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Summary
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1 Introduction

6.%*"'%8&,B'N)&O%)8%,%.,*#).,/%*'9".)/)DC%(&)D&,B<%=)OO'&%1'&)$*&59*5&'$%,.-%FGH%9).-59*'-
&'$',&9"%#.%*"'%8#'/-%)8%9)B()$#*'%B,.58,9*5&#.D%*'9".#\5'$A%]#*"#.%*"#$%(&)D&,B%,%B'*")-%",-
*)%+'%-'E'/)('-%8)&%*"'%B,.58,9*5&'%)8%.'*?$",('-%9/)$'-%+)P%$*&59*5&'$%N#*"%-#B'.$#).,/
*)/'&,.9'$%N#*"#.%Q%;A;R%BB%,.-%N#*"#.%Q%;ARUA%=)&%*"#$%(5&()$'%,%D'.'&#9%+)P%$*&59*5&'%N#*"
-#B'.$#).$%V;;%P%V;;%P%RKA@%BB%N,$%-'$#D.'-A%!"'%9/)$'-%+)P%$*&59*5&'%9).$#$*'-%)8%*N)
6?$(,&$<%*N)%7?$*&#.D'&$%,.-%,%*)(?%,.-%+)**)B%$O#.<%$''%8#D5&'%@A

Fig. 1  Generic box structure (top skin not shown)

^'9,5$'%)8%B'9",.#9,/%,.-%*'B('&,*5&'%&'\5#&'B'.*$%8)&%*"'%,((/#9,*#).$%#.*'.-'-<%*"'%&'$#.
$C$*'B%7C*'9%7C9)B%R:R;?K%,.-%62Y%8#+'&$%N'&'%$'/'9*'-A%]#*"%*"#$%B,*'&#,/<%*"'%+)P%N,$
-'$#D.'-%N#*"%$O#.$%N#*"%,%\5,$#?#$)*&)(#9%/,C?5(%)8%@:%(/#'$%MI?*,('%Z@KR%D$B[<%8,+&#9%6?$(,&$
N#*"%,%N'+?/,B#.,*'%)8%@X%(/#'$%Z:;T%D$B[%,.-%7?$*&#.D'&$%)8%@:%(/#'$%8,+&#9A%1$%,%+,9O?5(
-'$#D.<%*"'%$O#.$%N'&'%-'$#D.'-%N#*"%,%\5,$#?#$)*&)(#9%/,C?5(%)8%X%(/#'$%8,+&#9A

=)&%*"#$%*C('%)8%+)P%$*&59*5&'$%,9)5$*#9%8,*#D5'%9,.%+'%,%-'$#D.%-&#E'&<%$)%*"'%$(,&?%,.-
$*&#.D'&S$O#.%,**,9"B'.*%#$%9&#*#9,/A%!)%(&'E'.*%-'+).-#.D%)&%$*&#.D'&%()(?)88<%&#E'*$%,&'%)8*'.
5$'-<%+5*%95&&'.*/C%_?(#..#.D%,.-%$*#*9"#.D%,&'%9).$#-'&'-%*)%+'%#.*'&'$*#.D%,/*'&.,*#E'$<%$''
&'8'&'.9'%@A%6.%*"'%-'$#D.%)8%*"'%D'.'&#9%+)P%*"'%6?$(,&$%,.-%7?$*&#.D'&$%,&'%$*#*9"'-%*)%*"'%/)N'&
$O#.%N#*"%,%`'E/,&%*"&',-%Z`K><%:PK;%!'P[A%!"'%8/,.D'$%)8%7?$*&#.D'&$%,&'%,/$)%$*#*9"'-%.',&%*"'
&,-#5$%)8%*"'%N'+A%H#E'*$%,&'%5$'-%8)&%*"'%9)..'9*#).%)8%*"'%$(,&$%,.-%$*#88'.'&$%*)%*"'%*)(%$O#.A
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6.%*"#$%(,('&%*"'%B,.58,9*5&#.D%9).9'(*%-'E'/)('-%8)&%.'*?$",('-%9/)$'-%+)P%$*&59*5&'$%#$
(&'$'.*'-A%=5&*"'&B)&'%*"'%&'$5/*$%,&'%'E,/5,*'-%,.-%9).9/5$#).$%9).9'&.#.D%*"'%5$'%)8%(&'(&'D
(&'8)&B$%#.%9)B+#.,*#).%N#*"%H!2%(&)9'$$#.D%,&'%-&,N.A

2 Process and material selection

!"'%B,#.%D),/%)8%*"'%+)P%-'E'/)(B'.*%(&)D&,B%N,$%*"'%-'E'/)(B'.*%)8%,%B,.58,9*5&#.D
(&)9'$$<%N"#9"%/',-$%*)%.'*%$",('-%(&)-59*$%N#*"%,995&,*'%-#B'.$#).$A%6-',//C<%*"'
B,.58,9*5&#.D%(&)9'$$%#$%&)+5$*%,.-%9"',(<%,.-%$5#*,+/'%8)&%,//%*C('$%)8%9)B()$#*'%-))&$<%+)P
$*&59*5&'$%,.-%&'/,*'-%*C('$%)8%(&)-59*$A%!"'%8,9*%*",*%*"'%&'$#.%$C$*'B%7C9)B%R:R;?K%#$
,E,#/,+/'%+)*"%,$%(&'(&'D%,.-%,$%,.%H!2%&'$#.%#B(/#'$%*",*%$'E'&,/%(&)9'$$%$)/5*#).$%,&'
()$$#+/'A

1*%*"#$%B)B'.*<%,5*)9/,E'%(&)9'$$#.D%$*#//%#$%*"'%$*,.-,&-%B'*")-%5$'-%#.%*"'%,'&)$(,9'%#.-5$*&C
*)%B,.58,9*5&'%$*&59*5&,/%9)B()$#*'%9)B().'.*$A%a)N'E'&<%*"'%5$'%)8%H'$#.%!&,.$8'&%2)5/-#.D
ZH!2[%#$%#.9&',$#.D%D&,-5,//C<%'$('9#,//C%8)&%9)B(/'P%$",('-%9)B().'.*$%N#*"%,995&,*'
-#B'.$#).$A%6.%*"#$%9,$'%,5*)9/,E'%(&)9'$$#.D%#$%.)*%8',$#+/'%+'9,5$'%)8%*"'%-#B'.$#).,/
*)/'&,.9'%&'\5#&'B'.*%)8%Q;A;R%BB<%,.-%H!2%N#*"%B,*9"'-%B'*,/%B)5/-$%N#//%",E'%*)%+'%5$'-A
]#*"%7C9)B%R:R;?K%")N'E'&<%(,&*$%*",*%,&'%-#88#95/*%*)%(&'8)&B%N#*"%-&C%8,+&#9%)&%",E'%*)%+'
B,-'%)8%MI?B,*'&#,/%8)&%$*#88.'$$%&',$).$<%9,.%+'%#.9)&()&,*'-%,$%,%(&'(&'D%Z^?$*,D'[%(,&*%#.%*"'
(&'8)&BA%=5&*"'&B)&'<%5$#.D%(&'(&'D%8)&%*"'%(&'8)&B%9,.%&'-59'%*"'%&#$O%)8%-&C%$()*$%,.-%8#+'&
B#$,/#D.B'.*<%$''%&'8'&'.9'%:A%1/$)%#*%#$%'P('9*'-%*)%",E'%/'$$%&'$#.%$"&#.O,D'<%+'9,5$'%*"'
^?$*,D'%(&'(&'D%,/&',-C%#$%()/CB'&#b'-%*)%,%9'&*,#.%-'D&''A%^'9,5$'%)8%*"#$%#*%#$%'P('9*'-%*",*
*"'%5$'%)8%(&'(&'D%8)&%*"'%(&'8)&B%N#//%/',-%*)%',$#'&%(&'8)&B#.D%8)&%+)P%*C('%$*&59*5&'$%,.-%,
B)&'%&)+5$*%(&)9'$$A

!"'%$*&59*5&'%)8%*"'%D'.'&#9%+)P%#$%.)*%"',E#/C%-)5+/'?95&E'-%+5*%).%*"'%)*"'&%",.-%&,*"'&
9)B(/'P%#.%$)B'%,&',$%/#O'%*"'%7?$(,&S6?$(,&%#.*'&$'9*#).A%^'9,5$'%)8%*"'%9)B(/'P%$",('%)8%*"'
(&'8)&B%#.%*"#$%,&',<%-#88#95/*#'$%N#*"%8#+'&%,/#D.B'.*%,.-%*"&''?-#B'.$#).,/%8/)N%(,*"$%-5&#.D
#.W'9*#).%9,.%+'%'P('9*'-A%!"#$%B,O'$%*"'%D'.'&#9%+)P%$*&59*5&'%#-',//C%$5#*'-%*)%'E,/5,*'%*"'
,((/#9,*#).%)8%(&'(&'D%(&'8)&B$%#.%9)B+#.,*#).%N#*"%H!2%(&)9'$$#.DA%^,$'-%).%*"'$'
9).$#-'&,*#).$%#*%N,$%-'9#-'-%*)%-'E'/)(%,%$#.D/'%$")*%B,.58,9*5&#.D%9).9'(*%N#*"%,%Z$*#*9"'-[
(&'(&'D%(&'8)&B%#.%9)B+#.,*#).%N#*"%H!2%(&)9'$$#.DA

68%(&'(&'D%#$%5$'-%8)&%*"'%(&'8)&B<%#*%#$%#B()&*,.*%*)%O''(%#.%B#.-%*",*%*"'%95&'-%(/C%*"#9O.'$$%)8
,%(&'(&'D%#$%+,$'-%).%$588#9#'.*%&'$#.%8/)N%5.-'&%,5*)9/,E'%(&'$$5&'A%!"'%(/C%*"#9O.'$$%)8%,
(&'(&'D%(/C%+'8)&'%95&#.D%5$5,//C%#$%,+)5*%@;%c%"#D"'&%*",.%,8*'&%95&#.DA%!"#$%B',.$%*",*
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9)B(,&'-%*)%,5*)9/,E'%/,B#.,*'$%)8%*"'%$,B'%B,*'&#,/<%*"'%'88'9*#E'%*"#9O.'$$%)8%,%(/C%",$%*)%+'
#.9&',$'-%*)%+'%,+/'%*)%9/)$'%*"'%B)5/-A%!)%(&'E'.*%*"#$%(&)+/'B<%*"'%95&'-%(/C%*"#9O.'$$'$%)8
+)*"%*"'%MI?*,('%,.-%8,+&#9%N'&'%#.9&',$'-%N#*"%@;%cA%6.%D'.'&,/%*"'%9).9'(*%N#*"%(&'(&'D
(&'8)&B$%#B(/#9,*'$%*",*%,%(&'(&'D%N#*"%,%8#+'&%E)/5B'%)8%B)&'%*",.%V:%c%",$%*)%+'%5$'-%#8%,
8#+'&%E)/5B'%9).*'.*%,+)E'%RR%c%#$%-'$#&'-A

3 Design of the tooling

3.1 Simulation of the injection process

6.%)&-'&%*)%,9"#'E'%,995&,*'%-#B'.$#).$%N#*")5*%$"#BB#.D%-5&#.D%,$$'B+/C%*"'%9)B(/'*'%+)P
",$%*)%+'%B,.58,9*5&'-%N#*"%,995&,*'%B'*,/%*))/#.D%#.%).'%$")*A%^'9,5$'%*"'%*)(%$O#.%N#//%+'
&#E'*'-%,8*'&N,&-$<%,%9).9'(*%N#*"%&'B)E,+/'%*))/#.D%#.$#-'%*"'%+)P%#$%8',$#+/'%#8%*"'%*)(%$O#.
9,.%+'%&'(/,9'-%*)%#*$%'P,9*%()$#*#).%,8*'&%*))/#.D%&'B)E,/A%!"#$%9,.%+'%&',/#b'-%+C%5$#.D%,
('&8)&,*'-%$'(,&,*#).%8#/B%+'*N''.%*"'%$(,&$S$*&#.D'&$%,.-%*"'%*)(%$O#.A%a)N'E'&<%B,.58,9*5&#.D
*"'%N")/'%+)P%#.%).'%$")*%N#*"%$59"%,%('&8)&,*'-%8#/B%#.9/5-'-%D#E'$%,%B)&'%9)B(/'P%#.W'9*#).
(&)9'$$%*",*%B#D"*%#.8/5'.9'%*"'%*))/#.D%-'$#D.A%!"'&'8)&'%8/)N%$#B5/,*#).$%",E'%+''.%9,&&#'-
)5*%N#*"%*"'%$)8*N,&'%*))/%H!2%])&PA

=#&$*%,%B)-'/%)8%*"'%D'.'&#9%+)P%$*&59*5&'%#$%+5#/*A%F'P*<%*"'%('&B',+#/#*C%)8%*"'%B,*'&#,/$%5$'-
",$%*)%+'%#.9)&()&,*'-A%M$5,//C%*"'%('&B',+#/#*C%)8%B,*'&#,/$%9,.%+'%B',$5&'-<%$''%&'8'&'.9'%TA
a)N'E'&<%#.%*"#$%9,$'%(&'(&'D%N#//%+'%5$'-A%^'9,5$'%*"'%8#+'&$%)8%,%(&'(&'D%,&'%B)&'%)&%/'$$
#B(&'D.,*'-%N#*"%,%^?$*,D'%&'$#.<%*"'%B,*'&#,/%-)'$%.)*%",E'%,%('&B',+#/#*C%*",*%#$%9)B(,&,+/'
*)%,.C%-&C%(&'8)&BA%]#*"%,%(&'(&'D%(&'8)&B<%*"'%,B)5.*%)8%&'$#.%*&,.$8'&%*"&)5D"%*"'%(&'8)&B
N#//%-'('.-%/,&D'/C%).%*"'%E#$9)$#*C%)8%*"'%^?$*,D'%(&'(&'D%&'$#.A%!)%-'*'&B#.'%*"'%&'/,*#).
+'*N''.%*'B('&,*5&'<%*#B'%,.-%E#$9)$#*C<%&"')/)DC%B',$5&'B'.*$%,&'%9,&&#'-%)5*%).%*"'%(&'(&'D<
$''%8#D5&'%:A%^,$'-%).%*"'%&"')/)DC%B',$5&'B'.*$%,.%#.W'9*#).%*'B('&,*5&'%)8%@T;%U7%N,$
$'/'9*'-A
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Fig. 2  Rheology measurement equipment

18*'&%-'*'&B#.,*#).%)8%*"'%(,&,B'*'&$%8/)N%$#B5/,*#).$%N'&'%9,&&#'-%)5*A%0#B5/,*#).$%N#*"%,
$#.D/'%()#.*%)&%$#.D/'%/#.'%#.W'9*#).%$*&,*'DC%-#-%.)*%(&)-59'%5$'85/%&'$5/*$%+'9,5$'%B,.C%,#&
#.9/5$#).$%N'&'%(&'-#9*'-A%!"'&'8)&'<%$#B5/,*#).$%N#*"%9'.*&,/%#.W'9*#).%$#B5/*,.')5$/C%,*%+)*"
$O#.$%N'&'%9,&&#'-%)5*A%]#*"%*"#$%#.W'9*#).%$*&,*'DC%*"'%8/)N%$#B5/,*#).$%$")N'-%*",*%*"'%&'$#.
,&&#E'$%,*%*"'%'-D'$%)8%*"'%$O#.$%,.-%*"'%'-D'$%)8%*"'%N'+$%)8%*"'%$*&#.D'&$%,.-%$(,&$
$#B5/*,.')5$/C<%$''%8#D5&'%TA%!"#$%B',.$%*",*%E'.*#/,*#).%()&*$%,*%*"'%'-D'$%)8%*"'%$O#.$%,.-
'-D'$%)8%*"'%N'+$%)8%*"'%$(,&$%,.-%$*&#.D'&$%N#//%+'%.'9'$$,&CA

Fig. 3  Results of flow simulations for dual point injection
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3.2 Design of mould parts

^'9,5$'%,995&,*'%-#B'.$#).$%)8%*"'%95&'-%(&)-59*%N'&'%E'&C%#B()&*,.*%,.-%*"'%*))/#.D%9).9'(*
",-%*)%+'%$5#*,+/'%8)&%/,&D'&%$*&59*5&'$%,/$)<%#*%N,$%-'9#-'-%*)%5$'%6.E,&%TV%,$%B)5/-%B,*'&#,/A
6.E,&%TV%",$%,.%'P(,.$#).%9)'88#9#'.*%)8%)./C%@AV'?VSd7<%N"#9"%#$%,+)5*%*"'%$,B'%,$%\5,$#?
#$)*&)(#9%9,&+).S'()PC%/,B#.,*'$%Ze%f%:%?%T'?VSd7[A%!"#$%(&'E'.*$%,//%(&)+/'B$%&'/,*'-%*)
-#88'&'.*%'P(,.$#).%9)'88#9#'.*$<%,.-%'.,+/'$%*"'%5$'%)8%,%(&'8)&B%*",*%8#*$%#.%+)*"%,%9)/-%,.-%,
")*%B)5/-A%1/$)<%*"'%95&'-%(&)-59*%9,.%+'%&'/',$'-%8&)B%*"'%B)5/-%,*%&))B%*'B('&,*5&'%N#*")5*
-#88#95/*#'$%-5'%*)%*"'&B,/%$*&'$$'$A%I#$,-E,.*,D'$%)8%6.E,&%TV%,&'%*"'%/)N%",&-.'$$<%*"'%())&
B,9"#.#.D%(&)('&*#'$%,.-%*"'%8,9*%*",*%#*%#$%'P('.$#E'A

=/)N%$#B5/,*#).$%",E'%$")N.%*",*%*"'%+)P%9,.%+'%#.W'9*'-%#.%).'%$")*<%$)%.)N%,%*))/#.D%9).9'(*
N#*"%&'B)E,+/'%B'*,/%+/)9O$%#.$#-'%*"'%+)P%$*&59*5&'%",-%*)%+'%-'$#D.'-A%!"'%B)5/-%9).9'(*
-'E'/)('-%9,.%+'%$''.%#.%8#D5&'%K<%,.-%9).$#$*$%)8%,%/)N'&%B)5/-<%,%B#--/'%$'9*#).%N#*"%,%&#.D<
$'E'&,/%+/)9O$%,.-%,%9'.*&,/%$'9*#).<%,.-%,.%5(('&%B)5/-A

Fig. 4  Mould concept for the closed box structure

6.%*"'%B#--/'%$'9*#).%)8%*"'%B)5/-%$'E'&,/%&'\5#&'B'.*$%",E'%*)%+'%B'*A%=#&$*%)8%,//<%*"'%B#--/'
$'9*#).%",$%*)%'.,+/'%,.%,#&*#D"*%,$$'B+/C%)8%*"'%B)5/-%,.-%(&)E#-'%,995&,*'%-#B'.$#).$%)8%*"'
$(,&$%,.-%*"'%$O#.$A%=5&*"'&B)&'%,//%(,&*$%",E'%*)%+'%"',*'-%,.-%B5$*%+'%&'B)E'-%,8*'&%95&#.D
N#*")5*%-,B,D#.D%*"'%9)B().'.*A%^'9,5$'%)8%*"'%8/,.D'$%)8%*"'%6?$(,&$%,.-%7?$*&#.D'&$<

Upper mould
Z"',*'-[

Lower mould
(heated)

Middle section containing:
•  a',*'-% 9'.*&,/% $'9*#).% N#*"
#..'&%+/)9O$

•  g5*'&%+/)9O$

•  a',*'-%&#.D
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$'(,&,*'/C%&'B)E,+/'%+/)9O$%",E'%*)%+'%5$'-%#.$#-'%',9"%8/,.D'A%!"'%',$#'$*%N,C%*)%"',*%*"'
&'B)E,+/'%+/)9O$%#$%+C%B',.$%)8%9).-59*#).%8&)B%*"'%9)5.*'&%(,&*A%!"'&'8)&'%*"'%+/)9O$%8)&%*"'
)5*'&%8/,.D'$%)8%*"'%$(,&$%,.-%$*&#.D'&$%,&'%"',*'-%+C%B)5.*#.D%*"'%+/)9O$%).%,.%)#/?"',*'-%&#.DA
=)&%*"'%#..'&%8/,.D'$%)8%*"'%$(,&$%,.-%$*&#.D'&$%8)5&%+/)9O$%,&'%B)5.*'-%).%,%9'.*&,/%$'9*#).%N#*"
)#/%"',*#.D<%$''%8#D5&'%KA%6.%)&-'&%*)%(&)E#-'%,995&,*'%-#B'.$#).$%)8%*"'%$(,&$<%$*&#.D'&$%,.-
$O#.$<%,//%+/)9O$%,&'%()$#*#).'-%N#*"%*#D"*%8#**#.D%+)/*$A%!)%'.,+/'%',$C%B)5.*#.D%,.-
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4 Manufacturing of three box structures

4.1 Laminating of the preform and assembly of the mould
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Fig. 5  Set-up of the mould, data-acquisition and RTM-machine

4.2 Injection of the box structures
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4.3 Results
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Fig. 6  Generic box structure with skins of UD-tape
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Fig. 7  Generic box structure with fabric spars, stringers and skins
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5 Conclusions
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