z, Munro & [38] I, wHAFHFMA A=V 7T a—7 %5
L, E NOFOUFY T AERIEL TS,

WHRSE T O in vivo B EFFMPE TIL LDF X° OCT L FERIC, £—> a7 —F 777 K
Z B/ NRIZHN R 2 T2 OIHE 7 1 — 7 2 JIER ST LT LA TRIEZ 1T > TV 5.
Sun & [41] 1%, BHBEFINZ 32T T2 B ORI EICNESTRIE 7' n — 7 2 Hfi <& 5
Z &, SR OEEFMEZREL WD, LoL, WEMEOTIZLDE—Va v
T—=F 777 NBEREIN TS [41-43]. AT, BHEATINO X 5 72 TEHE ORI L

6
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BT, NBSN A T DA O 5N R T LR E B ORE LT 5 58, B
;of@¢¢%ﬁmiﬂ@za LLE S TE Y, R FIC 1T % IR E A R
BHTNG.

Table 1-1 \ZHNA A7 —FAOBRERT. 7 A THETH H NBI (TFIEREMNIEIZE
WCTHE—Tary T —F 777 MOREEZITT, &Y — ONEE Vo NS
TR 72 R ERAFZE 3 A GV D . LDF, OCT, AFI &I EFREICHW =R T b v 7HEE I,
HE < HEE R OEBHEEEED — IR T2 D o OIS IEERRHIE N A RETH 0, TEMNRT —H
ERMEETEX 2687y — e UURBERICHN LTS, LavL, WHRED T IR
HETE, T a7 —F 777 EPBEAELTLE I DI, JET v —7 2H]ERSRIC
ﬂbfﬁbﬁﬁf@ﬁ%ﬁofmé.%%%im%mf%%~ya/7~%777%i%
AT 5 R, B X o T E, ﬁ@é-ﬁ@ﬁmﬁTkwotﬁﬁﬁéuék
JE FFBLPE AR Y. FEBEARINE 23 FRERLIME D & 2 JEE IS IT M T H 503, ﬁﬂﬁ%~va/
7“?777Fﬁﬁﬁ%ﬂﬁﬁbﬁwk®,E%%@T%y%%ﬁfgéﬁﬁﬁﬁﬂ4ﬁ
T —HARTBREBL L TR0,

Table 1-1 Comparison of optical biopsy techniques.

NBI LDF OCT ALI
M e Light Doppler Low-coherence Fluorescent
easurement principle : . : L
absorption interference interference emission
. Capillary Blood flow . Autofluorescence
Acquired data pattern value 3D angiography lifetime of tissue
Bench-top
non-contact measurement O O O O
Endoscopic ) y y y
contact measurement
Endoscopic O < < <

non-contact measurement
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1.22 BERT B3 7+—HASYFUITRAEVATLOaA T F

ARFIETIE, E—v a7 —F 777 b7 U —72dEfE 0B Z B L, WREDE
AF T —OHBEHME LT, 74 —BANT X ITHRES AT L ERET 5. Fig. 1-

BT DI 4 —HANT v THREY AT LOMEE R, flas i ESh 2k A
?ét%ﬁm@%~ya/ ZXT D7+ — B AT v xRN L - T, (EBEREAE —
ENCRD Z & TSI TIEEMIEICR T2 E—a v T —F 77 7 KT 5.

Fig. 1-5 IR T KRBT D7+ — WA NI v F U I HMES AT LIE, SVEA bR
— 7 BBENI DL o A~ 7 aAXy S —FaT R & LTRSS, BIDRRE 13, #K
WCHIIA R 2 WL T 5 720 TR S S A S 2 T 2T 07— o —FfETHh
% . REaSCCILTHbE NS CRIZE FREZ2 /il - B - 1B & W o Tl EE A2 ¥ — 7 b
LD, FT uFk TR T o Dl NG EE) O JE WX 1.5 Hz Al & FLRAYE N AY, il
FEDEMIE 0.7~26 mm DIV EL LV THD [44-48]. £, WHEICEEIATWD
CCD 71 A7 OHEEINL30~150mW BRETH L. I UE LV VOIRRIGHEEEZ 3 LT
IRIRTEE T T 4 — AN T X T EHFTTHDDL U A~ A 7 v AF ¥ F—%
RUEAbPr—7 (0.7~2.6 mm) - {KEEEHE S (100mW &) J:u\otﬁﬁ%%(ﬁta“z%b
5. UL, SVEA =27 3b LY, IVEA M — 2 RENTERLTNDH LV
A2 AT BAF ¥ T TREWRE TR,

ARFHILTHE, YO E WD MAIN 2T 7 F 2= —v g VIEERREIC) ) -~ A 7 B R
&Hwﬁl% T AR R EEATH L TIVREA IR — - ﬁ%%% R
T 5, BBRENEI DK~ A 7 0 A% ¥ F—ERET D, KFmCTIE, ARSI émfwé
CCD 71 A 775100 mW FREDEERE 1 ThoH Z L Z2#E 2, 100 mW @%%%ﬁflo
mm PLEDOIVREA M —7 ZEZRT H28WE D~ A 7 n 2% v F—OELHAY &
L.

Millimeter-stroke electrothermal
kirigami microscanner

Lens stage z displacement [mm]
. W17 mm Endoscopy

Focus
tracking

=

Challenging requirement -’/ M .
Millimeter-stroke :<1 mm
Low driving power : 100 mW level / otion

Fig. 1-5 Proposed focus tracking optical sensing system for optical biopsy.



1.3 ZFERXD B &K

S AT —HiAli & AT NIESE T in vivo JRERZIT O ZELBHIRF S T 583, N
85T CIEE R U B OlRas IUES) (OIROEE) - MEES) - A BHESR) & Vo 7oA (REED)
HRDE—T a7 —F 77 7 ML o OEFIEDEEMEN KIS . Kiw X TILH
HENRECBIE TR RE - FH - e Vol ER A Y — 7y e L, E—varT
—F 77 7 FEBIFNARIRATRE R 7 4 —H A N T v X ZRME S AT L ENIESEIC
THEHOIYVERA M= BB VK~ 7o Ax vy —0OBBE L L.

B 1 D, A AT HIROBMR AR L7 BT, e AT — g & LT
DARMFIEDONLE ST 2R L, KL B ZR~7-

B2 ETE E—Yary7—F 777 FEARBARRR T+ —HANT v ZHRIEY
2T DZONWTIHRREL, N T A XD AAF ¥ F—F2HNTER_XF A XD
TH—HDANT X ITHPEL AT L% LDF & AFL (\Z#EA L, £E7 7> b azHAn
= TAREIRGEIC & > TIREV AT LOT —F 7 7 7 MEERERZ EBRAITR LT

#3 ECE, JIVEA M= BE#BU VK~ A I rAXx F—DT A are T b
IZOWNWTIHRD ., 5 2 BCTORLETA—H AN T XU T HAIEY AT DI Y YERGED
19 :ﬂw&%%f@vyfx%yfw%%wf%%énfwé.%%VX%A%Wﬁ%
WZHEETHDITE, SV ITHFA XDV A~ A T a A% ¥ T — % NESTICH R TEE 72 W
A XD~ A thﬂH?ﬂ"%Ak/J\’i‘éflﬂ“é%%ﬁWpé. Z 2T, MICUIIIAB Z WL T S
T CHRBEN OGS L ST 200 A a7 & L-BEREND) 0 7 V1
AL, BNE - BARRRIE 2 B RE L T A B R & A — B — B oA TR EE SR ARAT 1T
Ko T I NAT » 7RG 0 MRS 255 LTe. T IO FREIS ) % & B HilAE
LM L7 et A7 a0 —% T 52T, Yo7 NAT y TREEE~ A 7 0 A%
¥ —OFRICRI L, BERENY) O T A oS AR R LT

4 BETIE JIVREA e —78E#HHU K~ A 7 v A% v F—0RE - FFR - G
DNTIERD. RO~ A 7 B AF v F—HMTTIIRARER I VR A b u—7 2{X&E 5K
B CERT ATDIZ, 77 Fax—3 g VHERIZ AL 7 HR— MEEERN—EIEE LN
MEZ Iy RG] R E 2 5% 5T Lo, BN LEiT &2 -V CTBUS A L 7 N R
IZRLE SN7E 0 A LR ZAF R L7z, BoSA BL 7 LI, BRSNS R 5 ) #IET
WK ESNDZEHER CHD. v 7L AREFHIICB W TER L2 E T I v RIUZEL
BEEhOI D M~ A 7 B A ¥ v T —ZIVRA e —2 KB TEM L. & 5 ICEEREY)
VI~ A 7 m Ax v F—DOEPEET VEMEL, BRISE LTI 5 2 & TEB I
P B A L 7. _h%®%%ib AFmSLOBME L7 = A NT vx 2 ZHAE S A
T A ERNRBICFEET D200 )EXFD~&’f}t%@bﬂ©f&<’4’7nxﬂ@vﬂ‘~®%ﬁ§%
R L, < )EX ke — 7 BERENY) D fi~ A 7 1 A X v F—OBRETEEZ B 5T
7z,

HS5 BT, FETHELONICHNAELZ L &0, Kl Ofbim s 5B ORLEITONTIRRD.
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Fig. 2-1 Principle of laser doppler flowmetry.
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Fig. 2-2 Principle of a focus tracking laser Doppler flowmetry system. Doppler-shifted
signal is detected from interference between the light backscattered from the surface tissue
and light backscattered from moving RBCs. Lens is controlled to maintain a constant
distance to the tissue surface using feedback from the signal with a low-pass filter applied,
and perfusion is calculated from the high-pass filtered signal.
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Fig. 2-3 Confocal optical configuration of focus tracking LDF system. A 785-nm-
wavelength probe beam is emitted from the diode laser. The controlled lens is mounted on
the lens actuator, and is driven by the feedback signal from field-programmable gate array
(FPGA).
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Fig. 2-4 DC signal intensity profile of confocal focus tracking LDF system.

Table 2-1 Optical parameters of confocal configuration.

Light source: wave length 785 nm

L1: focal length 30 mm (AC254-030-B, Thorlabs)
P1: diameter 35 um (PS35, Thorlabs)

L2: focal length 30 mm (AC254-030-B, Thorlabs)
Controlled lens: focal length 30 mm (AC254-030-B, Thorlabs)
L3: focal length 30 mm (AC254-030-B, Thorlabs)
P2: diameter 75 um (PS75, Thorlabs)
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Fig. 2-5 Signal processing flow for focus tracking and perfusion calculations. The analog
signal (sampling rate: 1 X 10° samples/second) is low-pass-filtered (20 Hz, 3 dB) for
feedback control and high-pass-filtered (1 kHz, 3 dB) for perfusion measurements.
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Table 2-2 Optical properties of POM and tissue at wavelength of 785 nm [18-20].

Optical property POM Tissue
Refractive index 1.4 1.3~1.5

Absorption coefficient [1/cm] 0.03 0.01~0.1
Reduced scattering coefficient [1/cm] 20 15~46
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Fig 2.6 Components of the microfluidic phantom. A 0.2-mm-depth flow channel is
positioned at 0.2 mm deep. Flow channel was formed by cutting a piece of double-sided
tape, and 0.2-mm-thick resin sheet was adhered to the resin plate with the double-sided
adhesive tape.

Phantom

Compressed air

—
Regulator

Focus
Tracking
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Incident
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Fig 2-7 Flow in the microfluidic channel and phantom platform movement in the direction
of the optical axis. The flow velocity of the hemoglobin solution in the channel can be
controlled by adjusting the pressure. The concentration of the hemoglobin solution (derived
from bovine RBCs) is 20 mg/mL.
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Fig. 2-8 Perfusion value (mean and standard deviation over 20 s) for different flow velocities
ranging from 0 to 31 mm/s (a) without tracking engaged; and (b) with tracking. The standard
deviation is correlated with motion artifacts (number of samples: 20).

22



F2F J+r—hAMIYFUITRBES AT LOZYMERT

2.3 2A&—hRAFIvFUTEBREAFMAE
2.3.1 [R¥&

Fig. 2-9 |2 TCSPC 7% (Time-Correlated Single Photon Counting) % F 7z 8% Y55 il iE R 2R
RT. ZOVAT AT, TCSPC EHEMWTHNHFEMERET 5. Fig 29 [ORT L9
(Z, b SV A IR S5 2 & T, dFRRET D BAED XA
LTI SV AR S D A X 7Tk U CIRER] IR D O FE ST L Sy A
EE LU WHERE ERBUCHE S . b ASA 2R ST a0t F s i S o £ T
DD BER 2 HIE L, BHERFMEICOLF A e X 7T 2RICER L T <. 2R
T B BIRKEIAT) ZE CEERBOE A N T L2155, B AN T MTENOF
JEHREEAR & FE LW, SMERIBITKRA 2-3) TRIND. £ELC, T4 v T 407
fRHTIZ K » Tt « Z5HHET 2.

I = Iyexp(—t/T) (2-3)
I IXFEL] ¢ CORIEIRE, I 13RREEEETH 5.

Fig. 2-10 (28 HEMAEICBIT HE— a v 7 —F 7 7 7 FOREFH A RT. Sl
M OAKRE— 3 NS Ko TEAFIEEERN ¥ — 7 v b T HREEEHHAND Z & T,
HNFMPRR LW EFRFICHEL TLEY, EEMUNEEOIEXL X (BE—va T
—F 777 8 BREL 2D, MAT, oM OE—T 3 /2 Ko TR~ & EBA
FLEDND 2 & TREEETEO SIN LMK T L, st HFEMREEOIX L SE N REL R D.
TA—HALT XTI Lo TL o Xl OEEIERE L —EIRHDOZ & T, ZhH D
Ty a7 —F 777 b EEETS.

Fig. 2-11 IV —F—=2Ry FEHWT7 +—HA T v ¥ 7 ARSOHFMUNES AT
LOBEEZRT. ZOVAT AT, MERmICEE SN —F =Ry oY1 X%k
FAEENEEREO MR HWT, 74— B A N T v F U THlEEITSH. L—Y —AR v M|
BITWNIEE CCD I AT TH ¥ 7' F v SN, BT 70 7T ML ARy MER U 7V
S A LNTRFTS D, AFEEH ORI L —V — I 3TEEICERZEbETWS. —F
Fig. 2-11 IZRT X5, 74 —HA T vy X AL —F—0EAE T L —F—0
BRAENSTH LT, ARy MEEFEIEHOBRRZ —3—IZxhn ST 5.

23



F2E JA—NRASYXUITRAEL AT LOR LR

Excitation Pulse

L WL

—
j°¥)
~—

Intensity

! 1 e |
— __.
Fluorescence Photon Time

(b)

2 . Curve Fitting
g 1= exp(-tr)
§
2 > >
o
1/e
t t T|me Tlme GTP Tlme

2173

Fig. 2-9 Principle of TCSPC. (a) A single photon emitted from the sample is detected, and
the arrival time of each single photon after the excitation pulse is calculated. (b) A histogram
of the arrival time of each photon is accumulated, and the autofluorescence signal decay is

reconstructed using the histogram.

Fluorescence
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| ‘ Lens
tracking

Fig. 2-10 Motion artifact mechanism in autofluorescence lifetime sensing. The focal point
of the excitation laser and the collection optical path vary due to body motion. Therefore,
the undesired autofluorescence signal is mixed with the detected signal. By using lens
tracking, the focal point is maintained in the appropriate position during body motion.

24



F2F J+r—hAMIYFUITRBES AT LOZYMERT

Laser spot image

Far. Spot size

On surface | -@ pixel

size
variation

+B pixel

| Tracking Lens g
Feedback

Image processor

Pulse modulator

Fig. 2-11 Principle of focus tracking system based on the feedback control of the lens
actuator. The excitation laser is focused on the tissue surface, and the tracking laser is
focused on the tissue. The spot size change of the tracking laser is captured by the camera,
and the distance between the tissue and the endoscope is monitored via image analysis of
the laser spot.
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Fig. 2-12 Experimental setup for the preliminary test of the proposed system. The pulse
laser source (wavelength of 450 nm) is utilized as an excitation laser, and the CW LD
(wavelength of 785 nm) is utilized as a tracking laser. Two beams are combined in the same
optical path using the polarized beam splitter, and the autofluorescence from the sample is
detected using APD through DM. The FPGA module can realize the high-speed feedback
control of the lens actuator.
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Fig. 2-13 Signal processing flow for focus tracking using image analysis of the laser spot.
A captured image of the laser spot by the camera is converted into a grayscale image
followed by normalization and clipping based on a certain threshold value. After image
analysis, the PID control is conducted by FPGA, and finally the lens actuator is feedback-
controlled to compensate for the body motion.
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Fig. 2-14 Fabrication process of FAD gel phantom to replicate the cancerous tissue. The
process has 2 sequences: first, gelation of the high-concentration FAD sample in the 3D
printed mold; second, pouring the low-concentration FAD solution into the cavity of the gel.

High concentration (0.1 wt%)
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Fig. 2-15 Sensing point in the preliminary experiment.

28



F2F J+r—hAMIYFUITRBES AT LOZYMERT
2.3.3 7—F 279 MEREBEDEM

LR T 7 0 FAERAWT, L—H—2Ry AW T3 — B AT vF T
VAT LADT —F 7 7 7 MEBHEEZ T L7Z. Fig. 2-16 IR T LI T v Rk o
TARy bV A AN—EIZHETZ, bT7 vF 7 ON FEIIE Fig. 2-17 (2R d & 9 A e
B REAGF S 7o, Fig 2-18 12, H0 & JEIER o & I CHIE L 7ot e 75 6 O il
CHEUER S A 9. Fig. 2-18 XV, b7 v &7 OFF BiodaotFamll L, ™ FAD 2
S« I FAD RS CZ N E 2.7620.07 ns, 2.8120.10 ns T Y, FAD JEEDEVZ K
HMTERY. —FH M7 vF® 7 ONROHOCFEMAEMEIL, SRE) T, [RRE) 7T
ZNEI 2.7120.04 ns, 2.84+0.09 ns TH Y, FAD BEEDEVEZRMATGEETHD. E— =
Y7 —=F 777 FOREEEENCFHE T S50, T v ¥ OFF RO E
(SDorr) IZXI9 2 F T v &7 ON BEOIEHE(FZE (SDon) DL LT, 7T—F 7 7 7 FDOIK
Ji/XF A —% R (SDorr-SDon / SDorr) ZEF L72. RIE, WK 42%(EREZY TIZET5
EHERAEDHE) THDHZ NG, 74—HANT v XU T VAT DT —F 7 7 7 MEHE
REAVRE LTz,

— Spot size — Spot size
Target stage Target stage
51+ — Tracking stage 4 5717+ 71 —— Tracking stage b—
’] 1
60 7 60

E o T oF o
—_— — E [ —
= fler = C
7] = =
S 8 2 7 2
o 140 2 a L 140 @
g 5 2 & 5| g
? ~ ? % ‘/_\A’_/V\\‘V\/MW/W’—;’\,. ’

_ PRI B A A SRR Lo L1 -1 PRI B A A SRR Lo v Lo

10 -10 0 10 20 0 -10 0] 10 0

Time [s] Time [s]
(a) (b)

Fig. 2-16 Focus-tracking performance test under the vibration of the target with/without the
control. (a) sinusoidal vibration and (b) random vibration.
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Fig. 2-17 Detected autofluorescence decay signal with motion tracking under the sinusoidal
vibration of the sample stage. The detected signal agreed well with the fitting curve given
by Equation (2-3).
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Fig. 2-18 Comparison of detected autofluorescence lifetime and its standard deviation of
bio-mimicking phantom with/without focus control. The concentration dependence of the
autofluorescence of FAD was clearly observed with control. The fluctuation of detected
autofluorescence lifetime caused by the motion artifacts was suppressed.
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ELTMEERRE L, RA M=V ZERTDE T VT 7 7 X —7e )0 il A 5%G L
. 74N T 77 8—LiX, TAAT7y NV M T FHZ 2T 8T VTHS
Ty R 7 A —LOEBEEHEDOZEERL, 7407 7 7 X —RNEWNEENX MEMS #
T L LTENTWD. EIREREIS 2 EICHE LA FR T e R 7 e —2fsrd 5 2 &
T, M7 ANT 77 Z—2BEREY D~ A 7 0 A% v F—OERITREY L, BRENEAL A 1T

ST,

35



EIE BEEYIUMTA I OXT v F—OERREERIT

3.2 REBYIYET AV OXF v F—DEKE
3.2.1 EREBRE

Fig. 3-1 [ZEBRENE) D ik~ 1 7 o A X ¥ F— DR EZ R T, BERE~4 7 7 2% v —i%, 2
7R3 (coefficient of thermal expansion: CTE) 5725 2 Jg) ) HIECHER SN2 XM EL T %
BB L I-FE DT 2RI 5. A FL 7 OIEELEACAT (kT DA EZELG, 13k (3-1)
TERIND [41).

0 = B+ (lp/tp) - A - AT (-1

Iy (IS BV TES, ty (33 TN TERL, Aa 133, BV THEIOBEESRE, B 132 BA
AFTNTMBIDEL L ¥ o TROMICEAT 258 TH 5. 2 BEREOEL D EZu =t /t,, Y
TEDEYy =E/E, L 35&B TR 3-2) TRIND.

(1+w?
yud + 4p? + 6p+ (uy) ™t

=6 (3-2)

i

ANAFNTITRELRACICHR L TRE RAEZEAPGE LN ORIMENLETHD Z &b, @mE
WIRRE « @Y v 7R GRRIEN ZT- TH B OMA G DEDR L E L.

|

~a Low CTE High CTE
“~._material material

-
|
|
|
|
|
|
|
|
I
I
1
|

Fig. 3-1 Actuation principle of thermal bimorph.
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3.2.2 EREtBAE

Table 3-1 (237 KL 5 ICFFEEBRE), JERERE), BB~/ 77 A%y — L L T,
MO B SRR 2 2 R 9 5 BABRE) ~ 1 7 1 A % v — 3SR 2 R 9128k 100
um ORA M —27 2525 Z ERARETHDH. LL, 1EROBEEI~A 7 0 A% v ) —
DFRFTIL, Fig. 3-2 ([ORT X DTS BT L7 R — MEEAR OB D v 7
TIEoTwA 7 v AF XY F—OREFENHML, ~A 7 8 A% v —OHEE N
T5. OFV, BEENIRA b —7 ZERATRERBEI TR TH DM, A EALTNHAN
VIR DEY — 7 I X D THBEB I OHKPHETH - 72

Table 3-1 Comparison of vertically-actuated microscanners.

Actuation Vertical Operating Size
Displacement conditions (wide x length xheight)

. 400 pm 80V 2.1 mm x 2.1 mm

Electrostatic [3] with resonant operation with 1.27 kHz % 0.44 mm

Electrostatic [11] 26 pm 160 V -

Electrostatic [12] 3 um 40V 7.0 mgl 1; Zﬁ?nmm 8

. . 145 um 22V 36 mm?
Piezoelectric [13] with resonant operation with 2 kHz (wide x length)

8.5 mm x 8.5 mm

Electromagnetic [14] 300 pm 231 mW x 5.0 mm
2.5 mm x 2.5 mm
Electrothermal [15] 320 um 224 mW (wide x length)
2.2 mm X 2.2 mm
Electrothermal [16] 114 pm 475 mW (wide x length)
Electrothermal [17] 200 um 276 mW B o™

(wide x length)

s Low CTE film
s High CTE film

« Heat leak

— e e mmm gy

! Bulk support
structure

Substrate

Fig. 3-2 Drawback of conventional electrothermal microscanner.
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Fig. 3-3 I[CEBRENLI Dk~ A 7 v AF v F—DT A a7 Fapd. BEEY Y
M~ A7 Ax Y —I3BWZREEO R DA BN T EREE Y 2 — VBT 5 Z & T
A5, Fig.3-3 [T L 90, A7 Iy NGO MKIE, BN & 88 hE diftk o 1
FENATDLERINTND., A 7B AXy T —~OBBNMKIC I > TS EL TNV 2
—UMEAE L, IV MEEAMNE T Iy Mg~ LA TS ERE L, v (7 r Ly
AR A I T7—% T TVTHREDDOT Ty N7+ —LNEEFEICENMT H.
VEA M=V 2#ERKT 57012, @Y7 Iy MEGEOmNFHT 7 Fax—v a0l
FoTA =7 ZHIEL TS, MET7 Iy R EEEDE 1 OAY v & LT,
Fig. 3-4 |\ R T X I ICRET DUV ERDO T 7 F 2= — 3 HEICIZ S L 7§ — b
HEAD—OIFEE LRV ®), BVREDORE VWL YR — MEER~DOENY — 7 PRI
L2V, ZD70%BE T I v FEEICL > TR he—27 Z8iE Lo, (K% E /15RE)
DHRETH D . IV MEERIT L7 PR — MEER & iR U CTEADEL 10 f5EW 7291

BEENE 10 70D 1 NS L 0BGERHIE 10 5. EHICEHE Z <y R Yt
%mf X, TRA AT =5« A" ELTROBREANZAREND, T/ Faxz— 3
VERGE « TN AT L— ADBOBIEIUEE L, T AT L—A~OEY — 7 1350
BIEND. E20AY v FE LT, A EALTZOITRERITESD 3 FICKHEIL THE
72273, Fig. 3-5 IR T R OICLBHEEIZT D2 L TCEMIZHEET D h—F LD/ A F
NTREEMALIEEE, VO AMEICEIDEMEZNMGITHAZENTES. H3 DAYy
N& LT, Fig 3-6 IZRT LMY T I v FEEIIEIEOBIEAR O A E L7 %5
WHEZ R CTHEBIRICAE TE, 77 Fax— 3 G LAVWEER 2 K/NRICI Z,
MOV AWEE DM TED. MAT, MEOF v 72 TX 5120, EFEOT v
&l UMM BN Y v — T ~ 0GR TH 5.
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Lens stage

. Kirigami film
Focal point ° Spiral curved
Frame bimorph
Joule heating !

Fig. 3-3 Design concept of electrothermally-actuated circular pyramidal kirigami microscanner.

Microlens

|

Bulk support Thickness : 10 ~100 ym

structure
I Bulk support
structure

Bulk support

structure

z
y&Hﬁ

Frame
(a)
. Kirigami film
?\'/ / Thic::llzmess:-1 pm Kirigami film
Kirigami film
z
z
ny y@hﬁ
Frame
(b)

Fig. 3-4 Design concept of pyramidal actuation. (a) with bulk support structure, (b) with
kirigami film.
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o Microlens m
: -
Deflection / *

Lens
load

Frame

(2)

Microlens

(b)

Fig. 3-5 Design concept of multi-step pyramidal actuation. (a) one-step structure with long
bimorphs, (b) multi-step structure with short bimorphs.

Fig. 3-6 Footprint of circular pyramidal kirigami microscanner.
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3.23 SVUNARTY TR YT A

Fig.3-7 \Z¥ VI NAT v THIBEREGI D i~ A 7 v 2AF% ¥ F—OET LV ERT. Ki
CTUE, Fig.3-3 IOR L2 @B 0BEREIL) 0 7 A 2 BT Iy RELEESDITK L
T, Fig.3-7 O X9 e HEHEEOBEREIL) 0 KT A 2T L T NRT y TR RS, KR
TiX, 2BEENED VKT A L OFEBRMEARFET 572012, BT Iy RRlE gL T o7
RWETHDLY L INAT y TRIORRGE - fF - S 21T > 72, Fig.3-8 ICV VAT >
TRIEEREIG) D~ A 7 0 A X v F—OT WA U ERT. BEED O~ A 7 e A% v )
—I%, Si VL7 7 L—LA, SiN Y0 HEHERL, NiCr+ W B S X — 2 bk S . Fig
3-8a lT/RT K DIT, IRBEVEIESR SIN Wl (B : 1.0 pm) (ZIFHRGE MR O GIAvA A (I8 -
10pum) AB/8F =2 SN TEY, Si 7VL7 7L —AICL > TSN TS, SIN H iR
VT LTIy N7 A —LOERBITENEIN 20 mm, 1.3 mm THDH. T4 NVT 77 F—
(SIN BSLEEOEEICKT 577 v M7 +—LDOmEFEDF) 1% 42 % Toh 5. Fig. 3-8b
R & 91, SIN EEEMICIE, NiCr /8% —> (JE& : 0.5um) & W 3% — (B 1 0.2
pum) 23RS AL TE Y, NiCr/SiN /34 BV 7N K ST 5. §_XTOD NiCr /34
— NI W RE = TERIICHER STV D, Fig.3-8¢ ICNAEALTHERT. 77 v b
TA—LENRALENLTFY =R A RDOITNRTT Ty N7 — LRI TS,
NAFBNLTINEDOEY — 7 MZ 5128, NiCr H— Kb —F =331 E)L7 O FERICEE
INTND. NiCr BEOW R — TR SN 2EREKICEN A G T2, Ya—n
INEZ X - T NIiCr/SiN /A BV 7 HENERE LR L, A EAL 7 RNEESEICERT 5.

Fig. 3-7 Paper model of single-step kirigami scanner.
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SiN (1.0 pm)

NiCr (0.5 pm)

W (0.2 um)

Si (300 pum)

Fig. 3-8 Design of electrothermal kirigami microscanner. (a) frontside perspective view,

(b) backside view, (c) backside detail view.
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Table 3-2 | MEMS 7 /31 2 CT—ANICH W LD EEMEL ORI 2R3 A BT
IR L TR EREBMANE SN, DOMIERLETHD Z LD, SRR -
Y v 7 @SRRI E2 T T MBS G DS E L. SRR F ¥ 2B 0T,
AR BHI I NiCr |, (REMIZIRFM BHIIE SIN 23R L 72, NiCr & SiN & /31 E/L
T HERRREEE UGEIR L2 BRI, W & Y VR EBRAEIE & <, MR <(F
OBV EA he— 7 REZEZBTX 50056 ThH 5. Table3-2 LV SiN 3, Si0, <° Poly-
Si L0 bEW IR LIRS & SRl 2 T ARBWE R R EEAM TH 5. NiCr @ CTE
(Coefficient of Thermal Expansion) 1% Al 335N Cu L VKW 23, NiCr OFERIGIIIE Cu 36 &
WAl OESETHD. Fig.3-1 ITRTEIBRAROAALEALTRETVEZZEL, X (3-1) &
X (3-2) ZHAVTSIN & NiCr OEZFZZNE4 1 pm & 0.5 pm [SIRE L2, F2, W I
SIN & AEDERBNEEREZAL, ~A 7 0RAX vy F—DT 7 Faxt—3 3 |IHEG LA
Wiz, BRI EZ T 5720 D4&E /N2 — 8 L GREIR L.

Table 3-2 Material selection of electrothermally-actuated kirigami microscanner [42-47].

. Coefficient of Young’s modulus Yield Strength
Material thermal expansion /fracture strength
[106/K] [GPa] [GPa]

Al 23.6 77 0.1
Cu 16.9 128 0.3
NiCr 14.2 220 2.2
Ni 12.7 200 0.3
Pt 8.9 145 0.2
Ti 8.6 110 0.1
Cr 5.0 140 0.2
W 4.5 411 0.5
Poly-Si 3.0 179 1.1
SiN 33 220 5.8
SiO» 0.4 73 0.8
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REF LT BERENY) D ik~ 1 7 B A X v T —DInE & TIRAIICRRAET 5 728, CoventorWare
(Coventor, Inc., Fremont, CA, USA) % TS — 20— FbloE il A TR B R T 21T - 7=, f#
FrickBWTiX, ETHMELEE A 7 0 AFx Y T —MEOBREEENLET NVOKER
TRATDHV 22— VEEHETS. RIS, BELEZEY2a— VB E~ A 7 0 A%y F—FED
BV (B8R - WY ZHOWCRESMAZHETS. T LTUHRESME YA 7 B A%
X T —MEIOBRZEEZ AW TEERTRET DIENEROHLET, v~ 7 AF Y )
—DENZFET D, ZhE TIZ AUSIOz [4-7], NiCr/SU-8[9], CwW [15,16], AUW[17] &
W TR FLN T N EERE~ A 7 1 2% v F—RNRRE S TWD A, EAEKEIY) v 4K
FHA U TITFHIELE LT NICH/SIN S FEL 7 2 ANTWN S, BFIRERAEN KX VR
DIHEGOETH D AlSIOr A BN T ZEERE)~ A 7 1 2% ¥ F—ITHN D OB —iKH)
TH D0, BBRENE) 0 T W A BN LY o IR O/NE W ASIO, A LT EEA L
=% &, Fig.3-9 \RT K O ICHE AT AN ERE) T X 72\, Fig. 3-8 (IR L7727 YA /5 Fig.
3-10 IZRT L DITA v 2FET /L (Mesh type: Tetrahedrons) Z#55E L, fRAE L 72 ZABRENL]
WM~A 7 0AX Yy F—DRENH ET 7 F 2— 2 O+ % Fig. 3-11 (2787, Table 3-
3 ATHATICH W =B 2 7 9. — B9 IR OBVE R T, RIRE TO 7 + /) K
TLICE D AT IROBYRER L B 7572, SIN RO BRERIE (48] 2 L T
WD A LT RIS B WD CGRIRZZIEEE RS A D, z SEJF M OK 200 um DZEAL
MBSz, Fig 3-12 I[CE— S MRNTRERZRT. EA RrE—REF L FE— RBED
i, HEREEBIIENEN 1.4kHz, 1.8kHz Th-o7z

z displacement [um]

IS(II
-

0.5 mm

z displacement [um]

--lHlil

-80

1.0 mm

(b)

Fig. 3-9 FEM simulation of the kirigami microscanner.with Al/SiO, bimorphs. (a) single-
step structure, (b) pyramidal structure.
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Table 3-3 Thermal properties used in FEM simulation.

Coefficient of thermal Thermal .
. P Specific heat
expansion conductivity [/kg - K]
[106/K] [W/m - K] g
SiN 33 1.7 170
NiCr 14.2 11.3 460
\Y 4.5 174 132
Si 2.5 148 712

(b)

Fig. 3-10 Mesh model. (a) backside view, (b) backside detail view.
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Temperature c:han e [h]
1su

Z displacement [um]
200

l -z
%

100

UI__—,

L B
|
: -

500 pm
I

(b)

Fig. 3-11 FEM simulation of the microscanner. (a) temperature distribution, (b) out-of-plane
actuation with approximately 0.2 mm vertical displacement.

Normalized total
displacement

Normalized total
displacement

500 pm 500 pum

(b)

Fig. 3-12 Modal simulation of the microscanner. (a) first resonant mode, vertical piston, 1.4
kHz, (b) second resonant mode, lateral tilt, 1.8 kHz.
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3.3 el A%
3.3.1 HHEMITOERBE

Fig.3-13 |2, BBV~ A 7 0 2% v S —OfFR T o v X7 0 —% /"¢, NiCr /¥
— VAR CARIE S L7 SIN B ALY O MR A /ERL 5 7290 121%, SIN BN L
NiCr /¥ —  OFFEIS T % @ S5 2 BN o 7=, F7 Fig. 3-13a IR T L 91T,
IKFR I 7T Si0, W% FrimAfEE Si ™7 =—~~ (thickness: 300 um, diameter: 100 mm) (Z %53
5. Ry AJ@THD S0y A FRE LIZ%IC SIN HBERIGET 5 D &[5 < 7=, 30 MPa
DIRERMEISTIRRBICH D Si0, A, 77 XA~ FK EaETE (Plasma Enhanced Chemical
Vapor Deposition: PECVD) & T Si 7 = — RICEIET 5. 20 Si0; &, 7rtxd
(SIN EIZHIIIAHZ AN D T2 D SIN EDOSHEA Aoy F 7)) BLOTrEX €
(SiN/Si0; ASLEREZ AT 2720 Si RIE Y SHEA Aoy F o 7)) IZBiT b=y F
ANy 7TEE L THEEET S, PECVD % W TERFRRIE @ SiN B (JEZ4: 1.0 pm) % SiO»
o ISR 5. RIS SIN BEZ RSG5 720102, SR8 & JERES 18 % 2 @RI
BT 5 (ERLE [49] 2. Si0s M & OIS ) 7512 X 2 BEUHE 2 B 1k 9~ 5 7= D12,
SiN BEDFRE I 113 Si0, MEDFEE IS IITIFIEEE LV 25 MPa O JERMETREE I L 7=, kIZ,
Fig. 3-13b 12" XL 912, RFE v 7 X b ARy B2 Yo 7L U7 v A7 atv 2k
W /X% — (thickness: 0.2 um) % SiN & RIZEES 5. £ D%, Fig.3-13¢ IZ-T XL 91T,
RF ANy Z Vo7 ltzy by F 7285 T NiCr 23% — (80 % Ni —20% Cr,
thickness: 0.5um) % SiN & IS 5. NiCr /3% — > OFREIS I X - T H LD
BEINDZOEYTD, ARy Z ) TS E#ET 52 LT NIiCr OIS T)% 180
MPa D 5| 5EI /1 E THIflT 5. Fig. 3-13d IR T XL 51T, PR RXF¥—2 T RAFX 7 LT1%,
FOSHEA A >y F 2 7T SiN JRIZHIFVIA A 2 AiL 5. Fig. 3-13e (2T K912, Cr~vRA 7
RY =2 Z ARy Z ) ey by F o 7RI L7214, Y0 REEIR D Si Mtk % R
vaZuatAZHWIEEREY KIGHEA 4> = v F 7T (Deep Reactive Ion Etching:
DRIE) ZBr%ET 5. %12, Fig. 3-13f IR T L2 ICKHH 7 vl v F o 712 L - T Si0, &
EEBRETDHZ LT, NiCr & W RN SZ — 2 S 7z SiN HAILE) 0 MBS SN D.
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—_
‘m
S

—_
O
~—

(d)
1 W
(e)
s seills

—_
O
~—

(f)

. ihes oails

B NiCr W Si PR
N SN N SiO. I Cr

Fig. 3-13 Fabrication flow of electrothermal kirigami microscanner. (a) SiO2/SiN film with
approximately 30 MPa compressive strength was deposited by PECVD. (b) W patterns were
deposited by lift-off processes. (c) NiCr films with 180 MPa tensile residual stress were
deposited by sputtering and patterned by wet etching. (d) After PR mask patterning, kirigami
cuttings were placed by RIE. (e) After Cr mask patterning, Si was removed by DRIE. (f)
Freestanding kirigami film was formed by SiO; removal with vapor HF etching.
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3.3.2 #HAMT7oEXLIE

AREITIE, BEFEU VK~ 7 0 AF v F—DOMHN L7 et AL U EIZOWN TS,
TatAa ORHFILKFEMEMS a4 7 KU TITW, 7' rE R bee 1357)1IEF NANOBIC,
Trt A f ITEERBARTR EX Y X AHOMESETEDO Y V— b— A TlTo7. L
Tlio7 a2 OERL L EEIRR%.

7O+ R (a) :Si0y/SiN HEDRKIE

4 A >F Si HH (thickness: 300 pm) {2, TEOS PECVD #£# (Sumitomo TEOS PECVD,
Sumitomo Precision Products Co.) % T SiO; (thickness: 0.2 um) % i L72%%, PECVD 2%
& (MPX-CVD, Sumitomo Precision Products Co.) Z VT SiN (thickness: 1.0 um) % fffs L 72,
Fig. 3-14 [ZR"T X 91T SIN #EIZ, 79 A~ A EBE LI SE 5 2 L THIE - [EfiE
Ze R HAZHEE S D RIRE IS T LV B TR L Tz

480 layer

SiN (1000 nm) -
SiOz (200 nm) < _ —»
. <

} Comprehensive
stress

Tensile

<« > o
Comprehensive
stress

Tensile
-

Fig. 3-14 Schematic of process a.

Si (300 um)

ZO0EX(b): W BEONRY—=7

Fig.3-15 {27’ B2k A b OFFEMAZRT. Fig.3-16 (ORT X2 Y 7 b4 77 rE R
EoT, H/IE 10 pm OFEFEMe W 37— Z T 5. Table 3-4 (IRT LU ETAY
v a— 4 — (MS-A200, MIKASA) , 7 7 A& Ala—4% —5F~xna v /,— (GAMMA, SUSS
Micro Tec.), F@i~ A2 7 7 A 7+ (SUSS MA6 BSA, SUSS Micro Tec.) % FV T, PR /%
Z— 7% SiN i EICREd 5 (Fig. 3-15(b-1)). RIZ, 4 T~ 7 % by Ay Z4EE
(CFS-4EP-LL, Shibaura eletec co.) ZHW\T W #ElEZ T 5 (Fig. 3-15(b-2)). SiN #ifs &
W EEOBEMENTEN -, 5B E LT Ti @A nm OFEALTZ Sy Z A L TH
5 (Table 3-5), W % kg 2 LN H 7= (Table 3-6). = LT, VU L— —jRITIRIE
EHTORECTHEREF CTPR 2RETH2 LT, W 87— SIN IR EICIES LS
(Fig. 3-15(b-3)).
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Fig. 3-15 Schematic of process b.

PR (1.9 um) b W (0.2 pm)

b
Sacrificial
. I
SiN(1.0 um)

Fig. 3-16 Schematic of lift-off process with double-layer PR.
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Table 3-4 Recipe of double-layer PR patterning process.

Singe 110°C, 5 min
Vapor prime
I;MEHS 70°C, 15 sec
oatne 70°C, 60 sec
Slope: 5 sec
LOR 3A Pre spin: 500 rpm, 5 sec

spin coating
(Thickness: 600 nm)

Slope: 10 sec
Top spin: 2000 rpm, 45 sec
Slope: 10 sec

Bake

180°C, 250 sec

OFPR-800 LB
Spin coating
(Thickness: 1900 nm )

Slope: 5 sec

Pre spin: 500 rpm, 5 sec
Slope: 10 sec

Top spin: 2000 rpm, 45 sec

Light exposure 2.9 sec, 409 nm, 28.66 mW/cm?
Soaking: 60 secx2, TMAH (NMD-W 2.38 %)
Development .
Rinse: 15 sec, pure water
Table 3-5 Recipe of Ti sputtering process.
Target Ti
Pressure 5.8 x 10" Pa
Ar gas flow 24 sccm
Rotation speed 20 rpm
RF power 200 W
Sputtering time 300 sec

Table 3-6 Recipe of W sputtering process.

Target
Pressure

Ar gas flow
Rotation speed
RF power
Sputter time

w

1.0 x 10" Pa

42 sccm

20 rpm

200 W

1500 sec, 1500 sec

(including 10 min cooling time between processes)
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7O+ X () :NiCr BEQ/4—=24

Fig.3-17 IZ7'mk A ¢ OFEMZ R, FEHITIZBEIEA 200nm DO W /357 — AR S
nNTkEY, 2Y 7 bA7 7R LD NiCr NF—=2 7 3#HLW=), =vF v b
IZ L5 NiCr /X% — OREE T 7=,

F7 Fig. 3-17a (TR T L 921Z, 4 i~ 7 R hr ANy #EEE (CFS-4EP-LL, Shibaura
eletec co.) & T, NiCr 7% SIN R EIZEET 5. SIN @l NiCr #2557
NN, BEEEE LT Cr MIEA28 nm OJEATA Ny 2L T 5 (Table 3-7),
NiCr 4 pild % (Table 3-8). NiCr MO IEIIIC X - T SiN HSZHER ) il S
D Z L& T2, NiCr RO ST 23l 2 MEEA & > 72, NiCr @I OFRE LT
HIENC B3 2 SCIRIFAFTE Le\Wieh, ARy X ENEEL S D 2 & THREIS O Ml %
A To. Fig. 3-170 1T X918, Ar BEXO¥ —5 > MR OV A BITRIZA Sy X [T
IIEIF LTV D EBZ B, ANy HETEIC Ko TR IS KRIIG T 5 RS b ks 7
OTHNET H. Z 0K, NiCr EIEOFERR IS NI #EIZ K> TFHli L7z, Fig. 3-
18a {2, 4 A >F Si = —/~ (thickness: 500 um) (2, A 3w & JE7) %2840 ST NiCr &
(thickness: 0.5 pm) % B U 72 R D FERMOB #IRS 2 7~ 7. Fig. 3-18b (CHARIE Hh{EIC K - THE
E ST ARy ZET) & NiCr EIEOFRR IS ORRZ =3, JIE Lz 4k 3-3) T
~9 Stoney DI [50] ITfRA L TEREIG Slo 2 HEE LT-.

ET,* 1 1

° 7 6 —vT; (RW - R_0> =

E VW TEEM Y > 73, v 1I3ERAR T Y Vb, Tol3ERIES, Te i 3EREE A, R 1Z9HH =R,
Rsie 1XIEZ OMERTH 5. Fig. 3-18b (X A8y FENIC K > THREIS P HIBEITTEETH
HZEERLTND, AN T 7 a0t 2280 THE, Ay XE)) 2% L NiCr IO
RIS NHEZ4T 5 2 & TUI D MRASIEAMERI S D, Fig. 3-18b LV, 0.21 Pa 1L THE
MG TVIRBE D S B BRIS I TRRE~DIERE LT D, ARy X [ENEHINS 5 & K5 ER
BEIZEEL, ZO%BERISMENRD LTnD. ZO[mIE, W Ay X [51] X° Ta
Z %y ZTEIE [52] THE STV, Fig.3-17b (R T X 912 NiCr # —47 v RO
B HATRRIZA Sy ZEINRAE L T D, AR A Sy Z RS T OIEMES JIREEIE atomic
peening effect |ZHLAI L, JEMEIS 12> 6 5 RIS ) OARBEER I LRI S 7z 7 L0 2 R
T-ORiEE, = D% OFRIE T OB IEFIRRR O SR & WV o 7o B O RN & o TR
ISTIDER LTS EEZEZ HLD. FRC, FGIRISITIRIED O JEMEIS TTIREE~EBRE L T 5 R
I L7 e X ECIEEETH Y, ZEMEIC K > TH R 2RI 7o B (E R
TE5EEBEz206Nb. K7t AT, Table3-8 IZ/RT L HICA/ Ny #JET] 0.225Pa TA
Ry B 7a ZAELT0, HEEIG T 180 MPa @ NiCr A SIN R 2 sl L 7=,

W2, Fig.3-17a 1”7 L 91T, Table3-9 (TR"T =y F v ML ETNICr N¥—2 %
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Fig. 3-17 Schematic of process c. (a) process flow, (b) sputtering process.
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Fig. 3-18 Residual stress of NiCr film versus Ar sputtering pressure. (a) curvature of
substrate with NiCr film, (b) estimated residual stresses with different sputtering pressures.
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Table 3-7 Recipe of Cr sputtering process.

Target
Pressure

Ar gas flow
Rotation speed
RF power
Sputter time

Cr
5.5x10"!Pa
24 sccm

24 rpm

200 W

60 sec

Table 3-8 Recipe of NiCr sputtering process.

Target
Pressure

Ar gas flow
Rotation speed
RF power
Sputter time

NiCr

2.25x 10! Pa

7.7 sccm

24 rpm

200 W

3000 sec, 1700 sec

(including 20 min cooling time between processes)

Table 3-9 Recipe of NiCr etchant process.

Singe 110°C, 5 min
HMDS Vapor prime
Coating 70°C, 15 sec
70°C, 60 sec
OFPR-800 LB Slope: 5 sec

Spin coating
(Thickness: 1900 nm )

Prespin: 500 rpm, 5 sec
Slope: 10 sec
Top spin: 2000 rpm, 45 sec

Light exposure 2.9 sec, 409 nm, 28.66 mW/cm?

Bake 110°C, 1 min

Development Soaking: 60 secx2, TMAH (NMD-W 2.38 %)
Rinse: 15 sec, pure water

NiCr wet etching Solvent time: 210 sec @room temperature
Nichrome Etchants TFN
(Transene Company, Inc.)

PR removal Acetone solvent
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70X () :SINBEOUINARTYF T

Fig. 3-19 ([C 7 0¥ 2 d OFEMA/RT. Table 3-9 LRI UL TRIE =y F /7t
WZBTA~YAIMELT, PR Z2XF—=7F2%. ZOK, RIE =y F T TW /RF—
VET v F U T END DI, =X F A RIZRELED TPR TYAX L 7T HHME
N -o7=. LT, RIE & (MUC-21, Sumitomo Precision Products Co.) % v T, Table 3-
10 |29 L BT SN A RIE = F 7 34%., FutRe [ZBWTNICr /8% —2
DFEEZT-0IC, Pt d OK TR TIZ PR IZHEEL A0,

Fig. 3-19 Schematic of process d.

Table 3-10 Recipe of SiN RIE process.

Etching Deposition

QGas SF6 C4F8

Flow rate 125 sccm 85 sccm
Switching time 5.0 sec 6.7 sec
Pressure 4.3 Pa 3.7Pa

RF power 600 W 600 W
Platen power 13W 13W
Process cycle 15 cycle 15 cycle
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500 pm

Fig. 3-20 Schematic of process e.
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Table 3-11 Recipe of Cr sputtering process.

Target
Pressure

Ar gas flow
Rotation speed
RF power
Sputter time

Cr
5.5x10"'Pa
24 sccm

24 rpm

200 W

1200 sec

Table 3-12 Recipe of Cr etchant process.

Singe 110°C, 5 min
Vapor prime
HMD
CoatinS 70°C, 15 sec
£ 70°C, 60 sec
OFPR-800 LB Slope: 5 sec

Spin coating

(Thickness: 1900 nm )

Prespin: 500 rpm, 5 sec
Slope: 10 sec
Top spin: 2000 rpm, 45 sec

Light exposure

2.9 sec, 409 nm, 28.66 mW/cm?

Bake

110°C, 1 min

Development

Soaking: 60 secx2, TMAH (NMD-W 2.38 %)
Rinse: 15 sec, pure water

Cr wet etching

Solvent time: 140 sec @room temperature

PR removal Acetone solvent
Table 3-13 Recipe of SiO» sputtering process.
Target Si0O,
Pressure 6.0 x 10! Pa
Ar gas flow 24 sccm
Rotation speed 24 rpm
RF power 400 W
Sputter time 320 sec

Table 3-14 Recipe of Si Deep-RIE process.

Etching Deposition
Gas SF6 C4Fg
Flow rate 125 sccm 85 sccm
Switching time 9 sec 7 sec
Pressure 4.3 Pa 3.7 Pa
RF power 600 W 600 W
Platen power 13W 13W
Process cycle 450 cycle 450 cycle
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AR L7 7 2T, NiCr /3% — U D3 FEER TRl S 7z SING B 280 D) AR
ARG 572012, 7rE A ¢ IZBWTNICr /87 — > OERBEIEHZHE LT 5. REIE
NDEIR DT (Table3-15) TT uk A %&AT oI E Ok % Fig.3-21 (277", Table 3-
15 (27”7 NiCr #IEOFEEIE 1A 480 MPa THH5M 1 TFavA%17H &, Fig 3-21a
WRT XD ICHSIERN I S D, — 07, NiCr MO RIS T128 180MPa Th 552 T
TaeAE(TH &, Fig. 3-21b (R T X I ICHVENER X415, Table 3-15 (237 L 972
BAL DR CHNL IR ST end, BRISHUNDOEEZT 7 = V8 TH Y,
BRI 138 0 R E SO VERL D B EE /28T A —H —Th o 7.

Table 3-15 Comparison of fabrication conditons.

Conditions 1 Conditions 2

SiN residual stress @ process a 25 MPa 25 MPa

Si0; residual stress (@ process a 30 MPa 30 MPa
NiCr residual stress @ process ¢ 480 MPa 180 MPa
Si0; etch stop @ process d X (over etching) O

Cr etch stop @ process e X (over etching) O

Si0, passivation layer @ process e X O

Front-side cleaning @ process e X O

Contacted surface @ process e PR film Cr film
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(b)

Fig. 3-21 Microscopic images. (a) condition 1, (b) condition 2.
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Fig. 3-22 Schematic of process f.
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=27 WHBEIC R o B LI L a2 & LTHEA T 7 5 Lk &R 2500 6
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A ER LT\, AT 77 AANEBICEIIAR T v T2 Tk i L, h RIS 78
G RN N 2 — L SR S LT B 0 #E A SRS A RO CIERL L T\ 5. Fig. 3-13 TR
TN LT vt R, A7 77 LEEICHE E > Tz B SLER ORI T O 2 JXT,
T F o — g UREIT SV 7R — ) WA — 2 D MEMS T3 A 2 DAESLAJS
HAT&E5LE25.
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—— () m ETRI L]

(d)

Fig. 3-23 SEM images of fabricated electrothermal kirigami microscanner. (a) frontside
perspective view, (b) detail view of bimorph area, (c¢) backside view, (d) detail view of
serpentine mechanical spring.
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1 A5l L’D%ﬁIEYEUﬂi%fTOf:ZP HWENRIETH D 5 um UL EDIESSE TR SN
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Fig. 3-24 Static response of electrothermal kirigami microscanner when voltage is applied
to eight NiCr/SiN bimorphs; vertical displacement versus total applied voltage.
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Fig. 3-25 Static response of electrothermal kirigami microscanner when voltage is applied
to eight NiCr/SiN bimorphs: vertical displacement versus total electrical power.
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Fig. 3-26 Measured temperature change versus applied electrical power for each bimorph.
Applied power to one bimorph is estimated from the total power.
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Fig. 3-27 Frequency response of electrothermal kirigami microscanner.

3.5 {58

RETIE, BUSBEMEANA BV 7 H#EEFAWZEA Fo— 7 BEREIY) 0 fi~1 7 a0 2%+
FT—ZREL, TOEBWEELZR L., MRICTEIILIARZ WL T 5 7217 THREED B LAR
WiEZERT 500 E a7 N & LIEBREND] 0 /KT 1 258 L, Btk - B
FetE a2 B 58 U 7 IR BHAESR & AR — B\ — B R A [RERMTIC L > T IV 2T
TG Y MR S A SRR L7z, T IO FRREIS ) & B ISR L 72 N L a2 A
T —ERENITH I T, BUSEMNA L T A - EEREIT) Dt~ A 7 o A %
F—OfERUC ) LTe. BREREHIIC ISV CBEEE ) 131 mW TR A e —72 200 um % i
Ll Einn, BRA e —2BEE 0 ki~ A 7 0 A% v F—OFEBIWELZ R LT,

67



FEIE ABHYYMKTA Y OXF v —DEFMER

S5 Xk

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hashimoto. M.; Taguchi, Y. Design and fabrication of a kirigami-inspired electrothermal
MEMS scanner with large displacement. Micromachines, 2020, 11, 362.

Li, P.; Pan, L.F.; Zappe, H. Three-axis actuator for positioning a polymer microlens in an optical
pickup. J. Microelectromech. Syst., 2014, 23, 128-136.

Li, H.J.; Duan, X.Y.; Li, G.M.; Oldham, K.R.; Wang, T.D. An electrostatic MEMS translational
scanner with large out-of-plane stroke for remote axial-scanning in multi-photon microscopy.
Micromachines, 2017, 8, 159.

Wang, W.; Chen, J.P.; Zivkovic, A.S.; Xie, H.K. A Fourier transform spectrometer based on an
electrothermal MEMS mirror with improved linear scan range. Sensors, 2016, 16, 1611.
Chen, H..P.; Li, M.Y.; Zhang, Y .; Xie, H.K.; Chen, C.; Peng, Z.M.; Su, S.H. Heo robust control
of a large-piston MEMS micromirror for compact Fourier transform spectrometer systems.
Sensors, 2018, 18, 508.

Liu, L.; Wang, E.K.; Zhang, X.Y.; Liang, W.X; Li, X.D.; Xie, H.K. MEMS-based 3D confocal
scanning microendoscope using MEMS scanners for both lateral and axial scan. Sens. Actuator
A-Phys., 2014, 215, 89-95.

Tanguy, Q.A.A.; Bargiel, S.; Xie, H.K.; Passilly, N.; Barthes, M.; Gaiffe, O.; Rutkowski, J.;
Lutz, P.; Gorecki, C. Design and fabrication of a 2-axis electrothermal MEMS micro-scanner
for optical coherence tomography. Micromachines, 2017, 8, 146.

Matoba, Y. ; Taguchi, Y.; Nagasaka, Y. Micro optical diffusion sensor using a comb-driven
micro Fresnel mirror. Opt. Express 2015, 23, 477-483.

Kiuchi, Y.; Taguchi, Y.; Nagasaka, Y. Fringe-tunable electrothermal Fresnel mirror for use in
compact and high-speed diffusion sensor. Opt. Express, 2017, 25, 758-767.

Kiuchi, Y.; Taguchi, Y.; Nagasaka, Y. Decay time control of mass diffusion in a transient
grating using a fringe-tunable electrothermal fresnel mirror. J. Therm. Sci. Technol., 2017, 12,
17301.

Bargiel, S.; Gorecki, C.; Verdot, T.; Laszczyk, K.; Albero, J.; El Fissi, L. Electrostatically
driven optical Z-axis scanner with thermally bonded glass microlens. In Proceedings of
Eurosensors XXIV, 2010, Linz, Austria, 5-8 September 2010, 762—765.

Oda, K.; Takao, H.; Terao, K.; Suzuki, T.; Shimokawa, F.; Ishimaru, I.; Ohira, F. Vertical
comb-drive MEMS mirror with sensing function for phase-shift device. Sens. Actuator A-Phys.,
2012, 181, 61-69.

Chen, S.H.; Michael, A.; Kwok, C.Y. Design and modeling of piezoelectrically driven micro-
actuator with large out-of-plane and low driving voltage for micro-optics. J. Microelectromech.
Syst., 2019, 28, 919-932.

Lai, L.K.; Tsai, C.L.; Liu, T.S. Design of compact linear electromagnetic actuator for auto-
focusing in phone camera. [EEE Trans. Magn., 2011, 12, 4740-4744.

Zhang, X.Y.; Zhou, L.; Xie, HK. A fast, large-stroke electrothermal MEMS mirror based on
Cu/W bimorph. Micromachines, 2015, 6, 1876—1889.

Zhou, L.; Zhang, X.Y.; Xie, HK. An electrothermal Cu/W Bimorph tip-tilt-piston MEMS
mirror with high reliability. Micromachines, 2019, 10, 323.

Liu, L.; Pal, S.; Xie, H. MEMS mirrors based on a curved concentric electrothermal actuator.
Sens. Actuator A: Phys. 2012, 188, 349-358.

Blees, M.K.; Barnard, A.W.; Rose, P.A.; Roberts, S.P.; McGill, K.L.; Huang, P.Y.; Ruyack,
A.R.; Kevek, J.W.; Kobrin, B.; Muller, D.A.; McEuen, P.L. Graphene kirigami. Nature, 2015,
524, 204-207.

68



FEIE ABHYYMKTA Y OXF v —DEFMER

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Silverberg, J.L.; Evans, A.A.; McLeod, L.; Hayward, R.C.; Hull, T.; Santangelo, C.D.; Cohen,
1. Using origami design principles to fold reprogrammable mechanical metamaterials. Science,
2014, 345, 647-650.

Han, T.W.; Scarpa, F.; Allan, N.L. Super stretchable hexagonal boron nitride kirigami. Thin
Solid Films, 2017, 632, 35-43.

Dias, M.A.; McCarron, M.P.; Rayneau-Kirkhope, D.; Hanakata, P.Z.; Campbell, D.K.; Park,
H.S.; Holmes, D.P. Kirigami actuators. Soft Matter, 2017, 13, 9087-9092.

Shyu, T.C.; Damasceno, P.F.; Dodd, P.M.; Lamoureux, A.; Xu, L.Z.; Shlian, M.; Shtein, M.;
Glotzer, S.C.; Kotov, N.A. A kirigami approach to engineering elasticity in nanocomposites
through patterned defects. Nat. Mater., 2015, 14, 785-789.

Baldwin, A.; Meng, E. Kirigami strain sensors microfabricated from thin-film parylene C. J.
Microelectromech. Syst., 2018, 27, 1082—1088.

Moshe, M.; Esposito, E.; Shankar, S.; Bircan, B.; Cohen, I.; Nelson, D.R.; Bowick, M.J.
Kirigami mechanics as stress relief by elastic charges. Phys. Rev. Lett., 2019, 122, 048001.
Lamoureux, A.; Lee, K.; Shlian, M.; Forrest, S.R.; Shtein, M. Dynamic kirigami structures for
integrated solar tracking. Nat. Commun., 2015, 6, 8092.

Liu, Z.G.; Du, H.F.; Li, J.F.; Lu, L.; Li, Z.Y.; Fang, N.X. Nano-kirigami with giant optical
chirality, Sci. Adv. 2016, 4, caat4436.

Wang, Z.J.; Jing, L.Q.; Yao, K.; Yang, Y.H.; Zheng, B.; Soukoulis, C.M.; Chen, H.S.; Liu, Y.M.
Origami-based reconfigurable metamaterials for tunable chirality. Adv. Mater., 2017, 29,
1700412.

Choi, W.J.; Cheng, G.; Huang, Z.Y.; Zhang, S.; Norris, T.B.; Kotov, N.A. Terahertz circular
dichroism spectroscopy of biomaterials enabled by kirigami polarization modulators. Nat.
Mater., 2019, 18, 820-826.

Kuribayashi, K.; Tsuchiya, K.; You, Z.; Tomus, D.; Umemoto, M.; Ito, T.; Sasaki, M. Self-
deployable origami stent grafts as a biomedical application of Ni-rich TiNi shape memory alloy
foil. Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct. Process., 2006, 419, 131-137.
Kuribayashi K.; Onoe, H.; Takeuchi, S. Cell origami: self-folding of three-dimensional cell-
laden microstructures driven by cell traction force. PLOS one, 2012, e51085.

Randall, C.L.; Gultepe, E.; Gracias, D.H. Self-folding devices and materials for biomedical
applications. Trends Biotechnol., 2012, 30, 138—-146.

Rossiter, J.; Sareh, S. Kirigami design and fabrication for biomimetic robotics. Proc. SPIE 9055,
Bioinspiration, In Proceedings of bioinspiration, biomimetics, and bioreplication 2014
Biomimetics, and Bioreplication 2014, San Diego, USA, 10-12 March 2014, 90550G.

Wu, C.S.; Wang, X.; Lin, L.; Guo, H.Y.; Wang, Z.L. Paper-Based Triboelectric Nanogenerators
Made of Stretchable Interlocking Kirigami Patterns. ACS Nano, 2016, 10, 4652—4659.

Song, Z.M.; Wang, X.; Lv, C.; An, Y.H.; Liang, M.B.; Ma, T.; He, D.; Zheng, Y.J.; Huang,
S.Q.; Yu, H.Y; Jiang, H.Q. Kirigami-based stretchable lithium-ion batteries. Sci Rep, 2015, 5,
10988.

Fonseca, L.M.; Rodrigues, G.V.; Savi, M.A.; Paiva, A. Nonlinear dynamics of an origami wheel
with shape memory alloy actuators. Chaos Solitons Fractals, 2019, 122, 245-261.

Tolley, M.T.; Felton, S.M.; Miyashita, S.; Aukes, D.; Rus, D.; Wood, R.J. Self-folding origami:
shape memory composites activated by uniform heating. Smart Mater. Struct., 2014, 23,
094006.

Hernandez, E.A.P.; Hartl, D.J.; Malak, R.J.; Akleman, E.; Gonen, O.; Kung, H.-W. Design Tools
for Patterned Self-Folding Reconfigurable Structures Based on Programmable Active
Laminates. J. Mech. Robot., 2016, 8, 031015.

Jamal, M.; Zarafshar, A.M.; Gracias, D.H. Differentially photo-crosslinked polymers enable
self-assembling microfluidics. Nat. Commun., 2011, 2, 527.

69



FEIE ABHYYMKTA Y OXF v —DEFMER

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kumar, K.; Nandan, B.; Luchnikov, V.; Simon, F.; Vyalikh, A.; Scheler, U.; Stamm, M. A
novel approach for the fabrication of silica and silica/metal hybrid microtubes. Chem. Mat.,
2009, 21, 4282-4287.

Ryu, J.; D'Amato, M.; Cui, X.D.; Long, K.N.; Qi, H.J.; Dunn, M.L. Photo-origami—bending
and folding polymers with light, Appl. Phys. Lett. 2012, 100, 161908.

Lammel, G.; Schweizer, S.; Renaud, P.; Optical microscanners and microspectrometers using
thermal bimorph actuators. (2002), Kluwer Academic, Dordrecht.

Javed, H.; Merle, B.; Preiss, E.; Hivet, R.; Benedetto, A.; Goken, M. Mechanical
characterization of metallic thin films by bulge and scratch testing. Surf. Coat. Technol., 2016,
289, 69-74.

Edwards, R.L.; Coles, G.; Sharpe, W.N. Comparison of tensile and bulge tests for thin-film
silicon nitride. Exp. Mech., 2014, 44, 49-54.

Vayrette, R.; Galceran, M.; Coulombier, M.; Godet, S.; Raskin, J.P.; Pardoen, T. Size dependent
fracture strength and cracking mechanisms in freestanding polycrystalline silicon films with
nanoscale thickness. Eng. Fract. Mech., 2016, 168, 190-203.

Davoudi, K. Temperature dependence of the yield strength of aluminum thin films: Multiscale
modeling approach. Scr. Mater., 2017, 131, 63—66.

Hatty, V.; Kahn, H.; Heuer, A.H. Fracture toughness, fracture strength, and stress corrosion
cracking of silicon dioxide thin films. J. Microelectromech. Syst., 2008, 17, 943-947.

Pal, S.; Zhou, L.; Zhang, X.; Xie, H.K. Electrothermally actuated MEMS mirrors: Design,
modeling, and applications. In optical mems, nanophotonics, and their applications; CRC Press:
Boca Raton, FL, USA, 2017; pp. 173-200.

Griffin, A.J.; Brotzen, F.R.; Loos, P.J. The effective transverse thermal conductivity of
amorphous Si3N4 thin films. J. Appl. Phys., 1994, 76, 4007—4011.

Tarraf, A.; Daleiden, J.; Irmer, S.; Prasai, D.; Hillmer, H. Stress investigation of PECVD
dielectric layers for advanced optical MEMS. J. Micromech. Microeng., 2004, 14, 317-323.
Mezin, A. Coating internal stress measurement through the curvature method: A geometry-
based criterion delimiting the relevance of Stoney's formula, Surf. Coat. Technol., 2006, 200,
5259-5267.

Shen, Y.G.; Mai, Y.W.; Zhang, Q.C.; McKenzie, D.R.; McFall, W.D.; McBride, W.E. Residual
stress, microstructure, and structure of tungsten thin films deposited by magnetron sputtering.
J. Appl. Phys., 2000, 87, 177-187.

Al-masha'al, A.; Bunting, A.; Cheung, R. Evaluation of residual stress in sputtered tantalum
thin-film. Appl. Surf. Sci., 2016, 371, 571-575.

Hwang, W.J.; Shin, K.S.; Roh, J.H.; Lee, D.S.; Choa, S.H. Development of micro-heaters with
optimized temperature compensation design for gas sensors. Sensors, 2011, 11, 2580-2591.
Al Farisi, M.S.; Hirano, H.; Tanaka, S. Zero-balance method for evaluation of sealed cavity
pressure down to single digit pa using thin silicon diaphragm. J. Microelectromech. Syst., 2020,
29, 418-426.

70



lrh-4:!'l:

1

JRA +O—7 - BES
REREFTIY MMV OXFT v F—DFRFE

ARETIE, 5 3 ETERAMEZ R LCBEB VKTV A 28RS ET, IVRAPr—
7%ﬁ%ﬁT$&?6HE7‘/%mﬂ%@@0ﬁ74&ﬂzkkf*%%%bt[u

4.1 ¥8

TA—NARNT XU THPES AT KBNS FTET H72012E, IVEAMr—
7 ARENEERLT ALV AYA I B ARy T —RUETHDSH. ZIETIZ, FFENE) [2-
7], JTEEERE) [8-10], TEMEERED [11], ZAEKE) [12-15] &V > 72 MEMS BRENFELCH-S < K~
RTHFA LDV AT A 7O AF ¥ =PRI TS, Li b [13] 1%, AKFEHMIC 24.6
um, Elﬁﬁﬁm: 5.7 um BRE) T X 2 HEMEH L > X~ A 7 0 2% v F—%BA% L7, Chen

5 [10] 1%, BREISHEIEIC L > TEBEAASELTDA ha—27 ZHIE L, #kiEEE) T
— TR br—2 228um BNEBNDH LY RAvA 70 AF ¥ F—ZEll 7=, kg~ 1 2
07 —2AF% v T IBELMESNLTVWADITH LT, BBE~( 70l X A%y
— 1T LR S TR [12-15]. Chen & [13] 1%, 7'V » VRIBEREN L o X~ A 7
OAX Y S —ZREL, BFREIES S4mW TA ba—27 13um ZEKR L2 Wu & [14] 11X
AWDZNK%w7%E//kLT%wtsl7V~Am~zmﬂﬁ@V/xv47mx%
¥ —ZERL, #EINTND LAY, 7B AF v T —OHF TRE L5 880um OF
A b —7 ZWEHES 990 mW TER L TW5A. £7-, Zhou & [15] X, CwW /31 E/L
ZHEFMLIZA e —2 100 pm LA EOBERE L 0 XA~ A 7 v AF v F—2HmE L TN D.
INBHEROBEEE~ A 7 B LY RAX v IS EREICENRENA Y v hEFET DL
DD, BAALFNLT NGV T R — MEER~OEY — 712 X - THREE B3 KT 5
LWOHREN -T2, TN b~ A7 a A —LBEIEOH L X5, ITmm UEDOIVER
Fe—2773 100 mW FREDOIKE ) CHOLNLEEEE ~ A 7 1 L v XA ¥ v F—TRTEHwE
Y ANGAYIAN

ABETIE, 74 —HANT o F T HAES AT OO VEA ho—7 «(KEIE
BRENEI D ML v A~ A I/ m AXx v T —%RET L. JIVEA e —27 Z{KE S CERT S
EWVWIHI TR LTI ERRE, AE T Xy FREID KT A Lo TRIRBIZ e o 72, &
3 EICBWTEBRENL VT A A REL, (R XAT7n—2frT 5L Tz

71



1l

548 YR O - BENREHYYKIA I/ OXF v —DRE

— 7 REEREN ) D R~ A 7 m A ¥ ¥ T —DEBMEA R LTz, BBEEIE D KT A v o—D
DAY v M, UIHABR NS — o 2B S 5720 T, RUER T a2 27 e —THix 7t
ROBEREDI DM~ A 7 B A% ¥ F—Z FIAR TE LR THD. 5 3 ECTHERLEY
YINATy TR G AR SE, 4 BECIEIVER M —7 KBS CTERT
HZHET Iy RGN G A5G - ER L, BWSArE ORI 21T - 72

42 AEZ Sy FREREBYIYR< A H O ¥ v F—DEkE

Fig. 4-1 ICHE T Iy NUBEEIG VR~ A /7 n Ay F—OTF A v ar w7 MR
T.HETZ Xy MR MU, SR & WREE R OB A B T B S LTV S,
AT BAX ¥ F—~DOBIMAGC L o TS BT NY o — VIS L, B0 HEHEE
NHE T Iy MEES LIS FANCSERETR T 5. A ha—27 Z8iET 57201, v 7L
AT v THRREEN D ZEAT v 7TRICT 7/ Fax— T HMET I v MEEZERA L.
MY T 2y FREGEE, BEEHRRIR OB, T 7 2@ W EESR CTRE T, 7/ Fax—
va G LA WEREZ B/NRICI A D 2 ENTE D, —RIICEBREI~ A 7 2 A% %
T—TIL, BAASENT NN Y R— MEERBE OB v 7 ) o 712 LoTw A 71X
Fr T —OBEENEINL, A 7 v A%y T—OHEEBNPENT S, —75, =#ETDHH
T3y ROV REIEDO T 7 F 20— g UHEBICIE L 7 R — MEERS —9EE L
RN, KRB NBENARETH S, I 51, HET I v R0 S T, 734
AT =L BN BN THOBYRERARRN D, 77 Fax— g o ffEE - 73
ART L —ADOEOBMEIULE L, T AT L—A~ORY — 7 [3Mfl S 5.

Fig.4-2 \ZHE 7 I v NUBEEIE D i~ A /7 m Ax ¥ T —D 7 A 2R T. IVEX
Fa—27 2R 3720, 4J8AT vy 7OME T Iy NI Y MG 2 5%GEH L7z, Fig.4-2a (O
T, vA 7B AF Y F =L Si 2UL7 T L—4, SIN )0 fEE, NiCr- W /%
— UMb SN A, SIN AL Lo XAT—VOEZRIT, FRFEN 4mm & 1.3 mm
ThHDH. TRAANYRY DD 45mm ADOIESETF v 72kt Lz, NN
fR7a—7~O7tr7VI2X Vi LMET v 7R UGN T 7 v & 2 CrER§E T
5. Fig.4-2b I3 X 912, NiCr(E#A:0.5um) BELORW /& —r (JEAH:0.2 um) 73R
FEREIFVIAZ DI A 7= SIN B SZHEE (1.0 pm) OFEMNZEME S 1TV 5 . BUBIERIE) R 72
% NiCr/SiN /A E/L 7 X EWEELHE ChLE ST Y, SIN A EEmEICST S
NiCr/SiN /3o BV 7 O EHEREILEITH 30% ThHo7o. TXTD NiCr /37— [X W 3%
— VI ko TEAWICHER SN, —EEROMARKEN L -2 —Z L TN5.
NiCr/SiN /3A /L T71F, P—_ & A RIS K > TR - BRI EBERT v 7 L 82
SN TS, BEEINNS BRI R E N =X Z 1 IR, TEAT v
~OBY) — 7 Mz 5 — e —2—L LTH#EET 5. BT, NiCr H— e —&—
NiCr/SiN /XA /L 7 DEIICALE S, /A T/ 7 8IS~ — 7 Z3#l4 5. Fig. 4-

72



F4E YR O - EEAREEFYYRIA VO F v F—DFHH

1

20 ICHY T Iy FREERE)~ A 7 b 2% v F— D ER—E— b i A TR B S ARG R 4
R Fig. 4-2c 1T L 912, BREEICEN 2T 2 &, 37X TOMEEHFRR NiCr/SiN
SNA BT NEEFEICERE L, Ly ARATF—UNEEFEICEMT 5.

Cutting

Fig. 4-1 Paper model of electrothermally-actuated circular pyramidal kirigami microscanner.
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Fig. 4-2 Design of the circular pyramidal kirigami microscanner. (a) Composition of the
scanner, (b) Backside of the scanner, (c) FEM actuation model.
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Fig. 4-3 Geometry of kirigami cuttings.
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Fig. 4-4 Fabrication process flow of the circular-pyramidal kirigami microscanner.
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Fig. 4-5 Microscopic images of the fabricated scanner. (a) Freestanding kirigami film, (b)
Detailed view of the bimorph area.
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Fig. 4-6 Demonstration of circular pyramidal out-of-plane actuation stimulated by external
heating with different temperatures.
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Fig. 4-7 Vertical displacement versus temperature of a plate heater.
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Fig. 4-8 DC temperature response of the electrothermally-actuated kirigami microscanner.

(a) temperature distributions at 51 and 98 mW, (b) temperature changes at bimorphs on
different pyramidal steps.
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Fig. 4-9 Thermal step response of the electrothermal pyramidal kirigami scanner. (a) Entire
view, (b) Enlarged view of the rising edge, (c¢) Enlarged view of the falling edge.
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OFF ON (128 mW)

Microscanner

Fig. 4-10 Electrothermal multistep actuation captured by a CCD camera when the power is
off and at 128 mW.
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Table 4-1 Parameters of assembled polymer ball lens.

Material Diameter Refractive  Focal length ~ Numerical Densi
[mm] index [mm] aperture [g/cm’]
Polymethyl
Methacrylate 0.8 1.5 0.6 0.55 1.2
(PMMA)

ON (106 mW)

Microscanner

—
S

y y
X X

Fig. 4-11 Electrothermal circular pyramidal actuation captured by a CCD camera when the
power is off and at 106 mW.

1.0 mm
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—O— Lens assembled
—&-— No load

1.2

© o o
N ©) B o ¢

Scanning displacement [mm]
o
o

0O 20 40 60 80 100 120
Total applied power [mW]

Fig. 4-12 Static mechanical response of the electrothermally-actuated pyramidal kirigami
microscanner: Vertical displacement versus the total applied power.
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Fig. 4-13 Mechanical frequency response of the circular pyramidal lens microscanner.
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Fig. 4-14 Electrothermal kirigami microscanner. (a) circular pyramidal structure, (b) single
step structure.
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Fig. 4-15 Fabricated kirigami microscanner. Microscopic images of pyramidal (a) and single
step microscanner (b), SEM images of bimorph 1 of pyramidal (c) and bimorph of single
step microscanner (d).
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D 3dB 1 M TERES TR 4-1) TRIND.

fei = 1/(2mRy; Cyy) 4-1)

Rp; 13550 AT v TTENA LT OBRYL, Cy 3% 1 AT v 7@ A BT OEEFEETH
5. B AL U255, NA BT THRA LY 2 — VENIER T ~DOBMEE L A £
VT AN DBREIZ Lo Tk IND. Lo T, NMELT i OB X7 X Aay,
Ik (4-2) TEENSD.

opi = 1/Rpi = ha * Spi + 0y (4-2)

hy ZZERA~OBYREREL, ky ZEROBMBER, do 3AE, Sy (331 T/ 7 KT,
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Op; 1INNA BNV TEBA~OBMRE L 7 Z AR L TWD. FBIZBWT A ELT
BEWRIEZR—TH Y, A EN TR SITH L TREE - BB EIIHFIRRICH 5D T, Kifif
Spi EEVEREC, Tk 4-3), (44) TERIND.

Sbi = (Upi/lb1) * Sp1 (4-3)
Coi = (pi/lb1) " Cpy (4-4)
@-1) T @-2)~@4-4) KERATDE, By bATREBEES TR 4-5) TRIND.

_ (lpi/lp1) * ha * Sp1 + op;

Jei = 21+ (lpi/lp1) * Cp1 (*+3)

SUTNIDNALENLT, BTy REOARALFELT 1| OFITELVOT, FHEE - 2
KEIZR—ThAB. FOLOI U ITNATIRLE)LT, Iy KBS ELT | IZBITA
j‘7 P4 Fj—7}aygz3;&fc,single’ fcl,pyramid m:’ /kit (4'6)’ (4'7) T%éhé

hy - Spy + Op,single
27T " Cb1

fc,single = (4-6)

. hy - Spq + Ob1,pyramid (4-7)
27T " Cbl

f cl,pyramid

VUONAT T BT 2y R LT D AC REIE RO FEERGE B4 Fig. 4-16
RS Y TNRT y TRANALENT O b AT B single 75 15Hz 1L TH 5D
I LTET Iy RRUASLEALT 1 Oy M7 JHEE for pyramia 15 5~THz Th o7z, =
nkv, X @7, @8 kv, or/n, ¥F73y FRONAL )L THEBII~DE D &
7 B 2 AOpsingler Obipyramia BRI (4-8) THRSN 5.

Ob1,pyramid < Ub,single (4'8)

AL, Fig. 4-15 (ORT LIV I NART y TRIANA LT 1 OIRAMITIZ VY S 7
V— AP FET D728, Si ZL—L~DBY) = BWELTEDEEZOND. £72, A
BV T SEIBSN S DBMRE N ZE R A~ DOEE 5 L THI/NEWGES, @5 XXy b
I 7 AR TR (4-9) TRINS.

hy * Sp1
2T[Cb1

fei = 1/(@2mRy;Cyy) = (4-9)

(4-9) XLV, NS ENTHEBSNSDOBRE N LKA~ OEGEIE I L THoI/h S WGA,
BEBALELNTOH Y MA TS S T BT B, EI Iy NMUT I Faz—Z DAL E
VT 1~4 OHy bATEEEILZSHz M THY, FBEONAE/L 7T L > CTHEREND
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RGN o72. £, @-9) LV RBLOND D v M4 7 JEKEII3Hz BRETH Y,
R & A —F—T—HT 5. kv, ©¥73Iy MM~ 7o R%xyF—i%, BzE|C L
B3 TV T AN~ DOEY — 7 BTN E L, ERFA~OBEENIEN THDHEEZD.

6L Single step |

Pyramid

4 = —{J}— Bimorph 1
—O— Bimorph 2

Bimorph 3
—/— Bimorph 4

1l 1 Lol 1 L1l 1
10” 10° 10’
Frequency [HZz]

Normalized temperature change [dB]

Fig. 4-16 AC temperature response of thermal bimorphs.

4.5 f58

ARETIE, IVEA M —7 Z{EE /) TERT HBEEHY K~ A 70 2F v F—DK
FF AR - BEIC OV TR, ek~ A 7 e AFZ Y SR RBEO IV EX Fun—7 #{KE
NEREN TR T B 72012, 727 F ao—v 3 VHEIC V7 YR — MEE RS —UF7E L
VW E T Xy RG] Y GERRE 255 L7z, BRI LET 2 AW TRV A BV 7 08
BREICRBE SN RE LA R L2, ~A 7 o Lo XEREEHEIC W CTERL L /-
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AE 7y NRBEREY D i~/ 7o Ax v —ZIVEA he—7 1.1 mm %{KET)
128 mW T L7-. S OICEABKEI D i~ 7 e A v F—DETERET LV EZHEL,
IS S TS5 2 & TEEHEAZFIME L2, S YRR bu—7 BEREhY) ) ki~ A 7 1 X
F ¥ T ITERAOBEREN XA TH DL Z & ZH NI L.

B2 BT SIS ROV AAF vy = HANT T+ — B A ST v % ZHAE
VAT AEWEL, T—F 777 MABREE TIRIICRGE L. £ LTE 4 BT, 74
—NARNT X THHEY AT DENRBEICFEET LD VT A DL AAF
¥ =/ E Y, BERINAEGER A T v X ZaRER I Y B R hr— 2 - (RE T EEK
UV~ 7 02X v F—%PR L. Table 42 (2, "NV T7H A XDV XAX ) —
EBRFE L7 BBREN L] V #~ o 7 1 A% v T —OHRED # A 7R, Table 4-2 LV, K5k
TO0.1% REI/MULLSD, I VEA M —7 ZKE N TERTETND I LRGN,
INHORERIY, KGXOBME L7+ —HANT vF U ZRIEY AT L% NS
ICREFTDDDOIVERA M — 7 BEREE D i~ A 7 0 X% ¥ F— DRIk LT &

)

]

AD.
LSHOEELLTICHRARD. 7+ —D AN T vF 0 THRES AT MIHE RS T
BIEETHEZRRE - H - W & W o Telfan g EE) 2 2 — 7 > b & L, el Mo 260X 0.7~2.6
mm OIVELVITHDHD, BasfEES 22T NN—L TR yF 7T 57DIC
B L2 BB D) Vi~ A 7 B AFX v T — DA b — 7 ZHIET 50 ERNHSH. A bn
— RO T AT 47 & LTl RE R OBEREN ) 0 8T YA B 2 b, A BMGE
THOVENRSD. Fiz, ~A 70 L A07 7 HETHY, 3D 7V X —%Hu
Te A~ DEHET & W o TARRIGTIE AT 2 ER H D, £z, ERICHO 20121,
R EHEMEAREET 20N B 5. BWRE~ A 7 0 2% v F— 3 — XAV EAEFR B D e
RN AEETH D [17]. BAEBREIY) VY #k~ o1 7 v A% ¥ F—"THU 7= NiCr/SiN /31 E/L 7 1%
PERBBRE)~ A 7 B AX v T —THWOLRTWND A E/L 7 L L CRRLIRE S mV
D, MR U CIEEREN L) U ik~ 1 7 B AFx v F—I1XHFITH 523, B0 oM ER 72
SN MEEEBRICFTMT 2 LB RS 5.

Table 4-2 Specification comparison between bulky lens scanner and kirigami microscanner.

Operating
conditions

Size

(wide X length Xheight) Stroke

Linear ultrasonic
piezoelectric actuator 22 mm X 26 mm X 9 mm 10 mm 0V
[XDT70-105, Techonohands Co.]

Circular pyramidal

.. .. 4.5 mm % 4.5 mm % 0.3 mm 1.1 mm 128 mW
kirigami microscanner [1]
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This work : Development of millimeter-stroke

electrothermal kirigami microscanner for optical biopsy

Chapter 2: Validation check of Chapter 3,4 : Millimeter-stroke
focus-tracking optical sensing system electrothermal kirigami microscanner

-0 mm

g

Bench-top focus-tracking system Millimeter-stroke : 1.1 mm
P 93y Low driving power : 128 mwW

| Miniaturization of focus-tracking system |

Future work : Development of endoscopic focus-tracking
sensing probe for optical biopsy

PC ]
I Endoscopic probe

L P
Detectort— FPGA nggg

Endoscopic
Probe

Light
S(Ij(‘che IL.

2mm Focus-tracking by
=mm  kirigami microscanner

Optical fiber
Sample

[
| Application to optical biopsy |

¥

Focus
tracking

% Motion

Fig. 5-1 A roadmap of the realization of endoscopic focus-tracking sensing system.
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B Pyramidal kirigami [1]

B Single-step kirigami [2]
Bl Other works [3-12]

1.2 [ T i T T T T T T T T T T
- W
I
|
N | .
__ 08} | |
= i |
E | :
q) 06_ I T
X
e I
N 04f | .
.
0.2+ .I - [ u i
- I .
| | _
O F.I | 1 | 1 | 1 |

1 I 1 I
0 200 400 600 800 1000 1200
Total applied power [m\WV]

Fig. 5-2 Outstanding specification of kirigami microscanner as thermo-mechanical energy
conversion system; comparison to other microscanners [1-12].
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BEXR
Es) Bk B
Ch; thermal capacity of bimorph i J-K!
de effective thickness of air surrounding bimorph m
E; Young's modulus of layer 1 Pa
E> Young's modulus of layer 2 Pa
Es Young's modulus of substrate Pa
Iy Initial fluorescence intensity Y
h, convective heat transfer coefficient of air W-m2-K!
fei thermal cutoff frequency of bimorph i
Ly length of bimorph i m
P(w) Power spectrum
R Reduction paramter
Ry; thermal resistance of bimorph i K-W-!
Ro Initial curvature
Spi surface area of bimorph i m?
t1 thickness of layer 1 m
t, thickness of layer 2 m
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Tt

T

AT

Vs

Opi

thickness of bimorph

thickness of film

thickness of film

temperature change of bimorph

Poisson's ratio of substrate

coefficient of thermal expansion

actuation coefficient related to thickness and biaxial Young’s
modulus ratios of two materials

biaxial elastic modulus ratio of two layers

thickness ratio of two layers

arc angles change by temperature change

thermal conductance due to conductive heat transfer from bimorph i

to ambience area

residual stress

autofluorescence lifetime
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