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Abstract

This thesis proposes a topology optimization design for the compliant internal mecha-
nism to achieve continuous and smooth deformation of the morphing flap. For this flap
to actively deform its external shape, an internal mechanism for deformation mechanism
is required. The use of a compliant mechanism for the internal mechanism is expected
to simplify the device, provide flexibility for deformation, and have sufficient load-bearing
stiffness to withstand aerodynamic forces. On the other hand, the design of the compliant
mechanism requires an optimal design method in a multidisciplinary domain that simul-
taneously considers aerodynamics and structural mechanics. Therefore, this study aims to
develop an optimal design method to obtain compliant morphing flaps that are superior
from both aerodynamic and structural performance, based on the topology optimization
method.

First, the multi-layer compliant rib structure is proposed to efficiently achieve the mor-
phing deformation. This multi-layer model is modeled in two dimensions for computational
efficiency, and an optimal design problem is formulated to minimize the root mean square
RMS error between the predefined target shape and the actual deformed shape. A multi-
objective optimal design is also proposed to achieve several different target shapes suitable
for different flight conditions by switching the input actuator load.

Second, the topology optimal design of compliant morphing flaps considering finite de-
formation analysis. To avoid the numerical instability of the optimization process in con-
ventional methods, a topology optimization method is proposed, which integrates the mesh
adaptation method and nonlinear finite deformation analysis. The effectiveness of the de-
sign method is demonstrated through numerical examples by obtaining compliant morphing
flap design solutions that achieve the target shape.

Finally, the topology optimization method that simultaneously optimizes the aerody-
namic and the structural performance of the airfoil is proposed. Considering the compu-
tational cost, a topology optimization method is proposed that employs a panel method
assuming potential flow for aerodynamic analysis and combines it with a structural model
using the finite element method. Then, the sensitivity of the structural design based on the
aerodynamic performance is derived. Through numerical examples, it is confirmed that

aerodynamic and structural performance can be optimized simultaneously.
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Fig. 2.1: Categories of morphing wing.
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Fig. 2.2: Classification of structural optimization problems: Illustration of a design problem
to maximize the stiffness of a beam with a fixed left end and a weight hanging at the right

end.
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Fig. 2.5: Convergence history for stiffness maximization problem.

-0
—-05
l -1.0e+00

(a) Level-set function distribution

[ 1.0e+00

—05

Level-set function

(b) Structural domain

Fig. 2.6: The obtained level-set function distribution of the optimal solution that maximizes

stiffness and the structural domain bounded by the zero level-set isosurface.
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Level-set function

Fig. 2.9: The obtained level-set function distribution of the optimal solution for the com-

pliant mechanism and the structural domain bounded by the zero level-set isosurface.
Fig. 2.10: The deformed shape of the obtained optimal solution of the compliant mecha-

nism: The deformation is magnified by a factor of 5.
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ERDE—T 1 IR EERBLIZHN
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3.1 EL®IC

AETIE, F—OMEEETDH D 226 MRITRIIIGE Tl LR EBE2FERT 5
FB=T4 I T77y TR MR —REKENICEIDHALPICT LI 2 HE T 5.

=74 YHEONEME Y, EiRIcHED < M Re Y —RilaEr 38 ik hary S
47 ¥ MEMLT 258 (25]) 3D 5. HHEHSIE, BoU 7enfe LT, EMEE
Ke277y 7 LTOEEBIRCER I 23y 7547 Y MEBOEEE KDz, L
Lo, K- TR HEAREREZFRTZ ZWENEON LR WEENDH D,
WICE L HoWnEEZ 2, —HEke L TONTMEETIE, IO 5 2EHEEE
DAY eDBbhroTET.

Z 2T, AW, K3 LICRTZEMELL-E—T 4 Y777y TRIBRTSH. 22
TiX, BV ITPREEDATHEELTVT, &V 7HEIIR L2 MEOAMEZIT S
ZENTE, £/, ERIMEBEREZLLZZENTES. ZHUTKD, TERDFIRITHAR
TEFAREIRO BHESHE ST Z e AFTE 2. —K, SMEaX Fo#if»5, 30T
7 ERBUCE D ZOZEHER, 20T E T MICED E MRu Y —RiliakatiEz i
RILFEERETS.

ZLT, FA—OMETH D EBDORL 2 BIFGIANCEZER T 27012, iz 2 HEITH
L, BISHNCHRESEFZVID BRI TENT LI 2ERS. ZOXOK2 A2
ROMHEZ 2HME LTHT2ZBETE— 74> 2777y TRRkD 272D, ZHMNKR
HeatEz € kT 5. 22T, ek L — P4 77 (STOM: Satisficing Trade-off
Method) [40-42] Z#RHT 2 Z & T, REL P — N4 7 DRRIZH 2 I D L — M
WD H 2 & ol el 2 BEOR D 5.

BEAERZE LT, 3, ARTRRIT2ZEMENICL 2 M Rr Y —RilREHE
EBRRE 2T T MO Z L 2R T 270, H—0 BEBIRZER T % RiExe!
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fRER 5. Zhp o, STOMIZ & 22 ANRERG OMNRERT 7201, 2200HR%25H
TR EZER T 2EBD AL — MREfREZ RS, 518, FoNBEHD L — bRl
feZ 3 5 2 & T, 200 HIBEBIC ZNEIURTE T 2 SRR ORIEIC O W THGm L,
wIRIZ, ZEhMEREZ Ml 2 2 & T 3R (RMS error: Root mean square error) 12
X % Rk ET I D2 e MEET 5.

3.2 ZREBELLIEIVTS172 MEBDOETIVE

EBE—T 4777y TONEMEEE LTOZEMELLa Yy 7547 v MEEOME
X 31IWTRT. ZoOMEE, BRETERINEROY TEzHs, SErnehzh
R 2MEVELRD, £/, MlOMEANEZR TSN TES. LrLAENS, &
BOY 7RREROERRENLTERTZ2Z8CED, B—DFE—T4 2775972 LTH
E5 5.

AWFLTLE, FHERMEZEREST 2720, AR3ITTTHREIN S Z DGR EHE LTl 2

Fig. 3.2: Individual layer and region.
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KoehiEe LTETULT 5. 2078, /%Y 7EORERKITET 2 #Hi 2 R RE
T2, ARRIZBI2EEOEMPMBOEMIIFLVWHDE LTRHTS. K3.2132
BOGEDZEHEEDHMERTH D, I TIX2ODEHIMENCIR> THREL TRES N
TW3., B, BR2BIE20tEET7 NV EOR UEMICHELTWS ZEICHEIN
720, K321 T &I, BERERD, TEMPFE L R25MHEXATEZ 5N 5.

u; =u; on I (3.1)

)

ZITC, uf e 3ENENE 1B EHE 2 OLN T >V ERT. MEDOEMIIEEOE
i35 £ 30 (3.1) TR N BRI X 2HERETIC K DRD SN, KBFETIEAMETIEY
JLN—Z COMSOL Multiphysics [43] Z FlVTW3. FRu Y —RE{LOEHEERET
1%, BEOEMBGITHEDS VT, &EOMEHRIIMERNC IOz < & & TEH
35.

3.3 MWEBIErL—FFAT7EZAWENL— REROIEER
3.3.1 ZBEMNRERTHERE

Z BB LEX, 2 o EoMks 2 BB Z FRICRE{L T 272012, UTO
FowERbEh 3.

Minimize :F(d) = [fi(d), fo(d), -~ , fu(d)]" (3.2)

ZIZT, Fii, i HEHOBEMBEE f,(d) 2572 2 BIBEER Y bL, dIZEIERRZ b
ThH5.

BN, o BB OMEEEEICT 2 2 2 HHUBEKOEEZRET 2 Z ik
TERWGE, TOMRE L — MRy PER. Fl 21, X 3.3 1R 3 Bz 2 BB
METIE, BALOMD & B EADOITH L THoTWE D, L — MREFETIE
V. —J7, HAOBA LB, Cl, fi fbO—HZ2RETLI01ITED 577 2HEM%
WL TRREST, SL— REETHZ. %D, oD L — MR, HK
T2200HMBEBOBEBRE ML —FAT7RoTW0WS, £/, L — MRIZMHE—IZEHR
FLTEALRDZIEDND, TOREDILERNL—FT7R YT 4 7 R FHZ, A
TS ZHIN P Ao Y —RE(LFETIE, <L — MrifgeEko s 2T, HKT 2 b
L — N4 7BRIC D 2 HRIBIBUS S L THEREBORHEZHO 2T 2 2 e TE 5.

3.3.2 XHAh5—1t

2 ERERA T, B, Ah 5 —(Lick-TRAhS. 255 —(krid, 3 (3.2)
DENBEBANY F AR RS T — T 3, Thbb, BEHNRERIE,Z OEO
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Fig. 3.3: Conceptual scheme of Pareto optimal solutions (two conflicting objectives).

M LTEHT 22 e 2 EKRLTWS. T, REWZAD 7 (LB DFNIZ, B
AN ZHIEA & Tchevishev X 4 7 — (LR Z 2T, ZOHEIZOWTHENS.

WE, “HNOREHRFINEZEZ 2. o x BEAMRRZ w (i=1,2) 35,
HAN ERIEFNC X 2 2 7 — (LB Fy (d) 13X e 72 5.

Fy (d) = wy fi(d) + wa fo(d) (3.3)
%7z, Tchevishev 24 7 — LB Fr(d) 3R TSN 5.
Fr(d) = max(w, f1(d), waf2(d)) (3.4)

INSDAN 7 —LBEBOMENIK 3.4 TH 5.

ZODAH 7 —ALBELE T 5, ZOFEERE, EAM B TIEERE 2o T
WB DI L, Tchevishev 24 7 —{LEATIXEA NN > 72 LF e RoTW3.
22T, EAMRE w OKENIK 3.4(a) T, w; ZIFEEROMEEERDZDIIHL, (b) T
¥ L FEEROEADOHPMEZRD TWS., FEFRIEFE 0ISEWEE NS REE L 572
B, ERTHIEGMRIL—b7n YT 4 7 DM, W LFTREALDENRTZER
FNE/NOMEZELD, R L THWS AL — MR RZ, 2O X, SL—bh7mRyT 4
7 DIFETICE H . BAN BRI TIE, EARR w, 2 WIGEATSD, JE
B D3/ Ne 72 % 2 2 lF TR, —JF, Tchevishev 271 7 —{LEEETIX, X 3.4(b) DHlDFE
2, w; DIFIL X > T, MIKOED D EINE 25, ZHNRERGIHETIE, IEHTH-
TH, EEDOL — MEREARB w, OFBIZ X > THE OS54, Tchevishev A4 5 —
{LEIE DR TH 5.

17



Pareto frontier

= Fy = Cw
(

S (= = _% fi+ C>

g
S
E
k=
=

>
0 <@mmm \inimized fi

(a) Linearly weighted sum
2y

Pareto frontier

Fr=Cr \

o
S
E
5
=
0

Fig. 3.4: Scalarized objective function for multi-objective optimization problem: Cy, and

< \[inimized fi

(b) Tchebyshev scalarized function

Cr are constants, and the black and white circles represent the search process design

solution and Pareto solution, respectively. .

3.3.3 mElthrL—FFT&E

AWFFETIE, B—D L — MR 21§ 2 72012 STOM [40-42] 28T 5. ZDHik
T, AHIBIBHEICN T 255D Z OBRETHIUIE F LWKHE (FRKH%E) 28 AL,
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Tchebyshev 2 71 5 —{tBIf 2 HTZAHE L TR TERLT 5.
Minimize: max - w; (fl —|— Q Z w; f (3.5)

T, B2, L —ME(f, LOVTODZHRILLEED S~ 2WETES
fiig) T 27 DICEAINBHETDH Y, FalF I/ VIEDEE LTRES N, K
HETIZ10x 100 T 5.

el b L — FA 7IETIE, EARBw, (i=1,--- k)25, FRAKEZHOTLTD X

IWEFRINS. )

=1l
ZZT, fle fAG=1,- k) iFEhTh, FENEROEMELR L FmRKEIIHIET 5.
X 351" T & D1, L — MRoEfglE, FEHATRETEINICA RKAED D 2008 5 b
53, @E, HIBEKZEMOMA R & A RKELRESRE LICET 2. Fl2idkic, HAE
RDWERO0THo 758, SL— MR fL & f, tDlE, fAe ffollic—83%. &
AR w; 1%, BRETEDFBIAIIE U/ — MR E1R 57 DICEBERREIZRL, S —
FrayT a4 7 OEIX, FRKEERTX N JICHRETEIICE-oTELNS.
7B, E%%ﬁ@?k{ﬁmbﬁb%t%‘ﬁ@@fi%éh%ﬁ%%ﬁmﬁﬁﬁﬁ
AJRESCE 2l 7= X 72, STOM 0l B Al A4 #%ﬁk?k@mx5y7%ﬁ
%%kiéuaﬂyL#Lﬁ#%,%ﬁ%ﬁ®m%,@ﬁﬁ#%ﬁﬁbt DURE T
ﬁf%é:tﬁb#ott®,$ﬂ%fd,E%%ﬁtbfﬁ@ﬂﬂ%@%ﬁmfu

(i:1,---,k5) (36)

w; =

3.4 mIEXETHRE
3.4.1 BEAFETILBERKROREE

AT, K3.6ITRTHEZLEZ 3.5 m D NASA-CRM(Common Research Model)
BAEPE—T 40777y 7OREE TS, 195 %LATZEHFSS, 60.5 %LUEZ KK
WEeIREL, BEEE—T74 0777y T LTHKINRE TS, ZEE—T4 77
Zy FF2BErORAMEL L, ZOEHEBZK 3 7TITRT. BRKI, SE-ET
DEENND 2 7-DIFREIHEEE L, EXRERRKORAEEZ D3 mmT—EL
T5. BMETVOMBERIET VI =Y 06825 EI2, MEEREE 70 GPa, K
7Y U035 T3, ANMERET V7 F a2 —XoDMEERERL, ANNMES L O
HORZZWZEEE T2, EEIHNT2HEANNVEZK3TITRLTWVS.

QEPORDZEE—T 4T T7 Ty THERIREZBEDHEBIRZX 3.8 12RT. it
AEDE—T74 Y ITRIRTH D, FREINRTDH 2 FEAR 60.5 WLAEDOETBIIR 2 7R~
LTW3., BRaRT5MFe LT, MELBEZEEL, 2 200HEBRE, £E—74 ¥
775y FORENBIREEL [24) X DE oIz, L/Dm> m AR Ora e KILEIR
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areto frontier

O Aspiration level

Pareto optimal solution

e
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;
k=
Ideal point
0

<mmm \inimized

Fig. 3.5: Pareto solution is located on the line connecting the ideal point and aspiration

level in the objective function space using STOM.

Table 3.1: Load conditions for the two desired shapes.

Morphing condition | Layer 1 | Layer 2
Takeoff A
Landing B

C

DREOPKI T WS, 200 HEBIRZ LIRS 5 &, L/ D™ BRGTEIRIZENTFEE S
LE#E—TdH 2 DI L, Or= i RKIbfgikida — FRIB X Z 0% i TR E LR
REFEALTWAS.
ZHMNRERANETE, B—DFE—T4 27759 T THHORDEL NS DERDRE
RBE—T 4 VIR ERBET 2 2EZS. ZDDHI121E, BEBRIIIGT THES
Hr2ZEZ20END D, RFKTIE, BEBRISU TREANNEZTIDEZ 52T
KT 5. K39ITRT &LIIT, 2D 25 bDOEMMELZT 2 1 T2 EHTOMEA
JIMEZFEL, SIRMEEZZIIZ2E 213 1 HMOADREBEANNEBEEZ DD, 205D
HANEZ, R31DES1Z, HEBRIIGUTEETEZ2HDL LTHET S LT,
F—METHORPOERLRZ 2O0OOHEBIREEKRTE 2 L5112, ZHNRERGISNS.
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Fig. 3.6: Wing model.
[m] T T T
0.2\ = _
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i Actuato,r Design domain 1 |
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[m] T T T
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(b) Layer 2.

Fig. 3.7: Design domains and boundary conditions.

3.4.2 BFERENZZEREL CHEBNRENRRHEE

REITIE, BREONEDBEE D BEIRAN L ZER T 2 72D D ik a I HE O E bz
DWTIR S, iEasTEEO BB E, ANREIC X 2 EBEOEEIR & BEE DA
FEIRE D RMS 72 L TR TERT 5.

F) = { [ = 0 dr}m (37)

T, I REMNEERERL, U, &y 3FNFh, AREINEICBT 2HiRICH T2
HEDOZEN & EEOEMNTH 5.
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(b) CP** maximized shape.

Fig. 3.8: Two desired morphing shapes.

RHERIR ., Btz g N EXE SRR ER L, RlxiHEz XN TELRT 5.

2 1/2
Minimize: F(Q(¢)) = Z{/ Jul — Uy || dF} (3.8)
n=1 Iy
Subject to:G(Q"(¢)) = / dQ—-Vvr <0 (3.9)
Ut =l in T (3.11)
tr =1 + k" in I} (3.12)
ull = ul in I'7 (3.13)

ZZT, IMIEHRAFnI3EOEZSITHIGL, Q" IEEn ORGHHEBTH 5. Vi FAFEST
RO _ERE, u 326, t; = CijriWm; W FRE T, Cijrl TR T VLT H DB, T4
VI UEST, T, Zfiu; Zu TBEEL, $k, /A~ VERT, TRE %2 ¢ 12BE
ET D, £, BHRTHE, SEEZERT2HEMATHY, ZUrNZOMOBEEFELILS
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(b) Layer 2.

Fig. 3.9: Design domains and boundary conditions for multiobjective optimization problem.

FOWBET 5. 7B, nldd5—HOEERT. R, r IATHRARERTHD,
Sigmund [45] DFE Z T WTHO %, WEO AJERD ANIEEIZH 2 2 720 ORIt 2 iR § %
DITHREL TS

3.4.3 REh

nxtﬁrmﬁ FIZ, R [39) w0 &, FEGHEEQ ¥ Q2 i L TR TE X 615, &
B, FFHOEHIIf T AR T 5.

F' = —ai,Cryup, + A" on Q" (3.14)

2T, ap & i 3RAOREHIE W AR L LTERT 5.

div (Cfyag,) =0 on Q" (3.15)
i =0 in I (3.16)
th = kul! in T} (3.17)
th =T in I'7 (3.18)
ar = al in I'} (3.19)
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Zorx, Trik, HRBEETH 2 RMS #AZEI (3.7) IT)5 U THRIE X N2 BEMES Ol B Sk
e Xk 5.

~1/2
gu:{/|m$_mwcw} (u — U;) in T} (3.20)
Iy

3.4.4 HBEOBERINERZRRFICER L -2 BNmERGRHE

Al — RS LIRS 2R 5 2 8 THRBORZ 2 HIFPIRN L ER T2 2 2B X
7-Z BERERGETHEZ ERNLT 5. 2 00R% 2 HERIKIZIGU T2 oD R 3 ES
fFeE L LT, UMIRT 2O00HIDH 5.

L TSP 1 MEH L e EHERIRIACER T 5.
2. WESEMF2DMEH Lz e EHERIR 2N EE T 5.

D2 A2 MG DRETRIEX, 2 HIRERRGTRIE Y LT STOM 12 & h XA TER
fkcx3.

NM%MQF&w»zgmwmﬁdmwyﬁﬁ+ﬂ§2%¢4mw) (3.21)

m=1

ZZT, fm(Qe)EmBHOEMBEKTH D, £,.(Qe) EFRATERLT 3.

1/2
{fp, Juzr — U dr}
1/2
Lot ar}

ZIT, ur kUMK, ZhEh, mBHDOE— 7 4 ¥ MBI 2 EBOEN ¢ HIEEE
fTh5.

fm(Q(¢>) = ) (m = 17 2) (3'22)

3.4.5 @RI

X 3.10 IO 7 —%2Rd. 5, Lk y MEEEGRLT 5. XKiZ, 20T
ARERFKICK D XA, HEETZAA L TEEOEMGZRDS. LT,
Z DB EED W T HWEE & filfBEI 2 ko 5. PR L TwRIFIUR, ki, 20H
HIBERUEIC D W TR EROA R B 1 @2 2 L TR 22 T, EEXZRD 2. ZL
T, ZOREICEHOWT, FEOL bty NEAKZEH T2 Z 8T, KEOHELEH
T5. ZOBEZINRETHDIRET LT, REFEZRDTVS,
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Compute objective functions
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L Update level set function ¢(z)

Fig. 3.10: Flow chart of optimization procedure.

3.5 BEARN1: BE—0BERREKRZZEEL-EBNR
makat

AREITIE, 200ERL 2 BERIRICGENR T 2ZBHEETE—7 4 > 277 7 v FTRERNIK
5. BUEFTEGZEL T, ZEEEONEERL, 20T T MEIC & % Z 2451 % R
3 5. BRMHNTIE, MEEEEZREL, ZAFERICEEZ Xy a2y A4 X% 0.6 mm b
5 30 mm OMICERET 5 (K3.11). 7, ZEFAEBICIEY > ZRPMREEEO 1/1000 £
DOMETHORL EATWE 35, FReY—g#EkicBWwTid, FEAHb S X—& 7
CARFE ERRME Viay, MEANNMNEDANRER L%, Z0201.0 x 107° & EEFKHHEED
40 %, 1.0 x 10 N/m &5 3.
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Fig. 3.11: Triangular finite element mesh for deformation analysis.

3.5.1 HB—0OBREMRADEREZE X -BERTHE

ANFEOKRE XL, FRNAT> PRI »6TEL, L/D "> EKLBIRE 35
J—Z1TiE1.025 x 10° N, Cp>F{mAR(LBIR (r—R2) TlE9.25x 10 N&§25. TD
ZtEnd 2T, BEREEZHEBKRANLERIEZ2NHOaY T4 7 MEBOREEE
Ru Y —RiaeI TR 5. HIBE fRBEROINRBE XX 3.12(a) & (b) ITRT. ¥
HHDT — A THIELPITHREAICICR L T\, 2B, MEFREOKHEROWHE,
F—A1TIEE1T349%, B2T346 %, y—A2TIZE1T350%, B2T347%
E, WIS WEEGIR 22 L Tna.

RO R RIS, RELETEREOMEVEOZL K 3.13, 3.141TRT. £, 2
DO LT, MEPEROZIIE U LZEMEED LR DOZ 2K 3.15 127
3. M, B EANE 1 LE 2 oMEAEE R, KOPEEERERLTVWS. K
3.13, 3.1412& b, RO S, EMAEELGETIE 1 L5RMEZILETSE2D
MERRIX E NI L, ZO%AEEOREA e &bz, R 150 B HTIIHEEZRET %
RO KD G & K Uit U ORMEDSTERTZ 5. 2ot %, K3.15 0ZFE
RIF 150 B H TIKEDEEEBREZ B X ZER L TWT, K3.120 RMSFRAT 150 B H Z
I HNBEBOBYBELE SMRDHTWD, ZOH%kiX, FICHEANIIESE SRR
ERATEICLOAE T B 2 8T, 300 B EICIEWTHAESS ERRMED 40 %% REl - T\ 3.

2O L7MERRICE D RENEONLZEMEE—T7 14 V77 7 v T ORFERGEE
RBRY ZOEEEKREZ, r—RA12 2 TZALNK3.16 & 3.1TITRT. 5 5 DREME
Edh, EME5RMEE ZNZPIURET 2 2D DOBETM BB L RICoh»hTnsd. h
WL, FBIZANINLEWIZHAZDORED, MITEEZAE L X85 7DICHMHE
HLTWwW2eEZ6NS., £/, F—RA1 7 —RX2TOERRLIERZAEL X E-MHEE
RORHMAY LTI, Fig, ey UTHERES 2 U5 iiEs r — 22k - T
BRI FTENE. F—RA 1 2HRT, ¥—R20RE#EFEIZHEL V0
MEZ L, D, ZOk rIRKEDHERIRIZBOWTREFAINZRKE LI > TW AR
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(b) Case 2: Lift maximized morphing shape.

Fig. 3.12: Convergence histories for each optimal design condition.
BHLTW3. 25 LAEAX, MEEROERRENZAZHOBEINIZIL U TR & 72
5 XWCETEINIMRTH L. B, r—R2TEAEMEHIZEWTHEZEIRE b
TORERNALNS D, BREFBEBLRMELEEIR — &L TwT, HHNBEKTH %

RMS ERZDMEIEX, 7 — A 1TlZ0.00939, &2 Ti1X0.0226 THDH, +I/NS 72 fHIZIX
HLTWA.
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Fig. 3.13: Topology changes of each layer structural configuration for Case 1(L/D maxi-

mized morphing shape): (Lefft) Layer 1 structural configuration; (Middle) Iteration num-
ber; (Right) Layer 2 structural configuration.

3.5.2 2EBBELLDIMRDEE

2 EMETIX, AWICERIMEFERMEANZZAZNEHT 2 Z e THEIL, H
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WZ2HX 3181~ T. BRETOEEDLRWEER, MIFEELHED L, MEAROZE
ERXENTHS. 2D eh s, AJMMEIFERZISN U TEIKEGHI/ER L TW
BrWVWRB. R, BERTEAEINTVWRIRET, B1DAICANMEEZMZGED
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Fig. 3.14: Topology changes of each layer structural configuration for Case 2(Lift maxi-
mized morphing shape): (Lefft) Layer 1 structural configuration; (Middle) Iteration num-
ber; (Right) Layer 2 structural configuration.
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EOHITFEEPELTWS. UL, BRETOHEESEN L THWICR L 2 SR
XNz ZreT, ADEOHMMEE X BRMEEFHEL T, FROMNKHTRT &S
2, KEHEDOREBEZMITOEFALEIL TWE-HeEIOLNS. ZEHED FRo
Vb TR, AVOESERE INIRETHEERNI I NS 2D, VO EMEEIE
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Fig. 3.15: Changes in the deformed shape of multilayered flap: (Lefft) Case 1; (Middle)
[teration number; (Right) Case 2.
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ﬁD\

(a) Layer 1 (b) Layer 2

(c) Deformed shape of multi-layer flap

Fig. 3.16: Optimal configuration and the deformed shape in Case 1 : L/D maximized
morphing shape.

ﬁx»

a) Layer 1 (b) Layer 2

(c) Deformed shape of multi-layer flap

Fig. 3.17: Optimal configuration and the deformed shape in Case 2 : Lift maximized
morphing shape.
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NOEBEEB LTV
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(b) Case 2: Lift maximized morphing shape.

Fig. 3.18: Deformed shapes of each layer when each layer is not connected at the airfoil

skin.

S - &=

(a) Load is applied only in Layer 1 (b) Load is applied only in Layer 2

Fig. 3.19: Deformed shapes of multi-layered compliant flap under individual load in Case
1: L/D maximized morphing shape.
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AFENZN10mm, 20 mm & 55 28T, MAMERTERL, AU HERZIHITE. %
72, V7 LTORREMRT 2082 S, 20CET LA, BEOMEHED
2RI SR TR O MEFHTERELD 1/1000 fE DM B A>TV BHdDET 5. FORMIZ
F5mm DR ZEE L, £ OmEBIIEREZDIINTIIEIIFEE LRV,
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L —S =

(a) Load is applied only in Layer 1 (b) Load is applied only in Layer 2

Fig. 3.20: Deformed shapes of multi-layered compliant flap under individual load in Case

2: Lift maximized morphing shape.

(b) Deformation

Fig. 3.21: Three dimensional model and deformation analysis of multi-layered compliant

flap.
TG R 2 X 3.21(b) 173, MHIKETRT DI, X3.8(a) DHEFRIKTHS. £

R ER 2, BERREIZIEF—HLTEBED, 2007 /U X 2 EFFIRE & <
HoTW5.
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Table 3.2: Comparison of objective function value between three-dimensional and two-

dimensional structural model.

Three dimensional | Two dimensional

Layer 1  Layer 2
0.0293  0.0294

0.00939

3 JOCHEAT & 2 KOTHRNTIC & 2 ETEIRD RMS 17 % 3% 3.2 THE T 5. 3 JUTENTIC
BWTIX, E1, B20EAINT2HHEMETOERRKE TENEN RMS REDHEZH
HLTW3., 812103 2 HINBEEERDTPICEZ>TWS. 2KTET VTR
BRENDP—HT 2 IRET 20, 3HKTET NV TREBEEHES T 2ELRLPWHEOEE
HENZBEATERFF o TWA 0T hHEL, T/, NG 0BGV, ®BE
B RFTHNSNZ 2O ADELTTWS. —7, RMSFREFE 1 OEERMEY Lz &1
FEXFERZE 0.341 % TH D +3/hE V. 2D X 5 RRFNR®SEADT=DIZ, 2RICET IV
2 & % HRBEEIEICHEANT, 3XKICET ML 2 HRBEEBMEIZH 3MBAREL R-oTED, &
DD, 2XTCET LV THREBIFACHEREMELNDL EEE ARV, LrLENDL, %

ZROZIZ NS THEBREIZE-HL T0WE e o ARBETIRET 2 ZEE—
T4 2777y TORMEIHZLETHELE VR S.

3.6 #WEFARH2:2OD0ERLIZBEERINERZERLICS
BB RERET

AEITIE, 2200822 HEERANLER T LRA—DZEHMEE—714 >0 77y 7
ZRD L. BEFTEGIZEL T, ERORL 2 BIEIRANCER T 2 FA—MEEELRL,
ML= KA 7ROV THERT 2. BUERIRICEB T 258701, HHENRERGHE 2 [
BRIZ, BN CIIEEEIREL, ZAFERICEE Xy 2aH 4 X% 0.6 mm D5
30 mm OEICRET 5. F7z, ZHAMEBICIEY > ZRPMRGEE D 1/1000 £5DAETH D
REZATWB T 5. PRI —ElEbicBWTiE, EAHL ST X —% ¢ ¢ Kk FRE
Vinax, WIEATNEDANSKERH L%, ZHZ2401.0x107° & BEEREHHERD 40 %, 1.0 x 106
N/m&3$5%.

3.6.1 EHOBERWKEMEZZE XT-/\L — FMREfE

RL—tr7ars5 4 7OHEZES -2, BEOFRKKEDHIZOWT AL — MiE
Kz, HiEmE fl=fl=0r32L, Bohs L —MREOZODOHMBEBOMED L
fi/f2 V&, FRAKMEDLL A/ £ L HAFNCIZ BT 5. 22T, FmRkKEE1: 505
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Fig. 3.22: Pareto optimal solution in objective function space.
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HLTW3.

e, 80D L — MEOEFEIIREX 3.24, 3.24 THECHEST 3. 22Tk, Bk
oiffizzheh, 7 IFNVBREFEREOZFEIRERL, EEOER KT 27-9H
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Iteration number

(b) fit: fst=1:3
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(c) fit: fst=1:2

Fig. 3.23: Convergence histories for multi-objective optimization problem (continued).
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Iteration number
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Iteration number

() fit: f3t=2:1

Fig. 3.23: Convergence histories for multi-objective optimization problem.
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3.6.2 WEFEICEITBNL—RZ 79

DURTIE, ol (L — MEORERRORHZ T 5. 80D L —MEDS b,
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~"

Fig. 3.24: Deformed shapes for Pareto solutions: (left) L/D™* maximized design and

right) C'7"* maximized design (continued).
L

IR, Bid op mKIUBIRNE ZR 2T 2MEANZR T EOEETDH 5.

AIETCELF Lz f: f = 1: 21203 2% — MRIZOZEFIIKI 3.25(c) THS. K3.25
D (a) & (b) DL — MR, fi DMEIVNZI WD, fL 13 KE 72 D RBREEET O | KILE
WEEFHIRE DEVHIL > TWS. 7, (d) & (e) DXL — MR, fi DIEDKE VD,
fo VNS T oT0d. BIROZEE, L/D™> ALK L THERHTRE S Adh,
RHZ (e) DEBIEINEZ, WEANMVEZTIDEZTOELGE L LDOAEEBLE-> TV 5.

ETOL— MEE, REIR LU 1 EHOMEEFRERICEWT, FEE O RS
W UNHEL YO EFLTWS. RARHEANEZZITZE, K3.250 (¢) ZFRWT,

38



Fig. 3.24: Deformed shapes for Pareto solutions: (left) L/D™* maximized design and

(right) C7"™* maximized design.

77y FRFE—RRICHFEE L TW5. —/A T, RRBIMEIANEINS &, e ~
DB B EERPKE L, Ore iR UK OBk, HIEEETRATINCR 2 WEIF A 14
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THPEHZFR > THED, ZoEFICED, FEE2OMEFROZILEZE 1\ {mET
% 2T, L/D™>g&atsfFo HIERERIEM T 2 D@ L 723 —2iliF 2 =B L Tn 3
—77TC, (d) & (e) DEEMHRICIZZ D & 5 REEHM PR SNT, ZD2D, CﬁXaﬂi
HETZIRICE L 72 /R iy A 2 ZH L Tw

RZIZ, K3.251RT 8L — b%@%L”%Tm (a) & (e) DEGEHEZ (c) L RELE
RoTW5., ZhbiX, MERHNEKR-TYH, ThbL, EATERBRISIEE AYH
CTH5. kit (a)ld, B1IHAERKONHE 2 ST L, B2 3Ekat s flciEk
ﬁiﬁk%ﬁ%ﬁbf,:@%&%ﬁﬁ L/ D B EHTIIHEN I vweEI 6N 5.
—77, (e) DFFFHRZ, B 1k 208k v OWMaEFAE LT, OreFito RNz
EREERLTVREEZ LN,
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(e) fi*: f5'=2:1

Fig. 3.25: Deformed shapes for Pareto solutions: (left) L/D™* maximized design and

(right) C7"** maximized design.
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Fig. 3.26: Aerodynamic performance for ideal morphing shape for L/D™** maximized

design and deformed shapes for Pareto optimal solutions.

3.6.3 /N\L— F RmEFEDZEHEEE

R DAL — MEOZETUIEIRDZE MR 2 T 5 Z & T, HAIBITH 2 RMS iiE
DFEYME, Thbh, BRAKOBEEN NI TN MREDOMEE KT E TV A 2IZD
WTHND . ZEHRHTITIE 2 KIT SR IIEICFEED < Xfoil [46] Z WV, LA J L XEITH
MEZEDD 3.79 x 106 & L, FEEMMEREZRET 2. WZAAIZ, hDHME F v
UN=Z AV DRIALLTERTS. ZOIkiE, /I FHVIREDMZ AL, L/ D™
HIEEEIRE 8.0° D, £/, OB REIZ T BRERZ2ZIEEZERLTVWS. 1135,
“ODHEEIRT0.1° DENRD 2, ZHIEHTEZ25DL T3, SL— MEDIZA
X, BEIZIRICH L CGRIAIK 1° DEND 5.
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Table 3.3: Aerodynamic performances of L/D™* maximized designs.

(a) Maximum value in terms of angle of attack.
L/DmaLX CL CD a(deg)
Nominal wing 111 1.22 | 0.0110 7.3
Ideal shapes 218 1.33 | 0.00611 -8.7
ffroffdt=1:5 119 | 120/ 0.0101 | -8.8
ffroft=1:2| 779 |114] 00146 | -8.7
ffrofdt=2:1 489 | 1.35]| 0.0275 | -6.1

(b) @ = 0 degree

L/D | Cy Cpo
Nominal wing | 98.6 | 0.443 | 0.00449
Ideal shapes 34.7 | 1.635 | 0.0472

firofst=1:5|36.6 | 1.643 | 0.0448

fffoff=1:2| 356 | 1.668 | 0.0468

frift=2:1|335 | 1.719 | 0.0513

Table 3.4: Value of CP'** for C}*** maximized designs.

Airfoil CP™ | a (deg)
Nominal wing | 1.97 18.1
Ideal shape 2.38 13.9
firofsi=1:5] 233 | 143
firofft=1:2] 235 | 134
filifit=2:1] 237 | 138

3DODNRL—ME(fA:ff=1:521:2, 2: 1)U TENEREEZFHES 2. 3DD%
L — M@EH L/ D> FEEH RPN T 282 LT1RD C, —a & Cp — a BIfR L 2R T
ZITE, ZELTWIRW IFLER HIERRORRZ D7 DI1R 7. FikkdE
DS A f=1:5TH2 e Z2D L — MEOEEIEIRIZ, 2 o0iEHRE D b BIEE
ROZENVEREHIRISE N Z e 3bh 5. 72720, L/D BEKER & 208 TIE, 20
ZIIKRELR-oTVS. L/D DEFERKETH»RDREZVDIX, Cp DEDFIRDKEW
NHTHS. I TlX, BhfmclE -7z EZ N5, 22T, £33TWX, L/D
DIRARMEE 7252 AE 0° L DZESHEREZ RS 2. WA DL =, L/D DEIZIFE
WNEW, LedioT, WEETEDAZE R L (L — MRZ, MERZRMETS L
T, BEWROZENMERIGELWEREZ AT 28 VWA 5.

R, CpxZEHRMFITBT 520 — MREOZEBIVIRD Cf — a ifR 2K 327 1R T, %
Tz, BikatfRoD Opx D% KR 3.4 THET 2. L — MEOEFIK & BIREFIR L @ Opax
DEFTTITNIVEWVWZR S,

RBIC, N — MEOEIR e BREFAROFE iR 2 X 3.28 1R S, MtlhdsEREL,
I —F o4~ RSB 2#8FEEZa— FRE cTEHIZ Z e TIEFELTWS. ZAET
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Fig. 3.27: C', vs a for the ideal morphing shape of the C}"** maximized design and deformed

shapes for Pareto optimal solutions.
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Fig. 3.28: Pressure distribution with respect to the deformed shape of the Pareto solution
and the target shape when the angle of attack is 5 degrees.
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ETFULT 2-DDMBTIERZRRELE. Zabid, Witts, ZHREBO M NN
MERNCEE TR W, ZOEBTREFEDIRLR THRHAT LI VWS ERT
IZEEDWT WS, )7, Bendsge & [55] DI KAUE, H 5 —D2DJjikE L T2 EHER
ERETDZEIEBEZ N TWS, Hifgo 52 ITEREREEN FRCEIORET 22
T, ARERECB O CIHI R ERM ORI D 2 7= OISR Tl 2 53 & 72 % 22 rEIE
BREERFEBE L. —HT, NTFEEHWS I THRBERE L ENTEHEa R AR
BDEBRSTLEIREDLDHD. £IT, AT, B2 XD EMICHHET 2%
D2, BRELHBHTOBAIIMZ, Z I TOBMEARLENE 2 NTHRFMENC & 258 %
[FIRFIC IR T & 2 AR EREICES MERRTEOMEL DX T,

AWZETIE, LNy MEOHKRZERZERHTEZ 2 WO FEZE»L, ATHR
F5VAENE OGS IS - HAO M2 RRT 2 Fike, ARESRBT L 2HiE
b Re Y —REHGHEERE T 2. 22T, oElbilEREcZ kst y b
BAEUC X 2 HHERBUCIS LT, X v a7 X T 7= a vk [56,57) Z Wb 2 & Tkt
e MRMEIR & 22U 7 EIT 5. MIEE 7 OUKICEE LT O A EIZSCER [58,59] T
REINTWEH, EEOHLRD, GREFZERT 2227547~ MEMORE
BAIFHEH I A TOWRY. ZOFETIE, PEISNEEHHEBOT 26, MR A12
B3 2EREREIWMDH L, BREEHNIC X 2HELFMCHNS. 2o E, LA
Lty FEENX, EREMEREEE 5D EN—XGRER ETHEH XN D20, (R FEEE
12, MERROZIRGIHEBO M THAIN S, B, NTHRITOMEZED FRL
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MY INEL D, MEBEEOTWEIBL. TDkD, —me Y ORERNGEIT 272
DDERE B8] TV, TE=T 4 ¥ 775y TORGHEENLEHHT 5.

4.2 HIREW#EHR

4.2.1 2Dbgunx

X 4.1 1R T & 912, HEHIROERER %1% EFRIH 5 EHRDIREANDZEH ) %
EZ5. 2T, QT RYKRER EEMORERAERL, I'p, InEEOLEh, T4V 7
USRS, /A< UBEREGEERLT0S. T/ A v U BRSEHFICER T3 RE T
H3. B, Kb, FEDOD EMHRATF0REFAOREEZERL TWE. BFERIOVIK
FEIL Q0 B FLMERIE » U/ EBEANR Y ML X D3, BRROME QST B MENS ML
e, i = (X)) IXXoTRBEIENS & X, KNITRT & 5 2 EAERLED S DZEN u(X)
BEL 3.

uX)=y9(X)—-X=xz-X (4.1)
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Fig. 4.1: Finite deformation of a continuum body.
ZDrE, ZFHELF IZXRD XS ITERINS.
F=Vxy(X)=Vxu(X)+1 (4.2)

CITIHIZ2RDENT YN TH L. FEAFEOFIIC IAUX, KGRI RD IR
IR TRES.

‘F(uan):/(P3§_;+kQU"r]) dQ—/ t-ndF—i—/ kw-ndl'=0 (4.3)
Q I'n I'r

TIZT, nidMEENERL, B2IEIZ 431 HTERT BN AT ko 12X 25
MERERT. BRIy CRAN L ZAR L, Trld N NRER I X iR x5 R
TH5. AR TIE, t2ZBFHAPELRWVHEERETS. 2o, 1, &5
2VF T - XIALRY IR T VYNNI TRDEIICRT N TES.

ov
P(X)=FS and 528—0 (4.4)
ZZT, HERT 2 L U IIMBIORKANC X > TED 6, AL TIE 4.2.3 fiTHF

B9 B FEDEMMER A 7 v 7 (KRR [60] Z V5.

4.2.2 DHEVHDIERAL

ARHFETIE, T DOIFPEIT R 2 Ra b MEIC & 2 RIBERZ VTS, (m+1)
[EHOZN w1 1%, B m BIHOZN u™ £ ZNHES Au & LT RO XS ITERS
ns.

u"t =u" + Au (4.5)

ZNIE ST Aw ld, —HREVRAREAE TR [60] 1I29E 5 R DERALE T RO e L THRX
3.
F(u™n) + DF(u™,n)[Au] =0 (4.6)
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ZZT, DF(u™ n)Aul iZ2DE5WVK (4.3) D Au AW ERL, KA TRINS.

on 0P 0(Au) )
DF(u™, A’u,:/(—:—: + koAuw - dQ+/ kAw-ndl' (4.7
whndul = [ (G G Tox+ kadu [ kduonar @)

4.2.3 1&pEY

AFETIE, FISRMFPIEREHEEE R T 272012, FHMEDEMER A 7 v 71K [60]
ZHERANCERA S 5. ZoET M, BIEHEETVERBIZ, YO IRERT7 Y Vit
W 2ODMBRFENR T X —ZDAE KM L -HMLET L LTHIGRTWS. HRE
BeEBRL bAr Y —REICB T 2RV OPI|EZNTED [61,62], TDD
5, IS [62) 1RMAIME 2 BB T 2 DA L RIS TR A 7 v 2
Kz HWTWS. FEHEOEMERA 7 v 7ROREKANE, XRXOHERT > > v 1 Ui
IDERINS.

WZ%M—Q—MMﬂ+%®UW (4.8)

ZIZT, IeBXUJIX
Io = t1C (4.9)
J = detF (4.10)

ThhH, C=F"'Fi3fi Cauchy-Creen B 7 > YV TH 5. p & M Lamé DEHTH D
KRR TERIND.

“:zuﬁm (4-11)
A= vE (4.12)

(1+v)(1—2v)
ZZT, EevidvryrReRryyritzzhzh®ks. X445, H2084 75
XALbRy 7T UYL SERDEIITRDLNS.

S =ul +(ANn(J) —p)C™! (4.13)

FERHER 7 v 7 (ROMSIE)- OF SERER 42 107, 22T, ARMEHE T —¥
2571, MAOFHERRTERS NS,

a__¢gﬂq-fg2+q2+@n (4.14)

ZZT, 3 XRRNUTRT Hencky 03 ADFEUVTATH 5.

e::%hﬂFTF] (4.15)
X 4.2, WHOTABEGEPIEETHE 2L ZRLTWAED, OFAINIWEIET
R TH L. ZOFEMERA 7 v 7RI, IEFICKERVTATO I LMD ZH)
ERFETERVWIEDILSALNTOVS [63]. Lo T, AFFRTIE, FITRMEMIE

MIEEEER T 57012 2 OfEIHIZ W 5.
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Fig. 4.2: Equivalent stress-strain curve of the compressible neo-Hookean material: Defor-
mation state of a flat plate subjected to compressive and tensile loads, respectively; The
material is an aluminum alloy with Young’s modulus of £ = 70 GPa and Poisson’s ratio

of v = 0.35.

4.3 LRIty FEEICHK U T-BERLRIEERIT

4.3.1 Xwar7Ad 77— ariEzEAVWEEREEZED R BERR

ERBEREHZH VD bR Y —RELDZ X, REHEBICH L CEE Xz —
AA v akdHor UOAERL, REFEBERICET 2 #EDZ(LIERAMEL (Ersatz
material) [34) I KX DRI LT3, Z 2T, ZHAREEEM/NRY > 7R 2ROkl
HRLFTZ e TREIN, MBI RAIRICELT 2D L TGEAI
RN, 2D XS BRATHRFFTOMRIDEEICKRERER 2RI T, HaET
TSR ER L 72D, WSRO E S IWRIN S 2. £/, MR a Y7547 >~ M
DEgEt T, BARORERFANOEMZRKILT 2 & WVwolz, EHMRENEERDE &
ENBH, AFED X 512, BEFBIRER ZRE TEENICFHET 2 RHERETIE, 20D
KD BEVAELD, BEEHIRCERTERWEEREX 5 3.

D XS B NI R 2 A T ICARERBN 21T 572018, Xvd a7 X 77—
¥ a V56,57 ICED X, RE(LIBETEHRINS LUy MEIBEEAIICIE U T
SRR 2 REL, 20, ZHAEBIIARSITHEESFEELRVEWVS, Lty b
BOEBRHBINE - T-EEREEE X 5. ZOFEIE, Li o [64] STRIK L HEIE & DAL
AT D712, FDFHEZ BIEFICRAT 2 72DICHWTWS., KFFETIE, ZOHIEERIL
M35z T, M- ZAOTEER _HERIHZITS.

RE{LOFEBET, a0ty FEAME ¢(X) = 01216V, MEIX vy > 2T, 24
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Fig. 4.3: Tllustration of finite element mesh construction only for the material domain: 1.
Distinguish between the material and void domains according to ¢(X) = 0; 2. Generate

FEM mesh for each domain; and 3. Leave the FEM mesh in material domain.

WL, R—ZAXv>aTy, FTHEHTS. ZOETFTIMMEFEDOFIEOMELR 4.3 1K1,
Z 2 LIRS

1. EERRFTER D 2 DEITE2N—2A Xy aTp BRET 3.

2. (X)) ZHEFLIRIZ, ¥alL bty MEANE ¢(X) = 0 120E > TYIRmEE & BREhHE
By %2 XA3 3 (Tp — T}).

3. FNZNOMERD R v & 2 BERT 2 (T — T).

4. THOWERX v 2T, OAZED HT.

FIED 1 & 2 2FET T 28UEEREICE, A =T VY =54 77V Mg [57] ZFHOTW
5. D479, Tp Eor oty FEBOHAEICESWT, UFOFIMETX v
AL EITD.

ity VENAIERETAIX vy Y aBE2EPXAIT 5.
ii. ety MENA BEEEROZERICHLOWEZENMLUEZ 2 5EH T 5.
. Av>ar7X77—>ar7LId )V ALZHFHLTENEDR Yy a2 2ERT 5.
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Fig. 4.4: Bending analysis of a cantilever beam.

LUty bREBUC K 2 HERBUCE T 2 BEIFHIC X o TEL 5 2 HEOREMEIT 2
LDOFIEIC K o TR EIN G, AFEDX 51 25OV TIEHR [57] 2Bz,
JE B DR S & Hift % b 7o 72 WHINL U 72 B idEE, — M MR e o — ko
FETHE IR, ZAUTER U TSR E T 2RREMED D 5. BRI, 1 XH%
BITROHEIHEDL 25 &, FEITIZRIM UMGSEIRRAIFITTER V. 22T, A%
TlE, ML LB 0tEE 2+ o 256 C O BIRERMTFETAREL 3272018, Mrhian
FER kg RO NTIAREM 2 MRER QBB S 2. Zhuc kb, FEzEEE D -
TRV U 72 BB W@ D M R 215 C, MEMIAEM S NG E T OO EITAIREL 7
5. 2B, BT DR VINL LMEEE, 1Z A YOGS IR EEETHA
5. ZRLRVWEEEIEERNOAZE R LRREE LSO THE. kB, Z
DG TIIMETRMETHRAEL 5 2 EANIEHL TV 5.

4.3.2 REBERRFEDHNRDEER

AREITI, HEHREERTEAZE L T, RFFETHW 2 BEEREERHADORFITONT
N5, K441R73 £57%, BHEXH80.0 mm THEANEA 200.0 mm DB REE X, Kb
AHEE N, G TE2Y 12.0 mm T 2 55HCERE A X I12RE /) ¢ N/mm O E
BPZIFITWS. MEEEBIZY >V 7E %2 1.0GPa, K7 Ytz 042 L, WE, Lty
FREEIC K-> T, ZORFBRIERDILLREL T 5L, HERD Ersatz material 12
K 2SR & A TR T 2 MU aME Rz, M4.5(a) & (b)ITRT. M4.5(a)
TiE, LUty MEBUZIEU T, AREFEETIXRAMEICR L Tl®E 1.0 0, F@FEET
BHRLOX 10 DY FRICkD, MELEAZRHAL TS, —7, (b) DA LG
KT, ErlL bty MEMHEIC X DEERANRIINS Z T, TG - 2
HAOZHRH L 2o TWVWa. 6 ZODMERIFEIIN LT, 428 TIARLBREE
fRHT I D X BTEMRIT 21T 5.

PRE RMERE ¢t ZHRAK25.0 N/mm & L, 50E L THEMIES L ZOMHE - BNk
Z4.612, FHERBFIEICBT 2BAEETH o R AREMN 2R T EURIRZ K 4.7 12
FREIRT. B, fE - BN 4.6 12BWT, ZAEAFHROGEREROHIED
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Fig. 4.5: Conventional and proposed structural representation according to level-set func-

tion.

SRENMEDMEL T5. D25, Ersatz material W= m &€ 7 UIE, RES ¢
ﬁwnNmmifbﬂg%%M# TERDPoTDIINL, BET 2 HERMEET VI,
E LR EMEt = 25.0 N/mm £ TOEEBNOBARETH 72, MATITRTEEKT
X, S O0BERBICEZ2EHZEHII E>TWS. LAIL, (a) TEETOER
HEROWINR Y > TRERFOMEY, EMEZR I TRy Y aREEZREI LTW5. e
LT BICKERMEAN (t = 20.0N/mm) 2521 72 & TIHMBEBRLTWS. T,
t = 15.0N/mm T BT 2B OFRFAEL, ELHEEET LTI —56.4 mm, EEMEET L
TIX —54.6 mm o> TED, HMNHEAEIX293%TH 3. TLEERE CIIEE LI
LU TRAZEMPIRELBoTWVS, ZUX, MEREAPEEICREIN2IBEFIEC
XL, IERERETIE e L~ btk y MEMENEICEWT, Y2 7EMEL2ET 3
IORRBFEINTWENLEEEZIOLNS.

MLEDS, MhED I WEEFAEE % Ersatz material 12 & D inPINICERIE ST % & 2 OER
HEL, 52 HWSIER2REE - 22RO _HEHZ1T5 28T, ZIROBRICHES X v
YaKiREEEE L, BREFENFBES S Z P TES I 2R L. ERLIXIZAD
—PNCFTES, Xy > 2 KERIC X BT RMORE LT X3S RBIc k> T2 5.
FERORBELOFHEIBETI, KD EMLZBESVEBOHBRIEEI NS, —7, AFEE,
ZEEBZ ERICRET 2 TZIICERT A2 X v ¥ 2 REEZEHS 5 Z e TE, K

o2



-100.00

-80.00

-60.00

-40.00

Vertical displacement [mm]

-20.00 --+--Conventional
—o— Proposed
0.00
0.0 5.0 10.0 15.0 20.0 25.0

Applied traction [N/mm]

Fig. 4.6: Load-displacement diagram of the cantilever beam analyzed in two different

structural representations.

RENZBEARZELZRHT 2 Z B TE 2.
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4.4.1 #EHABETIL

AVTIAT UV NE=T 4 VT T Ty TORRGTHEHBE HRASLE 2K 4.8 1T~ F. FEIC
I E NACA0012 BB Z W, a— FEX 60 WO RKEBIE—T7 4 Y IEETE2HDL
T3, BERZ, BANLREAZNZ27-0123mmTH2dD T30, 2R EDOK
XX THIUIHFI BN THHIEALZ T X5 BRBELHET 5. £z, REBBEH DM
MEHERT 27-DICa— FREX 90 %2 IEEGEHENE 35, ANVREIEE 7 7 F a1 —X
B REGHEIBAN OFEE AR [y 2 OEHE N2 DD 35, Tow ik, ZIEBIRZ FHT
T EDICHWAEEZRINVEERTH 2. BREOEmHGERE, LHNIEMI7E2REE X
L, MINZEBRTANEOAZ DL L, Y AROEMIZIEET X AATIIERER LI
K DRI 5.

TB— T 4 VY ZEPNHEGHINCHA B 72121, BERE O _EHEHN S 0 NHDET N E D
H5. RFKTIE, PHIOHEAZRIEIMIANED ASXI5CHRETS. ZoL X, TR
X BHMTENE, 77 v THRICIIIRTH 2 &G HER AR THTiig 2 2 2 72 <, E#ii
KT 2/ 21%E 2 b, E—74 22775y THEET 3= FE% A ST &
DR EZIPMBIERICIG . THEINIHEI NI —XTH 5.
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Fig. 4.7: The deformed shapes for two different structural representation.

4.4.2 REFFTREIEDOERL

KBTS AV TIA TV VNE—T 4 775y TORBILRIETIE, UTD3 oD%
BREY 72 5.

1. BERIR e ZEIRO RMS iaZ 2 &/IMb 5 5.
2. ANTEOARICMZ 2DDLY Fary o547 A ei/MET 5.
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Fig. 4.8: Design domain and boundary conditions of the morphing flap for NACA0012

wing model.

3. RNFEOARICHZ 2dDLYy Rary XS5 74 v A eis/MET 5.

INHD3DODEMIE, K49 ITRTHMSEMN Case 1 £ 2, 3TERZNFHET 2. X

4.9(a) DIEITIX, TE=T7 4777y 7OENERE L BMEHT 2 2, E=—T74 7
77y IHBEEIREERT 20 2R T 5. Case 2 & 31X, ANNEDSZIT BfH T,
EHIEBANCADET BRI, KONCHINIE D 521 B fE t3 2 AN mE T 572
D OMIMEE Z NGNS 2 7D DM TH S, ZNo 200K HEE—T7 477
S v FOEESLMICIIEIR 0D, —He IR EET A FE|2H - T\ A, T2
I b Y IREEMNETIE, OFAZINNF—EENZBICET 2010, avyF7347
YAFME, Fbb, BIERAIC X DG SN RENEIXOT AT AL —HEIT—
BRIGEL 125, ZDk®d, 0 FTAIPLEF —BENAMICELZGHT222 T, oY
EEOHBHZEM T2 TES. £z, kip L ko ZEBATZI LT, MEOAMESR
G BEER (ATER, W) BEMEMZ 272012, BEEERZ TR, My o
CEREET A2 T, AN BT ORGSO HERTZ 5. kip & ko 1ZRKEWVIE
A STEB DR ME T I D DIKEIT X — R L ERTE 5.

INB3DDEMNEERT 2L, RlEGHHEEIAKXD XS ICERTEX 3.

3 -1 3
igf f= (Z wi> > wifi (4.16)
i=1 i=1
dQ
subject to: G = Jo — Vinax <0 (4.17)
J, @0

ZIT, feGREAZHHIBEREHRBEETH D, w FEARE, Vi ZEETR
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FRRIETH 2. £BETHRRTZ3DDFEMITHIELT, fi (i =1,2,3) IFRD K S ITERX
ns.

1/2
Jro s —U* ar\
fi= 5 (4.18)
J. U7 dr
to - us dIl
ﬁ:ﬁﬁiTi_. (4.19)
Je lIE2]l AT
fF ig'u:gdr
fy = low ©_ (4.20)
A

ZIZT fLi dEREEI N RMSERAETH D, B L TVWARW . I FVIREETIE 1, HEE
WREZRICERTZ2E0DEE LS. F2, Lt fEERENE 25 FHEIZHFOT Y
Ray7o34 7R, Ty ZATTEMEAT 2R, Do $EDOINETH D HHEL %5
flid 255 TH5. URHNERT CERSINLBEOZEMDMTHYD, 4.5HTHEX
5. ul tIXEMEEANCRET HARANNT bV TH 5. u 1T 4.91281 2 BS54
WHIETBENIGTH D, BB, TE—74 2777y THERT 2BICEBRIELEICIEH §
B ZETINIEZR L TV,

4.4.3 RRERRH

BRES G PR T 27012, HBEBOKREZEH T 2. FEEERFEICED, H
RO KEIZILITORRIZEZ 5N 5.

3 -1 3

, i [pdQ
f= w; w; P 4.21
(Z ) 2 420

ZIT, FEMRE fl ¥ f (i=1,2,3) 3XXTHELND [34).

! aﬁz
fi=Pi: o5 (4.22)
ZfiGu; (i=1,2,3) FRDOHDEVRDETH 5.
P, Moy d0— [ #-n, dl =0 123
1-ﬁ+ QU1 - 7 1-mal = (4.23)
Q Fin
d _

/(P%é%+hmymod9—/i@nﬂw+/vkmﬂymszo (4.24)

Q Fin Fout

) ,
/ Py T4 kous -, m—/ %mﬂWﬁ/hwymﬂeo (4.25)
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Displacement field
u;

Displacement field
Uz

(b) Case 2: Analytical conditions for the stiffness to transfer the applied force from the input
point to the output point.

>
twi|  Displacement field

Uus

(c) Case 3: Analytical conditions for the stiffness to transfer the reaction force from the output
point to the input point.

Fig. 4.9: Analysis conditions of the compliant morphing flap design.

ZZT, u; (i =1,2,3) 3XRKOBEHZEN S 2wl T ZEMETH 5.

(9771 (9P1 8&1 ~
: : . Q 4.2
/Q(aX oF, ox hew "71) d (4.26)
— / t-m, dl =0
1—‘out
87]2 ) 3P2 . 817,2 ~
/Q(ax TF. g et nQ) do (4.27)
—/ :Egngdr‘f’/ kouta’Q'TIQdF:O
Fin Fout
87]3 ) (9P3 . 81]3 ~
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Algorithm 1 Level-set-based topology optimization considering geometric nonlinearity.

1: Initialize the base mesh Tp and the level set function ¢

2: Mmg is performed to obtain 75 based on 0]

3: Extract only the material mesh 7q

4: for it = 051t < Maxloop;it =it + 1 do

5: Solve the governing equations on 7Tq ;; using the Newton-Raphson method, cf. Eqgs.
(4.23) to (4.25)

6 Compute the objective function, cf. Egs. (4.16)

7: if convergence then

8 break;

9 else

10: Solve the adjoint equations on Tq; , cf. Egs. (4.26) to (4.28)

11: Compute sensitivity with respect to the objective function, cf. Eqs. (5.34)
12: Update the level-set function ¢; by solving the RDE on Tp, cf. Egs. (2.2)
13: Implement Mmg obtain ﬁtﬂ based on ¢;;
14: Extract only the material mesh 7q ;t41
15: end if
16: end for

22T, 3 (4.26)-(4.28) ODFELHE 1 EEN 4.7) L MUK S, K (4.23)-(4.25) %
fig IBFRT OP;JOF, D86 579, #ETH 2Rt AR Z ML 72D DEMDFHE 2 2
MIERTEX21F0THB. 57, ERICBWT, ¢ (i=1,2,3) 13XRTERTE 3.

t = uw U (4.29)
1 ) 5 1/2 :
S MO AT fi Al = UJ” dT

~ %

AN W— (4.30)
Jr, I[t2]l AT

~ ts

R - (431)
Jro g dT

AT OFENC DO WTIE, STk [34,39) 2B 72w,

4.4.4 FPERE

Xy a7RITT—2a Y FECAREEENM AW bRe Y —RiEbk 713y X .
% Algorithm 112/~

N—2ZARXy¥aTp ety FEBZEVIHLL 2%, =TV 7 5475 Mg
PETLT 2HERL, HEERT O DIHRREROAD X v > 2T ZED 3. 20K,
RECETREL— TR 5. £3, BRZEMT 2 FET LU ORMYERMEZ R =, BN
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MR EH T 5. BRI T 24, 3N, DR LA O FR S
LCwiug, BlLaT55. 25 cridiug, BIREEcHs 2 REXHET 5. I
FORMELE, R (4.32) % noy FIBL 3G LTl L7e b 3B R K T 5 5.

Jﬁ;jﬁﬂ<€m’ G<0 (4.32)

| fi-1]

ZD%, Lty VB gy BER—ARX v ¥ 2Ty, ETRIMEBGERZEL Z 2 THH
3. LT, Mmg #EITLT Ty ZERL, RDORT v S THBLEMMEN 2 FITT 2
72D 7?27“4_1 72?%5

4.5 BEFTESH

REL bR Y — R GHEDZ Y L AR Z EES 2 72912, RTINS
E IERIE I ZTERE & O 2 N2 UTH T 2 Roliaka D 2 ZOtBIERT AR Z KD 5. &
TOFEFITIE, MEHIEIT AV I =YL EEE2SEIL, YV I/RE2 E =70 GPa, K7V
iR r=03529%. ZhsofTiE, FHUOSTAZIREL, ESEHEARZLT5.
%7, ARERICIHRAO=MPERZAHAT 2. ARERMEMIE, NWHERERY
7 b FreeFem++ [65] ZfEH 3 5. ZAFERDOY A X1E1.0225 2.0 mm O TRES
5. MR Y—R#EFEFHIBWTIE, ERHE I X =& e KT RD FREZ Z2hZ2h,
50x 10702 03 32, mELABEDOICRERE T ) =3.0Xx 1072 & ngyy =55 5. A
P& ik & T2 R WIS L 22 58 0 WS E U % 2 & TRET RIS 2 2 2 2B S 721
FW BN AN EB % kg = 7.0 x 107 N/mm & LU, PEHER QICEEST 5. 2L T,
B=T 4775y TOMESFMFITH LT, BERAXER T kL=35N/mm& L, £,
kous = 70 X (fr. AT/ [~ dD) N/mm, ki, =70 N/mm EFET 5. KB, THOLD %
ERFHMERRE I YD OHETHZ DD TS

4.5.1 BERKRDOERE

MRIEATERIRE & I AT RE O BEEIRZRE ST 272012, K 4.10(a) WORTHEASE
DO RT, WEEEHNT L IR AN E 2 h 2T o7z, 2O %, $hEA & KF
HIEDRENE, FhPRENEXHDt, =80N Y t,=10N & L. Lidof@isk
HRT, BIEEMEN & I AT X DG o EH £ 4.10(b) IR, ZIT
X, BHERICEEARERIZIRE LT, TR E—T7 4 >0 77y TOEELZEIR %
ET 5.

ZZTEONENERER LOHEREMNZ U & LT, R (4.18) ® RMS #EZEDFHEICH
W3, KB, RMS#RAETIE, H@EOH AN L THEOZENMN U L FEBEDOEN u & DiRE
EHETS. 2o E, RELOFERETE, Xvyar7X 75—y a B L) ER
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(a) Analysis condition.

Nonlinear deformation

(b) The two target shapes obtained by linear and nonlinear deformation analyses.

Fig. 4.10: Setting the target shapes.

Interpolation

Fig. 4.11: Interpolation of the target displacement U calculated on base mesh 7p and the
error calculation method between actual displacement w and U in the structural mesh 7q ;;

changing in the optimization process.

DENSGERD DX v > a BT 2720, HoUD U % BERIREITICHW 2 BERRL
AMEIRFUC BT 2 HimD o BAETHBE L TE L. Zhuck D, EEOHiISEECL, U
CuDERERIFHET S (X4.11).
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Fig. 4.12: Airfoil used for the aerodynamic analysis and angle of attack (AoA) definition.
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4131TRT. BE=T 4 777y TORBEEAEIRG, ERO7 7y TR IR LT, #i1
TR Cp ER T TH %523, HBHRBC, ML, #Re LT, Byt CL/Cp BEEEL,
PERERIER DM E LTV, —F, =74 Y Z7HEHMIBOLPICEET 5 2 2T, KA
MEROEA I D HRKELRZ HEINTWVEA, 1ZIEF T TENRASNIZD. SHR [67]
TlE, Xfoil IZFIERNIEREZ IEMEICHEE TZ 223, KdllAIon L TIHEEREDN R
BNWZ e PIZENTV S, FElA O I Majid & Jo [68] 12 K DiTHHh T3
3, FEMRZE IR FIEDREL 125720, AR TIEINRHN L T5. LidoT, E—
74777y 7OHERMBIRG, FEM AN SE SRS AREED D 5.

4.5.2 mREREHE
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Fig. 4.13: Improved aerodynamic performances of target deformation.
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(a) Linear design

(b) Nonlinear design

Fig. 4.14: Optimal structural configurations for the morphing flap design.
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(a) Linear design

(b) Nonlinear design

Fig. 4.15: Deformed shapes obtained by analysis (Case 1: operating conditions of morphing

airfoil) under each design.
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Fig. 4.16: Comparison between the deformed shape and the target shape obtained by linear

deformation analysis (Case 1: operating conditions of morphing airfoil).
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(a) Iteration 50 (b) Iteration 75
(d) Tteration 150 (c) Tteration 125
(e) Tteration 200 (f) Tteration 300

Fig. 4.17: Topology changes at different iterations during optimization.
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Table 4.1: Values of objective functions of two optimal solutions verified through linear

deformation analysis.

Design case 1 fa J3
Linear 0.133 297 6.04
Nonlinear 0.335 3.50 4.86

Linear / Nonlinear 0.397 0.849 1.24

Table 4.2: Values of objective functions of two optimal solutions verified through nonlinear

deformation analysis.

Design case fi f2 J3
Nonlinear 0.0317 290 3.89
Linear 0.312 2.63 4.65

Nonlinear / Linear 0.102 1.10 0.837
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Table 4.3: Comparison of the calculation times of optimization process [min|: Windows
PC with an Intel Core 19-12900KS (3.40 GHz frequency, 16 cores) and 128GB memory is

used .
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Fig. 4.18: History of the objective and constraint functions for the nonlinear morphing

flap design.
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(a) Nonlinear deformation of the linear design

(b) Linear deformation of the nonlinear design

Fig. 4.19: The deformed shapes of the optimal solutions under unassumed deformation
conditions: (a) is Comparison between the deformed shape and the target shape obtained

by linear deformation analysis (Case 1: operating conditions of morphing airfoil).
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Fig. 4.20: Deformed shapes when the applied design traction #; was divided into five steps.
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Fig. 4.21: Comparison of aerodynamic performance for the target and deformed shapes of
the optimal solution. The conventional (kinked) shape and the target (morphing) shape
were shown in Fig. 4.12 and the deformed shape was shown in Fig. 4.16 (b) as the nonlinear

design and compared with the target shape.
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o Aerodynamic node
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Fig. 5.1: Distance from the ith panel midpoint to the jth panel in the aerodynamic influence

coefficient.

ZIZT, rilE, M51RTEIE, i(=1— N)BHOSRLVOHEDS jHFEHD I
L, FOREDEHETH D, nZEARRINDERGTAZERT. F 0L DY —R 0, 1F, i
DHEE U, & jBEHDO KNV DERRY bbn; LONBEICE D XA TEZSNS.

05 = Uoo ‘n; (55)

ZIT, pB3XXTEHRIND 7 v XOFMHFIMEDRITFUIZ 5700,

(1 — pn) + pw =0 (5.6)

DX, pDEEBRBCIEIN+1HEEORAEE LTRBROX T Ly b uy 2EET 5
RERH D, X (5.2) DF—HEERK 72 5.

i1 Ci2 -+ GaN  Gaw 241

N1 Co1 Cp -+ CGN Cw M2
=t r b : (5.7)

= CN1 CN2 -*° CNN CNWwW 20\

1 o --- =1 1 U

N (5.6) 225, uw Zuv —p CEEMZ S, HlZE, ERXO—SHEXKXD X S512E
J5.

(c11 — aaw ) + crope + -+ -+ (v + aaw ) N (5.8)

FIRRICHDTNCONWTEZ D, iy DxE uy — i WEAEEHZICEIDET DI, 1

75



ENHIEHZFTHY, BEREITHC %2, XS 1TH A(=a;y) E LTHEZET.

Q5 = Cij, J ?é 1, N (5-9)
i1 = Ci1 — Gw, Jj=1 (5-10)
aN =GN —CGw, J=N (5.11)

L7edioT, Z7vROEMHEEEERLT, X (5.2)1F, EHILE p 2z TREXEGER
r,=0 2 LTRDEIICEX=RE 3.

r,=Apu+ Bo =0 (5.12)

R (5.12) K (5.3)-(5.5), (5.9)-(5.11) X Db uhRKDLNS.
NT, KOLNTXT Ly b pllkb, EhafeHIREzEdE T 5. BEREO
RTVT2NOE, XTIy b uDERDPO, RDEXIITKDBIENTES.

- (5.13)

BRI N DEERERE R U %, EERT > v LOFEF TR X DR TRD S 5.

m—%? (5.14)
2T, [ 3EARAOERERT. ZOEZEIZ, EIMRBUIXATEHETE 3.
C, =1- Ui (5.15)
) TTAE
F 72, RTINS IR AR AL § IR T 2RI K D KA TEIHETE 3.
ACy, = —C,, cos aj% (5.16)

IT, c3EMKRI-FRREITDHS. LdoT, REULEKDHNREIXATHE
TE&E5%.

N
CL=Y AC, (5.17)

j=1

5.2.2 ENCHTEDDE

ARWFETIX, 22N e MEDONEZ WA OISR ERE, 22RO 2
EZ 58 e e Ly 2. ok g, BAEIRICEWT, 28I e ERX v
a b THIRDB—ELBRWeD, ZHEBED LS 6D EIREE S 5 —)7 DR 2 HiN
NG ZETHEND L. AFETIE, K521 T X512, 2 eHEDo—77 ofiHE
%o JERRITH L THIFE L, 35—/ OHIRD o« BFIZIG U TEZ BT 5.

PURIZ, BEINETH 2 ENMNZ RN SINE RN RET 2 FIHZ R

76



Aerodynamic panel Structural mesh

Structural surface

.. Q .......... I Q .....
o v v |

----------- Aerodynamic or structural surface
® Aerodynamic node

O Structural node
— Load or displacement
- -» Interpolated load or displacement

Fig. 5.2: Illustration of the transfer of calculated values between different nodes of the

aerodynamic panel and the structural mesh.
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Fig. 5.3: Aerodynamic panel nodes reflecting structural displacements.
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C Initialize level set function ¢(x) )
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—> Solve structural governing equation using the FEM
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Compute objective functional
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- Update level set function ¢(x)

Fig. 5.5: Flowchart of compliant morphing flap design that simultaneously considers aero-

dynamic and structural performances.
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Table 5.1: Lift coefficient C';, and input energy Ei, of the optimized solutions.

Weighting factor w Lift coefficient C'y,  Input energy Ei,

(a) w=1.0 1.28 16.7
b) w=1.5 0.957 12.7
(

(¢) w=2.0 0.749 11.8
(d) w=4.0 0.365 5.63
e) w=6.0 0.0473 1.50
()

83



BT, 5.8, 5912, Bonl-RlsatROMEIERYL Z0LWEREZ T, 58D
WS Z ML T 2 &, RIcWIFE & D R TRIEANME D &L 2 GRS DS
HREEEREZ DD, —7, MUTIIEY, ANNZANVF—2/NEL T E572DIZ/EAN
B ZNL X BIRVEER L 72 5. FRICEGETE () TlX, A3 ¥ —H/MUz#EIZ
B LR, ATIEMEE R DR § 2 2 L CHREANGOZEN 2 /ML L TH
b, e LToRINEOER b R/MRICHIZ 5hTwa. 25 LErEozitic
D, RE»ITABZ L, NTATIECERMOE 2T 2 EHEE koTED, Zhd
R L TR O, EANZANF — E, DL L3P IETWS. T/, EARK
w = 2.0 DEKEHE (c) TlE, BBUDOEEDEHXE D S BREIITLIF TS F L8 d X5,
FRCRBBEIDE T 2 & 5 REEIE L TV, &itE (b) & (o) XREBREHRDZE
MPBLEELL, KE, SHEAHROENE v, vET 5L, (b) T (u, v) = (7.45, 93.6),
(¢) T (u, v) = (7.09, 93.5) £72oTHED, Kelfg (c) ZEAEL T2 v DEXERZIZ 0.54
NTHD. —F, CLix0.9575 0.749 K 21.7 &L, /2, By ld 127005 11.8 N
71 NI RoTWE., ZDZ ik, EAKREENSL L, HEANNEDZEN 2T
ABDOGIMFREZEREIE LS L LGS, RERETOZEMIIKELRSD, HSFOD
FRICZEN R DBIR D O I3AFREEPEL - EZ N 5.

5.5.2 ZEREOBERIKEENDH

HIEiCR LB ORERD 55 w = 1.0, 2.0, 4.0 DEREFRICH L, ZBEZOEEIFIR
510 THIRT 5. 22T, BRRIEIEFETO 2 I FARM FERIIEEEIEY L%
DOEAFEIRTH 2. BORBETIE w /NI WIZEHHEATAICKESZEMLTE D, Fif
THNZESICwA 15 220 TR AEEDLL RV, s DEBBRABDETI 771
ZB 511 THIERT 2. wdV/hIWIEY, BB HOEHBEDIA o TH D, MR
BHREBPRKREL RoTWVWEEWVWR 5.

JEF A BTN MR DSHER D E T TV T, BRI, WINORGEHED 2 530.3 £ 0.6
m P THEENRME R TWS. ZOXTIE, Milzr E2AEOEPES X5 KELTED,
B X 2RO L RORMMNEO L FEICHELTWS. 2070, oMMk, &t
BT B axEtis O en L &, ARG IR R CRR K L & Rled OREEEIM H3 L
ZHELTVWAHEG, kbbb, RFAMICHIFEERIE T TOWAEZITHIGLTWS. 295
L72EN AR OM ML, BRI S 1EFENTIERWwa Y 54 7> MEFE L THIFE
FEEBICHESEEEWR S, L2LAERS, w=1.0TH2 L EDEHHMRIMDDHZ D
D, FBRELTCOLIX1.28 L BEEEICEKRE LTREREEZR->TWS., —77, w=2.0
DFEHETIX, 2B ELZ 0.5 m OMET, EHRBHOHEBN/ NS R 2 K5 %ZE
ERLTWS. w=200DEFHIRE, 2=05m{HET, EETEAEEICMTRETE
MREIRE L TWA Z e RERT 2 2EZX 6N, 5 LEERIE, HBHREERDXE
ZERBEEHTHL VWAL, B, UETIE, FEHoMheiHERT 3 I Tkl fED2e

84



RO BRI 21T - 7223, SXGEHERE TREH RS IPAROE MR IOV T 5 &
BLTIEWERW. XoT, REDOBEFFEFITIE, ZHHROBR»OHFEL AL LR
B, WEMREz @k, 3405, HARKEALELIELZVBAN TR LF —IFMA 0
RETEMORRE LT, 227 - MEWHERO L —FA 7064 U L RT3,

56 F&

KRETIE, a¥ T 7472 =7 1 »7EMOZES MR  EMERE 2 Rk A B s
57012, BN ZRE L bR Y —RillsG FEZIRR L, ZHMERIIED SME
EHRRT DD DQREREL L. BEFREAIZE L T, AR TRRT 2 TiE0%Z4M%
EMELL 7. FRZLUTIORT.

1. BB e BRI B 22T U7 EB R D= MR 2 5§ 2 72012, FHE a2 X b 23 %XAf
BART VY Y MRAUSTEE DY — R - X T L v bR IOVE R BEENT D 72D D ERER
EEHAEDOEL Z T r R Y —REHR TN EHRE L.

2. B LItk 0BADZEHRE R A L X 27D OFRHEEREH L. 22T, #iE
PHZENNDO—FHHWERHDOAZRE L, RETERIC L DAL T 2ME0EICED £/
ZAb§ % BAIZE I E W HED < BB § 2 G HEE 2 BErEE BRI K bR 7=.

3. i FEDEA T, ZBHMRRIIHEIRE, MEMEIcEA TR LF —%
EZ, MEMAS 77—z &k b 2 HNE#ERRE EZ XML L 7.

4. BUEETEBIZE L C, ABEDREFEOMILZIT-o72. Thbb, HE ORI
BRDZ LT, BHMEREEEEREED hL— A T7BEREHL2ICL. 22T
X, IXETENE MM XE 2 EARBICIG T T, REXHROEEEENEL, &R
¥ L COMEETEN G NREEERSE 20, HEW0VE, AN AF—%2MZ 3
DWITNEEIEXEE e 2iErDT-. Tz, MEMERERELT 2 2 & THERMIC,
BEREBIRDE T TEIEREDL S 2 Z e b o T,

85



——Objective function

§ — Volume fraction 08 <
g g
é 06 ©
)
2 04 £
O S
2, o
o)
o 0.2 >
230 | )
0 50 100 150 200 250
Iteration number
(a) w=1.0
0 1
—— Objective function
&5 —— Volume fraction 0.8 ¢
© 10 o=
E 06 ©
o -15 >
=
g 20 0.4 E
Q )
8 25 0.2 =
0 50 100 150 200 250
Iteration number
(b) w=15
0 1
—— Objective function
_5 -5 ——\Volume fraction 0.8 S
© =
E 06 ®
o
Z 0.4 £
O =)
2 o
o)
o) 0.2 >
0

0 50 100 150 200 250
Iteration number

(¢) w=20

Fig. 5.6: Convergence history of optimization: Objective function and volume fraction
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Fig. 5.8: Structural configurations of the optimized solutions.
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Fig. 5.9: The deformed shapes of the optimized solutions.
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Fig. 5.10: Comparison of the deformed airfoil shape of the optimized solutions.
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Fig. 5.11: Comparison of pressure distribution of the deformed airfoil shape of the opti-

mized solutions.
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Fig. B.1: Design domain and boundary conditions for airfoils subjected to aerodynamic

forces.
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Fig. B.2: Pressure distribution in the x-direction of chord length: The number of panel

divisions is 160.
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Fig. B.3: Contour plots of the level set functions of the obtained optimal solution struc-

ture: (a) AoA=0 deg; (b) AoA=5 deg.
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Fig. B.4: The deformed shapes of the optimal solutions under assumed/unassumed aero-

dynamic forces: the deformation is magnified by a factor of 1.0 x 10% and rotated according

to AoA.
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