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Application of principal strips for manufacturing of curved aircraft CFRP structures

YASUOKA Tetsuo ', TAKEZAWA Masahito 2, HIRANO Yoshiyasu™', MATSUO Kohei %, SAKURAI Akio ™

ABSTRACT

In this study, a novel manufacturing technique using orthogonal principal strips based on lines of curvature applicable
to aircraft composite parts having double curvature surfaces was proposed. A double curvature surface is
non-developable; it is difficult to layup intrinsically two-dimensional prepreg tapes on such a surface without any fiber
wrinkles, gaps and laps of tows, which induce stiffness and strength degradation of the resulting product. The
applicability of this technique was investigated by arranging the orthogonal nets based on lines of curvature onto
non-developable surfaces, unfolding the orthogonal principal strips into the two-dimensional shapes and molding
several types of composite parts from those strips. Three types of the parts with non-developable surfaces were
considered: an engine hood of automobile, aircraft nose/cockpit skins and a spar with curved surface flanges. The
orthogonal nets were successfully arranged on both the engine hood with no steep change of curvature and the aircraft
nose/cockpit skins with steep change of curvature around windshield, and unfolded into the two-dimensional shapes.
Then the prepreg sheet of woven fabric was cut into the unfolded shapes, stacked onto a mold, and cured with an
autoclave process. The resulting composite parts were successfully manufactured with high quality, no wrinkles and
voids. In other words, the proposed technique is effective composite manufacturing method. On the other hand,
regarding the spar with curved surface flanges, which consisted of developable flange/web surfaces and an
undevelopable flange/web joining part surface, the orthogonal net was also successfully arranged on the surfaces and
unfolded into the orthogonal strips; however, it was considered that the obtained unfolded strips were not suitable for
prepreg tapes cutting and composite molding. It was concluded that the scope of application of the proposed method
is limited for this type of surfaces with joining parts.

Keywords: CFRP, Curved surface molding, Lines of curvature, Non-developable surface, Aircraft structures
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FHOT DT —RE, U v Ry—)L RE Y TR RIS L2 A D22 E MoV T,
HI A T R ICELE 95 2 LT, E70 2 o FmIRICERT 2 Z LN T&E 7. 61T, i~
U7V 7 — hEREFEmERICOE L, AR L, A — 7 L— 7RIS L Db SRR, L
ORRA R 7e S BEICIE T2 2 LT, YUHIROANME 2R T 7z, 72, P s
BHERORM L 72> TWDHE 7 7 v VAT D AN—ZONWTHIREEITo72. ZOEMIZ OV T,
HRERALE 3 L OV 2 OT T ~DREFIIRD L= b 0D, 15 b - BRI TE MR R m X Th Y,
ZO LD PN 0 EE AT DEMIC OV TUIEAMIE~DOFITREN TH D LB 2 b,

1. %

T

R AR R U ~— (Carbon Fiber Reinforced Polymer, CFRP) [J#¢&E THIRE N & <, M2
SR & L TN MEE 28 L TW5. ITETIZCFRPZ THEEM & L KAREHEE L EM S D
£, ZOHEMAIT L L>ob 5. MZEHEEDCFRPIX, £ DOMELEEEHIRT 5729,
TN T VT LRI D IRBHHERIZH 50 C O P bEE (=A% UfESE) 28R SE7-ME%
T2 E08%. 7V T 73%ECHE Lz BT, @RS E LR S8 T &
T5H., 22T, VT —MERL LIET—FBIRTHY, “FE” 2HETAIMETH ST
b, Wi T A ICERENAE L 5.

H A 72 LIS PEICEB ©& 2 “FRE” &, FEERICHEEEET 5 “JEaRE BH
5. REHOBECTHZIE, HETHIREIEIMERTHY, BOAROEIRIZ/ > TV DY -
BN D — RN — 7 =7 U U ZIIFER BRI CTh 5. FBARNICEIIE QM= 2 FE)
DOEMIIFERATRETH 5.

a7 LIS EE TE 2 A BEHOHIEIZOWTIE, 7V 7L 7 OBAIEEIC L > T4k
TX5. —J, EABRBEOEEIZOWTIE, YU L7 %82 THfESEen e ZOmiEsE 2’
52 ENTE AW, —Fm7 Y 7 U ZIIHES IR RE T, RRREIE A T T O R & AU
BB DOTNZECLLOHLTHDL. TOOBLEX, AV v M7 —7 LT MED— 5 m 7Y
TVIT—=TERWAZEIZLY, YU IEIERHCAE U AMHERN O LR, MR E L DGap
(%) Lap (ERV) EWo7eKiaEDBESE, ZhbEHAET D Z L TR ORLE % E
BLTWDR, ZNOORMBIIHERTOERELRY 55, BEFEORBKREHIIEEZOHDONK
LB/ NENEZD, EUDKRMEEENAEW. LL, U—a U5 o i/ N oK
TIHHENRRKE L RDI1ED, SHROBRENRIAEINIBEEHESCZTEE Y T 4 O X D 2ZEHT
IXTZDIRIT L VEHEL 720, HEORESWVIERTRBEROIEM DL FEHIND ERAENS.
Bl 21X, BUEJAXA TRREHRFT STV D F i S dik sk 7e 1L, IKIRPL & IR 7 — A2 N, &
L, EE, AR E HICIERE THER SN D IEFICE R ERREZAE LTS, 20X 57k
MRS CIIA U2 RMEBEEEICARY, U 7L 7 28Y | L CRUE T D06k E TlRakE - fE) i
LL72%.

FEREBHEA~DO Y 7L T OFERE T LR D X 9 72 RGN T 2 OUFEET HE A3, ke R A i 9 1 2 Aid
ETHRE L TCRMERIEL, FOMEZFHCX 5 L) iEERiHaiEcs g, ond
DRMGITFFERREE 720, HROREWIEATBEMIRO CFRP #E&EHSM 2 EBTE 5. ZDHIT
R A2 BT DR E LT, Y LT R R OBEIERESE, A O R E T IR E O
HENDHITONDED, bo L LWL MBEE, dhimEHs OEE MR AR S TRV RTH
L. 7—ARUEER, LAY MRERTIT O L 9 REMZREE - JEMEM S5 O5ME L, lEORE N
Hi A Lk L CE NS E 2 5 TE 20, EAREE L~ L Thiu, #Elcabiig Lok
T VT a2 —XOREICL o CTIHMlirRE E b 22, OB EZ1TH> O EHENHE L
WERESNS. —JF, FHEHEM THIITRERRIZIES THH 720, M 2 B 5
Feffr &, BT 2 & dhif 2 FAS ST 2 H 2 FIH T 5 2 & ¢, #himiiE sy o RN 2 2
G TEDLAREMENR S 5.

FE R R O 2 BB 5 7L, HENDSE U THE L OFENFIEL, i RpEEys
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WCBWTRIHERTWAD. Bz, EMEFIcET DL, MEREERT 28R 3 TR ZES
IR B RIET 572012, &EH L7z 3 WonBR A2 FEICERT 20 ERH 5. ETRHAINS
JEBRTE L LT THIMARERE ), THERUREEE), T4 E% 0 B REnEFohs V. BifELE
& 7o TV A IR ERES, MiEANOEE D 2 SO 4 Sihi GRHE) 2 RS LT,
TN EERIERT 2 HETH D2, HHBROKD FRAERETH S Z LRI > TA T A MIE
LEFHICERTE RN LR EORBEARDH D 2. KRIZBWTES O NIRRT Y 125
B U7, dhsREEBEE, Rz REOEMERLE L CREICEHT 2 TETH D, 2 2 TR
L, BRICBT2ERNZO RIS T D RN EHMERORKEITRNERDHE) L —&T
Lhim o2, IS A2HEICH LT BEICEE oML 25, £72, iREER
L7 FENOHMEAEFEETLIZELAETHD. S5 L, B FEEBREH SN U DET
WAUE, R S B o fhm S E2 R E X 5.

HRAREBIVET, o2 IEMICB WO TSRS T 2175 TEE LT ESNN?Y, MifgL
RN — MROEM~SHT 5 55 E LT, #EEKOFEMROBRKZ £ T 2 FELHB SN T
W5 Y, SRR S IR 2 R IE T 5 2 & & TSREUERRIE) T HZ L 9 5.
BRB 72 e LTiE, BUYELT-WHRESA O 3 oeKE %2 S &2, O iR 2 alE,
PR CVmERN, B A G &P & RUE, SEmEEH & dh i A R - BT S, b,

Hi SR AR B AN O 22k CFRP ph A&~ A AT REMEIZ DUV T, TREE-CRIPE 12 B 3 2 fif
Hrevekli &, RO M EIZEE S < TRERBRFHI 26 L CHIT 2 0 El 13 H 5. RIFIEITZEN
5 OFHME 24T O BIEEME & U<, MisRERBHER X OHhREREBI I L 0 fifi2efE CFRP i i o
WRIERATREDNE 5 a5 2 L 2 BRI E 5. FRP MO RBIRERIFIZI N ETCHERHEE
TS D+, 2okt & i CFRP BB CT— M7 4 — F 7 L— 7 g ikid f ST,
F 7, Mz G SRR A L2, AR IR E T, mL RO KE VI
AR ETCR I O M SRR R X 2 VT, F— h 7 L—TWIBEIC L D RIERIER 1T, T OFH
ICOWTEMIE L7z, &RIZ, JAXA THESEREH 21T - 72K T 5 L TH 5 TRA2022B" % VT, %
BEAMRA~DO M RBALE 21TV, TOHFNOEE IR0 —i%23=E L CHRER B X O RIEZ
Tolz. &%, RBEHRERED S 5250 2 RET 5720, it v iEz2HE35
i AT 2 DWW TR EBA 2 L, £ OFIMEE MEE L7z,

2. I ERMREBVEIZ OV T

2.1. R

i EOEE O R TIE, BSRORK - f/MEE &2 HRBPGFEL, £0OFEFFITAVIZE
R 5. EOTHFEI M EZBY LTz 2 SO BREETh 2 th==iE, i L CERMEZEERT 5. K1
X, MEEHERT D | oS E LSRR 2GR L= pl 2 g, RO RO A Y 7
M A2 BEE U7 KRB, FUWORRA R/ NOEN Y Fr a2 B0 L2/ NEHRREZ R LTS
(RFETIXENZI, 1 MBEREF 2MBRET L L T5). iRE, FEREEIEDENL
S HFBEROVIERIEZ M 2L TRDDZENTE, LF - 7y BEREOKEETE
WX VT AHZENTESD. 72, EOFMIZHIEMRENE LA, S (o, umbilics)
EMEER, EHMNTEE SLRVIRRELZEORR S 25, FlziX, RKIZEDRIZBWTHE
FHNEELRWVIESRTHY, MEREERTDHIENTERWERO—FITHS.
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2.2. BiRAREEHEO R Y

Hh =R R BRI, 3R oCHRE O i R Tk, 72 b NS YRR 5 B O3 TR~
T 5Tk (RBEBEKE) Tho. %< OfRESECIIhmE M 2 i n o kg3 5. SEimEmsh
Mo BRIOMmEM ZET 5 7012iE, Mmoo FmEHK S MLE L7253, FErIERmO R
BRIT —BICEE DA LD TIERL, FOEMIIS U CRBTFELEEFIELTWS. thRipRE
BIEIL, him EodiRi 2 RBEEERLE T2 & T, WEMEBIOWENEON a2 FEET 5.

i L O MRS =R T D 72O DA 5501, RSB > R HIARENREr TH D Z &
DB TWD., ZOMEIC XV i=REEE, WA QUi R 2R > 7= F F ik Rk %2 kR
ELTEERRER) +¥5&, VRICEMTAIZENTES (X 220H).

2 AR o S R RE .

M RAREE T, ZoWlRBROMEE AT, hEm bohRRZ2 FEmcEBELZ0b, BES
oM B2 i E TR L TN 2 & ¢, BdhmoFEERKEZEHT 5. 2o, dhgEio
T ~D R & BERHE, SR EEICHAE T ENTE L7720, FiERICE T 2 hiF & (W
BRI HT- 2B ET 2T &), EOBICNEICAE L 2MIX L OEHT - & (WEEICHT-518
TCICLBERKEDOERT « B) 2R T 5 Z N TE 5. dREREE T, FEERZ VimER
LHENCHRAETHZHIZLZ2EEMICEEB LN LERTED, TNETORMELERRDZATHS.
X 312, &Mk U CHisRERERE 2 EAH L CH A SN BN Z T, ST 5 h
PN, KA oFORE (5 2 thRiR) N7 LA X 2GBTS xS 506 TR E 72
0, FROBIEREE (55 1 fhERER) S AN X BN LI e D LR & 7 D dhsRER BRI
IZ&Y, LA TOERTCR, 756 NS H AINEO & FTC LB & 2 EEIICHET 5 2 &2
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AREL 720, pUBMER K ORUE M E O LICER S

H LA
- HZINEER

3 SRR EBRVAIC X 2 Al o JE B 1 °.

2.3. ¥— MIREBH ~ h R RBREDOEH

IEMOSREITE O R TIE, IO B IE P RIETIR A I+ 2 Z L1272 273, fifE Lgune
— MROFM NG T 2H51EE LT, (EROMEFBEFIEDT VT Y X L% N—RZ, EEMDORH
R RBAR (Hh=RHR A N Y » 7, principal strip) ZAT 5 FEIGHE SN TWD. YEFiETIE,
CHETICH, WNTTAF v IR, @JET— b Ekka REM~O@EABIN 5. AWFFETIEIAR
BHEFELEAT O 2L L, AHINERBEBRICH T I L7 o— FEHkT 5.

WP, i R o RO E N i C & 5 Hi <y T (principal patch) I H L,
ZTNHT T BIZEA LB T, TAETNDORM Ny F 28kl L TIE~Tn< Z & TRME
WEART D, HEROMMFBHMEBIIEY & AT ATEORMIT, AR S 2288 O R K A Hk
o ER (A Y v ) ELTHEIHSND ZLTHD.

JREAT VY A LOBEZHIAT 5. TRy FEHERT 5 4 AOihRR (K4 £K) (1
DOWT, JIHIRERIC X Y T e ol R 2 FHEICERHAT S (K4 HR). ZoORETIE, 4480
MO EIIRNETH D, £ T, Ol Eofh# Y FITEB T HEmREARICIE, 4 5
DX ST, 4 KoOdh#Rz Fm LT 2 2 L TRy FEERTS. LL, BERSyFIXY
VIO L OICHHEZALTEY, BRIZT—EIZEE SRV, £ 2 TIHlFER Sy FAFRHE T
D ERET DL, FAFTHROMWEIZLY IR Ny FO 4 HAAKIZZNEH, TOlhFER Y F
DEAAEZRDOITT THD. £ TATHBEAEIZOWTILD 3 R ETOERAE (90 ) b
DENR /NS 2D L) RERBREZRD L. ZORIX R OIEHRE A% M < BEI
HETDH. /BONTETXTOREM Ny FT&, 8 1 =GR~ Z & TRREMEZNY » 7

(maximum principal strip) , &5 2 FIERFR G AN W25 Z & The/hERZE A ~ Y » 7 (minimum principal
strip) DREFAITIREZSD Z LN TE 5. AFELABMAERMEICEN L2 2K 5187, 2ok
i EoHisRR Ny FIZER Lo RBEFIEICE-SE, B0 3 Ronkicxt LT, 2 FEOE MR O
R A ERT D ENTED.

_“

X 4 fghERER <y F R .
K g BB Sy T, ] BB X v 4 RO ERER, A BNy F DAL,
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N

~TLLIT

&5”@“{% 10 strips

EEEEEE-g

7

]

N
A2\ E e
uisy t% | oI
G
HeH ==\
oS H i
HH B

\ 11 strips
4 5 P Al s o0 PR Y.
FEIX : FEF AR & MRSy T, e B S Lo i =R Ny T, I 2R O EHRR O 2
BAE (=X : minimum principal strip, T[4 : maximum principal strip) .

Z;

77
=R

i

i

T

Suil

3. i RHRRBBIFIC X 5 CFRP BRJZEALE

3.1. VaRTM EIZ & 5 41

g EHN 22 2R ET CIE, efTHFgE S LT 24 E TIZVaRTM  (Vacuum Assisted Resin Transfer
Molding) 5 X0 BiRMBHE 21T T\ 5. REICHE, ZO—flE LTHBIHEOT V7 —
Rl -~ D3 F FHHNZ W TR T 5.

3.1.1. VaRTM # & i

VaRTMiE &1L, 7V 74 —L%52F—7F 2 F— L NiZky hL, XX T T 4V LNETHEST-14,
Wiz HZZg & L, BAETHAEZAAL THIEZ RIS THRIET 2 HIETHS. HIEKEZK 6
(T, AR T, %iRd 2 RBEBEICI VAR Lo Yy 7 — N o EIX %2 512,
WHERM 28 L7277 ) 7 3+ —2 %2 H\, FRPEOT= Y 7 — Rhim oMz X » VaRTMALTE %
f1-7-.

Vacuum film

Flow media Vacuum pump
Peel cloth

1 | i

“ Mold Preforms Seal
Resin Tank Reservoir

X 6 VaRTM JEHERS.

312 BEET VU T — RO MERER

HERBREREEZ AT, =Y T — MO P RN 2T 5. dRO3KIcHE L, €0
A A 7R T, BRI Z ORI b, RO O THRE LA EET 5. Lt
DIRFED F IR AT 5 L MmN A MYy TORBAMBAER ST LEY, B OERY HF
REEZ 25, £ TOOL I, HFROBMOFHLZETTILD, 2oMhRROBLEAZ BT
22 L THMEROBEEYI. (1, HEFEH Y F MR T DDA E R R A Y A LR
BChD. (ITRT LT RCOMEH Y F 2 EEICER Li=0b, By F 225 mIE )
BAHZLIlCky, (eD2EEOA N v MMROBRKZAERKT D, S6IZ7 Y L7 OMNDES
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W72 B L9008, ZNENDOA N v RILEEZBEETHZEICLY, ODOERRABRIELND.

HBonTcREKIZH LT, M HWTHELEZRIE LT R 8THDH. ~—/—27 T T MZ LD
(BN
18 ISR St
N W
o & 7 strips

AT IL, TTOFREIEE L HHRLTW5.
A 453‘¥§§ §§§§§?
S5
¥ E?Wm N r1
Y LA
(d) (e) (H

BOD; % strips
AR B\ CXGIP N ’“‘f&g]
& G
X7 HA#ET Y7 — Nl o RER.

8 HUT L BMETEOMIL.
M M7 () LB ORBR D EE S AR, AR =76 FROERESE TS k.

313. h—Rr 7 v 2z L5

AIE T SN2 EBFIR 2 612, VaRTMEEIC L W B E1To 72, BB R LMkl &2 % 1R
T BEMICIZ KOS — AR 7 a 22 F W=, = MU v 7 RV EGHEL 6 i T RE 72 B 1R b 7Y
OyLET 7Y L—MIIETHY, BHR10058Cx LT, (REAIES, ELF2E 2 RAHE L T
L7z, ZALERIE25°CIc BN\ T, BEX #2550 Tho 7z,

RICVEZE T, BB & el B L7 S8 OB 2 - W CREM 28 W L, 7 v a— g
i LIRS DbETCA T L—0 0 THEGE Lic. FEEIXE1RE T, F28R 5 oIETIT> T
W5, ZO%kiEE DO FETVARTMRIE#1T -7 (X 10). 7 N\F 2 — LA THEAZITST2N, B2
GRETCBIZFIONTHT-.

Iz X 1R T. RA REORMETIEEA ER DN oT2. T, 2774 L2 LI
XU, D EERSONRHK EN ST, 7272, MBI OBRIZA U= ikiE T m o fLi s+ o f 5%
STWAEFTNSH Y, FEM oW, BEIITMOOEEZE L. 512, BHREAR— T (X 10
OHYRFR) THR— MEEDOEINZ L V#HERLNRH Y, IFEHOREICO W T HERZE L.

% 1 VaRTMARIFAC U Lkt

HAF —#/A4 17 ¢/l TRKIOIM

AL a— TOMATEC NC-19001P (7 U 7 —)

~ MU w7 ZfthE | =4 CBZ500LM-AS

A L% PR-CBZ01

LA {b#T7 7~ 328E

ST RITE NEL T T 4NVA, =T BR, Ta—AF ¢ 7%
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X9 Bk —F] (FE1dRER M) .

X 11 RIS,

32. 4 — b7 V=T R & B RIERE
ARHFIEIIMZERE R E R D CFRP B2 % —%7 > & L TW5D. Z Z THIZEREREE H CFRP DAL
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WhiEE LT d— 7 L—TRBEIC LD, SRR ORIEZITV, BB ORI
WOV TR L 7=.

3.2.1. RIEHM BRI X ORI &4

AIEMIEN 7 IR T AB Y 7 — R L dim R O & Le. S0 3 oIk
&, REJECHER U7 di iR XK O 2 X 12 1R T

MEHI R FMHE =R UBIIE DM T Y 7 L7 (T300/2500, B LURESES4) #EHA L. UIF
D3 ODFKRMETRRIE L, I % a7z,

(7)) 5 1 MR- 72BN (K 12958) O 1BOLATHRELEZSD.

(1) RRE 2 FEEIc 7Y L7y — b2 2o FMmICEE L CRIBELIZ D 0.
(7)1 MBI 2R (K12 ) &5 2 oo 7 EAK (K 12 6K, Zib

2 ODEMMAEA 1 EfERE (AFF28) LTHRELEZELD

IEEAED FIRIZROEY THh5H. £7, HENEWHE (GERBER DCS 2500 CUTTER, Gerber
Technology LLC) %W TV 7L 7y — & B RHEK O VIABBIZIH > T > F Lz, K’
W2, By LT ) LT %, BB D0 7 — &R L= thm Bk o 8— LR — Ro iRz
RIZEL7-. MBS T, "X 7 LT REFEMUEODEZES XUHEZIT-T-. £Dk, —F7 L—
7 (RSP AERSE TR 12XV, 135°C, 0.3MPa T 2 FRREMREER LAl b S87-. f{bis, i
WA URIESE T & 70 b, IERIEDORIICOWNT, K13 1277,

e ‘ 630 | 203 |
486 | | N

524

Unit: mm

B 12 RGRAIERA OTER & ih SRR B .
FE 3 oeTetk, PR B 1 ERESRRRICIR o 7oA, AR 5 2 MRS o 7o B

3.2.2. BFERAAE S OFFAM

X 14 1255 1 BRI - T2 BB 1 8 OB CTRE L 7o il RE 2R3, &k & LT Lokl X
e <, FLEEMATIEARA FELHRINT, mmEIt Eno7. K14 1Ti3E 7, BEKOY)
DIABFRDHOIREHENCOWTHERK Z R Lz, SR EHESIET < b &/ (Gap),
B2V (Lap) A& U7, BFE LTHEEL RS, DALV RIZHIESNTWS., LLARN D,
O/ EHE D TITRHEN I SN TR Y, DX HZBICHRKET MBS NGB LT DR & 72 o
. £, ZOOKREBESIIHHENER L TORWEDICHREMICKES TH Y, FoiiFmEL
(595 ERGIENEEZA U,

X 15 ([ RBERET, 7V L7y — 220 EEIciEEg L CORE LR 2R, K15
DILRENC AT L DT, FRCHIE MO ELSIZER U TRED LR T o RERoT2. 4
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