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Optimization and Verification of a Structure-Function
Integrated Heterogeneous Composite Wall Panel

ZHONG Xiaoping., LIU Bin, ZHANG Chun, LI Fei, CHEN Ziang, LLIU Yancheng
(School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract Based on the integrated requirements of load-bearing and electrical functions of aviation wall
panel, an optimized design and an experimental verification are conducted to heterogeneous composite ma-
terial wall panel suitable for intelligent skin. By adding a glass fiber layer in the outer side of the high
modulus carbon fiber skin, a wall panel load-bearing electrical functional integration design is carried out in
the order of carbon fiber glass fiber metal structural unit array glass fiber composite. The layer optimiza-
tion of heterogeneous composite material structures is in consideration of the zoning of co bonding and the
process requirements for layer continuity. An optimization method based on layer dropping sequence is de-
veloped, and the geometric shape, number of ribs, geometric parameters of ribs, and layer angle between
ribs and skin of the reinforced wall panel are optimized. The benefits of the structure in terms of load-bear-
ing capacity and stability are verified through compression stability tests, and the buckling mode and post
buckling failure mechanism under compression load are clarified.

Key words wall panel; integration of structure-electrical function; buckling; failure;composite material

Wi EHE: 2023-06-06

BEEUIB: ERHARBIES(51902256) ; Tl 2% 4 4544 4341 [ 5¢ 8 o5 500 % P i 42 (GZ21115) 5 fiii =5 Bb 2 H 42 (2020Z057053002)
YEZ R BIU/NF 977 —) 53 VEVE 5 %6 A YR B B 58 07 o MR A B A S FR . E-mail : zxp-proteus@nwpu. edu. cn
BEMEE: X wk(1986—), 53 BV &V AL @B 5 L BF S T oA LS BEE TS R . E-mail: binliu@nwpu. edu. en

SIFEs: AP st KA, A — R E MM ERGE NG RE[]]. FETBAFFER, 2024, 25(3): 63-70. ZHONG
Xiaoping, LIU Bin, ZHANG Chun. et al. Optimization and Verification of a Structure-Function Integrated Heterogeneous Composite Wall Pan-
el[J]. Journal of Air Force Engineering University. 2024, 25(3); 63-70.



64 28 HETARRF M

2024 4

J s a R LUK, 52 B2 22 3 1 AT RE KRB L 4
J& B A MR KR DR, RS 5 Y D12 Re
W FMECERA TKEMHL (A H IR L RKGEE
it 7 1 S5 48 Y B — DI RE L 58 43 ) T R U 5 KT AR
(8 e P R T 46 4 ) B8 — R Ak B ORE X R AT IF 2
LS 2% 58 B R R 1Y K D 1]

1985 4%, 56 [ 25 45 | 4 B RE 45 /52 K
(smart structures/skins) [ # & , IE 5 9 JL 4 1% €
NHHEAT RGN T wE . MR TESZ LA
RE 52 K AE SR M 7R ) 254 S i AT R ) ik A A% J%
AR 5 A S AR IS BE 8 AR UL S A% 1R A
SUUIRE L B B I0AR 4 R s B TR s AR R g A
8 SO I JUAR BT X 4 BB 52 B2 X HILAA 25 14 IR 20 1)
Frge Wi D e A AH B e th A7 T — e it B . KT
AR 4 13 B A58 B b RE AT AAE 2> ROBE | 58 il
Wit LR /N o TR ME 2Bt 2 3 - . Matict AR
[ ROBE YRS 04T 1 4028 | 26 th 2 A B B} fa] B )2
JEAG s 11 24 D RE P b L A B L5 FAH v 5 T 26 th
ANTE BB B A 2, e 45— okt 1 — R fL BT KL
AR T K5 I 20 R BT 42 B0 RE AR, (H T2 2 e
AR, B 2 WOE WA B Gebt B T T KBRS,
BOYETRE Y E R SR A R JRIF . BT, &
AESE KA B AR U D g S B RG] 5 1R
R mEA .,

IE KRB AT T 5t 5 3005 5 1 R 2 b
G55 AR T 858 2 A T S0 B AE L B AR
HREIRE e R L RS . BRI R s
TN EE K& 2y 20~30 40T E I 2 7% L E A
60~70 4b™ . I 52 H 4 B K 2k B B K 0N A 55
BIUAE) 7 A= 14 BEL 3 R0 8 SR 80 T AR, R DG A 5 1 47
B 45 AR SE T IR RS A B T R
WEHERILAEY ., BB RERFARITET
Pl A PR AR L e ks A R TR U AL B 5E R
EE RS B KR B 51 IR DL ) R 1 9
IR R 7 3R E LB R 2k B 5 B AL, o I AR SR 3t
WREHARP XA RE"C &1 . HEREE
B T A 58 UM S 30 PR R 3 52 AL BR i e 72

et B 8 9 T A — o7 2% R R L R T Y H G R A
kHz i Rodger' ' 48 L Re 45— Fh AN TR H9 2
FEHLTE S A AR ZA BRI R P K 4 e/
I HLASH L 38 K 4 TR T IR A S8 3 H U T
AT AR A 38 B A S E R i TS R BE R L L A
a3 e R RE NI N2 87 S B S I o i )
B B AR T 200 2% U401 6 B f 55 ) a8t H i 52
%2 il 1 A e B 5 R LA e S R o
WA R E BN TR A2 R 57 0

R B AR AT BA 52 B 1Y 5 T R % T 1Y 7 GA 2141 R
PSSR o e B T A B AR R L s
TR WS L 2 i P A ) gk 2 a7 — e
BT M L O ) 2 AR A A 7 9% O A A RS JE ik
—EE

TE FIRTF SRR I8 R 51 H AR AR P T il
BIERLH T8 — ARG s a B B 3R T R
IR T BT AR S BT LT Y 45 A1) e — iR Ak
SR A MR EE A BT TAEXT T H T LR
WAL, RESS T CHLEE R R T LR
BEME AT A2 H 4 AN BT ) 3 o 75 A7 R Pk
R K i AR g 1 ST Al R T RE— 1Ak
AR SR, Bt — AT [ I A2 7K 2R i <D g
SR RERR 25 48+ 43 o 25, AS SCIE I 7 e AR ik 2T
2 5% K7 () AN 186 00 B 1S A 4 2 L T BN 2T - B 5 AT
Y42 JR A5 14 50T [ 513 B 2 Ak 0 58 2 0 BE Al 45
o SE AL RE A 1 AR - S B — IRk i, R
T CFRP-GFRP 5 F 4} 45 1 S 2 E— 1A A 1 5L
HRAR 20, Damghani 573 T CFRP-GFRP S5t #h b k) 4%
FAIR FE 4i5 \BT 40 K b ol 5 P v D0 L (RS R
A TT R F B 5T A BE AR 5T 1 SCRR . T 2R
NG UE S R A H AN A5 45 48 O DG A B3t J7 . A SCE
XPX LGS A5 4 T — o B X 2 07
T2 A T S T AR I X Ak 45 SR 1k
17 7RI 50 UE . 25 5 38 W92 7 1k 45 40 98 T L K 2K g
Pt v DA KRG AR v A 1 2

B F 2% DXCIUR A2 80 1Y R/NAS ) 73 DX i AT
UL AT e R 4 i i, SR X T 2 X 2 &
WA RHAE R X 25 DX 03 AT O A A 30 1) 4 2 0
A RE 23 Hh LA 2 A R g 1 1 B0, B EF 4RO % 21
Lo LFHER A E AL VB E ) B A% ORAS th 21 4
136 ) AT 23 e B B B AA kAT 4% 3) . T B IX Bl i%
FEAL AR 7 4R v, A 2 8 3% 2 A 0 B R e 45
FEERPERE L B T4 LR AT, Xk, [ A2 5
X} R I 5 RS54 Z2 XS AR A 3 T 9 4F 4t i 22 P
PEACHEAT T T 2 0F 5%, i 1 PR G T3 — ) LA 9 AN
WEBRE I U 28 B . AR F Hypersizer™™ v 3 1
TR TR R e T 4R DA A BT R R R, e
T A Y i 2k PE ) R B 2, Zabinsky 1 Kris-
tinsdottir ' T 1994 4F 15 ¥k blending X — AR iE 1]
TR LT 1 SR AR R HE SN T 2 AR X A
SRR T Bl J2 U 121 PRI AH 408 DX 3 ] S 2 5l
e FB B 2 A RE DR AR 223X — T DU Ry 2T 4 % 2k
M. Kristinsdottir™® 28 H <A /N T i 07 F 1L B 51 5
AEATS DX 5l 1] % 8 2 155 00« X8 9 408 DX 0, A X0



% 3

Bl /NS L A5 < 5 K- D) RE — A Ak e b A2 A B R BE A AL 45 98 E 65

TEFE R AL T F 3 T B2 19 J7 U R DXk Y
2450, Campen™™ F 2008 4F 4 % MR Ay 45 Ry )
SCEF 4k i P BRI, Liu M Haftka ™ L K&
Toropov " W £F 4i % S AR N 20 o) 4 1R AT 25 1
T RE AR AR DX IR R AR A S T 2 RSk
PEAE br: A ORL A 4> i 2 0B 2 N T % 2L
Soremekun"** 1 i 51 A #3378 5 [X 3 (design variable
zones, DVZ) HIF 2 & Mz (sub-laminates, SL) 2 > 4%
AT G MR Y Se kit . R R AL R
55 1 G005 KB S HEATORAL L 56 2 GO0 A ] 1) J2 2
DCBGHAT BT E SCRMRAL (75 25 IR LT 4R 2.
T2 R T JA KR o G A mg  Fr LIS s 4
WE4 R e e . Adams™ 38 33 £ 3 £7 3R 85 b R T
B o3 A1 8% SRk AT S B MR 2 IX B X A
X35y A HEAT AL IF i it Levenstein I 2 52 30X AH
A DX I R £ 2 N 3 21 AR . Adams Fifi 5 £ 2
21 Y it Ve 0 ) 5 2T 2 4 R L (AR R
WRBE W/ I BG4 SR AR 56 4l i HoE Ly £F 4 i
SefEA, Liu A1 Butler™ X & 2452 #8015 0L F B9 4+
I AR I A Ak T 125 R AT £ i i S R A AL 3
I 2R PAAC TR FBR AL . 2R R AL, [
JEAS JZ AR R B, Bt AR O SR LA M 5
B A ORI 2 1) S8 L H AR O R R TEJR)
TR A b, LU i 2t B 7 e R B bR 3547 2% 7
1 (52 Bz 7 2% BE AR RN %0 1 B )2 S A Ak i, OF
K FHBE 2T 22 L ORTE T 2 52 G AR T 2020k, &
ST T TS 08 SR 1 )26 PR hy Bl 2 A A % 4% B
HEA T 2 VR L ) 2 R A St (H 9 R )
BRI S BUR A TR, Lin™ 4R
e S 2 3% ZEPE A A (shared layers blending,
SLB) A7 AH 408 X 3 14 £F 4k 3% 20 1k 98 3%, B X 51> £
JE 8 BT Sl 2 AT HE Y S BT AT DX 5 14 i/ )2 0
BRI AN X A B2 S O R
TR EB AT EN T B4 BRI s A A 2
SERE RS RN, S T S G M g TR 2 v 5% [
B R A 1) ) 2 405 P Tt L A 1 2 P B OR L AR SR T
THRTEZFIY K 2 X853 Fh A RS e
R AR,

1 -5 5 3 B — 1 4L 0 5 BE A
AL gt

1.1 it F=*E
X 0 455 B Al BT AR R BT Z R MR BT

AT AU T ER 5 BERULAT R/ L I 6 4
LRI S 6 N iE IR E & E X)W e )
e 2Ll A AR BT A T ik AT R E . AL R
Xt BE M AR M R AL A B LR TR AR WA 1 BTR

WA e _lk— %Eﬁ%%)%
K i

2S5k =
] s =
ABAQUSZEH4 1
P Pfesris
%E’X%*ﬁ%%___)

*.0db
SR L 53 AT
Bl 1 AR BT R
P]® 1 RITE RS E A M
R M.

P82 o ik B AR I A A i i .

]I AT A AR NI R 2,
K IR E PR 55 W EE X 450 S HGHEAT IR T . 53 4h, R
AFVF A AE S —3 000 pe,

W 4 iU AF Y )2 RN R 3 R AR A ik 4 4
ER AR AL . it 2 R B T2 R A A
VTR 200, Il iR I 3 e dE il 2 2L
S )2 52 35 W DY AT Ykl Z RN 52 R R 28 A
W R A5 2 43 il b S et Sy T AR T i A5
i A5 R FHAR R RO RN )2 . XA L 717 2% L 58 B i I
T B £ 2 22 TN 52 B 7 48 e A B ik 21 48 )22 4% BB il —
AR BT AR SCERL38 b i B — X 2 7 91 4
BN Z A FJZIF A, LI 5B G A 0 RS A 1) 52
syt X TR R E R, 2 X2
BRI WK 2, ZR P IR EILA 3,

WITEIZAH N .

1)K FHFRAER 07, = 45°F1 904 2 48 5

2) X R X 1 B )2 5

3 [ —5 2 A & S R RO L 4 2

D HNRE R A45%;

5)0°, £ 45°F 90° 45 4l 2 A 1Y 5 KB )2 il
it 60% HA/NF 10%;

6) FH T 7K 32 B ) Bl e, BEOR 04 2 A E T S
1 A /N T 40 %,

WA g el o TR BT, T4
FEHT N, =697 N/mm B, Ji i ] FitE =k .

D,

Alm)=—3
m %

BZ (§)2rn2+2(4Dlzngﬁ)+(“ )2 12} Lo




66 28 HETARRF M

2024 4

NGO
S22
IR
B4 :
* :
ZEFAL g 6 5 ¥ 2 1
2 45 45 45 i45) 45 45
4 =30 -30
3 4|0 = 0 0 {0}
6 30 || & [l 30 30
1 45 45 45 [-45] 45 45 45
5 90 90 90 {90} 90
3 2 Lo
///// % 2,
/

/4
AT
||||||||||||||||||||||||||Iil||||||||||||||||||||||||||

AK1 L B2

K2 ZXBEZERERER

3 Layers|4 Layers|2 Layers |1 Layers

[ [ [ [ [ [ |
FI2IPA: 2314 FI2IPH: 2431

3 Layers |4 Layers |2 Layers |1 Layers 3 Layers |4 Layers |2 Layers |1 Layers

| [ [ [
WIEZ EZ)TS]: 1234 ANESENEIZFH): 4321

B3 ZJ2F 5050
1.2 &R
T A5 B A R AT B 0T S Bt AT, 3k F AR S
DA T J7 3 o A A i A Bt a0 A R i) g R ol
WME 4 R, A RIS Rk 1.5 2 s,
RO R 5 B e £ 2 3 B A R A SR ik
2T Y 45 il AR R 0 )2 BB B 3R 3 IR

5.0

’///
MANN

ﬁiﬂ“ﬁ

3 Layers| 4 Layers |2 Layers |1 Layers

BN —
S LD —

AN —
BN —

4.5

2 0 1 1 1 1 ]
] 20 40 60 80 100

HEALARAL
P4 s i T A AR A Al i 2k

R1 EEGMBMAERBERERRBHEXRT

28 14 24

ok EARTEog T £ + Bk 27
ke J A J A
5/ mm 816 816
B 9/ mm 300 300
KAMTEFE/mm 135 135

5 KR E /mm 3 5

F AT B AR =B/ mm 45.2 45.2
AT % I HRUS B/ mm 1.6 1.6
KA S 56 & / mm 30 30
KM E R/ mm 1.6 1.6
KAMT 1255502/ mm 12.2 12.2
KT B2 KR /mm 1.6 1.6

R2 EAMHMHEEHEREELBREHERK

AN ~% ¢ A EUE £
o EE/mm 2
2 [—45/0/45/0/90]s S L&1aEfl
JE % /mm 2.75
SR RE 22
CFRP [45/0/—45/0/90/
= 0/90/45/0/—45/0] I
H 3
= B/ mm 42
%5k 15
J R B/ mm
JEFE/mm 1.5
B 12
i 2 [—45/0/45/0/90/0]s B ) ff

X3 ZESHENTEHEERENHEELL G

207 M FRMRA g DA AR A Y
0° 10/22=45.5%  4/10=40% 6/12=50%

+45° 8/22=36.4%
90° 1/22=18.1%

4/10=40% 4/12=33.3%
2/10=20% 2/12=16.7%

2 MR HRIRE

2.1 HREREE

I REAR 73 5B T R 4 L SR B Y

CFRP 5 CFRP-GFRP 2 #.

B £F 4R i i 45

FOBL, A 4B HF34-12K, 8 jg fi 235 EM916.,



% 33

Bl /NS L A5 < 5 K- D) RE — A Ak e b A2 A B R BE A AL 45 98 E 67

LT AR 2D 419 5 o EW 210, SR R R 5
BREFYEIZ AR . 52025 T R oR S e 45 8 Xt 47
A RS Ol EM603, 2 Fi RE A il i i R 4 &
5 iR . —RACBEARIKES PF AP 6 iz . il Al 3t
31 alif 2T AEREAR | AR TR D9 0 He L R 3 I —
PRAG S bR BEARIE 2 14

Autoclave

o

luminum
amp

J stiffener

Resin

(a) 5% B SMI (GFRP i) (b) Py
Bl 6 Rk i — Ak T 7 R R B 1

2.2 HWEE

WL 7 7R BE AR b He AR 1 50 e L F G R
Rk VAR VTR BESIAE T SRR ) O AR R S
JAE P Sk 43 26 A B 32 A, 52 BB S, 3 sk T A 7Y
] 76 TPl T R ST A RS A R R A S B
TR . BT O SEAESE R Bk
SRR AT R AR . A b, X ey L R AR
177 SEm W,

Compressive load

Compression head

Guide
rail

. Stiffened plate
Anti-buc (specimen)
fixture

7 R AR 4 i g
P8 Sk i A Al s 46 W IR 1% B0, 61 9 Shy B R oy
AR A4 . H(Hybrid) 5 GFRP-CFRE %5 #4-
LA ) B8 — 1R AL Al 25 #4 , C (Carbon) 2 CFRF 4l
TREFAERE AR SE M . & 8 R 9 X 06 4% S W] %01, 76

JE4E In#gad #E b, 4l CFRP BEMR 15 e & A KT 552
B 22 ) 0 SR, Lk kAR il AR IR L SR T T
AR B, HE il 2807 3K ; GFRP-CFRP 45 #4-1
SR — WAL BE AR i i e R AL R TR K
GFRP 5 CFRP St i Bkl . J it 5 I AR Pk AR,
Ji b B 9 W LLE . 52 K R il Ok R e ok
A BRIE T 45 A Jmy D it R e, 3k e e o 2 AR
FFaam RS,

A
Breakage

Buckling

() Debonding

Buckling

Anti-buckling line

Breai\'age

CFRP [ad \
stiffener

B8 A A s 4 i 3R

x10?

40 T - -
——H-1-Sk-Inner || Skin buckling
——H-1-Sk-Outer |4
——H-1-Str-Left !

30 ——H-1-Str-Right

\
—e—C-1-Sk-Inner |
—=— C-1-Sk-Outer ‘

|

= C-1-StrLeft |
= B ;
= 20 C-1-Str-Right ;
= /
Stringer buckling
ray
1 1 i 1 1
0 100 200 300 400 500
Load/kN
()i 1



68 AR S NE 3 2024 4F

%102

Skin buckling
—— H-2-Sk-Inner

30— H2SkOuter |« e
—— H-2-Str-Left

| ——H-2-Str-Right
25 —=— C-2-Sk-Inner
—s— C-2-Sk-Outer
C-
C-

Str-Left

2-
2-Str-Right

Strain/pe

Stringer buckling

: ) (b 45 W5 555 45
0 Bl 11 GFRP-CERP B i Ff 4 i B 2 0 1
KT T R I 5 A5 4% I 2 T 72 0 4 S0 T 1L )
ol 2 W 2% 46 5 B 0 0T 9 S0 7 1 P 10 5 2T 6,
RO I S A R 1 S5 e 5 U U 5 €60 4% RS W DU R L AR
57725 43 S 6 gy 0 5 5 75 8 03 S i 2% T
3 HREWL #5] CFRP B B2 fl GFRP-CFRP B 45 10 i i U %

| R 11 B ELS A B T4 M R
ARICIPHITEM L A CERP BEARR 2 4F GERP- ocp 0y iR L Rt (1) 18578 5] CFRP BB

CERP SERRBTIALGE RIS . AR REBURATEGELE g0 bt 19 2 = 1. 230 (B 257, 2 kN L i 4
IR LE RN R 4 Fros. nas A & 48 s SR an i 8 pr =3, 545 BRI 2045 S AR H . D2k o MOk R 26 h
7N BB AR - At 2 AN 9 B, BRI R 3. @2 Pk M T AL 4 B 1. 230 5 1. 105,
LB A 10 frs . o B XS b an il 11 s KRR 2E 11, 3%,

T4 BT 2 FORE AR 43 56 1 2R e L AR K
P E A HL 4GS R, B GFRP 4 2 5, fin i BE AR
(i i 2 AT AR T O82. 5%, Wi R R TR T
42,490 IRV AR B T 50 %6, i W 3 i 45 K- A
S IRE — VR Ak in A BE AR T 4 4 R 1 R K 2K RE
Jy. EEEA R, R & W AR S 8RR A
ZHHEARM 0. 72 & E] T 0. 92, X Ui ] GFRP-
B 10 A e e R o7 CFRP in fify BE M 75 88 8 20 19 92 6 LLFTAS 2 R A=
JE T B RS T RS E N A SRS K
A L S5 R HE O 2 4, I8 12 A Degenhardt H
T Hh R 2 L HE SR I H B R R Ok B A b R RE A
SEAE NP F VR AT B B R bR T AR S
TR B - L TR — R Ak RE AR 2 R Y T it 2 e 4R
| BT H R B AT 0 R AL X R R R A

K . 1
300 mm Transverse direction

400 mm Load direction

B e Bl o B gt b
()i 56 45 1
T4 MHBERERLBLER
Jeth fih 22K o T 3 28 o T TR vy AR P Jet il /B 3R
e AD I B kb R B L
¥ % =X PN P75 He il kN i v B KT/ e e e P& 75 He A
CFRP BE# 246 342.5 2 000 0.72

GFRP-CFRP Bz 449 82.5% 487.6 42.4% 3 000 50% 0.92 27.8%




% 3

Bl /NS L A5 < 5 K- D) RE — A Ak e b A2 A B R BE A AL 45 98 E

69

COCOMAT

l Current design scenario ‘

l Future design scenario‘

Load Load 1.BL
A Collapse@ 4 (GFRP-CFRP) Collaose
[ 1 ™= ‘jt"' UL
Not I
allowed @ Onset of @ Y 4 -
degradation (OD) [ F - Y _ 0D
Safety =~ Ultimate Load (UL) Y LL
region 4
Alhowed Limit Load (LL) @
under ; :
operating @ First Buckling Load (1.BL) L. BL
flight
conditions; - .
Shortcning Shortefiing

P12 U5 L BB 4 Aok 5

4 Z#HiE

1) A X 45 1) - W S ) B — 1A 16 BE Al 1) 2 B4k
11 TR, A TR T e I 432 1) 43 IX B K Al 2
HE T ZARMEZTFIEZ MR, Ziik
A5E TR AT X T A5 BE Al 1 JLART AN LT TR A SR B A A%
JUR 2B UL B 0 25 5 52 K il 2 80 B Bl 2 ff B2
it

2) BAR G H0-HL S e — Ak = Fh &2 6 44 K} RE
M 5 i e £ 24 BE M ¢ Je HAE AN T 2 mm JE Y 3% 55 4F
de A A R e 4R T 82, 9% IR AR B T
39. 7%, AR MR P

3) 1% Gt 4l B 2T 24 e A J i/ 3R 3 e L Oy
71,8 %%, 1M 5 Al b R RE B 1 J AR /B IR 2 A B R Ok
92.3% . P, 454-m S hE — Ak = Fh &2 5 4k
B A 1 Jerh o % A B 4 00 LR 2 g

S % Uk

[1] MAZUR C J, SENDECKY] G P, STEVENS D M. Air
Force Smart Structures/Skins Program Overview[ C]//Fi-
ber Optic Smart Structures and Skins. Washington D C:
SPIE, 1989. 19-31.

[2] WANG Y, HU S, XIONG T, et al. Recent Progress in
Aircraft Smart Skin for Structural Health Monitoring[ ] ].
Structural Health Monitoring, 2022, 21(5): 2453-2480.

[3] MOMODA L. A. The Future of Engineering Materials:
Multifunction for Performance Tailored Structures[ CJ//
Frontiers of Engineering: Reports on Leading-Edge Engi-
neering from the 2004 NAE Symposium on Frontiers of
Engineering. Washington D C: National Academies Press,
2005 47-152.

[4] MATIC P. Overview of Multifunctional Materials[ CJ//
Smart Structures and Materials 2003: Active Materials:
Behavior and Mechanics. Washington D C: SPIE, 2003:
61-69.

(5]

(6]

[7]

(8]

(9]

(10]

(11]

(12]

[13]

[14]

[15]

[16]

CHRISTODOULOU L, VENABLES J D. Multifunction-
al Material Systems: The First Generation[J]. Jom, 2003,
55: 39-45.

JOSEFSSON L, PERSSON P. Conformal Array Antenna
Theory and Design [ M]. New York: John wiley &
sons,s 2006.

HOPKINS M, TUSS J. LOCKYER A, et al. Smart Skin
Conformal Load-Bearing Antenna and Other Smart Struc-
tures Developments[ C]//38th Structures, Structural Dy-
namics, and Materials Conference. Kissimmee, FL:
AIAA, 1997 1163.

SCHNEIDER S W, BOZADA C, DETTMER R, et al.
Enabling Technologies for Future Structurally Integrated
Conformal Apertures[ C]//IEEE Antennas and Propaga-
tion Society International Symposium. Piscateway: IEEE,
2001:330-333.

A X RS ER. LR T 7 s B B i AR 234 [T,
BACFIA,2009, 31(D): 8-11.

R, OB KLY & i e H vl 0w LT . o [ e R
TR EAR . 2007, 2(6):6

WALSER R M. Electromagnetic Metamaterials [ CJ//
Complex Mediums II: Beyond Linear Isotropic Dielectrics.
Washington D C: SPIE, 2001: 1-15.

CHEN H T, TAYLOR A J. YU N. A Review of Meta-
surfaces: Physics and Applications[J]. Reports on Pro-
gress in Physics, 2016, 79(7) . 076401.

JOY V, DILEEP A, ABHILASH P V, et al. Metasur-
faces for Stealth Applications: A Comprehensive Review
[J]. Journal of Electronic Materials, 2021, 50 (6):
3129-3148.

ZHANG C, YANG J, YUAN W, et al. An Ultralight
and Thin Metasurface for Radar-Iinfrared Bi-Stealth Appli-
cations[ J . Journal of Physics D: Applied Physics, 2017,
50(44) ; 444002.

ZHONG S, JIANG W , XU P ,et al. A Radar-Infrared
Bi-Stealth Structure Based on Metasurfaces [ J]. Applied
Physics Letters, 2017, 110(6) :063502.

ZHU R, WANG J, QIU T, et al. Remotely Mind-Con-



70

EHETRKEE R

2024 4

[17]

(18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

[28]

[29]

[30]

trolled Metasurface via Brainwaves [J]. eLight, 2022, 2
(1) 121-131.

HHPC R B L B4R 5F. A MR 45 1 J5 T iy B O
BRI EAMEAR, 2017, 34(7) :1443-1450.

RXHE AV, T I8 5%, 55, N AR B IR 2 R 4 BT I A A
EE AL ] B AR R, 2009,26(3) :195-201.
FEIE, EE A4, TR 55, 5 G A RHILEE I 7 BE A
FE LSBT LY. B 125254410, 2010,27(2) :423-427,451.
SEAEH S/ IV I P AR B R A 5 e B 5 B R BE
BE TR T B NP SRE L ). s TRk JE L 2020, 11(3)
387-393,407.

S B ER A A. A MR A AR JE R
AR BB E LR ], i zs TREIEIR ,2015,6(2) :139-148.
PR B 2x L 5. BCF R A DCRORTE S & 4 8
o sifs A s B R LT 1. &2 8RR =R, 2020, 37
(10):2439-2451.

DAMGHANI M, PIR R A, MURPHY A, et al. Experi-
mental and Numerical Study of Hybrid (CFRP-GFRP)
Composite Laminates Containing Circular Cut-Outs under
Shear Loading [ J ]. Thin-Walled Structures, 2022,
179 109752.

DAMGHANI M, SADDLER J, SAMMON E, et al. An
Experimental Investigation of the Impact Response and
Post-Impact Shear Buckling Behavior of Hybrid Composite
Laminates ] ]. Composite Structures, 2023, 305: 116506.
DAMGHANI M, WALLIS C, BAKUNOWICZ J, et al
Using Laminate Hybridization (CFRP-GFRP) and Shaped
CFRP Plies to Increase Plate Post-Buckling Strain to Fail-
ure under Shear Loading [J]. Thin-Walled Structures.,
2021, 162. 107543.

DAMGHANI M, MATTHEWS ], MURPHY A, et al
Numerical Shape, Thickness and Stacking Sequence Op-
timisation and Experimental Study of Hybrid Composite
Plates under In-Plane Shear Loading[ J]. Structures, 2023,
51: 372-390.

JIR, ZEPE. BT Hypersizer 15 A bR 25 552 5
HRETZ ) BEEROR S TR, 2011,11(2):
5482-5485.

KRISTINSDOTTIR B, ZABINSKY Z. Including Manu-
facturing Tolerances in Composite Design[ C]//35th Struc-
tures, Structural Dynamics, and Materials Conference.
Hilton Head: AIAA,1994: 1495.

KRISTINSDOTTIR BP , ZABINSKY Z B, TUTTLE M
E . Optimal Design of Large Composite Panels with Var-
ying Loads [ ] ]. Composite Structures, 2001, 51 (1)
93-102.

VAN CAMPEN ], KASSAPOGLOU C, ABDALLA M,

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

et al. Blended Designs for Composite Plates with Two
Concentric Layups under Compression[ C]//Proceedings of
ICCM-17. Edinburgh: The British Composites Society,
2009 27.

LIU B, HAFTKA R. Composite Wing Structural Design
Optimization with Continuity Constraints[ C]//19th AIAA
Applied Aerodynamics Conference. Anaheim: AIAA,
2001: 1205.

TOROPOV V V, JONES R, WILLMENT T, et al
Weight and Manufacturability Optimization of Composite
Aircraft Components Based on a Genetic Algorithm[ C]//
Proceedings of 6th World Congress of SMO. Brazil: [ s.
n. ], 2005.

SOREMEKUN G, GURDAL Z, KASSAPOGLOU C, et
al. Stacking SequenceBlending of Multiple Composite
Laminates Using Genetic Algorithms [ J ]. Composite
structures, 2002, 56(1): 53-62.

ADAMS D B, WATSON L T, GURDAL Z. Optimiza-
tion and Blending of Composite Laminates Using Genetic
Algorithms with Migration[ ] ]. Mechanics of Advanced
Materials and Structures, 2003, 10(3): 183-203.

ADAMS D B, WATSON L T, GURDAL Z, et al. Ge-
netic Algorithm Optimization and Blending of Composite
Laminates by Locally Reducing Laminate Thickness[]].
Advances in Engineering Software, 2004, 35(1): 35-43.
LIU W, BUTLER R. Optimum Buckling Design of Com-
posite Wing Cover Panels with Manufacturing Constraints
[C]//48th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference . Honolu-
lu, Hawaii : ATAA, 2007:2215.

LIU D, TOROPOV V V, QUERIN O M, et al. Bilevel
Optimization of Blended Composite Wing Panels[J]. Jour-
nal of Aircraft, 2011,48(1):107.

YANG J ., SONG B , ZHONG X ,et al. Optimal Design
of Blended Composite Laminate Structures Using Ply Drop
Sequencel ] ]. Composite Structures, 2016, 135:30-37.
DEGENHARDT R, TESSMER ]. Improved Design Sce-
nario for Composite Airframe Structures [ C ]//48th
AIAA/ASME/ASCE/AHS/ASC  Structures, Structural
Dynamics, and Materials Conference. Honolulu, Hawaii:
ATAA, 2007, 2180.

DEGENHARDT R, ROLFES R, ZIMMERMANN R, et
al. COCOMAT Improved Material Exploitation of Com-
posite Airframe Structures by Accurate Simulation of
Postbuckling and Collapse [ J ]. Composite Structures,
2006,3(2) :175-178.

(%R % IR Al Hh)



