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1. A0

WA, EROXFREE S AT LIEDLY, HRIZEDEES AT LB HEEINTWS [1], BRAEES AT
LiF, BRCTIZIANVF—2XETLHRT, KBAEKEV AT L VS ZHAABEIRALF—PREENNY T
V=% BT 2BL[EBEOL KL D ZOBEENE LTS, /-, EREINDEEITEEBITIM
LTHY, HEMERGOSEEN 2 ERT 57200 ERENRROZBIINEARTRTH S, LrL, KLH
Vo NT WD EEMAGERT 21X, KELOT — 7 HBHELNBRETH D, EFRHED & EBEALIAE S Rk SRRz
B 2EEBMENERINT VD, 51T, OB UMAIICEL TERBDAE U 5 72 DI W E U HIBR
MWH 5 [2,3], TNODOHENL, BEWEERZ T —RERT N A 2B S R 7R ERE R ERT A TR T &
B AREVED D B [4-6], AWFZLTIRE T 2 PFEIKETGER &I, N1 70 v NiElrds [5] LRI Z A L7z
LTRERT RS [6] L IZRAR D, NRU=FNA ZADT7NT VY it EE2BBAIZHHAL, T3 2AFKIZZ 3L
F—2HBIEEZ L TEREWZERT S (4], TDD, EMOBEEETCHIMBER, 27 NEEE R~
T, INEULP BB IZEBARETH B,

—fIZ, N7 =T NS ADF VIPUIBERZGE R S OB R L AR TR E W20z, EFENSE UTHEHT
B DITITERBEICHEL 525, TETIE, FUEPDBEBED Si N7 —=F N1 Z& 0 /NS Wb«
K (SIC) Z AW Y — UK T NA ZAHPRE - EFAfbIhTWw5E, 2O TH, SICHESHERGRS T v
VAR (JFET) 137 — FBALIEZF 72720 ) —< U A v OREUR TN A TH Y, #0 R UMAHIC & 21k
PEICEN, CPERETERNSRHRICEL TV [T,

UL LD S, ERMREEBEZEBRSES-0121, & V2 ERES 52012, ST—FN1 2%
SRNH RS B Z EBBERARE RS, UL, ERENTTONDHMIE, 7 —F N1 ZEEEH
PES TS vy B REMEL 72D, ZOMBIZEIT 2R FEOERMHDERITIE, PBREEZ 2 2 HED
HBIEDHEINTWVWS [8].

AWFFETIE, SiC-JFET %38 U 72 EitEW a0 KA R 2 TRk & 9 2 Wigl it S 1z 731 A0 &R
R BEZR T — MERE AR & fR T B,

9, B0 1.2kV EM SIC-JFET 2 U 7213 400 V EELA W8 00 FEHMGE 2 17\, N8 (E
OHIIZBEWT KL A VEERD T — MINZHEAT L Z e BHO N oz, £/, 7— MEREIEIEKIC BT 2
F— MEFUIZBWT, 7= MNEROEEE FVRAET LI 2SN L Uiz,

BT, BREBEAN20V 26T 5, 200 1.2kV @k SiC-JFET % M4l #t U 7= - BARE F B b ds D £
BEEBRZITD, LA VBREBT— MIICHEAT S Z 212k >T, TNAMADL S WEEBFEMNE CTEER
FEL, TN AOHEICHEE2 5252 2O Lz, 5617, LEWEBEMIICBII2EERKRTD
MEZ AR T 2720, 77— MEFZ2BEBIVBMHEN0Q, Y- EEZBHLVEE N 30V O — b EXEH)
& % 8E L, SIC-JFET % M5 #efi U 7= AR E R ERT 28 U7z, 2 OfSR, SRS MHIEREFELD
b L LRSI N,

Wiz, BAREEZEM 2.0V, 11V, KU'30V 2463 %, 3#0D SiC-JFET D7 Z2#E L, BHdicRLz7 —
I B 13 & 56 U 72 BRI R T R 12 B W TR IR & 1T o 72, ZORER, NT— TN ADORHEEHE
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MAOHIZRESHELZEAL I 2FHZRITE VWS NI U, ZO, BREEZEIVNSWIZEERDHEIE
WYIEIZ 2B T e RS, RTOERDHEEZERT 2 1IZBRELEAE IR 10V REICNA 2 0E)R D
5l lamUI, 51T, Hit 400V, it 5.7 A, BEEEEB R/L A 6.0 ms DEBRIELEIZLD, RET D
7 — b BRENENES & B U 72 AR E T AR O 5,000 [F O DR U EREN EBREZ 1T, T OHERO R LA
VEI-T— M-V — AWEERE, RO R LA VER- R LA oY — AMEERE ORI 2 1T o 72, 7 DR,
KT ORMLIDRD SN hr o Ttzd, #ORUMMEIC L2 REGEMICEN TN S Z L DR I iz,

2. FABRIE B K

SiC-JFET DB 12 3 1) 2Rkl 247 > 7212, o 5 v TiFEME A« v F > 2 (UIS: Unclamped
Inductive Switching) FRER[EIEIZ & 2 7 /81 AR 2 17 o 7z, X 2.1(a) (ZEEBRAIFEMERK, X 2.1(b) (ZHAH
WK% RS, UIS BRI IXEFRBIEI, > &2 &V A, DUT THRI N T W5, BRI FE T 2 0
dHTzo>T, ERJECHET DEART VX7 RV ACERINZT R VF—ICRNLTHEL B 8T —F N g
ZADMBEEFHETIHLELRDH L, TI T, AIETIE, ZOBEEEZBET 5 /29512 Unclamped Inductive
Switching (UIS) #RBR[EIFE 12 & 5 7 /31 A &2 175,

UIS GABR [ B8 D R ERSE 1 (DUT) 234 VRFB L 720, U 7IRB L R 2 W 19-1) ICBWTHMA V&Y
RUVALIZBZoNEZIAZINE—1Z, Il 46 IZBVWTETFIITATI VY RILF - ULTHNE NS,
ZDORDT NG VY T TRNVF— Eps &, N A V-V —RBEE vy, FLA VER g ZHNT

Ens = f s (1) - i (0t @0

L%, ZIT, REMWEWEIMEL, TAT VY BRREBICEWTGEEELHIE VT2 R -1, DF
M Tay 1&, FZTFORIRERE Vg, UIS iREREIEOEIHEE Vpp ZHWT

[ 2LExs
Taoy = 4| ————— 2.2
A Ver (VBr — VDD) )

Thbd, 72, UISRBRIZBIFBEMBEO T NS VY 2B Iy 13, ZEFPERLTWA A VI Tony &
5k
Vop - Ton

Ias = —F— (2.3)

tEEEINS,

AIFRIZBEWTIE, ERBELORRS VX7 X 2 %2EE L, BIREE Vpp =400V, A1 VX7 &Y
AL=14mHIZBVWTEREIT -7z, Zhik, FHEHEV Y L —218E L T3 EIEKEL 1=1.0 ms [3] &
DEHEEEL W 1(=R/L) =6.0ms DFEMETH 5,
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&
Vas Al e oo .
L VAVDSSA -« - : i e e e
— Y Y Y \— '
2
Vopp————- -
Tvds __E Vbp t
DUT -
t
to Ton 1 Tav B
(a) (b)

2.1. (a) “EARE BT T &7 0O FEAM [, (b) BARKIE

3. SiC-JFET O 7 NT v o [EREHZ BT 2 EifE

SiC-JFET O 7 N5 > B RIGIZ 5 1 2 BifE 2 BIE(L S 2 72, BIiR OFRBRIAEE K OV — b BRE) [l % %
WCHR®D SIC-JFET # 1% i\ 7= UIS iR %2 1T o 7z, 77— MERBIRIEKIZ B 57— MEIE vy =0/-15V &
U, AN — MMEHT Ryeny =47 Q & U7z, F72 (23) K& D, UIS ilBRD A VIR Ton = 20 s 1Z3%5E L W
DT NT s 2B Ihs =57A & U7z,

3L ICERBILERT, 77— M35 v BN H LD LFRFIZ, EFO LA V-V — ABEIE vy, 121EHE
FORRELEE LD 1.4kV OBEEVFET L, £z, EEEORN LA V&R iG=57ATHYH, 10us £
HEBTEMEDSE T $ B Z R TE D, THiER (2.2) LUK (2.3) ic L 2HE AR E T 5,

T, 7= bV — AT v KHEET 2L, TNT VY cBREEOHIRIZEWT, FELZT — MNEE
ve % L) —10V £720, ZORBEEFHTNT VY cBRRETH D 10us BETHATE S, 20
T— -V — AMEE ves (CBWTHET 2HEEME N2 N1 T ZAEE Vs pias ERALT D, ZOM, 77— MER
iy 1 120 mA BEZ MRS 2 Z L DR TE D, ZhiE SiCJFET OEHBER O 7 — MER L IR TR E
{, BFDRUA IR SBIRO—FMAAL T2,

PLED#ERD S, SiC-JFET 287 N7 v ¥ = BREMEIFIZ B W T, BN ER O — 27— MR i, & LT
AT B, ZhlE, F— MBI, BT — MRV R, CBWTEER FERI L, 77— bV — ZBIBIE vy DN
T AFIE Vs pias DRAETHERE %5,
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3.1. BfR®D SiC-JFET 2 & % T i MW SEBRAS 51

4, NJ—FNA ZADBLHREEOIXS D&

NI =T NA ZADRHEDIES D E 2 RET 5728, 1.2KkV (ifED SiC-JFET [9] 23 flil & P8R A — 7~ L —
Y — (Fi CS-3200) THIEARTTo 72, B 41 1ZTF N1 ADBLKMFHMZEROBERE R %2R T, HIE DR,
FRAREBIED R K 41.7V OFREZRESHER I N, TITARMETIE, RAVICRTEIOBETARREELL,
BefREIEAE AVpp D575 %+ B, £ C, RUHKT D 2 #EEL, EBRAMENDEEDOMRG 217> 7,
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Breakdown voltage Vgp [kV]
4.1. BMEEE Vig XORREIE Vap OHIEREE (n = 23)

# 4.1 SiC-JFET @& BRIl E Ak 51
No. Vep [kV] AVpp [kKV] Vi [V]  Ron [mQ]

A 1.447 - -9.10 31.11
B 1.449 0.002 -9.12 31.71
C 1.458 0.011 -9.12 31.86
D 1.477 0.030 —-8.84 32.79

5. Mix$Ee SiC-JFET O &EH 44

5.1, SEERI|EEHE K

5.1(a) 12 SiC-JFET % i3 #&ft U 7= 5B W 85 O HEgkE K, B 5.1(b) 127 — S ERB)E &K & R 3, 51
Hife SIC-JFET BN a3 D alBR 1, ERELIE Vpp, R VX7 XV RIZHYT 5 L, 2 fiFlI iz
SiC-JFET 2 6 E b, £72, 77— MEFEEREIE—MAC 7y — MEREICHH I NS 74 b T I 2 AL
THEY, NVAEERF ve EZNZTNUTT — MEHI Ry, Ry ZFAL TV,

< Vee
Y Y Y \— ==
i Ryexy RgGin
— Vbp : :
Vds1 Vslg
DUT I ! TIsolator : +ig  DUT).
: : TO-247
T Photocoupler 7
(@ (b)

5.1. (a)SiC-JFET % i 51| ##5¢ U 7= Bt W 8 O [RIEEAE K, (b) 77— I BIRE) [ #& A s

168



2021 £ 2 H 16 H
REHRSL R FIHE

52. PERFEZEH L BEOERTH

ARFEERTIE, MiFIEEHET 5 SiIC-JFET 2% 1 A, RUHET A L DRRREEE AVpp =0.002kV OFEF B %
AL, BT, SRTIZET2MEMEOBFITEHL 2R T4 % TR ELZITRATRELT 5, 77— MNEH)
BIEIZBT 27 — MNEE v, =0/-15V & U, SMBT — MEH Ryexy =47 Q & U, &7z, HEMDTNT >
VIR Ias FHEAKORTEMHHLUZEBREFRIZ5TA & Lz,

M 5.2(a) ICEBEERZRT, R VBRI WCEHT 22, EBLRTNAT VY s BIRREOHRIZEWT
A LBIHND NV A VB iga, lag DEF AMANDRO PR TS5, £/, F— -V —AHEE
Vs IWHEHT 2L, FETADvga=—10V ZHMERFLTVWDE—F, ET B D v =—15V &2 H2 Z
Lo, WEDHEFITERLDNAT ZEIE Vo pias WEL D Z EDMHRTE 5, HRHZ, 77— MER i IT1EH
T8, AT ALBIZRLRDT — MY —RBEIE vg BWEU DHIH, #ET A 2N D7 — MBI iga = 120
mA DR TE 50, T B 2IENDST — &l igg=0A TH5,

BAEMRS, #FTAYLBIZHRAT S — MBI iy BNRAR B0, 7= -V —ABEIE vy ICB T B30T A
BIE Vs bias DFEDEIITHEL TWB, FRHT, NA T AEIE Vs pias 2558 T OBIEEIEAHEIC B W THE
LTWa7d, NuA VEig DT N7 Yy cBREFERICBE)S2EBRMMICTEE L5 X5, Thbb, i
KTFIRD T — MERE) R & 8 U 72 SiC-JFET 7% i 51 Bt U 7= B R E W 37 T3, BRI ANV F—5
HAER T E 0,

53. RETI

HIRD@E Y, 77— DB iy WEEUTEL 27— MES R, TONA T A Vi pias DB EE
A5 Z DRI NZ, T0SDMERN?S, NAT ZEBIE Ve pias DBMAEENIETOREL KRS 572
DO — MEREIEE O FIEEEAT 5,

7= MNEIR iy DIAIZE D, 77— MEFIR, IZBWTHEL TWNA T AEIE Vs pias ZAKHT 2728, 5
R — MBS Ryexy =0 QITRE U7z, £/, RTOBEEEIX -9V TH Y, AT — MEH Ryn) 128
WCNS T ABEPFEELTH FL A VERISVEEZEARVEELVRVIZEE N0, 7= MEE v, =
0/=30 V IZ#%5E L7z,

B 5.2(b) IZATFED 7 — b ERE ] % i U 72 W e O KB R 2 R T, SR — MMEHT Ryexy =0 Q &
U, V= r&EEv,=0/-30V & U7z, &7, BALARFIIITEDOER L AKOZTA LB THD, FLA
VBRI CERT R, TN VY o BREERICE ) 2BRAHESBEI N T VDS Z R TE S, &
Pz, = bV = ABEIE v KHEHT 2L, TNT VY BREIMERICE W TR ICBIEETUA T TR T2 2
ENHERTE B,

X51T, = MEW i CHEEHT B, 7= MEH Ryewy = 47 Q ICRER L 0 S EREHINT 2 2 28

WTEB, 970b, SIC-JFET 87 N T Y x BEREERHIC B\ TRITEN 217 5 B, 77— S ERB)[REE O
7 — MEFUEMENG S, KD OEMERA T — MUIZHAT 5, 22 TORERIZ L > THRONLMERT
R Dl ERS.1ITRY,
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— I~ — A —B
= \ =
'__,:_10 [ Vosbias & e il 7_10 [ 1
;GII_ZO i N—t "*',3—20 [
—30f —A —B . . 1 -30f , : s
2.1000 - 1 Z1000f 1
0 : , 0 ,
—A —B _ —A—B
E ) | = 5-———-—“%“.\ |
0 0
5 v : . 5 r , }
—A —B —A —B
0 0
5us I I I 5 us I
(a) (b)

5.2. SiC-JFET i 51| Hifefks D FZERE R (a) HEKTIE, (b) FRETIE

5.1 77— MEREEIEE O HE

Conventional ~ Proposed

Gate voltage v, 0/-15V 0/-30V
Gate resistance Ry(ex)1» Rg(exi2 47 Q 0Q
Maximum gate current iy, ig 301 mA 271 A

6. AFERZEM U 72 EFER & DA R IERREE
6.1. BREEZLZZAT DR TFOMAICLLERDH

BRRIZBWT, 7F— NERICERT 3 BHRA LM OWTEHREIT, TNEMRT 27— NEHFHEIZO
WTCH U7z, —H, ZTOMRETLZE AVpp 2 RINE T2ERAEANDHEEIZODVTEHEINT VS [8],
DD, RFEEZEALZGE BT 2BREBIEEEZFORETOMAGHLRIZ L 2ERAMHOBEREITS.

FTOBRREBIELIZLZBRDPEANDOHELRGT 5720, £F A L BITMA, £ A &OBRREILEAE
AVep W ZNFHN 0.011kV, 0.030kV ODH#EFC, D ZHAVWTEREZT- 7=,

6.1 IZEBEREZRT, ERERLD, BREEVBEVETIIHHERORO BEL L Z e bh b, £
72, PHZANF—DOHHEAEIZOVTHERREBEEENPRKEVETOMAELEDIEDI VR ADORFICERT
52 EHHERTE B,
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~30F , , A , 30} ,l s WSS

2.1000 1 Z1000f 4
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st ] st ]
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0 _ 0 —

ig [A]
iq [A]

ig [A]
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lg [A]
o
|
>
; |}

5 us I S us
(@) (b)

6.1. KAFIEZBEA U 72 KR (a) BIREEZE AVpp = 11V, (b) BEREE AVpp =30V

6.2. VUMK X 2 RELE)

FATIHFEIT BT SIC-JFET % F\W 7248 0 3R U BN IC & 2 B ERHEDBEMMED R I N T WS [7] 3, K
FHEO LT — MIIZKERERPMAT 2 LD RHEARETCEMEEI TV, 22T, ATHEE
WA U588 2 ZFORMBENEZMRFET 5728, 5,000 [ O 0K UEFER 2 X 2 RS LRl 2
1ol HALZETIIETA LB THD, b, RTRAOKEIZLRMEZEH 7, MilllZEmIc
DRI 25°CO—EREFIZENT 5s METIT - 7=,

6.2 U 6.3 12#5 0 R UEM ATt O # R E RS R 2 R T, 22T, Ip-Vgs FtElET — h-V — A&
JE Vgs = =20V, Ip-Vps FtEldr — b-V —AMEE% -2 VS Vs 2V & UTHIE 21T > 7z, BRrE e A
BEY, #0RUEREOEZETOEEIXIFIELMMR RN DR TE S, ZOMKENIS, BHLLBIRY
PR O R UBERENIC X 2R TH BT 22 e &<, BOBUMEMAIC X2 EMEFECENTHS
Z DR T E I,
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100 T T 100 T T T
Vgs =2V
z B xxxx N z r }xi ); xx&x xx « 4
s | I PN ]
= * = Kx g X% x
£ .~ 2 T Vos =2V
: f x ] s f K ]
= . < Peonedl
5] x s »::(%&x )
[a) L = e Fresh - A L el e Fresh
. Ao .
<~ X Aging = X Aging
=X X
9 3 & 1 O 1 1 1 4
Gate-source voltage Vgs [V] Drain-source voltage Vps [V]
(@) (b)
6.2. EFRFEHIERS R (BT A) (a) Ip-Ves B, (b) Ip-Vps FilE
100, T T 100 T T T
Vgs =2V
»
L x E F » % L% % 1
E xxx 2 }"x *")‘(. X X
xx — .y X % " o
< L o 4 £ L WX : ’)" * i
; SRR
=) x = x:x”"x Vgs=-2V
= | x i =} L At X i
o x o x X
=) x =) xxxxxx x
o) L X e Fresh A ) L m»&:“‘ e Fresh
< X Aging - X Aging
X -
(_) 3 I X 1 O 00 1 1 1
Gate-source voltage Vgs [V] Drain-source voltage Vps [V]
(a) (b)

6.3. HHRMEHIER R (BT B) (a) In-Vas R, (b) In-Vps itk
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FLANT— RS/ TEABER:
RER/NT—I LY FOZHORBANT—FED 21— )LIZEET H2HE

MEEIKRE IZFHRER MR FE

1. HREDERELEHM

INEBEDOHBTIES HWLN TS RT —F 31 2T H Si-MOSFET 1, ZOWERI72HKNG, F K
FIRTED 2.5 fTHEMT 720, SMECZETFE2 1 SHWD L0 bIRMESEF 42 EFHkT 5 7 h3EmiE %k
IR CTE 256005, o, AA v F U VS —RITARMEZR F O 08 W, BEAERT 52 &1
EVAAL v F U THERIRBIEBWT 52 ENRARETH D, ED78, Si-MOSFET % EHHEHET 2 Z L1 Xk - T
B D SiC-MOSFET R L U HHEEEC T A h ORI TN AT —FE Y 2 — L EEBTEHA[ilBERH 5,

LU S, RU—FT A ZADLEIUEIT O HE, ETCORTOAL v F o T ORMENRX A I T %
—H S, ERTOHNELEEZ NNT LV ASELILERH Y, (RO — K RT A TR TIIZ O SRR ETH
Sfc, RWRTIE, TVXNT— bk RTA4 TRIEEA A HV 72 Si-MOSFET [BEYIHHGRFO BN 7 o A I
DVWTHFL, BENT U AOEBUINLE R 7 — NRE) Y — L OIREFEEZIHLNCT 5 Z & T, )RR
T —EVa— VOEBRRENEEZRTIEEZENET S,

2. TORINT—FRIATEAVNNRT—ED 21—

AR CHRET H /3T —FE Y 2 — L OHRER 1 IR, Y a— L OIMUDD LD L /RT—F 31 2 |
DLRIL 3R THY, HOBETIIED LRV, WEITFTEEICE B 725 Si-MOSFET 23 HEFIZ
BEe S, &2TD MOSFET BWT YV HNT VT 4 77— K RT7A4 T THREISND, FTROMREE FEHT 5720
21X, 2 COMOSFET BRI L CEIEDT U NT U RAEA LD LR AL v T U TEMERITOMERH 5.
B 1 ORERRDBRER D /ST —F 3, 21 D EEi72 DT, FIZIEZHMA V=2 R 25A1201%, 2Ok
DRI —FTV 2—)VE 6 2DHWAEZ L ER D,

3. EER[EER
BET LT —F Y 2 — VNEBICEB W TH MOSFET OBEANT v Al 2 FHT 5720, 9K 2 O
L e Bl R A W CTER AT o 72, 2 E4100 MOSFET (IRFB5620) (28T, — 5O 23Q 07
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A Study on Gate Drive Circuit Using Wireless Power Transfer for Power Semiconductors

Kyungmin SUNG

Abstract: In power converters that use a large number of power devices, such as matrix converters, the gate drive circuit
to drive each power device hinders miniaturization and makes the circuit more complicated. Therefore, using contactless
power transfer (WPT) to drive the gate of power semiconductors can not only isolate the main circuit from the control
circuit, but also make the circuit smaller. The modulation scheme for WPT used in the previous study had the problem that
the turn-off and turn-on times of the power semiconductors were very long. When the turn-on and turn-off times are long,
a lot of losses are generated during the switching of power semiconductors, which hinders the high efficiency of power
converters. In this study, a new modulation method is proposed to improve these problems, and in addition, a gate drive
circuit is designed. The proposed modulation method is based on ASK modulation, and the operation is inverted ASK
modulation. In the gate driver circuit, the signal detection and the power supply are separated, and the gate driver is used
to drive the power device to increase the drive capability. Furthermore, experiments were conducted to check the switching
of the power semiconductors using the proposed modulation method and the designed gate drive circuit, and compared
with the conventional method.

Keywords: Wireless Power Transfer, Gate Drive Circuit, Power Semiconductors, Modulation Method

1. @Freic watd 5. HATWIE CREI NS — L EKE)E]
2Py I RAYAN—RER I LD LT B B, FANICT Fr 7R/ T2 R E T
D < — YR A 3 2 B A o, Wiz, —J7C, REET — b KE) R (Proposed
2 F AR EAAL L, B M LT L Gate Drive Circuit ; PGDC)IE, 2 v XL —X 5
s anw . e 4 — FFIANERHOZEEREK D720, 7 —
SR H o T, —77, IFEAEIMEE(WPT) S R A T
et YA VN FIATRAPLVEW RTINS, K
D = JEEAC DS HE 2 m 803 T DB mik 23 X F o s N A
: - S o o e P — b BXE)RIEE D3 T — LB AR D BXE 12 4
N7=EBPFT/NEITODL DD HRKESOBERE HE o BB 2, E 2 1 - w SN 2P
. 2P ; B3 2 L&, AL v F v IrERE%
rn DR E TIRIA KGR THhbN S K H itk o WL CRIFT 3.
7. WPT (%, BRI & Bl o B i %
m N ye | =z NS NI R .
Ei@cgz 5 b AT & G T % 2 H2NF 2. JEEMENEEEY W7 — )

2.1 REY — MBS
AHEFFECH 72 PGDC % Fig. 1 IZ/RS. 2D
| <, EXEMOREEIE A N—7 7Y v D4

JEATHFE T, WPT i X Y MOSFET(Metal-
Oxide — Semiconductor Field — Effect Transistor) %
IGBT(Insulated Gate Bipolar Transistor)% (3 U ® &

T B8 RIS B 72 DS & AL VoS Lo TRRINTE. =T 7 )
v F ¥ 7 OEREFRICELT 5 7 — B 7oA v 2 253 Gl MOSFET Tt
Br 4R L, NI o R PERE 7 SR X 7 SNTOBLDAA » 52 7 RBED FREEHL
M b3 Lam L LbLARDF T4 COMLT S ehiTES. A4 2 F 2T
7ﬁEjj 753‘9\7& 4 , Yh FAb @H#OC% 4 @H#FEIEJ {EZ%UifSW X LC ;E?EJEI(EZ%(VC{;%E% ns.
BhpoTLES CLREPMEL Ko T, Fow = —— )
F723 V7Y HIC L o TS H OIS b ~ Il

T 5720, BIERRZE T2 2 & hifEE &
> T Wz,

AWgeclE, TR cHwTw
ASK(Amplitude Shift Keying) % R L, #Hi7= 7224
FHRERET 2 L L bic, 7 — bEKEEKE %

178



.
.
.
.
.
Veo 1
.
in '
— Cc7 1
.
.
.
:L_Ii{
R

<

—k

Win GATE SIGNAL HIGH |—

cz
= | FPcA I
cr1
GATE SIGNAL LOW |— D1 Ferrite Beads
ez |ri L +—p——m
a3 Lr1 Lz == %
<
=== Choke Cail
| | rrite Beads

Fig. 1. Circuit diagram of PGDC

*

EEHNE ZE O ET O » LY 1%, PCB(Printed Table.1 Circuit parameters of PGDC
Circuit Board) |- CHHIIC & A N7 (6L 2 cm P Circuit parameters Value
AZXDafrcitbind. LC R EZFIH L 721 £ 0.934 MHz/1.93 MHz
FIURTAD WPTI2 & 5T 2 4 LD F LI Co/Co 20 nF/4.7 nF
BRERBLTOEVWEBNMEEOEEZR O L G/ G 10 uF
MTEDL. 2070, D@L a 7 P 7 o G 10 nF/4.7 nF
NANT VR E RHiofz7 — FERB G K D CIC/C Olf
b /N LR ASEI T & . = g 0?2
ZEMOREEKIL, Fic 2 >DREECHK T L RJ 200
TWwb. 0 &DIF, Fig. 1 E5B LTT:!//\I/~ 2
a%@%@zg NBESHINETHS. b s 300 O
BITL ¥ 2 L — 2 SRR X 12 BGHS R/ Rs 1.2kQ
%f%é DY —ZDANICHEE XN D C Rs 5.1kQ
, IR D G, ¢, X0 D, FHEREIVN Re 4.7 Q
é(Fg2uT?ﬂ VAV, B—=VFTDXR L1/ Ly 1.45 pH
AIVITHELES L) ICHFTINTWD .72 Vi 15V
2L, AA v F v IR fswizr £ D MH z D MH;
EETHMELELAVIIICLTWS.—TT,
C®ClE, 7= P FI7A4 "oy XL —2DH&E Sl from FPGA
ﬁ MITEEZERT I2UELD L. ZDD, —FED i
BIEA 72D TCELDERD L7720, X — / * v, g Threshold Volage of Comparatr
57 AT DEA S SO E &k i / ......................... _
ICTE ST mWHERBEDOE TR LT $
%,
fB5 o0& # AU, Fig. 2 1R+ & 5 &R (1 (W (T Output of Comparator
zﬁéj— 5. C @ﬁﬂ&i, ASK ﬁ%ﬁ] %‘f}iiﬁé “ﬁ'f:jfl‘ft wnOn  Tum-OfF " Time[S]

E 7o TWwW53. FPGA DEH 1, £X{EM D
MOSFET D2 A4 v F v 7R <TH 5. Kiffs
<13, (1) 25 0.934 MHz & 1.93 MHz @ 2 DD
s BB L, EBICiE L 2. BiEoxE
G, LC O HRBEIERDED L2720 Cy & Co
DHEBRBEYEHL-. £AF+—F D, TERL,
C; ITF ¥ — VIEBEREEa v oL — X TR

Flg. 2. Proposed modulation method

HL.7—FFIA4NOANETEEKT 5. — T _—— P 10v/aw |
77, BIRMAE T, a v sL— 2 2EifEE 3 [ Vo } — - s
7-ODEREETEL ¥ L —XTERL,CE Cy 3 \ ] W‘
DavFvHILT— 74 OB ELEEE

ZTW53, Fig. 3. Waveform of PGDC (20uS/div)

179



2.2 B/ET — + REEIFREIERESD

FRRIC PGDC % BIE & 2 7= D H 13 23 Fig.
3TH 5. VoiosiF, ESHEIFE D MOSFET @7 —
FY—RBETH B . Vezld, 28— X DR
ANBEECTH 2. a2 v L —2OMREEFEIZ,
25VTERELTWS, V. 3BFREMEHHEoa 7
VHILEZOLNTWAELETH % Vee 134 15V
HhLTHY, X7 —MOSFET % fafl5gis <
AT 20ict+0EZEKL TS, Ve 244
BHEEL, av L —Z20oHNIES 2 ANES
ELTT—FFIARDBEHELTWE. 207
— FPFITARNKCE s THEL 2T —
MOSFETQ; ® %7 — + V — A DBIED, Voses T
HET—=FFT7A4NF, AA v F v IET 2 D
foFyradABhehoTnwad, 7 — ¢t
FIANERHWEZETRERDFXI D $ %L
DBEREZRTENRTESL-D, FI4 7H
DRV en3bhr s, ERRIC, 77— bV —REE
VQ3@S @j%ii)) D H#FEE CE _\_ZT D H#Fﬁﬁﬁ)ﬁé%@ﬁ
AELVFEL RoTWE. 2D A4 vF v IiE
I3V le {755 T L B3P X4 5 Fig. 3 D F 2
5 PGDC 23#fEL, ~¥7 —MOSFET Q; D A A4 v
FUITDRAL I VIR DESET — K
DI-ODBENZRFFICIEL Z ERTETNWSZ
& ETER L 72

L2LAds, avrL—22HwWTE5E
JExMHT 2 L %ic, a v L — &K ANER
KEiEnhdav sy GGy F—X 44—
F O BRI R, & R;1C X % RC [BIf& T
LR FELCLE I LR EZOLNS.

Q1

—
IFT
Ty

T | Frea _| |_

LE} E

a2

Proposed Gate Drive Circuit

3. RES — VEBIEERACERL v F v JER

3.1 24 v F v EREK

AA vy F v 7EBRORKM % Fig.4 I[TRF. ¥
7 — [l A D B AR e X T = v X [ElE &[]
BTH 3.0 54 v OIIZ, RL AR ICERA TR
5. Qs B34 7 DI, BRI OBRAPIFERL A 4 —
NICHRRE N 5.

KESEM AT 2R TFOEEL, Bk,
Table 2 IZ/R 9. N7 —[ai DO EIFHEL V) 13 150
V E200VDDDFENETEREEZITo7. 0; DR
Ay F v 7RI 20kHz TH S, 05 I
SiC(Silicon Carbide) MOSFET % L 7=. % 7z,
XA A — Fici, BX#j3 % %7 —MOSFET % %
5 —offioT, FOXRT 4 —X A+ — K%M
T 5.

3.2 24 vF v ISEEER

AA v F v IEBROHIINIEE Fig. 6 1TRT.
Ei@h 9 %57 —MOSFET Q; D% — } ¥ — X%
JEBIE DS Vosas TH 5 ., Vosas 13, #1 18V HISI L
T3, »¥7 —MOSFET D fuflIfEE DB CTH
515VUERH T 22BN TECNS. XY

— OB EIELE vV, 1Z,200V CTH 5B, £7-, FL
A4 VBRI IZFEAETIABRERN TS L
Bbd 5.

Aoz ehs, BET — BT %z v
To¥X7 —MOSFET ZER# L, 7 =&k s
— MEKEpIEIEE L LGSR D L %
~L Tz

Inverter ¥

Fig. 5. Photograph of PGDC used in experiment

Fig. 4. Circuit diagram of switching experiment =~ — Wil | g 10V/div
:.L”VQ]G: gl = rﬁfﬂ?j—{ww“
. .. . anGs F-_'l !
Table 2. Experimental conditions and rating J 1 \ ‘ } 20V/div
v, 150V /200V  Vaos =t A S g v o ek
Switching Frequency of 03 20 kHz 1/] - I,_.—-— ‘ l 5A/div
Rated Voltage and Current i : \ " e
01,02 ; LMG5200 80V, 10A
Rated Voltage and Current 650V 21A ) S . )
03:SCT3120 ’ Fig. 6. Waveform of switching experiment (20pS/div)

180



Vaias 1 [ — \Y; 1 o A TELEDYNE LECROY
SwaMaiamaNal JIL Il 1oV div. - Q1GS : | ”ﬂffﬁ}gﬂ leov/div
V
M bt [20V/div | ' [Tov/div |
o . o T
- . .
i 50V/div Q30s it 50V/di
! !
losp ) S oo l N
1 1 " 1 1 |
l [1A/div_| Lo 1A/di
: 1 1 1
] 1 1 |
a) Rising waveform in conventional circuit b) Rising waveform in PGDC
g g
(1pS/div) (1uS/div)
Vaies O AL R - 10V/div - Voes 1 _; -4 10V/div
i Amgnd] St st ot Amemg - g S L L T
I 1 -
o (o] 4
Y I L . Vosps : 2.6uS /
L ows]
! ,ﬂk [1AZdiv | [ lgso ! / [1A/div
| |Q3D ! 1 | r o = BTV PP S— J
11uSt 1
1

(c) Falling waveform in conventional circuit
(1uS/div)

(d) Falling waveform in PGD
(1uS/div)

Fig. 7. Comparison with conventional Circuit

3.3 AR LRE Y — MBI B R

ek — + ERE 7 & PGDC % v 72 BiKE
JIEDLH EXR Y LT Y OFEIEREO KA
Fig. 7 <3, (a) & (b)iF, 75 B2 Y BIEHE
T» 3. PGDC 1T X > T»¢7—MOSFET 0% —

FEREh AT S 2 & T, b Es ) NI,
11 S &% 5T 2 kDM TD 7 — b EXE)
X0 HERYOENREZEMT 52 BT
% 7-.

b))t (DDEFIX, TTHYEFERETH 3.
PGDC ic & 37 —MOSFET © % — b Bi#) % {7
27256, ST OBk HR LY
bREL>TLE>TWE, BERELTIE, 2V
FUY G EEPTR & R ICX BEIC K o TH
ELTCWEEBIERRTHE LEZOLNDS. T2,
IR T Lo, fERARDBEEL S T30 K
MiZ, 0.5 uS BE22->T w3, —7, (d)icRT
X 912, PGDC ZHW7=EEnigs, BELTY
HZ LV EHT 322 eR8TETVE. TR,
TF—FPF 742wz ik, V947
BHRELLFEEB LT, Y- FOANKER
HBlF¥y =V T2 holzrbTHS.
F7-, VPV OBRE W=D, 24 v F v g
KO T EZHIHTE L7759,

181

4 ¥i®

AWEFE T, WPT %#HWwi=7 — FERE T L
LT, 77— MEXEpmE & AR XA RE L2, &
e CIRE I =7 — P ERE) ik o /NI
Wi ERE E WO Rl IR L oo, BIES T

Hote, LT VIRBIEFEOREMZ 35 2 & HHEB
T&7%. ¥ A v F v rERELBELT, Y

—E KDy — BN GRS L CEHAARD DT
HLHZErERNLT.

SRR
(1) KW, BARIEC, FILBE, RBEIR @ TIEE
fih % Bizk % 727 — P EREH R D X 4 v
F v IRE] , BRI SR S, SPC-18-156,
pp7-12(2018)

(2) RN, BBEIR : [IEE% EiRikx v
7 — FEREN T RICBE S 2 T, K 31 AR
FafeERE, 4-032.



B Ry g
202054-5 HEEFE 4

BRI S0 — 7S A A BB

IR T SRR L

(il

WwE

XD —FRARIENAIRNH OO DX —TFT NAATHD, BLLERIRTL I A= I A AT LD FEHIT
X, DRI —F RA RS0 5T —F Y a— VO EfE M - BFEMED UL D, FRlo, R EmE S
T —T NAAI @R T COMENERINDT-D, BAEMBEE I THHT NAABRELL TOEIE I 12LD
ME N RZN 72 R L 72D, BEYE IR BRI E L CUAY R T oo 7 BNEHESNDD, kT —x L
Jha=J ZATHEESND 200°C LLEOEIREREE F TOHEMDEETRITIZE STV, &BOBEITICE
VT DFFm NelZFEUEONT B E1PH dey & VT dein (Nr)Y = C D X572 Coffin- Manson HI CRIALHIEDH
HNTWD, ZZTow & C IIMBHEETHD, MEIOIEME T BN E M a2 ET HIEE THILIEND, £
DOFm THNIL, MEIOEEZ IELGHE T2 0L ERHHZ 2B IRT 5, IHIZ, 200°C LLEDOEYA 715K
BRI WTIAYR RS OFMBEATIL, ZLL ETIHE T LW T 585 S 55, ZHUTBRO Kk
JE 175°C #FR et L0b B0 @R L ESN D/ T —F Y 2 — )L FEIE B W T VIU AV O alREM:
2% ECHERFERFEE THD, 7AI=T LOREN 930K FRE THH2, 200°C LA | (> 0.5Tm) D
TR CITRIE Tl EVRIEE SN2 o 727 ) — T INE T D X RL RS LA B Z N T REND, LT2d- T
DI BAFNB R OBRA XU D T DRI TOFMO T, 32 FHIITRHR T 2R P CIELFEHE
B & WAL DZENID —JgE LS, 72720, BUR TIXZO IOl EE /2 B35 T COMEM T — 2 D
BN ZLL, T TOHAME EMERR T2 UL BB I I A% A LR E 22> TS,

AT TlE, MEME T — 22 IE L SO L7 3l S 2L — S a S XA 9 Tl st 2 B L ¢, £
XA LT DD FERR I R AR 2 TN KR L 7=, Z2Us kD, kT — L 7 he =7 2B\ T
KOLENTWDBEENT—BEED 22— N A2 EBETL-00, HETHE MBI ORR  hEEH o E &N
HIEEmA ATREL L, R SD —2 L 7 b =7 ZAD B « ¥ K A 352 8230,

EERAE

FIRVERER NU—FVa— VAT AITA YL T I, I 400 pm OT VKRV A7 (HHPE T T
AR TANW) 2500 U, 1R IS A1 & 5 RER BRI (INSTRON #H8D) 2 L7=, Zblx, O HaH
ENZIZE I 0.025%/sec, 0.25%/sec., 2.5%/sec E7RDENTT AN RIREZHIETHZET 3 SORLDHE
GBI RER A B L7, BIEVRBRIC > TELNE -0 T e X 11277,

70 70

— 2.5%/sec I 2.5%;/sec
60 - 0.25%/sec 60 | 0.25%/sec
. 0,
— 0.025%/sec 0.025%/sec
T sof £ sf
z [ \E/
é W0r j‘g 40 |
£ 30 E oot
z z

20| ] ZO%T
N

L L L L L L 0 L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Nominal strain (-) Nominal strain (-)

X1 5IEVFERIZI S TS ST O B FR O 7 (42 : 20°C, 45 :250°C)

182



EERIER
SR TIEZ O ERAFEMEDS/ NS —T7, 250°C TIIE B AN R XL, BEE G TIFE N A5
R E R AFTL O LT Th A7) — T BRI ThHZ L5,

BT
SRRSO -7 — 7 K% Bailey-Norton H DO&ER 7Y — 77 WD LIEL TG, 7V —7
O I gc 171 o, K] ¢ ITIRAFL

ge=Ad't"
ELTERTZENTED, ZOEE A, n, m 137V —TEIGIBTOLMEHER THY | ZDIRERFEEZ LR T 5
IR EIBIE L L TR A IRE LT,
—-1.607 x 10

A(T) =5.223x 10~
) X 27315

n =2.103

m(T) = 1.046 x 107572 — 2.203 x 10737+ 0.4139

FFOIVT-FEAME R 2 IV T 20°C, 250°C D7 RV ER %A BRELZMRHTIC > CHBILZ, EBRrIukED
HIG - OF AR GO A TR RN B2 X207, W HOIEE RN TH, 453 (2%
L TR EOIXL X O EDSRE TIS O T AR B FH TEXTNDIENR DD, 72721, 250°C
Db EEV VI Z514(0.025%/3ec) I 2B W TIEDT BN 10% 2L o> i [ C I8 FL LT s RO m 23—
LT, ZHUTZ)—T O B BRI T, BT OER /8 7)) — 7 /i Cldre< inE 7Y
— AN GEVEIRE TV —T BN ETL CNDIDEE X BID, — ., M7 AAIMo4 B EHI LT
BN EBL CWDZENHBNTEY, 20X NEI ) — 7 58 &5 2 DD LARTONG 1T OT 2 BEFR 1T
EHHNTAUTI S TORVIIFRIZRBL TE VDI ENDLND,

FEH

N —F D 22— )LD KT NI AT B it G L LT, SR TRV BRZ i L . 20°C 7>5 250°C
FCOREHPICBN T —F R T L 72, SOITEDZ IR M 2 TR DIRFE bt R L LT
AIREFR AT S ED720 | ZORFEERAFHEZARE LR E M M BB DWW THREEL 72 &2 A, FEHrE
ELln—FERLT-.

70 T T . . . - T 70
2.5%/sec 2.5%/sec
Exp. eor — Exp.
A FE result A FE result
0.25%/sec or 0.25%/sec
E Exp. :5 Exp.
s FE result S 40| FE result
2 <
2 2
§ 0.025%/sec £ 0.025%/sec
Z Exp. § 30 | — Exp.
FE It
E v resu = V FE result
20 | /4
K
10 |- 1 10
0 1 1 1 1 1 1 1 0 L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
True strain (-) True strain (-)

X2 FliRVERERIZBIT DI I OT AR OTIaL — 3 (F£:20°C, £ :250°C)

183



e s eI o
2020ME-1 — IR

=i E ST R BB B O B R R & R
IR R L B - = )X — 1Lt o 7 —
K[ EE
HIRRY: T BT L
ok S HE OB
HMEEN JUNKRFICH e AR E—  #Hix
ldbiUbK
G IE SRR EAL 7 EORISK TR Tk, WRBREDOEANEAET D, TNOHITTEMITESLT IV T8,
TRVFX—] TEHLN, EFEZOZRAX—ZHNFNIHTHZ ENROLNTND, BIEFEALE
ﬂfwéﬁﬁﬁﬂi&#ﬁWb%®mA%TﬂéiNmﬁffkbfﬁﬁﬁ#ﬁ%%tbrﬁ32F
etE) b [BGERHEOM ) RO OND, EEOMETIZ L 2WERBEOB AN D 3 TRU EDE
TRMBHER DTONTEB Y RERFRT VXY VEFFoTWD EHIfF S TWb, BVEMEBIOfRIED —
DL LTEWBRERNH 50, Lo RbEMIRE o=y b THER I, eIk TET
FHEAH KD, BEMBOLEICEL TS, LLARNS, 3 Tl EOZ T REEMEHTIET
FIEERMIZT MM ZNERN S D, KRR TIE, BVEMEE LTRSS TWD LII-IV-VL, L&Y
AgZnSnSy (AZTS) & F L =—F X —AUVEWY) SroTisSx (STS)Dfk L E L & WA L=, STS 7
[ZOWTIE, BVERE L L TE—_y 7455 & VR E SRl 217 - 72,
2. EBRFGHE
AZTS V7 fEd TR R . STS # VL7 fdhIEEERETH LA Y N TV AENGIER L, it
N AR & 72 D K O ITIRE EFREE LTz, AZTS FidmAEIC DWW TR ZEE) ﬁ@wwm
ENDIRREK Z/ERL L, SRR ERREEZRE L7, X BEPFTXRD)E, =R /LF—708HA X oy
(EDX). wwm%Mm#a%W%ﬁ%ﬁmbto:%E%E\ﬁﬁﬁﬁ\ﬁ~ﬁyﬁ%@w%ﬁﬁﬁ
i%nﬂﬂﬁ L7,
3. RRLEE
B4 112 AgoSnSs;-ZnS #E I uRIKEEXK & 7”77, AZTS M. #KAHL)+ZnS | iéamﬁﬁ X > TIEK
AU, AlEE AL, ZnS:20 mol% & 700 °C THHFEH LM Lz, T OIRREX A HIZ i 700 °C
M H I E T 30 °C/h OHEIEE T ﬁm%mTéﬁ$MAmSAw&Fm#ﬁ%mtoMsﬂw7
FEERIE, 650 °CIZ3UNT 7.7 MPa T 1 BffildR v 7 L Atk AFEICEZEE AL 900 °C T 24 FFH] 7 =
— LT AHETHMAMNG LN, X2 12(a) AZTS flifhA( > 2> b &(b) STS 7T/ —%7RT,
%] 3 (ZHFH AZTS & STS > 7 /v d XRD JIFEN O Lk dmtEiE 2 ~7, () AZTS X7 AT T4
&S (afih =578 A, cHilh =10.87 A), (b) STSIIF L =—F ¥ —Hii(a fih = 12.12 A, cHih =42.30 A)

1100 T T T r r ¥ T T T
Heating Ir' (a)
I Cooling K ! ]
1000 - ,/ _

900

800 -

_- Ml ’I,l'lll

0.5 mm

T ‘\‘\W

L+Ag,SnS;
700

Temperature (°C)

(b)

y AZTS+ZnS
600 4

Ag;SnSs+AZTS
500 I 1 I 1 1 1 1 I
0 20 40 60 80 100 VLT
ZnS (mol%)
1 AgSiSs-ZnS f5ETTRIRER [42 (@) AZTS A > =1 hE(b)STS 7~

184



@ (b)

o—

]

o

X J
1
&£>-<

T

50
[+]

.

Mg

)

}~

TiS,
octahedron

b, 5N e AN

GO

E3M%ﬁ%@mm&ﬁ2?§4F%ﬁ&@ﬁ&?b:~?§*%%

4-
o~ F
¥ a5k ® ]
g s .
gsi . ]
r [ ]
o [ ]
gz.s:- [ 3
< E TiS,
= 2f .
=
=
S sk 75%
= 1L ]
vE :. L] | | o
- u
Zost L L
= STS
1 1 1 1 1 1 1

oF
300 350 400 450 500 550 600 650 700
Temperature (K)

X4 STS DENRESRRZN L,

L, WG b RERI= Y FEADOTEDRWBRERZER DT DIZT KR T—=U b5, FFiC
STS X, cHhFMIZ 4230 A & RERIE T ERZRT T2, mWEVEREZ ET 5 7o DI E 72K E)
E§4<1WMK#%ﬁT%5[]

RV FRIE D B EIRICE T D AZTS & STS D%+ U TIRE L8R A2 L=, WibEme bA
O)T—/l/1'~ﬁ§5?5(7!fﬂ‘ L7206 n BINERTh o7z, MbEWE BIT 3%FRE S-poor fHEK T 72728,
IR 72 n BRFAIL S ZEALTH D EEZ HILD 2], AZTS X, ¥+ U 7IRE (3.0-6.3)x10"° cm3, (&
F(5.6-92)x10* S/em Z7x L7z, STS 1, ¥ U T7RE (7.592) X105 cm3, {mEHE (1.1-4.6) X 102
S/em AR L7TZ, W{LEWIE, v U TEEN 108 cm?® A —F%—Th o772, BEME L L TRER
10'8-10" em?® ETH LSS 2 ENEHROMETH D, 5HIT. T F RIS R—E > 7 % i
LTy U TIER E~T Fa—F92, [X412323-673 KIZBIT5 STS BUmERIFELbE2R~T, B
HALEWTH D TiS; &g LT, HIEREIZHEN T T5%RERWEMRER 2B Lz 3], 2

=y hENVDORERT L=—F X —EENFEL WD EEZOND, BT, HEREEIZBWT

IREARE R 0.58-0.94 Wimk Z AT 572, STS OEEME & LTRT U v L aR LT,

4. £&8
%ﬁ%ﬁﬁAmS&Smﬁﬂ@@$ﬁﬂ&LT@??/V?WK&ELKOFWWEL@%%EL\
Bolot I AN B REREAZ TN L7z, mAEE B %?)7%r&m%é®@m%@ﬁ\§%&

%ﬂﬁﬁf%éﬂ K&Epa=y bV EFFOZ EDLIRVEAMRERTZERAIETH D, FFIT, STS &

323-673 K (2B W TEVRE SR 0.58-0.94 W/mk & KV VE A FEH LT,

B3R

[1] J. He et al., Science 357 (2017) eaak9997.

[2] Z. -K. Yuan et al., Adv. Funct. Mater. 25 (2015 6733.

[3]1D. R. Clarke et al., materialstoday 8 (2005) 22.

185



Hrt RILF— T i
2020ME-2 — IR

FARFIZE IR DOFARFENC & 2 FEHYEELO HARHh

SARIREE HUSEIS A TERT PR

HAY

8 RO HEEFHE O IAAM Z LR L. RHWEANC X 2REAE TIMOVIHEIc I eny, ERHI AT
—HRROMINE RS D720, NIRRT & SRR I3 ZNZIIERT 2 L TSN D, £, EEHOEHAM AR JEHR
HOYG LU T, HHOEM SRR bEET DMEDNEL L, VAT AL LTHIFT DICEE L TEEn bHR0
AR L LTO M RE GRS — 58 Co DHIR S L IR 2 X0 >, il rIREZRRIERsE &2 2
EDMBNTT 2 D, ARFERTIT, B Ot B2 FIXNENIHRE L, £ OBROREDZE IR 2 FH - FHlid o 2 L. b
N Z DERO A A [FHR A FERAFPED 22\ Ve 7 L —F B JOWREID & D[RR — R 7L LTz & & OfEROAZETR
TS D Z L 2 HRYE LT,

e A&

AHFIENE S IR O HIER R SR
Lo b—y g VEE AR RGR) A
JURFENZIEE LT= 7 — 2 TN &% AR DI LRT
REFTOIBMIEER & 245 OFMTIC L - THE
RSN TS,

1 ([CHEd i —T— g v 7 o —EED
FARMAR GhEn) & ANk 2 ER IR
DJRHAAREDO—F L L OOMEIN AR, 4 —E
AFERE 1000 mm., JEEIE 8 Ao iAR BRI
R S AL, &3S & BRI O AT i )
35° ThD, WATD z FHm ({E) £ X1 740mm | ERICHW-a—F— 3y« 7 a—REOEAIROWE
T CEFTHED 5 = & Tt B2 7Rk (f5), b WNCERROREHAEO—F ().

L7z, Fio, iz A3 58I LT3, B8

127 U —, < OFRIOTFEZRIET R (12) O D 1/4 B L O34 MBI AN BIEIRIRD 4 b2, Kililgs =L
RELT, B, M1 (F) ICRA225 ETFHEHOFROGE DN T HAREDT LITEFT L~ REREIZOWTE, A6
DHEFITIED (HETETFIEGFRE R0 KO Ts BEEZFAL L, Ry 7 EROA 4~10m/s &2 L SH 7=,

JREEDZESIMEREDRERI I NG 7 T FAHHRIO ERAET SR 7 L —% AMB-80 #&fire L CH, JEHEDSE
B AHIE LT, £70, Bk AT DEAERE LI FBRICHWER U 7137 7 7 2 A7 MR HRP-25Z C, AR A 2 ¥
Ze SR CEZRNBETIR LT B[R — R Thh o T FREHEHLRS L O ET7KOWGAZ & 7 T O 72 lEEHIC k
NI OIREIN S D, F-ZnboM, 2=, VL 2HHL N L7 XA —2 UTMG-10Nm €~y §Hl% ., [ UTMIT-0.1NmR
“C 2000pulse/cycle DIRE(E 752 Z41E4 1000C/sec T 30sec #HHI L, BLRTRFAZIIT 23R CIIAERE L LTAY =
Y E V=D AC Y —RE—H (F7—R) NXMMO0A % ~L7 fillfie— ROl Lz,

HEREER

2020, JRGEE 7 /s IS CRERE Y L —F Al O Do AR D T — il AR T, 2 2 C, L740 (3EATEIR
LI BEME T, L730 & L700 13FNFNBEOERZEWR L TR0, L730 TGN, L700 13X S12idaf
LCHY , Fix-1/2 133G R RAE 2 S AN T ATZB0D /32 S E (T 2 N A T-AHAE, Free 133002 A2
FHXH RIS ENT DR TH D, 2B, WIS L FHRORBIIZR Y, T 20h, NIl ZRT -T2 Z & T,
RU—RBIRHINT 5 Z &L BRI > b 2 b A RN 7R B L (AR ATRE R R MK TS

186



ZEMATEND, £To, XEOREEZ D L NT—R
BRHAMEIE T2 2 &, 72O NSRBI CED T
AT D KSR Hi, by dhi#R) O IHEEER
TO MVT PSRRI T,

Ko TRREZ, Z8#d 2 AR FIZRBWTERS AT
DITHAFRA AR DB, WARRIC(E) Vit B 2 R E
T 5 2 LIEEE DM | & SERRDER O, 72 HONTH
BECIEWb DD, S HFIIZERET 2 Z L I3aaEhE
DA bz, ZNENFETDHEEZBNS,

B 3 1 3UAAHHE 700mm & L, O REDZ Y (73R
18%) "CSAEDOAMEFS L OSHERENLE A s L /XD —
N LT RERTH T, 14, 12, 3/4 IISHEREN
[EDOANG D OREL A EWT 5 2B, L (3/4)
(TR LT3 S b, e (12) SoAMAl (14) 1RRE L
T RT—HROMEIIRE N2 &L 22 B ONSE AT
HEEHEZ TERET 5 2 30D,

SHEATE DHErT DI, ZRIC K > TRIEE )03 F
AUDAFERER T, ST L 0 AR AT & 7a > TRAE S
L CHI AR C 2 & A BILDA, BEJREDOINISZ T
T LD AN SAA T B IERER IR Lz &
BZHND, ORI OW TR ENEASTR DA T
LIRSS CFD IZ X 5T L RET 52 L TAI =
R LDIRANNIE T 5,

X 4 (2%, ARBRERM RS T EL b R OA B2 e
RUTAERE T, RIPDALe K 51T, RDREIL
JEEELDZE S IEREDTEE 72 F A b 72 59, AEH TR =
UABEE 7 v AT a—REOFEHEE AT D EE
ZHIVTND D3, B bJREEPNERZRAUA A TERANRE

- =
0 ——

0.08 T T T T T T T
0.07 |- e -G - -
-~
s €
0.06 |- @ \ i
’ \
& ’
© oos} c AN i
<
Q
S 004 h -
\
8 A\
S oosf \ 4
o] AY
3 \
a 002+ \ i
L742 \
001 | © withtop-plates »
L ® w/o top-plates
000 1 l 1 1 1 1 " 1 " 1 n 1
0.0 0.1 0.2 03 0.4 05 06
Tip speed ratio, 4
[ 4 FLEHRIRAE CORERID /ST — i Sl T4 728

187

P

power coefficient, C

¥ T L T
® L740 straight
0.07 |- O L730 Fix-1/2
® L730Free
0.08 |- O L700 Fix-1/2
o ® L700 Free
e 005 |
1<
Q
§ 0.04 | i
()]
Q
o 003 .
2
8 ooz | ]
001 | 4
0.00 1 1 L 1 1 1
0.0 0.1 02 03 0.4 0.5 06

Tip speed ratio, 4
2 WUAREEOOR A B & SRR E () /T —if
MU T

008 T % T T ' T i T L T
L700
0.07 - ® Free
A Fix-1/4 |
006 - O Fix-12H
<& Fix-3/14 K
005 " —
004 |- 4
003 |- E
002 | 4
001 | e
0.00 1 1 1 1 1 Il
0.0 0.1 0.2 0.3 0.4 05 0.6

Tip speed ratio, 2

X 3 WAAEENE: 700mm FEOZAEOBRERIER
7 — R,

DB, IR A TR AROH D & L
THERE L, WIS KD & D855 1 N7 O3 % IE[aiE ST
AR L7223 Bt $ 2 L&z Bbivd,

JREHZ TR —BHT A AL LT D & R
WFFED R KRR ZFRIE S 5 Z LT IMERBI BRI 72
PEREA LA B2 5308, £~ TV AT AL LT
FRIA AT E s E iR bl 3 et i~ D&
T2 2 EOSRERAE L B,

B 5 1%, BRI A R IIAR EE CORITE) . 72
SNl E L CHilE 700mm Oihid GobEzE : 4+
1/4, Rik7e L) OfERIC, JRHEEEEGR 71Tk 58
KEBROFERE A DE ORLIEZLOTH D, 7, B
T L—F L B FER & BKFEBROFER T O PR
FRW—EER L, FEOBWCLDEIZEA LR



W ERBATCE D BRI 14m, 2258 1.8m o L " T | L742 with top-piates
EBELTHY LD ), Bl Smis U ETO-< 007 05 ~o.__ | 1700 Focri wio e
0 b DI FBKIE TR C o To, lERK ool o’ e
10m/s F TEIN S BIZR, ia \ZBREES X\ 3“ 005 L . ‘\\ ]
L~ & R TRT) L CHEEIRR SN L7, 4T § o] A % ]
DIBREAEN T ST ORI E TIREE 8 ] \E; \\ ]
Lf&yj)o f:O § 0.02 — \\ \\\ i
KB CIIEN ) & [EE R B DR 7 | ol . -
Uiz, SEEHRR Y~ ORRTESRILIBRGT & e .
KPS B EHETH D20, /T —HIfROBR R Z *%o o1 0z 03 04 05 o6
HZ DRI 2 0 272\, RRED/ ST —{% Tip speed ratio, 4

BOMARAITEL T 02035 (I THD I & &2HsE 5 2 ARSI T DK IR A B O T T — iR,
UL, RIREMT7- & LThk LR LEED

MEAMEERL Y HIES, EEEHEE 525 O TRV, Ko T, @A E S 7 HIHREIRST b, 24 LORE%E
BT L0103, HEEBREELT D EMEREBZOND, o, /T —(F5O X0 @\ E CElis A fliEE 15
Z LIV AT LAOEEIROM BICKETH D Z LITEGROSMTA N, JEAEEEEKICBRIUE, BRI L > T
R RIS DITRFREA~, 220 MK T SIS 5 2 & B ERR L 52 5,

TED
AR I LT TR A2 AT O FRUHIEN C X 2 B ) O 208 U T, LR O Z157,

- AW 8 BTS2 H AR AR L 2 1) DA B & AR SR ZE S PRI B E S SR )
5, A L PATTAROUW T GIZIEARLE L 72 HEMEROSE LV GIEREA ) L S D RIERIMAHET D,

L RARDFZEMA S Kz kB 5 2 & CREOMEREIERE M BT 5 2 &b RIROREIT L 6H
ERTHRA LT JBAN T 7 03 4 IE[RIER S ) AR B 240 5

WTNOHFIZONWT G, MV LA FH L 72528k & 2 OfTHE R D O TR TH - T, A% A
{EFERSEAETIASIRNT & BT AN =X LT MR L, B 0F78% 08 U T, F728L870 b I RO B 7 2 MEgEm)
by TEERRELR B IR RN E ORI 2 B L720 N,

REBROZATICES L, LRI E OB BIRKIITT — 2 i & fhimlc B O THRBIDIHE 20 £ L
7o ETo, BURFEBRIZ SO TIIUNRFASH PRI E O e K, @l FRICTHEE & ZH%
B0 E Uiz, ZOHEEY C RIS L £,

BRZuARE
R&EE ARE fE SARTR USRI FERT - Bl
#E AKH 5L SARTREEHUSESIS AT TERT » 2%
M B SARRSA USRI ERT - Bd%
BH 52 SRS TAATIER) - IR 3 48

BB
1. FEfg ZEE <HURIRI IO SR T L RS ) O Faii VR, Journal of IWEA, Vol. 32, pp. 102-108 (2008).

188



e s eI o
2020ME-3 — IR

REKBLIRIC £ D REEEBOEHERE DT DL b —M 7 1 —7 OVERERHh

g EORLRPRE A SR

1. FEBRHE®

REFERAENICB W TEIRIC LV A U2 R[ELET 23T BRI & 72 5. B ETe#EIZOWT,
FOREBERMY RS 2OICHVWLNLTWAS Y a—T OMREFMAZIT Y Z L2 E LEEREITo 7=,
—WEREE QMR WEEEOFENEICH S, ZDDFEEZENLTCZIYE RO T 1 —7 Z{ERkK
LT, [EEORMBEICRET HZ O TE RN ERIAZFHA L, B E R mA2ZEZ 52 &I1I2kD
Ta— T REEOREE EORERETE TV D ONEEMICHE LT,

2. EERE

AREBRICHNZZILE F—RIO7 1 —7134ME 8.0 mm D 2 — A L A 8, 7T EE 25mm DER % B35
L7e2E80mm D7 VIl e—7THs (K1), ERIZIFER 0.3 mm OFFEANE@mNLHAD &
HLn D 15 ERRCRIT ONIATROEROMEZFR L, £z, ZOMANRLEL - TBY V¥ T —
~y RO L RIBIRICAZ D, ZHDOFREFLIFEROER & /A TINOZEFAE CTEN > TE Y, NEO
JEN ZFHT 5 2 & CHORBITEESS Z LN TE S, FRTIE, /ME6.0mm OV — AL RASRS T L
ELAE 20mm DOERIZ[FER DR TEAR 0.3 mm OFEALZR T 7 e —7 S v, 2 b Dl H1T o7,

ZALE F BT o — 73K EEERICE SN 1.20 m 725 K9, kAR O gL A E R E
Lo h—FIceENn s L of%E Lz, BURSMIIE Vaisala #o#zEEEF (PDT101) Z5%E. 25
DR FOFHIC ALY b7 a—7 9 R FICIIE h—EF 0§ E 7 L — KA — A Tk L=,
FBRCIIE F—EORELNZ BEWRNOFE (GEHEE) L L, BN TREZEZ T2 & THELIBEL
BRELICZILE F—RT v =T NOENE L DL ZEFHTHHL, 248 =7 0 —712 X 58)E
DRERE AR UTc, FEBROFIRIIMEEE &Mk, 728 b8 0442, FREMEsExDI L
F o TEBRMRICEENH RN LR L TWD,

M2 v b—ME e MO 7 v —7 O RN TORE DT

189



3. EEHFER

4 3 IXERDEAD 26mm (M75) B XLV 20mm (HA) DALY h—H 7 0 —7 Z KR A5 LT
EXf SHIREOT 0 —T OREE 0 L L, $hE EmEic+45 8 (K1) & L < IEERE T & i2-45 &
(MTF) £T5EMBTEARNG, AEMEICEEZ 0 m/s 205 25 m/s £T5 m/s [METEX KD
B R =5 (Pret) ICHTDHEIE =TT 10— (Pmes) OEEILNDIENEDZEZ EGEDOB S E LT
ALIEbDTH D, KREBRIZEBNTEH —FEEEOMEA & [, EROBERICEADLTZAE h—ilY
PRIEEB Ik LR &2 24k & 2 2 IRBIS 72 ke tE 2ok LT, £ 72EA 25mm & 20mm O 72—
EBHIT 30 FEREE TIIE h—EFOMEME 0V KERIENEEZRITRERE 2D, S 51225 FEREE Tk
JEUEAS 25m/s (23T HEHAIZEIL 10Pa ANIC—E L7z, HERERIZOWTIX 15 EE Tn—H LD
2R L, AL bR X 0 REF OSREIRBN IR LT BT R & Ao T, ETCEREIREN 25 JE
A T DR &R U < MBI 5 KA Z R L7 b 00, S & 13872 0 JRE %
BI¥ & T % 2 BB 72K EEA R L. ZORERIZMBR L Ak Ch o7, —F T, M7 e —71%
AEFH I OEBNCE LT, AENKE A2 DIZ DUEGEIRFESINR L T2 p3, 4L b —ATdnE
FmOEE LR URGEKFEZ R L, 2408 b—BU3RZ T Dl xh U CEEFLOALE A K- - $hiE
ICEBAEEZ TCHAEICH L T—HT 20 THDEEZLND,

80 80 ‘
60 &0 —1—45deg
1 -®--40deg
40 40
= | ——23bdeg
o
= 20 20 --&--30deg
2 1 —o— 25 deg
D_ D ( D L
1 | -#--20deg
2 -20 20 —o—15deg
£ {1 -%--10deg
40 -40
—A—Adeg
60 60 Odeg
80 -80
80 80
80 60 0 deg
40 ] 40 ] k-5 deg
/{L | | ——-10deg
20 20 --#---16 deg
1 1 —O—-20deg
0 R———— e e e 0 L
- ] | -#---25deg
20 T 20 ——-30deg
. 1 . 1 --%---35 deg
-40 ] -40 | —o—-404deg
80 60 L | --l---45 deg
80 -80
0 5 10 15 20 25 20 0 5 10 15 20 25 30
Wind Speed [m s Wind Speed [m s7]

X3 EROERED 25mm (££) & 20mm (f5) DL F—H 7 o —7 o & Em i3 550

4. WFFER R
FIATE, JTHESCFE, NHEZFER  RKREBR 7 0 — 7 O - % BUS - JE 6 o 22, 0 AR
R L U S N 2 R EERF SRR R, 2021 4 3 A

5. WrEHHRR
MRS - TFe (M LORZRFE) /0 WFZEIEE A - WHZER OuR)

190



B RN E =D PR
2020ME-4 AR

SRIERUP B SR SR TR & Nz SRR EIfRET 71 7 5 L DB

PRSP T 28R SEJ R
1 HRE=

Fifi rJBE et 2 D EBL - MARIAE L WO BIRA S, F EEJIFEERHEIARENPRHINTE D, HHE
e AR FLAE FH 0 P -TARAE BAE F O BUEARAT O BEE DI A T\ 5. O BAEH O BUEMNT Fike LT,
BEREFE (BEM) CREA M T— T F7 v Yaik (MEL) ZHMlAEOLEZAENE SRR I N
T&7z. MR T o vy VEERZEIZ U, HERT VY YV ¢ & DIERAAMD ¢, 1B D5
FUERIEZ BER D HRAZ2 M- THL AEXBEM TH YD, KEDKK 2T 75 2T 2 BT IREF
BXHE5HIENMEL TH 5.

ERERIEOLEHERNIERAEL HEATH O, X7 oYy VHEERDEE, 3IRTOEHEMEEIE, §f
AR DR 2 Ot DREIZIR D, fif < REEHNT 1 IRGRER O Z MBI D IR 7Zh, —/HT, B
RO HREROHMRCIZE R HERMZ2ETL2Z 2R R MV Ay 2 THo72. L L, Bl TR
1% (Dombre et al., 2019) *° =& % EMERE (Fochesato and Dias, 2006) (2 & - CTHfE{b % md{b T
X5L51Z7, BEMOEHMEREE->TWA. F7z, FtEBEEREN W EL, X5 ICHEEMEY
ML U722 LIV, BER T X0 5 ZAFEMER T2ASHbNs K 512> TE TS (Feng
and Bai, 2017).

2 HEEH

= AIEMEEGEK T £ BEM & MEL 2> T, #i&EY Lo HHKRmD, RORLZE ZICBEIT 0%
FHETE70 0T LRERT HZLIIREETH S, KIZ, IROKELNZE T 5K T (1) OALED
BEM EOHBMEICRE -T2 LTH, KT aALE2REIR OKE L EEY DK %5 < YR
WWHELUTULES. 2070, MR EE T 2EY VKA %2 B < £ 5 LEHHENRIE, BEM IZEWT
TN TI o,

AR D BHE, (EEROIFR OB 2 1] GE iR BRI 70 7 5 L 2T I L TH 5.
Z ORI L UT, £9 RICZIT7ZMEE MR, JH-HEEYH /RN 1 G B R B M 71 &7
TLEFRFET S, HEAT Y THICHE U2 KE L EEY O LK E R L, MTEAERT bR SR
WM7a 7o Lz2BET2. EIROHMBCIXIEREER FRIORMMEE R T2 Z R L W2, MPER
ERAT L. o THABED HRERITREHIIC L > THEBULT 5. LU, 287 A MY v 7 igEuiE
DM ZEMoTIE, HERT VY YU oHEE EHECHETERVWOT, REOFHEICIEVWTIE, /
YRT A NY Y IS BB R 2 R T 5 Z 2127 5.

3 EEAE
3.1 BREFRE

KEEDY I ab—a ryDrzdiz, FEREIEEMTFZ LR EREL, HERT VY vIb ¢ 2B
%777 AHBANENN X =1 DXEML -

A¢ =0,

P —Pa (1)

o¢ = 0.

1
E+§V¢-V¢+gz+
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72U, 77T AHBRE, 7Y — v OER ([, (pAG — GAY)dV = [[4 (¢VG — GV¢) -ndS L&D
¥, G=1/||x—al| £ LT, ROBEREN HHATES MM 5.

o6 (a) = / /S (VG — GV6) - ndS. @)

S ERECIRER e = 21 LR 5. BRES &, T4 U2V, /4 OEREMINC %
Ureth, Tho&EREL S I EETHHT . BREE, BRI LDV OHhOFis 5 5%
B8TA N Y IO LT, (2) DESREAHERRE, T OMEEEHT 32 L CHILTE S (R
R

3.2 BEAAS—-ZU5vvak

HRFEIF R IZE T 2 M0 HRERE, AR FOMNE & EHERT YUY VIZETEHDOTH S -
DX

S = Vo (3)

D¢ _ 99

D= Bt +Vo Vo= % (Vo - Vo) —gC on surface (4)
AT THIZEIREE T2 ERT 2 &, MRMERELR=ZAEIRELES. HERT VY Y LD/NT A
N Z IO 2K L T5 L, BLREMAROERENELUSENS. —F, BNBEBEE
ffE ) YR A Ny IHiITH B 720, BREAKRTOELELZNAS I LNTES. REHHEILE
WTHUNBIBERIZ I E 2 EAT

N-—1 1
ox) = Y wif (Ix—ail), f(r) = ((er)+1) (5)
=0
MEIFZE FEE2M>TRO LD IZREINS.
N-1
o 2 ‘X - ai
Vo (x)=¢ ; Wi (6)

ZZTeld, AT —=NNRFRARTYH U TIVEBBRBOEDWEE Uiz, NF A MY vy 7 e T,
YRT AR ZHIEIFETR IR B ELSRDAEEELRD 0, flICHWS Y v IV R E DR KIIX
DENH L. ZAFMERTOT— &R FATE, SRELUZWAEOEMIIZH ZY Y TIVEE
SIRINIZHE T A Z N TES720, #REIANIMRA B Z N TE 3.

3.3 EERTERAE

RO FIETIE, ITOBED? S, Kiflz EHAIZEP Wk ke OMBERZEHET S Z &
W#TH 5.

o MIEKME LZ2ED LS ITANERHEREIEL Z LR
e DFEEDLEDLILNTERLLELTY, ARFELZBIMEBEYNIIRES S Z & AR

R LTHE X HNDS HIEIE, KEZ2FEBRLDBIASHEL, HEEY L ORSKOLkRERIAT Y
THIZHET I HETHE. ATy THIZAN (RR) OMNEZFHEUBRERTZ2ERT5DT, AR
BTV VEREIZHZICHELS THREREIELZ D TERW. LAL, AR/ 1 v oEER
FETEHEDT, ¢ XA THY, ARIIRERBIEIHEITRNDOTHS.

AT IIEM IR L 2 5720, ZMIEREER T 2R L2, ARG T2, FREETH
R0 -HPHWICBRTED LR T —AME2 /-7, ZoT7—XEE2zMNETHZ LT, B
REMDO R MR OB ETENE, HEETF2ERTES (K1),
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ek D BEM & MEL TIERHRE TE R0 o7z, HRIRNGEY) % 05 & U 72 - REE YH B AE i 2 17
5T EIZEII LTz, BHEDPRERIZ RS, FHEETRIEOE—MNIR% IZAN, ZHITEWIKE DA
HRBIEIRE 72> T UE S REVEKRZEK > TWEHE0D, ZHIEHERD BEM & MEL IZEWTHAD
LZMETHY, HEETFOHEEZHNAT Y THIZTFO I THHETER EEZ NS, IROBR
UT, KIETFEZ RN CHLRT D FETDH 5.
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1. Frim

BIUER(L A U 7 A(B-Ga0s)ix 48 eV DU A RNV R¥y v 7 RERCTEGERE ST —F
NA AL LTI S, ERRICATHEREAL TS, LELA—YTZ 77— ETHET A X
RIFETY — 7 BIRSCRWIEEIE 2R L, T ORK &2 5/ KM, Whbwd ¥ T — K%
HOENZTHRNERD D, A ITHBREBEETI v a VBB MY — 7 BiicB S Ly
9y hF—RYUTHAF—F (SBD) WHDTI vz U BaRx, EAMEFHKREICLY
Z DR & 72 5 K akiE 2 [ E L7z,

2. EBRFE

WD EFG Bz (001) B-Ga O3tk HIZEFE/ER L7z n HIB-Ga,0sfit SBD & JAk ki
HVPE i L= @ (BEH 10um) (CFERLL 72 n BB-Ga 0/t SBD THh 5, FFHEEEMHIC
AF AN, TiIAUZEHE, T=—NVEELA—I v 7 B REFEER L, DXIZEMEIC Ni/AU 2755 L
SB M & JER L7z, SBD OEMRELERMERIER., B4 — v 7 EfEe V=7 7 —HRE DI
Ty Fr7 L, HENMS, BERE EM-CCD 7 A 7 %2 -= v a VBESI T g 7 AH]
JNEE > SBD Bl LT,

T v a CIEMEBIEIZERIL SB DA Ak Ty F 7 L, PR Ga 0K A AFM X°v > 7 1 |k
0y XMENRT T 7 4 —THE LT, FAW=D1X EFG & n 1 (001) B! Ga,0s Ak D7 SBD T
Hb, TTEEEEIAAEAN, TiIAU K35, T=—&i LA — v 7 EMEFKL L, DXIC
K Ni/Au 27555 L SB M & JEEL L 7=, SBD OEBEFELFFIEAER, HROA—I v 7 Bz
TyFT L, HENS, BERE EM-CCD 7 27 Zfix /- v ¥ a VEMBE CEIET O SBD
ARIZE L, =3 vy VMBS ®ZIT SBEMROLE Ty T L (BRERET Ty T
FUD) . PR Ga Oz FKH A AFM v v 7 v by X NKRT T 7 4 —TRIE LT,

3. EBRER LB

EFG %R (001) Ep I fES X 4172 SBD Tik, K 1IZRT L5, #iA T A—60V, UV —7 &k
—2.06mA TENERRICY — 7 BIRIC L 2F AN I v a VEMERIC L v BlE S, Kb 7o
DT v g F—UNEE SN D, #2~T TIE[010]FENIIER D N Z — NS Lz, O
FIHT O v a URE—OEFTZ AFMBIE LT L 2 A M2 O L 5 720E 300nm, 4 S 83nm,
A TSP OWrH R A2 b 5 72[010] T ANTIE R ATk O vy MBI S vz, 2 SBD O#7 i
DEBERBE S I 2 —aitl Lzt 2 A, IMVIcm OERNEDIETEF L TNDH I L
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MbnoTe, ZHUTTERIEHRRIOGE D IFFITHYT L2 L Rbho Tz,

DX HVPE [%&(001) B—Gaz03 SBD I DWW T~ 7=, [X] 3 (a)?> SBD #D0505 (500um %) Dt 5
MR E N R K 9 12—150V T 10pAcm?D U — 7 EFRSABIE SN, £7-FD SBD D>
sua bhars X#BERZZ7 0 —8 [M3(b)] 25, #2.5x10° cm2DEE TR DEICL H & A
bihvdary M7 A MBI, SDICZOWm TEM BlE21To72& ZAB3E)ITRT LD

g TR E Thi < BB XRMEABIE ST, Y — 7 BIRILZ OB XA L Cithh T
ZEMbrol,
4. fEdm

ffb U 7 A SBD 0V — 7 Eit, MEEE 75T F 7 — XKML, EFG FEMFEHORA XM
B X OVHVPE — B OFEE K & oo Tz,
®E, WXy RLb

[1]_S. Sdoeung , K. Sasaki, K. Kawasaki, J. Hirabayashi, A. Kuramata , T. Oishi, and M. Kasu,
Appl. Phys. Lett. 117, 022106 (2020).
[2] S. Sdoeung, K. Sasaki, K. Kawasaki, J. Hirabayashi, A. Kuramata, and M. Kasu, Applied

Physics Express 14, 036502 (2021).
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HC, EEEE~OBEHAZMET 2 &, FEEo ML 10rpm FRETH Y . 30fps B 0@ E D A
A SECHREL E 2 bN b, 7277 L. WEEHBIEL 2 7-DICEBEDH X FRIEAL v AR
PIVAECOERHIEIISNE L 2 EZ LN,

23 3CHik

1] Jiarong Hong, et.al., ‘Natural snowfall reveals large-scale flow structures in the wake of a 2.5-MW

wind turbine’, NATURE COMMUNICATIONS, DOI: 10.1038, 2014
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1. [FL®HIC o o
S VR B U o 5 IS, B M R S g & )\ e |

S TR EOE IO — o Th D, EEDIT 2018 D -4 N

HEFE D & TN KIS R/ % & ST, BB = |

BB BRI BT DR AT TVD. % ol

B BT 5 ISR L AR T L e IS o |

BRINT, WKE S — i L L0, 5 B Gl i i

A IR ST — T L L 2.0 kW/m2, B2 < e

TUILRYT S S TR KRBT —RT v %L 6.0 g" ' L

kWim2 BRRAELTND Z LWL L (M, 2016  eul_ BAR| - el —eBET

). 2017 FREEOILFINFTED B IX, HERE A B L7 E -1 5 mk

ET VORI EATVY, K B oo R & A C It v
—RT v 2 A1 2.3 kW/m2, 7 H1Z 1.8 kW/m2, B2 O
SPhHATIE 2 A2 6.7 kW/m2, 7 A2 5.9 kW/m2iZ7eb 2 %R L, &
BTERE, B2 &b IS ST — T S e VIR 7T H O NIRG
M2 AL0/hE<, BEZ 128D TL2 L2 LN L (RIRM,
2019 ). AL TIE, KRB MGHEE RS, BT RYT S
RIS ELEE AR E LG A I cE 2= x L F—RARE L.
2. ¥iEFHE

5 I v JE 30 M s O M R ISR, HEREE R S AR o FVCOM
(Chen et al., 2006 %) #H\ /=, FHAXIGEEZE-2 (2R d. FHHEMHE
N OKIEIL A AKE S OWEMET X NVT —2 b AF Lz, &6
2, T—HXORFEEIKD T2 DICARIFIEEMN T L 7= K Bk & B2 Wi o
IREBIIOFER S ZAUT R 7o B TIRIEBISE RN C 5 km, & EiiEDT 180 B2 :hsEnk

m &L, $EEEE o R 20 JEIoaEi L. BAEEAR TiE NAO.99Jb

(Matsumoto et al., 2000 4=) D EI 8 /il e 5 2 7=, AMEHIZ SV TIE, JAMSTEC & R8T nNILFEIHRE
3% FORA-WNP30 O/Kif, ¥ OFtHEMEZ AT L, ThEEMEiHEOREREM:, VIGtEEs LThH 7.
IR & A MR DN DWW TIE, REARRKEEMZEE v & — DRI ERRAE, WIBTHE CHLILKIE,
5y FERME 2 OISt & U Ch 2 7. BB IR 50 J-OFURO3 #FIH3 5 Z Lz L.
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L2 ENRgmole (K-3). 22T, ZHOLOHSIZER 18m 7 L— REFT L 8EEELY 1 AxE LT
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ZIT, p I TMEKERE, u IXHEHTE TH D,
Co 1XX —EVEIFMMET, 033 & L7, 4,1
B 18m O 7 L— RO (254 m2) TH 5.
fhH ATRE 72 A o B SRR R = 2oL ¥ — %
F-1 TR T. REWROEG#E &M St.1 Tl
A ¥ 1L ¥ —2% 3.7~4.6 MWh O
PEEB L, 2 HICHRKME, 7 HICE/IMED
BLTWD. 7THOZ XX =L, KD
EEREETTD D20, i =Rf X —D—
HSHE S LRSS, LvL, 8~10
A DT FLE—H 6~T AR L7\ B
Lo T, B2 F ORI &
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1. Introduction

Traditional diagnosis criterion of osteoporosis is mainly based on Bone Mineral Density (BMD). Generally, there
are two approaches to indicate one’s BMD: areal BMD (aBMD) measured by DEXA and volumetric BMD (vBMD)
calculated from QCT. The aBMD is a readily available indicator of global bone mass (total bone mineral content)
of a specific site. Further, a percentage of one’s aBMD of five lumbers divided by average of young lumbers aBMD
derives a value called Young Adult Mean (YAM). YAM quantify the osteoporosis as YAM < 70% [1]. However,
single YAM method ignores the strength of vertebra itself, another dimension of osteoporosis. So far, assessment
of vertebral strength can be achieved by CT-image based FEA well [2]. However, the assessment of vertebral
strength via FEA is a very time-consuming processing, and requires good understanding on mechanics. This
research aims to (1) develop a two-dimensional criterion to diagnose osteoporosis combining YAM and BS, and (2)
discover factors of vBMD inhomogeneities that correlate with BS strongly.

2. Method

Department of neurosurgery, Inazawa Community Hospital supplied CT
images of 88 patients (23 males, 65 females), aged from 42 to 96. YAM
ranged from 32 to 142. After eliminating vertebrae with surgical treatment
or fractures, total 247 vertebrac was analyzed, including 19 vertebrae of
T11,47 of T12,51 of L1, 71 of L2 and 59 of L3. Then, a generic CT-based
FEA software, Mechanical Finder Clinic (MFC, RCCM), was used to
extract Region of Interest (ROI) of vertebral bodies without

pedicle and generate mesh. The vBMD of elements was Upper ot Bottom
transferred from grey degree of voxels. Material properties was
determined automatically by vBMD [3]. The load of axial
compression was applied by MFC automatically, see Fig. 1.
The vertebral BS was defined as the load when any element of
vertebral body started to generate damage. ot :

Mechanical Finder (RCCM) was used to study the further Trabecular area (Tr. area)
vBMD distribution. MFC is a simplified version of MF. It 6:6
cannot obtain vBMD distribution and specification of vertebral e 1; e : S

osition (mm)
body. There were 26 vertebrae selected to create a more
complex three-dimensional finite element model of vertebral  Fig. 2 The definition of Trabecular area for vertebrae.
body in MF. Mesh size and shape was determined as 1 mm and
tetrahedron. The methodology of material property arrangement was same as MFC. Then, the capture tools in MF
helped to calculate the average vBMD of cross-sections in transverse plane of vertebrae 1 mm by 1mm from upper
to bottom surface along axial direction. Then, an axial vBMD distribution curve obtained. The trabecular area was
considered by an area between local maximum values nearest to central position for upper limit and the lowest value
in the curve for lower limit, as showed in Fig. 2. Trabecular vBMD (Tr.vBMD) was calculated by the average
vBMD value in this trabecular area.

The critical YAM is 70% for diagnosing osteoporosis [1], and the critical BS was assumed as 2500 N. Therefore,
two osteoporosis indicators such as the strength based OPlgs and the YAM based OPlyawm are defined by Equations
1 and 2, respectively.

BS YAM

I‘lg. 1 load and constraint conditions

0.3

0.2

vBMD(mg/mm3)

OPIBS = ﬁ OPIYAM = W (1)
Furthermore, the Tr.vBMD based indicator OPIr:vmp is also defined by:

Tr.vBM
OPlrrypup = r(jlz 3)

where 0.12 is an osteoporotic Tr.vBMD value suggested by American College of Radiology [6].
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3. Result and Discussion

(@) 4 (b) 4
To study the effect of vBMD inhomogeneities on i R2 = 0.04 o contM r2=001
BS, the relationship between OPIgs and OPlyam 3| & Srwce o GroopD
(see Fig.3 in the 2019 report) can be divided into 4 g : p 2
groups: Group A (Both OPIyam and OPIgs >1), B g 2 :. ~ g 2 . A
(OPIyam >1, OPIgs <1), C (OPIyam <1, OPIgs >1) N ' L C a
and D (both OPIyam and OPIgs <1). The 26 k ‘T ! s R
vertebrae selected for the vBMD measurement in 5 § " '
MF were evenly distributed in 4 groups, see 0 05 152 25 "o 05 152

OPI OPI

Fig.3(a). Then, OPIgs-OPIyam relations
corresponding to the 4 groups were redrawn in
Figure 3 (a). The OPIgs-OPIr:vemp relations for the
4 groups are also shown in Fig.3(b). Based on
OPIrr.vemp and OPlgs, the new two-dimensional diagnosis method revealed a considerable reduction on the ratio of
vertebra in orange zone from 23% to 7.7%, see in Fig.3(b). The yellow area in Fig.3(b) cover more vertebrae with
low strength than Fig.3(a). Tr.vBMD is more appropriate as a single indicator to diagnose osteoporosis.

On the other hand, the strength may change considerably due to the irregular geometry. The most common
abnormality arises from Ligament Ossification (LO) and Spondylosis Deformans (SD), see in Fig.4(a) and (b). The
existence of these abnormalities may introduce too variables for strength estimation from vBMD indicators. The
orange points in Fig.4(c) displayed such deviation. Therefore, excluding abnormal vertebral bodies help to
understand the correlation between BS and

Tr.vBMD
Fig. 3(a) OPIgs-OPIyaym two-dimensional method.

(b) OPIgs-OPItr.vemp method.

7000

vBMD inhomogeneities. The results (a) () *._ co00

revealed that a significantly linear i;”(“ oo | RZ = 0.9629 so00_ | =
correlation between BS and log scale of L J e 2000 o’?‘:
volume ratio of EL elements in vertebrae 3 LI i 2000 | =
without LO and SD. Compared with FEA,  (b) S0 10 | =

the vBMD measurement in CT images
could be more operative and accessible
clinically. Hence, the logarithmic volume
ratio of vertebral EL element show a great
potential to estimate BS.

; ® Non-LO&SD : 2560
LO or SD
9 0
il 0P ¢ -5 -4 -3 -2 -1 0

Log scale of Volume Ratio of vertebral ELD elements

Fig. 4(a) vertebral body with LO and (b) SD. (c) The correlation

. between BS and log scale of volume ratio of vertebral ELD elements.
4. Conclusion

This research first developed a two-dimensional osteoporosis based on YAM and FEA-predicted BS. It helped to
reduce the misdiagnosis rate that simply using YAM value failed to detect fracture risk. Then, the study revealed
that Tr.vBMD is more mechanically correlated with BS than YAM. Tr.vBMD can diagnose osteoporosis better than
YAM, if as a single indicator. The indicator to estimate BS directly also been studied. Logarithmic volume ratio of
vertebral EL element shows a great potential. The further vBMD-related factors, such as spatial distribution, will
be considered next. Following, the investigation will focus on quantifying the effect of geometric features on BS. If
so, the strength of abnormal vertebrae with LO or SD can also be estimated accurately. The vertebral cases should
also increase to verify the effectiveness further.
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1. XCHIZ

BHUERIE &1L, MEIZ LV BBENMETT 52 & TEBENEILT 2R TH D, BHIERIEIC /e
5L EEOBEMET L TEHINELSLTLSARY, e 2ERBESENEHIT 5 ESHTICKEE & -
T2, BEBEOGEIIFOEFIELEVREIZRDIZ LD, Lol o> T, B ZRE
MT2ZENEETHY, BRMIITEBEEZIE L MREEEIMREREICHST 5] LW oK
EDOYH & TRZWEIT D, BHREITTORKRCEEN TR AT L7012, HlZEEEDARTIE
Me72d 24T 5 2 S IFEE L. £70, @l ctEE 0SS, BHEREICIN 2 TR BIEE (OA)
ERIELTWAEALH LD, OA KD KRBEEOER L EREICEEL KTTZ ENtHnEx
HID. T TARMETIE, FEEERRKFHRELY OABRFEDO T CT 7—# 244t L T 5\,
B 72 KERE & OA KERE D 3D BT VB L, KERE OB 23 A7, F72, HEE & 25
% B e KRR AL OSB3R, B LR OBRZ A L=

2. ETNMERR & BT I

PEEERRFIRGE D CT T —# & U TR E2Z T - KR E, BEER 2%, OA 1k, %«
PEIER 16 B, OA17 B ToH 5. CT B O EMNT Y 7 N7 =7 Mechanical Finder % H\\C 3 %ot
KEEEETVENER LT, 1B L7z 3D REREET VA2 1IRT . KEREOEEEIX HU ) D
HEE L, Vo 73 L ERERRIG 1T Keyak[1]D THRIZNZ HWTEI Lz, ¥ o 7B 5mikEo s
X2 1RT. BRESENIMEAESZEZ AV, A v oA X3E/D Imm, &K 2mm &L, ¥
TLDEEIL 03mm & L7z, BEREMHIEIR 2 125-T L 9 IS KEVEEAR D B /NET-TEA T 25mm
FCOFMHZ TR, FHOAMEMIEL, FETOETELE TOIEMA 90 EOMHEOHFFIZE £
A5 B BRI O E A 500 AUTHR K 10kN O M EZ MZ 72, B O SRk E LT, BliRIkEE
TIIRIE N, [EMRRRE CITBME 2 0E Lz, & 512, BRI F CoMEESRMt L L TR KT
HER, JEHE T T, MEERREE, KD EOTH-10000ps 2SI E UCTHWE., AF%E
TIE Y = VEROEMEAEE) SR &5 50O @58 15 EICET S & REENEIT Lz LT85
L7z, ZOLEDOMEEZZORME OFIRE L ED L RO, FTHERIZ LB & BEE
DRI RTTHBER D70, FEHEEBOVEREE L RD -

3. BREEBE

FEMTIZ K > TR DB ITRE & BHE (BMD) OBMRZX 318 T. SFHEEEOEME &b
(ZBREE I A H Y, WE X EOFHERSH D Z ENFfRTE 5. L, T—XIZIEK
XXX NHFIEL, BMD OATIXEITERMELZ IEMEICITHE TE RNV X005, BRIKRT
ITEEEIZE S YAM 0 EE AW TREMTONLD, T LbEmEBEE CTOHOIUTEITOG
BRPEDMENE VD Z E TRV EAUREEND. X3 TiXHFW~—7 BIEFKEE, Rin~v—7
2N OA KEREA2ZNZFH /R L TEBY, EfKEREOMRE & BMD OHBHREIL 0.73 TH Y, Hief
SRVIEDOFIBEAMFIE L=, — 77, OA KERE O%E1L, 18 & BMD O OFHBREIL 042 TH Y,
IEDOFBNIFAET 2 DN IEF REREIE S 1358 < 17220, 20 2 ST ZE TR B S E 28 KRB 58 12 K
EXREELERIL TSI LERELTND.

OEDDEFET MZIBIT HIEEFZOSAIRIERZ X 4 127, BEEERIIHBIEFR L TH D,
HEETOREZRTRERE oo T2.
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AWFTETIE, EIERREAEIE 2 A9 5 KERE & B RKERE O et 217> 72, 1B KRG o7
FEEITEBE ROV IEOMHBIZ /R L7223, OA KERE & BEEDOMHENIFHIWIEDMHE TH-=. 20D
X912 OA KRETIE, B LIFIHESCHEDREICRE B2 RIFTEEZLND.

1 KERHET VL BR S

Sangyouika Daigaku
(University of Occupation and Enviromental Health)
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(1) Keyak. J.H., Stephen A. Rossi., Kimberly A. Jones., Harry B. Skinner., “Prediction of femoral fracture load using
automated finite element modeling”, Journal of Biomechanics, Vol. 31 (1998), pp. 125-133.

208



e s eI o
2020ME-10 — IR

B CT 77— 2 2w =Xt ARERE I X 2 RUEIEH
TV H—RA7 Y 2—ORENAHE RS NICHEIESN DR &S0 DRER

FUNRZERA etk ET5ebe mfa—ER

(W7 D75 =
FEIEHEHERIT, ~VTF 7 Ty bk
B eV ORENICEES T 2 EEE I
KO RAETIBENEZE®IIBEL, B
BT Z Lk o TREKREICHEY £ |
BRAFERERE 0, Il N> 38 S5 K a2 i '
N9 2t LEENEELGET L |
HOWEFETHD, ZOWETE, The |
NOWIZIMI> 2 ) Z e Sl 5 =
RO RICERET 720, 2 O] ' , -
A2 H IO D Z ENBEEREL L TORWEENEFICOT H-0ICHETH D, K,
O E YN 2 b — LT 5 7DITE, B LIWHRIZED X I EMAINT 503 %5 %
X0 Bt RETIIAAVEEBETICEIN SN E D ICHIBET A EREETHDH, O
L7 20l AN S0 WO S E TREE] &), TEE] Z2mblicay he—42500%
KERHETHY, ZORNEFIZOTDHIENBEEREE L TROVEERIETHLHDIN, £
NEBIMICEE LZORNEREERT v —2 7Y a— LCIF, A7V a—(X1) THDH, A7
U =2 —3BEFEOW & LB LT R EE A FITE L 8L OFERH VD . BURE E
FHEEOEZDO—D2THD LWV o> THIEE TIE RV, LOLAERL, ZOART Y o—|3—EHEN
L7 T 52 L3, bWV 2Tk, —EREOHMBETHE TS Z ENMLNTE
0. ZHPBROETOTIZR 5720, TORIEEZLET LI ENBETHDL, W20
BRREIE D, A7 U 2 — ORI IT 80%HIE L DWMENH Y, BKKNT & L CEEE - #A
ik e A7V a—JRIR7 EEA RIRFRETFONTIIWDEN, 27V a—0i%zE THld5 2 L
IRV THD W) ORBURTHD (X 2),

B e & OAREEFARE, BT X0 AR

OB EN IR D REEHEMELCTH D . AR

\CIFET D728, T ORS00 & EH2 7wwqﬂhﬂm$3&5%ti1ol)
HITRD D Z EIIARATRETH D, £D T, (e s s v

CT X MRI 72 & O EREGIFRICEE SV TAE :

IR0 113 7 10 % K 5E L) SRRAT 47 5 A A
— RN AT = AR NIEL, A HHBOES .. t!il - R, M.
REFEE (FEM) 2 MW TERE OFHRE 2 iF \
Wt 2 HEOMNEMTEE > TETWD, 20
EAERREET L Ef o2y I 2 b — g v
VAT LAOBEIIBBE THDH, ZIRTHIRESR
EEHWTEAZ ) 2 — A ERICET 28 A
DD L ITBEOAREEEEZBELTEH
I 2 OARPLAEFERIC R LT, Y
JETIZSEATAIGEE LT, ESBICHS S NI A2 ) 2 —I2 L TEO RS EM 2 KK L7 FEM
EAT 2 AT TR 7- & U COMIT R T A —2 EBRat Lz, L L, REEN EEET L VE
WEEND FEE OBLE TRIE T IR ZRE S LT,

leview and analysis of published clinical trials

[H&9]

AWFZEIL, TR LIZA 7 U 2 —IS64 DM E AT 25 2 5 /IR x|
BOREEMEE K LTZET V2 VT 3IROTARESRIEIC L0 T L, S ORRAIZBhET %
PRIRAI T A =S 2R TH 2 L2 RN E LT,

209



[Erhs L OHE]

~NT T Ty NEEERWZBIEEREOXM G L o TIEFIO 5 B ShESSLE LB ST
JEFNZ W TR OEEIRFO EE R & L C RS /N, FH— KRR S 725 30
A (fEh 26 A, Wik 4AAR) ORIV 2 —% oS & Lz, WgiCT T —&% X0 E., B /0
Fpg, 55— KEW, WHREOETVEER LT, ~( 271 CT 7—% X 0ERLER 1.4mm
E&X 6mm DAZ Y 2a—DFFI)IN%E, flivitgk CT 57— 2 L0 {ER LT-EF NV ECTEASDLE, &
EFIUICHES. LT, —IRTCEFREZEMENT Y 7 b7 = 7 (Mechanical Finder)% i\ T 2N O E %
BNz T2e A7V 2—RENDOEHEHIIC L > TE% 4 >OEsE : #8551 (0.0~0.5 mm
) . fEfK 2 (0.5~1.0 mm) . FEHEE 3 (1.0~1.5mm) . fEK 4 (Do) HEIL, e
O AUICEEET 25 20 ORI /N7 A —X2 D — 7 fi% KD,

[R5 R 3 L OB 2]

fﬁ@z(qafLopm)@gxyfﬁsz p— £51% e
WCHIIBE L RO AN B D LB Smaae T |[JEEESCRRELE e

Z BTz, 2 BERIOA MG NI I 7
ZERITRO LN 0Tz, AT Y a—hk
HOFMmEREL LT, BT A —X

EFEOT I, o E OfEECIRmEE 2 ( -
0.5~1.0 mm) Z5EEITHD LRI CT-FEM =& 5LV =
7= (X 3) . RAFAHA=HXozab—vay
3 3 | 2 A7 Y a—KREAHE
) M_U_JME}_- Pttt s

A7 Y 2 —D—IREEM & AL D
FEE DR & ORMIZITEDREN & 5
HOD, BKABREDARNE L TWDHRWTH Y, EEOHRKBG TR A7 Y 2a—0Oh 7
TR 2 D D ERNIART M Ty, L -> T, A% LIEMROENANETH D, £7-
v AV a2 — TR ) ~DISHNEATH Y, > br— gL E SN REHOR
ISR EME LT AREER DD, LL, A7V 2 —ORBEEHOMN EEIIRIEMI S
TWRVWORBURTH D, ZHE TOMETETHE &L BICFOTHOEMA AT Y 22—k
WZBET S Z E MR INT, £ 2 C, FOTHOHENMICEES T KRN Y X7 ERZRET D
ZEeEEZ, TOREBETAIEOIZ, T, THXOTHEEL CT Ax v LTERLEET
IWOFRBELZRENTZITH Z L THOIRE L g L OBEEZBRET L. WRIZ, 7 ¥ O THEEICEBEIC
ATV a—%FEN L, A7V 2a—BNETHE CWMBELZEMIE T EZRE 255w L, BFEE
BOMMEEZHLETHIENTEDLETNERETDHI 2O LTI LZEMTLIZE L L
776

X 3

[ 4% DFF3EH ]

TEE IS SN A7 ) 2—FKENS 0.5~1.0 mm DOFPHO T OT OB 54 5 iF
RIS Y 27 BROKEZ A ET 5, £-. 72O TEEZHWTRAZ U 2a—REKOEZ A E
BOWIED A D = X LR E B LT 5,

Ltk OB 7L - RN ]

CT BT — 2B LOHERERET VL FEE - REEDORER « A7 ) a— L BEEEHER & O
HElE - A2V 2 —RNLAER EOT — X Z UG L, BUROHTEIT 5 2 & T FEE IR S iz A
7V a—FHNDS 0.5~1.0 mm OFPHO FEOT HOBEINIBE 5T DR Y A 7 BKOME %
179, 7ZDTFHEFIZAZ Y 2 —ORESLZITV, FEERICPEDE Z 5 F T2 #inEE T
o THEDTEEDAY Y 2 —RESLHIE D CT 7 —% X 0 REEMWETT &Rk LA REZ AT
EATD, EBIAT U o — BNk X 72w B E CEREYICWEZ EF T vyIalb—rvay
179,

210



e s eI o
2020ME-11 — IR

B AT 2 R U7l 0 F) 2R T R O R L

TEERFPRFPEE ST ARE A

1. #% &

CT g ZHMAL CREFEI LITEHD 3WILHMEET VEER L, ARERE (FEM) ZHWTL
TEMT 24T 5 Z & TH O IIFREME 2R+ 5 CT-FEM 23MJEAE 2 RS v e s k)
2722 CTETWD, FLARNEEBROBEME e E O FHIRESAICK LT, Mk S i-E7 1k
(7= & ZITREE LilEE O 2 BREER) 2MTbh Tz, CTENOEBEEEZ THIL, &5
\E D O HMERZ HEE T 5 HFIEDSHNL S, BE 2L OB B0 % B 8 LI BE T 23T
nTns, L, fkilt, TERFPEEABONIEZ N—T128 0, EICECKEE CHESL S8
P LR RIS KOS & BIFR S 1) 2 KBRS, BARANDOBICITEA LW 2 E N L NI
ST T ZTAMIETIE, TV BARANDFICHEA LIz R TR ARET S22 L L,
THERZFTHEIM S 72 THRIAED SR Uiz KBRS 0 1 F5lBmik 5 (W E-20h#R) 2. Fox MR
L7281 LW SR TR0 V72 CT-FEM I X 2 #FTAE R & el L. 2 OB IMEIC OV TR A
1To7,

2. BARROBREMERE L DLLER

45D TR S KEEE 2/ L, Tz EE UEEERRO L0 AR &2 T THFERBR ATV
BN EMR A L, W 1IR LESAO BN ERN OGO N-HE—LSNMNHRTH 5,
F15 R BRETIC S KBRS o CT Wifg 24k L. Mechanical Finder Z iV CT 45 3 DEEET
WERER LT, Z Ok, FEBOC THEOSMRE (B L7 v—Xr—b LTRDOEIND)
N EBENZHETE L=, £7-. 1990 H1LIZ Keyak <° Keller |Z & 0 B v & W= EER» i &
H S AU 72 MR SRR ) OB ES 2 BB EE ) D T 2 & W TSRS 2 R iz, K
VT, TRECGRER A AR U RS A RE L. BB A 5 2 2 CTHUEFER ATV far 2B
BERS L, SoNEREZX 1IRT, —RIIZELSFIH ST 5 Keyak O CTrEmivE (7
E-EA R OME) BIEFICE LS 2D EREFIRES BT ERIZRSTWD Z ERbnD,
—J57, MEMRIZK L CTRRE SN Keller OO 505, L0 EBREIZITVREIEZRLTHWA8, Lol
FRME LD bEVMEZ R LTS, Eo, BE RRME) (I22WTE, Keller 575 Keyak £V
BWEZ RTRER & ol
3. HHERFAKXDIRELMBTHER

BRIAEBR CTHWZ 2O KRB OFREZET MBI H2BEEMMiEZLRE LI 2 A, HED
\ZRIR D EEE A 2R LT, I EEOEBEL TR T 5 &, BRENDRVET LOFN
EREZ R L, BRI W TIHEEBEOEZEN LN T OET VO 3HELL EDOEWIREZ R LT
Wiz, F7, HEONEE LTL, IKEEE (B2 0.5 glemdLLF) OBERHN LN ERH L
272572, LLEDORER LV | AKE 5 R REIR A KRS O ) RIS RO 2 RT3 2 L AVRIB X
Nz, 512, Keyak X Keller O3 & 5 O 7 12%6F L CEBRE L O & @O R L2 5 2
52D FRAREEEEI O TR U CREKFHE O fTREMER H 5 2 & BRIB I vz,

Z 2T, ETIERPEDOHIZHONT, LV FERMBEISEDS TS E2MmFtLz, BEEFMHE LT
0.23g/cm® LA FRFIZERVE A KIE LTV D EE LT, T Ok L TR TR K 20T %
Z & CHPERAZK T &, 0.23g/em® L EIZ oW TiE, EARISHMESRIZZE(L L 0.4g/cm® L Tl
keller DAV U F N OXDFERIZ—ET D L IITHE LTz, X212 K=0.25 & L7= Keller DEEF
ZHWTHNT L7ofER 2R T, 4 oORE ICHIPRIZERERE BN —8FE R LTS,

L BEIOMFFERI L0 . KEE ORIMEIZEI L CiE, Frx BMER L Keller EIEXZH W5 Z & T
FRAT G RN EBRRE BT S Z RSN o7z, LavL, REE (B AME) 1TV TITEK
MTHY, S, BEEZ HIEDL XD RN EEEBRFTL TV TETH D,

211



Force (kN)

Force (kN)

Keller
-‘—n_._.-
Kevak //
/ // Experiment
]
d I
0 1 2 3 4
Stroke(mm)
6
5 L.
A Experiment™
3
5l Keller-
Ay Keyaﬁ/
NG
=

Force (kN)

Force (kN)

Stroke (mm)

Force (kN)
— N w E=Y

(=]

- Keya

Keller/

P

74

/

A

Force (kN)
w

Experiment

2 3 4

Stroke (mm)

Keyak ,44

I

~No T

periment

2 3

Stroke (mm)

1 FEBREE R & BEF 0 2B (Keyak & Keller) & o L

A

T Kelle

r-m (d.zs) 1

i

L

Experiment

1 2
Stroke

3 4

(mm)

— Keller-m(0.25) -

"

| Experiment
1 2 3 4
Stroke (mm)

Force (kN)

Force (kN)
w

s B

Keller-m(0.25)

~ Experiment

6 — Experiment

1 2 3
Stroke (mm)

st D

AW/

Stroke (mm)

2 EERER L ETE Keller 20 & o bk

212



e s eI o
2020ME-12 — IR

CT gz o A BREFREIC K 5 RERE FEEVE I A 0 = X L DA
JUNRE: « REFBEEZRIGERE s el

1. iXC®IT

IR BIEE (OA) 13, MBIERRE DZM: « FEFEIC & - T, KEREIHOE-OMIEE, B
DIIENE T, I PIERfEE 725 ADL [8F 2 & 72 TIRBEEIRAE TH 5. OA 1T KPEICE < 40 X,
50 (RTHRIEL, MBI & H2RWEIT LT L. @l ORI KERE D5, BRERIEZ ST 52
NHRHY, BHRIEIC LD FITOERIENSERT S, EFRREEE & OA (TREE L2 KBRS T,
FIDORA T =X LRRIRD Z LN TREND D, EETFHBR TONIZEITIEE A ETTHOI TN
WORBRTH 5. £ 2 TAMZETIE, TR & EBE KRR B L THEW 5D OA
BHEDCT 7= L0 KB OEMEET Vel L, BEE7 V28N LTCARERIEC L B
bt 2 AT, BN R 2 B RERE OB IR & BG4 25 2 & T, KB BT RIET
OA DI OVWTIHNL Z L2z AR E LT,

2. BT NVERK & RN Tk

KERE D CT B )5 fENT Y 7 b7 =7 Mechanical Finder % FH\ T 3 kot KERE £ T /L 2 1ERL
L7, WKFEBREDEEET V& KU, EERKFEREOBREET VE SU EERLT 5. /2, EFK
JiB‘E % normal, Z2FEME% BAERIE KERE 2 OA T RLTZ. EFETT /L E OA T LM Z K 112577
KEEE OFBE X HUENSHEE L, Yo 7R EJEMBIRIG 1T Keyak[ 110 FHIE AW TR L
7. BRI AEZZH W, Ayt A X3 HE/D Imm, K 2mm & L, ¥ = /LOJE X 1T 0.3mm
E L7 BERSMIEIK 2 128 T X D SRR B RS2 B/ NE - TEAUT 25mm £ COHPH % 524
W, BEEOAMEEHET, FEPOETESE T HTEHA 90 EoMEOHMICE TN 5 5K E O
#1500 SLUZHK 10KN OEMEREZ N2 7=, BOHFEEE U, SIRIREE CIlIiE iy, i
RETITHPMEAIE LTz, 51T, RIS T TOMEESRME L CRREISNEZHAW, EMfi T T
L, BMEETEMIGE, R/ FEOT H-10000pe Z LML L THW ., AR Ty = VESE DT
MERAE DB BRIEE &6 G2 OEES 15 EIZET 2 ERRENEITLIEEER L. 20O L XN
B2 T ORBEEOBIRE L ED ZNERDT-. EIBERIC L DE &5 RN TREE | M IE -
ERARDI0, HEEE O FEE L RO

3. BREEBE

ENTIC L » TH LN BIRE L 5B E (BMD) OBMEREX 3123, VHEBEEOHINE & b
(CHREE VI AEAICH Y, WEIIZIEOMERH 2 Z EREETX 5. L, T—HITIEK
RIS OXNIFEL, BMD OATITEIEBMEZ EMEICITHE TE R0 &R 05, BRIKRT
ITBEBEIZE S YAM ZEORBIEZ AW TREMTONLN, BT LLEFEE CHIUTEITOM
BRIEAPMENE WD Z L TRV Z ERNRIR IS, RIZK 3 X VIZIEFRE D BMD & A9 25 0V iR
ERRKREL Z D 2o0FFT )L SUHI2 (OA) & SUHI6 (IEH) 2O\ T HlRa 5.
SUHI2 & SUHI16 ([Z81F AHEEFORERELZ X 4 (28T, WG & ISR ENEMNT 5 &
GEE SRS I IING 523, ZOFEEIRE S AR D, JRENMEV SUHI2 TiEfrE2Y 1000N FLE T
THIZHE R L, 2000N (ZHZET D RN KBRS B2 T b, —J7, SUHL6 D J51E, 8000N T 7>
DIRZ NIRRT L, REAIITIE 10000N F2E £ TE L TW 5. BIREOKRRRERmIZHIT
HREBETLEE DO ARIRAE A X 5123, SUHI2 TIEHEERIZE < OREESEFR N 04 L T\ 528, SUHL6
TIHEBIZOT NI L TNDLDATHDH. BEEOBRRBEIITELETIREY, WELHET D
BANEOTH BEREE) 1T EETERIND D, BROWELFHEEIKGFTSH. 202
L1 SUHI2 OFEHIZZ < DIREEEERNFET 5, &5 WIEEEIIZEEMIZIS I NES LT
WIZ ENRIBEND. BEFS TIEZEDOFEMR A = X AEH ST > TWRWA, B EE & FEER D
SEIW B EE 1Y SUHL2 & SUHL6 TIZIFIER Ueizsh, ZOAiikEET b b REF &gk E CF
SN EIROREGEICREREZERNH DL ENEZLND.

213



4. £&®

AWFTETIE, BVERRPIEIE 2 A3 2 KRERE & IEH RIRE O B 21T - 72, RERE 8 13H
EELIEOHBEANRH LA, LT LEBWHBE TR RERITS2ZTZ/R LTV, [FIFRE DY
BHEEZART D OAETNWVEEFETVEZRBLIZE 25, OA E7 /L TIIEM E TR

FPHERL, MiRE L TRmBEZR LT,
WD Z EDIRELTND.

Z ORERIE, OA RERE OFRAEITIRE XTI 5 rlReft

1 EFETL (K) LoaxTL (F) 2 BESRSGM
1.1 10* SUH1E T
g oo o ' —e—sU 16
i & su 2
9000 |~—— : - i .o ® 500 L ‘. —a— SUH A
® ® o B .
| i O 0 e 5 |
= 7000 ; 8 eTe o) R e & St s et v 4
g ' * 0 2
£ i L Jar o] o
g . % 008‘?’- 2 300 | |
& s Q &, 2 E
B 5000 fo e O g L 5 .
» @9’0 ® A o] _uczEJ 200 foof A
| i =5 )
! | ) = I
3000 ! ‘
i 100 | .
: $
! /
1000 L SUH12 0 lask &
015 02 025 03 035 04 045 0 2000 4000 6000 8000 110t 1210
Avg BMD (mg/mm®) Load (N)
3 KERE IR & B4 O Btk 4 WHEEFROHINZEE)

5 K

X Wk

B BRI A U 7R B

EEIEIN

(1) Keyak. J.H., Stephen A. Rossi., Kimberly A. Jones., Harry B. Skinner., “Prediction of femoral fracture load using
automated finite element modeling”, Journal of Biomechanics, Vol. 31 (1998), pp. 125-133.

214



e s eI o
2020ME-13 — IR

R T BHTIC 35 XIS BB B ATAE O 120

RS « EEEIIEAR IR H

1. #
RSB BRIEAEIE 1,  KRBREFADOMMR DO — 0 T DK TS K VT 2RI E DR CTh 5. BisE
EROTFAEITF DO & RO N FHRE 2 2L S 578, KB RIRO DFREIC b EE KIET 2 &R0
BRI NA[1]. UL, ZTOFEERA =X NI SN2 TRV, 2 2 TR T, B KR TR
FEREBE D CT 7—4% L0 KIREOEIEET VAR L, BIETT LV AEAN LI ARERIEC L0 B 23
Bl G ONTAERZ EFKIRE OB L MG 2 2 & C, REEHHESEEZ A7 2 KERE OEHT A &
ZALIOWTHALNNITHZEZBRE LT

Tl

2. 3D ETNAERR &R

21 3DEWTETNOIERR & Rttt

BRI 4 2 OFA ORERE O CT B2 HEMEHT Y 7 N U =7 Mechanical Finder % VT 3 IGCKEREET /L%
ERk L7z, DL 7TREOET V%, ET/VA, B, C, D (X, A) LT 5. €TV DITLEKBEDOHLTH .
ETVB () MPIERKERMEC, MUIKREEIEEELZA LT\ D. KRG OEHREITZHU BN OHEL, ¥
> TR E ERERRIS 711 Keyak[2]D FHIIEZ AW CEH L7z, BERIFIMEREREZ WV, A v =t X3
Imm, &AK2mm & L, Y=/LOEEXF03mm & Lz, Bl NE-2ET 52 L CHERMR SIS, KikE
REEE AWz, BEREEE, K 1UISRT X9 ISR E AL &/ MEF-TEA T 25mm & COFIHZ 522,
HFEEOAMEHIL, FEPOETEAETHIEA 90 EoMEORAICE £ 5 FIEKREOH R 500 mIZHEK
10000N O JEifafr B2 N2 7. fif BEG AN E a2 BT AT C 20 FEEIT 722 RV Th D, ZDEE AT
s TEIE10, VYT AT T4 L L. ZHICED 1 AT v T HTE 0 250N OFFENARTSND. FOIFE
PEE LTIE, SIRIREE CITHIRHME, JERRIRRE CITMBMEAZE Lz, S BIT, SRS FComESRMEE LT
RRTIEZEH, G T T, MIEERRGE, &/hEOTH-10000ps ZAdESf & L CHWE. ABFZE T
> VBRSO JEAGIE DS [TRME &5 S 0 O3 15 BISET 5 & KEEEAVET LI B LT. Z0EED
W E A 2 DORBRE OB HRE L ED N ERDTZ. EERIC L DB & BBENRRE I TR~
W, BIAE IOV EEE L RD-.

3. BRLBE

FRNTIC K > TR BT FIrRE, BIEEEHOVLEHEE, =i e Y )y NOWERE, VU v REROM
BHER1VIORT. BEITEFKRE CHLET VB () D4875N 3K, E7 /L C (££) 23&/ID 1025N &
ole. LInLK2ITRTE9IE, EF VB () OFEEFEHOVFEHEREETE 2L, RBEFIZEWTEIT
SERIE LI T L IBIT A b o TIEn s Bbins.

F1 XV VOWEEEILZT SOET LD H S 5 ONEMRMIELZRLTEY, ¥ = /WIBWTIEMmEMEN
KR THD LV 2D, EFKIE EBIEO KBRS % T 5 &, BV U v ROMEEERE, MEEEpT, A
EETRERENDRONZ. EFKETIZY Y v FOBEFREIIEFIIEDOLTH Y, F OISR
FEET WAZEEARE . ZIUTBHEOIRNE—TH 57205 BRI A UIC < < JEMEREN AR CTH Y, HiE
ETFNEVFBEBENNSW DY v ROEMIREESREN L otz E2x D,

X 3 1XBFEET IV DOBIE DY » TR ThH D, DY TR PNEL R->TEY, FHEOY 7RI/
WD ERbnsd. K4 XEFKERE, X5 I3BERIRE ORTED 5500N O U v REROMBEEE T2~ L
TW5. ER KRS CIEEICEMEEENET T 20126 L, BT /L ClIENRE & 5 3EMEE S B EES 1 ©
7o < FEER, #A N, HR T NI HEEN RO,

215



Maximum load 10000N

5000 ® !

Normal
4000

3000 ®

Strength (N)
o

2000

Necrosis
1000 @

0
0.25 0.3 0.35 0.4 0.45

Average bone mineral density (g/cm)

X2 &SRO B R

Totally fixed

1 3D fi#TET v

M4 EFET/CET 2 BIGEHE RS 5 HEIEET /BT DGR AR
K1 FIREROE LD
Model Strength | Average bone density Solid number of Solid number of Shell
(N) (g/cm®) compression fracture | tensile fracture fracture
A Left 2175 0.43 0 27 Tensile
Right 2900 0.31 6 28 Compression
5 Left 3325 0.41 0 12 Compression
Right 4875 0.29 55 0 Compression
c Left 2575 0.34 0 30 Tensile
Right 1025 0.30 13 12 Compression
D Left 2575 0.28 0 17 Compression
4. ¥&8
AWFFETIL, KRERE ﬁ%%f%ﬁ?ék% &R R OHBHRFET 21TV, B KRR E I EIrim e s IR 12
R 7eol=Z Enh, BIWEIZL DV HENER TS Z & CEIMRENME T T 5 2 EBmaiiz. BiIA =X 4
mmﬁk%ﬂﬁiyvyP@@%Mﬁiﬂﬁ:%mbfﬁm%ﬁim%faéﬁ,@%kﬁ%fﬁ%ﬁﬁﬁ?&

< HHBE Oy & M & 5 IRAEE TS 5 Z & W ninoTz.

BEIER
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1. Introduction

In the present work, therefore, beam shape specimens of porous HA/ biopolymer composite scaffolds were
fabricated by using two different kinds of medical grade bioresorbable polymer, namely, poly(Lactide-co-¢-
caprolactone) (PLCL) and poly(L-lactide) (PLLA) as the secondary polymer phase. The fundamental
mechanical properties such as load-displacement and stress-strain relations, elastic modulus, stress at crack
initiation, and fracture absorbed energy were evaluated under a three-bending condition. The porous
microstructures and fracture micromechanisms were also examined by using a field emission scanning
electron microscope (FE-SEM).

2. Experimental

The fabrication method combining the template and freeze-drying methods was employed to construct two-
phase porous beams of HA/PLCL and HA/PLLA. Firstly, HA slurry was prepared by mixing 5g micro-HA
powder (Sangi Co., Ltd) with 5wt% PVA (Wako Chemical Industries Ltd). Then, PU sponges (HR-30,
Bridgestone Co., Ltd.) of 10mm x 10mm x 70mm dimension were immersed into the HA slurry and the
excess slurry was removed by appying pressure. The HA coated PU sponges were dried for 48 hours at room
temperature, and then sintered at 400°C for 6 hours and 1100°C for 4 hours in an electric oven to fabricate
porous HA beam specimens. PLCL pellets (BMG Co., Ltd.) and PLLA pellets were separately dissolved
into 1-4-dioxane solution to prepare 3wt% solutions. Both polymer solutions were stirred overnight at 80°C,
with 320 rpm speed. The HA porous beams were then dipped into two different solutions separately and
then vacuumed for 1 hour to remove air bubbles. After the prefrozen process at -80°C overnight in a freezer,
the frozen beams underwent the freeze-drying process at -50°C for 24 hours in order to create the secondary
porous polymer structure inside the continuous pores of the HA porous beams. The porous microstructures
of the composite beams were observed and characterized using FE-SEM. Porosity and average pore sizes
were also calculated using the FE-SEM micrographs with ImageJ Software.

Three-point bending tests of the composite beams were performed at a crosshead speed of 1mm/min
using a compact testing machine with 10N load cell, and the time histrories of both load and cross-head
displacement were recored to obtain the load-displacement curves. Two different kinds of fracture absorbed
energy, Gerack and Gy, were calculated from the area under the load-displacement curve. Gk Was defined
to be the mechanical energy absorbed by the specimen up to the crack initiation point, while Gy, was defined
as the total fracture absorbed energy up to the complete fracture. Linear stress-strain relations up to the
fracture initiation were also calculated from the load-displacement relations using the classical beam theory.
The elastic modulus of each specimen, E, was then obtained as the slope of the stress-strain curve. The
critical stress at crack initiation, o, can also be estimated at the point of crack initiation.

3. Results and discussion

SEM micrographs of the surface regions are shown in Fig.1. It is clearly observed that those composite
beams had two-phase porous structures; the HA porous structures formed through the sintering process
(larger pores) and the honeycomb-like polymer porous structures created by the freeze-drying process
(smaller pores). It was found that for both the beams, the porosity and average HA pore size were more than
80% and 400um, which are thought to be sufficient for nutrients transport, tissue formation and
vascularization. On the contrary, the average pore sizes of both the polymeric phases were smaller than
100um, and the PLLA pores are smaller than the PLCL pores due to the higher molecular weight of PLLA.
The size of HA pore is mainly owing to the pore size of PU sponge, while the pore sizes of polymer phases
are related to the solid-liquid phase separation process during the freezing process of polymer solution.

All the mechanical properties are shown in Table 1. It is clearly seen that both £ and .+ of HA/PLLA
were much higher than those of HA/PLCL. This originated in the higher mechanical properties of PLLA
phase than those of PLCL phase. It is noted here that PLCL is recognized as a copolymer of lactide and &-
caprolactone, and caprolactone molecular chains provide ductility to the copolymer, while PLLA molecular
chains are brittle in nature [34]. On the contrary, Gercr and Gyr of HA/PLCL were much greater than those
of HA/PLLA as a result of ductility of PLCL phase introduced by the caprolactone molecular chains.
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The microscopic damage mechanism initiating the macroscopic cracking was characterized by the micro-
cracking of HA struts as clearly shown in Fig.4(a). FE-SEM micrographs of fracture surfaces of the
composite beams are also shown in Figs.4(b) and (c). HA/PLCL beam exhibited rougher surface with ductile
deformation of PLCL phase than HA/PLLA in which PLLA phase showed relatively brittle fracture pattern.
On the HA/PLCL fracture surface, pores of PLCL phase were almost disappeared due to ductile elongation
and rupture of cell-wall structures of PLCL; on the contrary, many pores were still clearly seen on the
HA/PLLA surface because of brittle fracture of PLLA cell-walls. It is thus characterized that during the
crack growth process main microdamage mechanisms are the microcracking of HA struts and the
deformation and rupture of polymer cell-walls. It is noted that the ductile deformation and rupture of PLCL
cell-wall structures are likely to absorb greater energy than the brittle fracture of PLLA cell-wall structures,
resulting in the higher fracture energy of HA/PLCL.

4. Conclusions

Two kinds of porous composite beams, namely HA/PLCL and HA/PLLA, were successfully fabricated, and
their bending mechanical properties and fracture mechanisms were characterized. Both composite beams
exhibited the linear elastic deformation at the beginning of load-displacement curve until the crack initiation
took place under three-point loading condition. The load-displacement curves showed nonlinear behaviour
with progressive change of stiffness due to crack propagation as the load increased after the crack initiation.
HA/PLLA possessed higher bending modulus and critical stress than HA/PLCL, due to the higher
mechanical properties of PLLA secondary phase. However, the fracture energy of HA/PLCL was higher by
about 38 % than that of HA/PLLA, owing to the ductility of PLCL phase. It was confirmed that the spongy
polymer phase played an important role in supporting the entire beam structure from the catastrophic bending
fracture of the composite beam.

wids)

Fig.] SEM

< %

micrographs. (a) HA/PLCL (b) HA/PLLA

Table 1. Mechanical properties of HA/PLCL and HA/PLLA
Mechanical properties Pure HA HA /PLCL HA /PLLA
E (MPa) 1.59+0.17 1.97+0.23 6.73+0.16
Gerir (kPa) 3.0X10%+0.8X103 91.6+6.7 163.4 8.1
Gerack (J/m?) 2.0X10°+£0.5%X1073 5.41+0.17 3.49 £ 0.07
Gror (J/m?) 0.01£0.1x103 2175+ 64 44.6 £2.1

e i SejE Y s it
e p 84 2 4 : XoF 4 o
(b) Fracture surface of HA/PLCL (c) Fracture surface of HA/PLLA
Fig.2 FE-SEM micrographs of fracture surface morpholoy
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Fig. 2: RIOS container model( > €< = — V#1750 A sHIL )

Table 1: Principal particulars of RIOS conteainer model
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Table 1 Typical growth conditions for Pr:LuAG crystals
Tilting angle 8 (*) 0,-10
Feed diameter (mm) 9-11

Rotation rate (upper/lower) (rpm) 3/40
Moving rate (upper/lower) (mm/h)  7.5/5.0
Growth atmosphere Ar, 200 mL/min
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Fig. 2. IR-FZ Growth of Pr doped LusAl5012 crystal in non-tilted condition (6 = 0°). (a) Snap shot of the
convergent area during the crystal growth, (b) Photo of the grown crystal of Pr doped LusAl5012, (c)
Photo of the cross section of Pr doped LusAls012.
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Fig. 3. IR-FZ Growth of Pr doped LusAl5012 crystal in tilted condition (6 = -10°). (a) Snap shot of the
convergent area during the crystal growth, (b) Photo of the grown crystal of Pr doped LusAl5012, (c)
Photo of the cross section of Pr doped LusAl5012.
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