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1 Introduction 
!

!
-'5K"D45&S45P'=!:5P'=D5

/(5&S45IS'=&4I&59'II8T!45&8K45

-S='U)S5I9'(&"(4'UI5*''94="&8'(5

Q8&S'U&54*'!')8*"!5';;4(*45

V=5:8I":M"(&")45';5"($'(4W5

5'50W5XU*DK8(I&4=5<U!!4=5

!

!

1.1 Deployable structures 
!

@-C()(,$!5-$7!3-'$71;37%-'$!(1#!$7(7%3!(')!(1#!)#$%&'#)!7-!.;+.%+!(!;'%B;#!

(')!61#)#$7%'#)!6;16-$#!);1%'&! 7:#%1! +%.#7%5#?! T;7! %'!('!#1(!C:#1#!'#(1+,!

#0#1,7:%'&! 61-3##)$! ),'(5%3(++,K! %7! %$! %'7#1#$7%'&! 7-! #Q6+-1#! '-'U$7(7%3!

$71;37;1#$?!!

*!+(1&#!&1-;6!-.!$71;37;1#$!:(0#!7:#!(9%+%7,!7-!71('$.-15!7:#5$#+0#$!.1-5!(!

$5(++K! 3+-$#)!-1! $7-C#)!3-'.%&;1(7%-'! 7-!(!5;3:! +(1&#1K! -6#'!-1!)#6+-,#)!

3-'.%&;1(7%-'?! A:#! -97(%'#)! $71;37;1#$! (1#! &#'#1(++,! 1#.#11#)! 7-! ($!

)#6+-,(9+#!$71;37;1#$![S#'$#'K![\\i]?!=

"#6+-,(9+#$! (1#! 3:(1(37#1%Z#)! 9,! 7:#%1! );(+! .;'37%-'(+%7,! ($! +-()U9#(1%'&!

$71;37;1#$!-1!5#3:('%$5$?!*$!+-()U9#(1%'&!$71;37;1#$!7:#,!71('$.#1!+%0#!(')!

)#()! +-()$?! *$! 5#3:('%$5$! 7:#,! 61-0%)#! .-1! 7:#! 1#0#1$%9+#! (+7#1(7%-'! -.!

7:#%1! .-15! [Jv3O#17K! [\\\]?! A:#,! 61-0%)#! 7:#! 9;%+7! #'0%1-'5#'7! C%7:!

$71;37;1#$!C:%3:!3('!()(67!7-!3:('&%'&!3%13;5$7('3#$!(')!1#B;%1#5#'7$?!!

!

!
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*+7:-;&:!7:#!1#$#(13:!$;9N#37!-.!)#6+-,(9+#!$71;37;1#$! %$!1#+(7%0#+,!,-;'&K!

7:#! 61%'3%6+#! -.! 71('$.-15(9+#! -9N#37$! (')! $6(3#$! :($! 9##'! (66+%#)!

7:1-;&:-;7! :%$7-1,! X7:#! 8-'&-+%('! ,;17K! 7:#! 6('7-&1(6:%3! C#%&:7+%.7%'&!

31('#!-.!<#-'(1)-!)(!W%'3%wY?!!

@-C()(,$K!7:#!5(%'!(66+%3(7%-'!(1#($!(1#!7:#!"4='I9"*458(:UI&=$K!1#B;%1%'&!

:%&:+,! 3-56(37(9+#K! +%&:7C#%&:7! 6(,+-()! X$-+(1! (11(,$YK! (')! "=*S8&4*&U=4A5

1#B;%1%'&! #%7:#1! .%Q#)U+-3(7%-'! 1#71(37(9+#! 1--.$! .-1! $6-17$! (1#'($!

XV%59+#)-'Y! -1! 5-9%+#K! +%&:7C#%&:7! 7#56-1(1,! $:#+7#1$! X#5#1&#'3,! 7#'7$!

(')!1#31#(7%-'(+!$71;37;1#$Y?!

H#'#1(++,K! 5-9%+#! )#6+-,(9+#! $71;37;1#$! 3-'$%$7! -.! (! C#(7:#1! 61-7#37%'&!

5#591('#! $;66-17#)! 9,! $-5#! .-15! -.! #1#37(9+#! $71;37;1#K! C:%3:! %$!

3(6(9+#! -.! #($%+,! 9#%'&! 5-0#)! %'! 7:#! 3-;1$#! -.! '-15(+! ;$#! (')! 3('! 9#!

($$#59+#)! (7! :%&:! $6##)K! -'! ;'61#6(1#)! $%7#$?! E-1! 7:%$! 6;16-$#K! $3%$$-1!

$71;37;1#$! (1#! 5-$7! #..#37%0#>! 9#$%)#$! 9#%'&! 71('$6-17(9+#K! 7:#,! :(0#! 7:#!

&1#(7! ()0('7(&#! -.! $6##)! (')! #($#! -.! #1#37%-'! (')! )%$5('7+%'&K! C:%+#!

-..#1%'&!(!:;&#!0-+;5#!#Q6('$%-'!x"#!A#55#15('K![\\ky?!!

!

"#6+-,(9+#! $71;37;1#$! 3('! 9#! 3+($$%.%#)! %'! .-;1! 5(%'! &1-;6$! (33-1)%'&! 7-!

7:#%1!$71;37;1(+!$,$7#5!XE%&;1#!]?]Y>!!

(? =('7-&1(6:%3!$71;37;1#$!3-'$%$7%'&!-.!:%'&#)!9#(5$!

9? E-+)(9+#!6+(7#!$71;37;1#$!C%7:!:%'&#)!6+(7#$!

3? 8#591('#!$71;37;1#$!

)? A#'$#&1%7,!$71;37;1#$!

A:%$! )%$$#17(7%-'! .-3;$#$! -'! 7:#! )#6+-,(9+#! $71;37;1#$! 9($#)! -'!

6('7-&1(6:$!($!%++;$71(7#)!%'!E%&;1#!]?](?!

!

!

!

!

!
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!

!
!
!

!
!
!
!

!

!

!

!
!
!

!
!
!

!

?8*41(= B.BS= ;'2--8>8"2,8%$= %>= -,14",412'= -5-,(+-= >%1= )(I'%520'(= -,14",41(-= J2.V0.= [F14I%=

W3A9!U=".2.X=CYYM]X=".=[3,14",41>'(R=<,).X=CYYO]X=).=[3$('-%$]K=

!

!

!

!

!

!

!

(?! 9?!

3?! )?!
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1.2 Terminology 
!

E-1!3+(1%7,!7:%$!$#37%-'!#Q6+(%'$!7:#!7#15%'-+-&,!;$#)!%'!7:#!1#$#(13:!.%#+)!-.!

)#6+-,(9+#!$71;37;1#$!(')!7:%$!)%$$#17(7%-'?!!

I7! %$! $3%#'7%.%3(++,! 3-11#37! 7-! $6#(O! (9-;7! $3%$$-1! ;'%7$K! 3-'$%$7%'&! -.! 7C-!

9#(5$! C%7:! (! 1#0-+;7#! N-%'7! (++-C%'&! (! 1#+(7%0#! 1-7(7%-'K! C:%3:! (1#!

3-56-$#)! %'7-! ["U+%'O(&#$?! *.7#1C(1)$! 7:#$#! +%'O(&#$! (1#! 6;7! %'7-! (!

$6#3%.%3!j"!&1%)!&#'#1(7%'&!7:#!;+7%5(7#!)#6+-,(9+#!$71;37;1#?!!

AC-!)%..#1#'7! 6:($#$! 3('!9#!)%$7%'&;%$:#)! %'! 7:#!9#:(0%-;1! -.! )#6+-,(9+#!

$71;37;1#$>! X]Y! 7:#! )#6+-,5#'7! 6:($#! (')! X[Y! 7:#! $#10%3#! 6:($#?! I'! 7:#!

)#6+-,5#'7! 61-3#$$K! -1! 71('$.-15(7%-'K! 7:#! $,$7#5! 9#:(0#$! ($! (!

5#3:('%$5! C%7:! &#'#1(++,! (! $%'&+#! O%'#5(7%3! )#&1##! -.! .1##)-5! X"?G?E?Y?!

G'! 7:#! -7:#1! :(')K! 7:#! $#10%3#! 6:($#K! -1! $7(7#! -.! (66+%3(7%-'K! %$!

3:(1(37#1%$#)!9,! 3-'$71(%'%'&! 7:#!5#3:('%$5K!C:%3:! (++-C$! 7:#! $,$7#5! 7-!

)#5-'$71(7#! +-()U9#(1%'&! 9#:(0%-;1?! I'! 7:%$! $#10%3#! 6:($#! 7:#! $,$7#5! %$!

;$;(++,!)#.%'#)!($!(!3-'$71;37%-'K!9;7!%'!+%7#1(7;1#!%$!&#'#1(++,!1#.#11#)!7-!($!

^)#6+-,(9+#! $71;37;1#$P?! R#1#(.7#1K! 7:#! +(77#1! 7#15! C%++! 9#! 5(%'+,! ;$#)! 7-!

-97(%'!;'(59%&;-;$'#$$?!

"#6+-,(9+#! $71;37;1#$! 5%&:7! (+$-! 9#! O'-C'! ($! #1#37(9+#K! #Q6(')(9+#K!

#Q7#')%9+#K!)#0#+-6(9+#!-1!;'.;1+(9+#!$71;37;1#$![S#'$#'K![\\i]?!

!

1.3 Aims and scope of research 
!

"#$6%7#! 7:#! ()0('7(&#$! $3%$$-1! $71;37;1#$! X-1! 6('7-&1(6:! $71;37;1#$Y! 3('!

-..#1K!.#C!:(0#!$;33#$$.;++,!9##'!1#(+%Z#)?!A:#!)#$%&'!61-3#$$!%$!3-56+#Q>!(!

$3%$$-1!$71;37;1#!1#B;%1#$!(! 7:-1-;&:!;')#1$7(')%'&!-.!7:#!$6#3%.%3!["!(')!

j"! 3-'.%&;1(7%-'$! C:%3:! C%++! &%0#! 1%$#! 7-! (! .;++,! )#6+-,(9+#! &#-5#71,?!

8-1#-0#1K!$71;37;1(+!%56+%3(7%-'$!5;$7!9#!3-'$%)#1#)?!E+#Q;1#!%'!7:#!9#(5$!

1#5(%'$!(!5(N-1!.#(7;1#!7:(7!)#71(37$!.1-5!$71;37;1(+!#..%3%#'3,![R('(-1!q!

<#0,K![\\]]?!!
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A:#!O#,!#+#5#'7! %$!7:(7!7:#1#!%$!(!)%1#37!(')!5;7;(+! 1#+(7%-'$:%6!9#7C##'!

7:#!&#-5#71,K!7:#!O%'#5(7%3$!(')!$71;37;1(+!1#$6-'$#!-.!7:#!$3%$$-1!$,$7#5?!

!

A:#! 6;16-$#! -.! 7:#! 1#$#(13:! +%#$! %'! )#$%&'%'&! (')! ('(+,Z%'&! (! '#C!5;+7%U

3-'.%&;1(7%-'(+!/'%0#1$(+! 23%$$-1! 4-56-'#'7! X/24Y?!V:%+#! 3;11#'7! )#$%&'$!

-.! $3%$$-1! $,$7#5$! &%0#! ('! ^()! :-3P! $-+;7%-'K! 7:%$! 1#$#(13:! 3('! 61-0%)#! (!

5#7:-)-+-&,! .-1! )#$%&'%'&! (! $3%$$-1! 3-56-'#'7! 1#$;+7%'&! %'! &#'#1%3!

$71;37;1#$?! A:#! )#$%&'#)! $3%$$-1! 3-56-'#'7! 3('! 9#! ;$#)! %'! )%..#1#'7!

&#-5#71%3(+! $71;37;1#! 3-'.%&;1(7%-'$! (')! 3('! 7:;$! 9#! 1#U;$#)! 5##7%'&!

3:('&%'&!1#B;%1#5#'7$?!!

!

A:#!3-'3#67!5##7$!7C-!%56-17('7!$;$7(%'(9+#!($6#37$?!E%1$7+,K!7:#!)#$%&'!%$!

3(11%#)!-;7! %'! 7:#! $6%1%7! -.! LL(8;'=K8&$5 )4(4="&8()5 :8M4=I8&$M! ($! B;-7#)!9,!

*+(%'!<-9#+?!!A:#!3-56-'#'7P$!#B;(+%7,!%56+%#$!5($$U61-);37%-'!C:%3:!%'!%7$!

7;1'! %56+%#$! (! 3-$7! 9#'#.%7?! 8-1#-0#1K! 7:#! )%0#1$%7,! %'! .-15$! 31#(7#$!

5;+7%6+#!;$#$![<-9#+!E1(5#$K![\\o]?!*++!-.!7:%$!3-0#1$!7:#!$#3-')!$;$7(%'(9+#!

.%#+)!-.!LY.M?!!A:%$!#Q7#'$%-'!-.!j"!C%7:!(!.-;17:!)%5#'$%-'!-.!7%5#!%'0-+0#$!

7:#! 1#3,3+#! -.! $71;37;1#$! 9,! 1#U;$%'&!5(7#1%(+$! (')! 3-56-'#'7$! .-1! -7:#1!

6;16-$#$K!-7:#1!'##)$?!

A:#!/24!C%++!9#!31#(7#)!7-!)#0#+-6!7C-!7,6-+-&%#$!C:%3:!(1#!-.!&1#(7!;$#!%'!

(13:%7#37;1(+! (66+%3(7%-'$>! )-5#$! (')! 9(11#+! 0(;+7$?! A:#! .#($%9%+%7,! -.! 7:#!

$3%$$-1!3-56-'#'7!.-1!7:#$#!5;+7%6+#!$71;37;1#$!%$!%'0#$7%&(7#)!(33-1)%'&!7-!

&#-5#71%3(+K!O%'#5(7%3(+!(')!$71;37;1(+!%56+%3(7%-'$?!

!

*!$%56+%.%#)!5#7:-)!%$!(66+%#)!);#!7-!(!5%$$%'&!3-56(7%9+#!$-.7C(1#!7--+!%'!

C:%3:!(++! 3-56-'#'7$!3('!9#! %56+#5#'7#)!(')!('(+,Z#)!C%7:%'! 7:#!$3-6#!

-.! (! 5($7#1P$! 7:#$%$! 1#$#(13:?! E-1! 7:%$! 61#+%5%'(1,! .#($%9%+%7,! $7;),! (!

3-59%'(7%-'!C($! 3:-$#'!-.>! X]Y!5-)#++%'&! $3%$$-1! $,$7#5$! %'! 7:#! $-.7C(1#!

J:%'-3#1-$"! [J:%'-3#1-$"K! [\\l]! (')! H1($$:-66#1"! [H1($$:-66#1"K! [\\m]!
(')! X[Y! )#$%&'%'&! (')! ('(+,Z%'&! $3%$$-1! $71;37;1#$! %'! 24I*! D2*U=A! [24I*K!
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[\\k]?! A:#! 5#7:-)! %$! %56+#5#'7#)! .-1! 7:#! )#6+-,#)! $7(7#! %'! C:%3:! 7:#!

)#6+-,(9+#! 5#3:('%$5$! (37! ($! 3-'$71;37%-'$! )#5-'$71(7%'&! (! $71;37;1(+!

9#:(0%-;1!(')!(!5(Q%5(+!+-()%'&?!!

!

1.4 Outline of masterʼs thesis 
!

I'!4:(67#1![K!61#0%-;$!C-1O!(')!(! +%7#1(7;1#! 1#0%#C! %$!61#$#'7#)?!A:#! .%1$7!

6(17!%$!3-'3#1'#)!C%7:!('!-0#10%#C!(')!3-56(1%$-'!-.!7:#!)%..#1#'7!$3%$$-1!

;'%7$?! A:#! $#3-')! 6(17! .-3;$#$! -'! C:(7! )#6+-,(9%+%7,! %56+%#$! (')! .%'(++,K!

%56-17('7!#Q(56+#$!-.!)#6+-,(9+#!$71;37;1#$!(1#!5#'7%-'#)?!!

4:(67#1! j! -;7+%'#$! 7:#! 61%'3%6+#$! -.! 7:#! )#$%&'! -.! (! $6#3%.%3! '#C! $3%$$-1!

3-56-'#'7>! 7:#! /'%0#1$(+! 23%$$-1! 4-56-'#'7! X/24Y?! *! 1('&#! -.!

(13:%7#37;1(+! 3-'.%&;1(7%-'$! %$! 3:-$#'! C:%3:! )#7#15%'#! 7:#! &#-5#71%3(+!

)%5#'$%-'$! -.! 7:#! /24?! E;17:#1K! 7:#! )#6+-,5#'7! -.! 7:#! $71;37;1#$! %$!

)%$3;$$#)?!

4:(67#1! i! )#(+$! C%7:! 7:#! 5#7:-)-+-&,! -.! 7:#! $71;37;1(+! ('(+,$%$?! *!

1#61#$#'7(7%0#! $71;37;1#! %$! %56-17#)! %'! 24I*! D2*U=A! C%7:! 3-11#37! 1#+#($#$!

(')!3+%5(7#!+-()$!7-!6#1.-15!(!$7##+!3-'71-+!(')!('!%'$7(9%+%7,!3:#3O!(')!7-!

)%5#'$%-'!(')!-67%5%$#!7:#!/24?!!

I'! 4:(67#1! o! 7#3:'-+-&%#$! .-1! 7:#! 1#(+%$(7%-'! -.! 7:#! )#6+-,(9+#!

3-'$71;37%-'$! (1#! 61#$#'7#)?! I'! 7:#! +%&:7! -.! 7:#! %56-17('3#! -.! 7:#$#!

3-'$71;37%-'(+! ($6#37$! C:%3:! .-15! 7:#! 9($%$! -.! 7:#! C:-+#! )#$%&'! -.! (!

.#($%9+#! )#6+-,(9+#! $71;37;1#K! $-+;7%-'$! .-1! 7:#! N-%'7$K! 7:#! )#6+-,5#'7!

$,$7#5!(')!7:#!5#591('#!(1#!)%$3;$$#)?!!

E%'(++,K!4:(67#1!_!3-'3+;)#$!7:%$!5($7#1P$!7:#$%$!9,!#0(+;(7%'&!7:#!61-6-$#)!

3-'3#67$?!*+$-K!(!';59#1!-.!$;&&#$7%-'$!.-1!.;17:#1!C-1O!(1#!61-0%)#)?!!

!

!

!
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2 Review of Literature 
!

2.1 Introduction 
!

I'! 7:%$! 3:(67#1! (! .#C! -.! 7:#! 5(%'! 3-'71%9;7-1$! 7-! 7:#! .%#+)! -.! )#6+-,(9+#!

$71;37;1#$!(1#!)%$3;$$#)?!*!1#0%#C!-.!#Q%$7%'&!)#6+-,(9+#!$3%$$-1!$71;37;1#$!

X-1!6('7-&1(6:!$71;37;1#$Y!%$!61#$#'7#)?!!

!

A:#!.%1$7!6(17!3-0#1$!7:#!)#.%'%7%-'$!(')!3:(1(37#1%$7%3$!-.!71()%7%-'(+!$3%$$-1!

;'%7$>!71('$+(7%-'(+K!6-+(1!(')!('&;+(7#)!;'%7$?!!

E;17:#1! -'K! 7:#! )#6+-,(9%+%7,! 3-')%7%-'! 7:#! ;'%7$! :(0#! 7-! 3-56+,! C%7:! %$!

&%0#'! (')! %56+%3(7%-'$! (9-;7! 7:#! O%'#5(7%3$! -.! 7:#! )#6+-,5#'7! -.!

71('$.-15(9+#! $71;37;1#$! (1#! )%$3;$$#)?! I'! 7:#! +($7! 6(17K! )%..#1#'7! 7,6#$! -.!

#Q(56+#$! (1#! 61#$#'7#)! 7:1-;&:-;7! )#0#+-65#'7$! %'! 7:#! )-5(%'! -.!

)#6+-,(9+#!$3%$$-1!$71;37;1#$?!

!

2.2 Scissor Units 
!

23%$$-1!;'%7$K!(+$-!3(++#)!$3%$$-1U+%O#!#+#5#'7$!X2<DP$Y! 3-'$%$7!-.! 7C-!9#(5$!

3-''#37#)! 7:1-;&:! (! 1#0-+;7#! N-%'7K! 7:#! %'7#15#)%(7#! :%'&#K! (++-C%'&! (!

1#+(7%0#!1-7(7%-'K!9;7!(7!7:#!$(5#!7%5#!%'71-);3%'&!9#')%'&!5-5#'7$!%'!7:#!

9#(5$?! T,! 3-''#37%'&! $;3:! 2<DP$! (7! 7:#%1! #')! '-)#$! 9,! :%'&#$K! (! &1%)!

$71;37;1#! %$! .-15#)K!C:%3:! 3('!9#! 71('$.-15#)! .1-5!(!3-56(37!9;')+#!-.!

#+#5#'7$! 7-! (! .;++,! )#6+-,#)! 3-'.%&;1(7%-'?! E%'(++,K! 9,! ())%'&! 3-'$71(%'7$K!

7:#!5#3:('%$5! &-#$! .1-5! 7:#!)#6+-,5#'7! 6:($#! 7-! 7:#! $#10%3#! 6:($#K! %'!

C:%3:!%7!3('!9#(1!+-()$?!!

A:#! ;'%7! +%'#$! 3-''#37! 7:#! ;66#1! (')! +-C#1! #')! '-)#$! -.! (! $3%$$-1! ;'%7?!

"#6#')%'&!-'! 7:#! +-3(7%-'!-.! 7:#! %'7#15#)%(7#! N-%'7! (')! 7:#!$:(6#!-.! 7:#!

9#(5$K!7:1##!5(%'!;'%7!7,6#$!3('!9#!)%$7%'&;%$:#)>!71('$+(7%-'(+K!6-+(1!(')!

('&;+(7#)!;'%7$?!!
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2.2.1 Translational units 

*! 71('$+(7%-'(+! ;'%7! 3-'$%$7$! -.! 7C-! $71(%&:7! %)#'7%3(+! 9#(5$! +%'O#)! 9,! ('!

%'7#15#)%(7#! :%'&#! (7! 7:#! 5%)6-%'7$! -.! 7:#! 9#(5$?! A:#! ;'%7! +%'#$! (1#!

6(1(++#+!(')! 1#5(%'!$-!);1%'&! 7:#!)#6+-,5#'7?!A:#!$7(7#!-.!)#6+-,5#'7! %$!

3:(1(37#1%$#)!9,!7:#!)#6+-,5#'7!('&+#!$?!

V:#'! 7:#$#! ;'%7$! (1#! +%'O#)K! (! C#++UO'-C'! 6+('#! 5#3:('%$5! %$! .-15#)K!

3(++#)!(! !"#$%&'()W! E%&;1#![?]!$:-C$!(! 71('$+(7%-'(+!;'%7!(')!7:#!3-56-$#)!

!"#$%&'()! +%'O(&#?! T#3(;$#! 3;10(7;1#! %$! 3-55-'+,! 6;1$;#)K! 7C-! $71(%&:7!

9#(5$!)%..#1%'&!%'!+#'&7:!3('!.-15!(!3;10#)!71('$+(7%-'(+!;'%7!XE%&;1#![?[Y?!

!

!

!

!

!

!

?8*41(=C.BS=Z'2$(=,12$-'2,8%$2'=4$8,=2$)=,N(="%+I%-()=!"#$%&'()=-"8--%1=+("N2$8-+=

!

! !

?8*41(=C.CS=;417()=,12$-'2,8%$2'=4$8,=2$)='8$#2*(=

#!

I'7#15#)%(7#!:%'&#!

/'%7!+%'#!

#!
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2.2.2 Polar units 

4;10#)!5#3:('%$5$!3('!9#!.-15#)!9,!5#('$!-.!%)#'7%3(+!$3%$$-1!;'%7$!C%7:!

%)#'7%3(+!$71(%&:7!9#(5$!9,!5-0%'&!7:#!%'7#15#)%(7#!:%'&#$!(C(,!.1-5!7:#!

5%)6-%'7$! -.! 7:#! 9#(5$!C%7:! ('! #33#'71%3%7,! 4?! E%&;1#! [?j! %++;$71(7#$! :-C!

:%'&#!)%$6+(3#5#'7$! :(0#! (! )1(5(7%3! %'.+;#'3#!-'! 7:#! $:(6#?! A:#$#!;'%7$!

(1#! 1#.#11#)! 7-! ($! 6-+(1! ;'%7$?! A:#! ;'%7! +%'#$! %'7#1$#37! (7! ('! ('&+#! #?! A:%$!

('&+#!0(1%#$!$71-'&+,!($!7:#!;'%7!)#6+-,$!(')! 7:#! %'7#1$#37%-'!6-%'7!5-0#$!

3+-$#1!7-!7:#!;'%7!($!7:#!3;10(7;1#!%'31#($#$K!($!$:-C'!%'!E%&;1#![?i?!";1%'&!

71('$.-15(7%-'K!7:#!;'%7!+%'#$!1-7(7#!(1-;')!7:#!%'7#1$#37%-'!6-%'7?!

!

!

?8*41(=C.ES=/$>'4($"(=%>=N8$*(=)8-I'2"(+($,=%$=,N(=-N2I(=

#!
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!

!

!

?8*41(=C.LS=Z%'21=4$8,=2$)='8$#2*(=8$=2="'%-()=2$)=%I($=)(I'%5+($,=I%-8,8%$=

!
2.2.3 Angulated units 

/'+%O#! 71('$+(7%-'(+! (')! 6-+(1! ;'%7$K! C:%3:! 3-'$%$7! -.! $71(%&:7! 9#(5$K!

('&;+(7#)!#+#5#'7$!X-1!:-9#15('P$!;'%7$![R-9#15('K!]mm\]Y!(1#!.-15#)!9,!

7C-! O%'O#)! 9#(5$! C%7:! O%'O! (56+%7;)#! "! ($! 61#$#'7#)! 9,! E%&;1#! [?o?! *$!

-66-$#)!7-!6-+(1!;'%7$K!#!%$!3-'$7('7!.-1!(++!0(+;#$!-.!$!%.!7:#!;'%7!&#-5#71,!

%$!$;3:!7:(7!!5z!#t[?!A:%$!5(N-1!()0('7(&#!%56+%#$!7:(7!-'+,!('&;+(7#)!;'%7$!

3('! 9#! ;$#)! .-1! 1()%(++,! )#6+-,%'&! $71;37;1#$! C%7:! (! 5,1%()! -.! 3;10#)!

$:(6#$K!3(6(9+#!-.!1#71(37%'&!7-C(1)$!7:#%1!-C'!6#1%5#7#1!XE%&;1#![?_Y?!

!

*'&;+(7#)!#+#5#'7$!(1#!5-1#!5;+7%U.;'37%-'(+! %'!7:#!)#6+-,5#'7!-.!#Q-7%3!

$:(6#$K! 3-56(1#)! 7-! 6-+(1! -1! 71('$+(7%-'(+! $3%$$-1$K! ($! 61-0#'! 9,! ["#!

A#55#15('K! [\\kK! 4:(67#1! m]! .-1! (! )#6+-,(9+#! 7-C#1! XE%&;1#! [?]m)Y?! *'!

())%7%-'(+! 9#'#.%7! -.! ('&;+(7#)! $3%$$-1! &1%)$! %$! 7:(7! 7:#,! 3('! 9#! #($%+,!

71%('&;+(7#)!X#?&?!7:#!)#6+-,(9+#!&#-)#$%3!)-5#!9,!R-9#15('!E%&;1#![?]lY!

C:%3:!&%0#$! 7:#5!$71;37;1(+! %'U6+('#!$7%..'#$$!X'-'U$C(,!3:(1(37#1%$7%3$Y! %'!

9-7:! 7:#!)#6+-,5#'7!6:($#!(')! 7:#!$#10%3#!6:($#?!G'! 7:#! 3-'71(1,K!5-$7!

6-+(1!(')!71('$+(7%-'(+!$3%$$-1!&1%)$K!:(0%'&!$%'&+#!-1!)-;9+#!3;10(7;1#K!(1#!

&#-5#71%3(++,! %'$7(9+#! );1%'&! 7:#!)#6+-,5#'7! 61-3#$$?!G'+,! %'! 7:#! $#10%3#!

6:($#K! %'! 7:#! .;++,! )#6+-,#)! 3-'.%&;1(7%-'K! 7:#,! 3('! 9#! 5()#! $7(9+#! 9,!

#!

$!
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5#('$! -.! ())%7%-'(+! #+#5#'7$! $;3:! ($! 6($$%0#! 3(9+#$! -1! $71;7$!

X71%('&;+(7%-'Y?!

!

!

?8*41(=C.MS=!$*4'2,()=4$8,=%1=N%0(1+2$[-=4$8,=

!

?8*41(=C.PS=!=12)82''5=)(I'%520'(='8$#2*(="%$-8-,8$*=%>=2$*4'2,()=('(+($,-=

!

!

!

!

!

!

!

!

#!

$!

%!

&!

%!z!$t[!
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F-;! (')! =#++#&1%'-! []mmk]! #Q7#')#)! 7:#! 61#0%-;$! 3-'3#67! 7-! 5;+7%U

('&;+(7#)! #+#5#'7$?! A:#,! .-;')! 7:(7! 7C-! -1! 5-1#! $;3:! 1#71(37(9+#!

$71;37;1#$!3-;+)!9#!N-%'#)!7:1-;&:!7:#!$3%$$-1!:%'&#$!(7!7:#!#+#5#'7!#')$?!

AC-! ('&;+(7#)! #+#5#'7$K! .1-5! +(,#1$! 7:(7! 7;1'! %'! 7:#! $(5#! $#'$#!-.! 7C-!

$;3:!%'7#13-''#37#)!$71;37;1#$K!C%7:!(!$3%$$-1!:%'&#!%'!3-55-'!C#1#!.-;')!

7-! 5(%'7(%'! (! 3-'$7('7! ('&+#! );1%'&! 7:#! 71('$.-15(7%-'! -.! 7:#! $71;37;1#?!

R#'3#!7:#,!3-;+)!9#!1%&%)+,!3-''#37#)!7-!#(3:!-7:#1K!7:;$!.-15%'&!(!$%'&+#!

5;+7%U('&;+(7#)! #+#5#'7!C%7:!5-1#! 7:('!-'#! O%'O! ($! $:-C'! %'! E%&;1#! [?k!

(')![?l?!

!

!

!

!

!

?8*41(=C.DS=\4',8]2$*4'2,()=4$8,=2$)='8$#2*(==

!

?8*41(= C.OS= != 12)82''5= )(I'%520'(= '8$#2*(= %>=+4',8]2$*4'2,()= ('(+($,-= 8$= ,N1((= -,2*(-= %>=

)(I'%5+($,=

!

%!

%!
%!

%!
%!z!$t[!

$t[!
$t[!

$t[!
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2.3 Kinematics of the deployment 
!
2.3.1 Deployability constraint  

A:#!)#6+-,5#'7!-.!(!$71;37;1#!%$!(!71('$.-15(7%-'!C:%3:!%$!#'$;1#)!9,!7:#!

%'71-);37%-'! -.! O%'#5(7%3! )#&1##$! -.! .1##)-5?! 41;3%(+! 7-! 7:#! )#$%&'! -.!

)#6+-,(9+#! $3%$$-1! ;'%7$! %$! 7:#! )#6+-,(9%+%7,! 3-'$71(%'7?! A:%$! .-15;+(! %$!

)#1%0#)!9,!D$31%&![]mlo]>!

!8!{!!C8!z!D8Z@!{!DC8Z@!! ! ! X[?]Y!

A:#! 3-'$71(%'7! %56+%#$! (! '#3#$$(1,! (')! $;..%3%#'7! 3-')%7%-'! 7-! &;(1('7##!

.-+)%'&!(')!#Q6(')%'&>!7:#!$;5!-.!7:#!$#5%U+#'&7:$!-.!(!$3%$$-1!;'%7!:($!7-!

9#! #B;(+! 7-! 7:#! $;5! -.! 7:#! $#5%U+#'&7:$! -.! 7:#! ()N-%'%'&! ;'%7! %'! (++! 3($#$!

XE%&;1#! [?mY? <('&9#3O#1! []mmm]! #Q7#')#)! 7:#! )#6+-,(9%+%7,! 3-')%7%-'! -.!
D$31%&!7-!%'3+;)#!7:1##U)%5#'$%-'(+!3-'.%&;1(7%-'$?!

!

I7!$:-;+)!9#!'-7#)!7:(7!$3%$$-1!+%'O(&#$!C:%3:!)-!'-7!3-56+,!C%7:!DB;(7%-'!

[?]! 3('! $7%++! 9#! 6(17%(++,! .-+)(9+#! ["#! A#55#15('K! [\\k]?! R-C#0#1K! $%'3#!

7:%$! )%$$#17(7%-'! 3-'3#1'$! 7:#! )#$%&'! -.! 3-56(37+,! .-+)(9+#! $3%$$-1!

$71;37;1#$K! 7:#! )#6+-,(9%+%7,! 3-'$71(%'7! %$! 71#(7#)! ($! (! 5%'%5;5!

1#B;%1#5#'7?!

!

!

?8*41(= C.QS= AN(= )(I'%5208'8,5= "%$-,128$,= 8$= ,(1+-= %>= -(+8]'($*,N-= 8$= ,N1((= "%$-("4,87(=

)(I'%5+($,=-,2*(-=

!

+%!

+P%!

O%{]!

OP%{]!
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2.3.2 Snap-through effect and bi-stable structures 

";#! 7-! &#-5#71%3! %'3-56(7%9%+%7%#$! %'! +#'&7:! -.! #+#5#'7$K! $71#$$#$! (')!

$71(%'$! 3('! -33;1! );1%'&! 7:#! 71('$.-15(7%-'?! A:%$!5-5#'7! %$! 3(++#)! $'(6U

7:1-;&:!(')!+-3O$!7:#!$71;37;1#!%'!7:#!)#6+-,#)!3-'.%&;1(7%-'?!!

I.! $71#$$#$! (')! $71(%'$! (1#! (+$-! )#7#37#)! %'! 7:#! .;++,! 3+-$#)! (')! )#6+-,#)!

$%7;(7%-'K! 7:#'! 7:#!9(1$! (1#! %'31#($%'&+,! $#'$%7%0#! 7-! 9;3O+%'&! +#()%'&! 7-! (!

)#31#($#!-.! 7:#! 7-7(+! +-()%'&!3(6(3%7,!-.! 7:#!$,$7#5?! A:%$! $%7;(7%-'! 3('!9#!

(0-%)#)!9,!3:--$%'&!(!&--)!&#-5#71%3!)#$%&'!7:(7!3-56+%#$!C%7:!7:#!7#15$!

-.! '-'U+%'#(1! (+&#91(! (')! 71%&-'-5#71%3! #B;(7%-'$! 1#+(7#)! 7-! 7:#!

$71(%&:7'#$$! -.! 7:#! 9#(5$! %'! 7:#! 7C-! #Q71#5#! $%7;(7%-'$! [H('7#$K! ]mmk]?!

|#%&+#1![]ml]]!C($!7:#!.%1$7!-'#!7-!#Q6+-%7!7:%$!6:#'-5#'-'!($!(!$#+.U+-3O%'&!

#..#37?!

!

I.!7:#!#+#5#'7$!(1#! %'!(!$71#$$U.1##!$7(7#!9#.-1#!(')!(.7#1!)#6+-,5#'7K!9;7!

&-! 7:1-;&:!('! %'7#15#)%(7#!$7(&#!C%7:!)#6+-,5#'7U%');3#)!$71#$$#$K! 7:#,!

(1#! 3(++#)!9%U$7(9+#! )#6+-,(9+#! $71;37;1#$?! E%&;1#! [?]\!61#$#'7$! $;3:! (! 9%U

$7(9+#!$71;37;1#?!A:#!)%(&-'(+!;'%7$!X1#)Y!(1#!$;9N#37!7-!#+($7%3!)#.-15(7%-'!

%'!7:#!%'7#15#)%(7#!)#6+-,5#'7!$7(&#?!A:#!$71;37;1(+!1#$6-'$#!-.!(!$,$7#5!

C%7:! $'(6U7:1-;&:! );1%'&! 71('$.-15(7%-'! %$! $7;)%#)! C%7:! (! $-6:%$7%3(7#)!

.%'(+!#+#5#'7!5-)#+?!!

A:%$!1#$#(13:!(0-%)$!$'(6U7:1-;&:!$%7;(7%-'$!(')!.-3;$#$!-'!5#3:('%$5$?!!

!

!

?8*41(= C.BYS= T8]-,20'(= -,14",41(= 0(>%1(X= )418$*= 2$)= 2>,(1= )(I'%5+($,= [G(= A(++(1+2$X=

CYYD] =



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

]o!

2.4 Deployable structures 
!

V-1O!9,!26('%$:!(13:%7#37!D5%+%-!=#1#Z!=%r#1-!%'71-);3#)!7:#!(66+%3(7%-'!-.!

$3%$$-1$! $71;37;1#$?! *+7:-;&:! 61#0%-;$! 3-'3#67$! .-1! )#6+-,(9+#! $71;37;1#$!

#Q%$7#)! 9#.-1#! =%r#1-K! :%$! $71;37;1#$! C#1#! 7:#! .%1$7! 3-56+#Q! )#6+-,(9+#!

$,$7#5$! ;$#)! 7-! 3-0#1! +(1&#! (1#($?! T#&%''%'&! %'! ]m_]K! :#! )#0#+-6#)!

';5#1-;$! $71;37;1(+! )#$%&'$! $;3:! ($! :%$! 5-0#(9+#! 7:#(71#K! 61#$#'7#)! %'!

E%&;1#! [?]]?! R%$! $71;37;1#$! 7--O!-'!9-7:! .+(7! (')!)-5%3(+! $:(6#$?! =%r#1-a$!

$:#+7#1$! C#1#! .-+)(9+#! );#! 7-! 7:#%1! $71(%'U.1##! )#6+-,5#'7K! 9#:(0%'&! ($!

5#3:('%$5$?! R%$! C-1O! %'! 7:#! .%#+)! -.! )#6+-,(9+#! $71;37;1#$! (771(37#)!

%'7#1#$7! 7-! 7:#! $7;),! .%#+)! (')! 61-);3#)! -'#! -.! 7:#! .#C! 61(37%3(+!

1#(+%$(7%-'$!-.!5-)#1'!)#6+-,(9+#!$71;37;1#!)#$%&'![8#+%'K![\\i]?!

!

!

!

?8*41(=C.BBS=Z8^(1%=2$)=N8-=I2$,%*12IN8"=)%+(=[?4$)2"8%$=W+8'8%=Z(1(_=Z8$(1%] =



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

]_!

I'!5-1#! 1#3#'7! ,#(1$K! ('-7:#1! 26('%$:! (13:%7#37! 9#3(5#!-'#!-.! 7:#!5(%'!

3-'71%9;7-1$! 7-! 7:#! .%#+)?! *$!5#'7%-'#)! %'! $#37%-'![?j?]!E#+%Q! D$31%&! []mloK!

]mmj]!61#$#'7#)!7:#!&#-5#71%3!3-')%7%-'!.-1!)#6+-,(9%+%7,?!I'!5(',!,#(1$!-.!

1#$#(13:! (')! C%7:! 7:#! :#+6! -.! 3-++#(&;#$K! $;3:! ($! S?=?! W(+3(1#+K! :#!

)#5-'$71(7#)! :-C! 7:1##U)%5#'$%-'(+! $71;37;1#$! 3-;+)! 9#! -97(%'#)! 9,!

6+(3%'&!71('$+(7%-'(+!(')!6-+(1!;'%7$!%'!5;+7%6+#!)%1#37%-'$!-'!(!&1%)?!E%&;1#$!

[?][K! [?]j! (')! [?]i! 61#$#'7! (! .#C! -.! ;'';59#1#)! 61-6-$#)! &#-5#71%3!

5-)#+$?!

!

G'#!-.!D$31%&P$!'-7(9+#!(66+%3(7%-'$!C($! 7:#!)#0#+-65#'7!-.!(!)#6+-,(9+#!

3-0#1! .-1! 7:#! 2('! =(9+-! 26-17$! 4#'71#! %'! 2#0%++#K! 26(%'?! A:#! (%5! C($! 7-!

)#0#+-6! (! )#6+-,(9+#! $71;37;1#! 7-! 3-0#1! (! $C%55%'&! 6--+! 7-! (++-C! ;$#!

);1%'&! 7:#! C%'7#1?! A:#! )#$%&'! 3-'$%$7$! -.! 7C-! %)#'7%3(+! 1:-59-%)! &1%)!

$71;37;1#$!C%7:!$6:#1%3(+!3;10(7;1#!XE%&;1#![?]oY?!

!

!

! !!!!!!!!!!!! !

?8*41(=C.BCS=A&%=&25=*18)S=I'2$21=&8,N=,12$-'2,8%$2'=4$8,-= J'(>,K=2$)="5'8$)18"2'=&8,N=I%'21=

4$8,-=J18*N,K==[W-"18*X=BQOM] =



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

]k!

! !

?8*41(=C.BES=38)(=('(72,8%$=2$)=,%I=78(&=%>=2=,&%=&25=-IN(18"2'=*18)=J'(>,K=2$)=2=,N1((=&25=

-IN(18"2'=*18)=J18*N,K=&8,N=I%'21=4$8,-==[W-"18*X=BQQE] =

!

!
!!!!!!!!!! !

?8*41(=C.BLS=38)(=('(72,8%$=2$)=,%I=78(&=%>=2=*(%)(-8"=*18)=&8,N=I%'21=4$8,-=[W-"18*X=BQQE] =

!

!

?8*41(=C.BMS=G(I'%520'(= "%7(1= >%1=-&8++8$*=I%%'= 8$= 3(78''(=)(-8*$()=05=W-"18*=V=32$"N(_=

[Z(1>%1+2$"(=3.<.] =



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

]l!

4:(1%$! H('7#$! []mmkK! [\\]]! %'0#$7%&(7#)! $,$7#5(7%3(++,! 9%U$7(9+#! -1! $'(6U

7:1-;&:!$71;37;1#$!(')!:($!)#0#+-6#)!(!&#-5#71%3!)#$%&'!(661-(3:!.-1!.+(7!

&1%)$K! 3;10#)! &1%)$! (')! $71;37;1#$!C%7:! (19%71(1,! &#-5#71,?! R#! 3-');37#)!

(+$-! 1#$#(13:! -'! 7:#! $71;37;1(+! 1#$6-'$#! );1%'&! 7:#! )#6+-,5#'7!C:%3:! %$!

3:(1(37#1%$#)!9,!&#-5#71%3!'-'U+%'#(1%7%#$?!2%5;+(7%-'!-.!7:#!)#6+-,5#'7!%$!

7:#1#.-1#! ('! %56-17('7! 6(17! %'! 7:#! ('(+,$%$! 1#B;%1%'&! $-6:%$7%3(7#)! .%'%7#!

#+#5#'7!5-)#++%'&?!!

!

*$!5#'7%-'#)K!R-9#15('! []mm\]! %'71-);3#)!(!'#C! 3-'3#67! %'! 7:#! .%#+)!-.!

$3%$$-1! $71;37;1#$>! ('&;+(7#)! #+#5#'7$?! A:#! (9%+%7,! :($! 1%$#'! 7-! 31#(7#!

1()%(++,! )#6+-,%'&! 3+-$#)! +--6! $71;37;1#$K! C:%3:! (1#! %56-$$%9+#! 7-!

(33-56+%$:!C%7:!71('$+(7%-'(+!(')!6-+(1!;'%7$K!9#3(;$#!7:#$#!)#5-'$71(7#!(!

+%'#(1!)#6+-,5#'7?!F-;!q!=#++#&1%'-![]mmk]!#Q7#')#)!7:#!3-'3#67!7-!5;+7%U

('&;+(7#)!#+#5#'7$?!

!

n($$(9%('! []mmk]! %56+#5#'7#)! 5;+7%U('&;+(7#)! #+#5#'7$! 9,! 61-0%)%'&!

7:#5!C%7:!3-0#1!#+#5#'7$!1#$;+7%'&!%'!(!1#71(37(9+#!1--.!($!$:-C'!%'!E%&;1#!

[?]_?!A:#!3-0#1!#+#5#'7$!(33-56+%$:!9-7:!%'!7:#!-6#'!(')!3+-$#)!6-$%7%-'!(!

&(6U.1##K!C#(7:#161--.!$;1.(3#?!

I'$7#()!-.! 3-0#1%'&! (! 9(1! $71;37;1#!C%7:! 6+(7#$K! S#'$#'! [[\\i]! :($! 61-0#'!

7:(7! 7:#! ('&;+(7#)! #+#5#'7$! 3-;+)! 9#! 1#5-0#)K! 3-''#37%'&! 7:#! 3-0#1!

#+#5#'7$! )%1#37+,! 7-! -'#! ('-7:#1! (7! #Q(37+,! 7:#! $(5#! +-3(7%-'$! ($! %'! 7:#!

-1%&%'(+! 9(1! $71;37;1#?! A:%$! 5(7#1%(+! %561-0#5#'7! )-#$! '-7! 3:('&#! 7:#!

O%'#5(7%3!9#:(0%-;1!-.!7:#!#Q6(')(9+#!$71;37;1#?!

!



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

]m!

!

?8*41(= C.BPS= \4',8]2$*4'2,()= -,14",41(= &8,N= "%7(1= ('(+($,-= 8$= 2$= 8$,(1+()82,(= -,2,(= %>=

)(I'%5+($,=[`2--2082$X=BQQD] =

!

2#0#1(+! 1#$#(13:#$! C#1#! %'71%&;#)! 9,! 7:#! C%)#! 1('&#! -.! 6-$$%9%+%7%#$! -.!

)-5#! $:(6#)! $71;37;1#$?! 2-!C($! R-9#15('K! %'$6%1#)! 9,! 7:#! (13:%7#37;1(+!

6:%+-$-6:,! -.! T;3O5%'$7#1! E;++#1K! 6%-'##1! %'! )-5#! &#-5#71%#$! (')! :#! %$!

3(++#)!L7:#![\7:U3#'7;1,!<#-'(1)-!)(!W%'3%M![T(+)C%'K!]mm_]?!

*'&;+(7#)! #+#5#'7$! 3-''#37#)! 9,! $3%$$-1! :%'&#$! '-7! -'+,! $;97#')! (!

3-'$7('7! ('&+#! %'! (! 6+('#! $;1.(3#K! 9;7! (+$-! -'! (! 3-'%3(+! $;1.(3#?! A:%$! C($!

)%$3-0#1#)!9,!R-9#15('![]mm]]K!C:-!:($!61-6-$#)!7:#!I1%$!"-5#?!!

E%&;1#![?]k!$:-C$!(!$#B;#'3#!-.!0%#C$!-.!('!%1%$U7,6#!1#71(37(9+#!$71;37;1#!

:(0%'&!('!-0(+U$:(6#)!6#1%5#7#1!(')!3-0#1!6+(7#$!(77(3:#)!7-!%7?!R-9#15('!

#Q:%9%7#)! (! 3-0#1U+#$$! 5-)#+! .-1! 7:#! I1%$! "-5#! (7! 7:#! DQ6-! [\\\! %'!

R(''-0#1?! /'+%O#! 7:#! I1%$! "-5#! C:%3:! %$! (! 3-'3#67! -.! (! )#6+-,(9+#!

5#3:('%$5! (7! .%Q#)! +-3(7%-'K! R-9#15('P$! DQ6(')%'&! H#-)#$%3! "-5#! %$! (!

71('$6-17(9+#! $71;37;1#! XE%&;1#! [?]lY?! I7! 9+-$$-5$! -6#'! .1-5! (! ]KoU5#7#1!

3+;$7#1!7-!(!_U5#7#1!)-5#!C:#'!6;++#)!-6#'!.1-5!%7$!9($#?!V:#'!)#6+-,#)!

%7! :($! 7:#! $(5#! $:(6#! (')! 71%('&;+(7#)! 6(77#1'! ($! T;3O5%'$7#1! E;++#1a$!

$7(7%3K! &#-)#$%3! )-5#K! 7(O%'&! 7:%$! $#5%'(+! :%$7-1%3! $71;37;1#! %'7-! 7:#! []$7!

3#'7;1,?!

!

!

!



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

[\!

!

!

!

!

!

!

?8*41(= C.BDS= /18-],5I(= 1(,12",20'(= -,14",41(= 8$= )8>>(1($,= )(I'%5+($,= -,2*(-= [a%0(1+2$X=

BQQB] =

!

!
!

!

?8*41(=C.BOS=9(,12",20'(=)%+(=%$=WRI%=a2$$%7(1=b=WRI2$)8$*=F(%)(-8"=G%+(=[a%0(1+2$=

!--%"82,(-=/$".!] =

!

J#3#'7+,! %'! [\\kK! @%#+$! "#! A#55#15('! x"#! A#55#15('K! [\\ky! :($!

61#$#'7#)! '-0#+! 3-'3#67$! .-1! )#6+-,(9+#! 9(1! $71;37;1#$! (')! 61-6-$#)!

0(1%(7%-'$! -.! #Q%$7%'&! 3-'3#67$K! C:%3:! +#()! 7-! (13:%7#37;1(++,K! ($! C#++! ($!

$71;37;1(++,!0%(9+#!$-+;7%-'$!.-1!5-9%+#!(66+%3(7%-'$!XE%&;1#![?]mY?!

!



4:(67#1![!s!J#0%#C!-.!<%7#1(7;1#!
!

[]!

!

?8*41(= C.BQS= 2.= V= 0.= A&%= )(I'%520'(= -,14",41(-= &8,N= I%'21= 2$)= ,12$-'2,8%$2'= 4$8,-= b= ".=

G(I'%520'(=-,14",41(=&8,N=21,8"4'2,()=021-=b=).=G(I'%520'(=+2-,=&8,N=2$*4'2,()=4$8,-=[G(=

A(++(1+2$X=CYYD] =

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

(?! 9?!

3?! )?!
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[[!

!

!

!

!
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3 Geometric Design of a Universal Scissor 
Component (USC) 

!

3.1 Introduction 
!

A:%$! 3:(67#1! %$! 3-'3#1'#)! C%7:! 7:#! &#-5#71%3! )#$%&'! -.! (! '#C! 7,6#! -.!

$3%$$-1!3-56-'#'7?! A:#!3;11#'7!5#7:-)-+-&,! .-1!31#(7%'&!(')!)#$%&'%'&!(!

$71;37;1#! %$! 3:(1(37#1%$#)! 9,! ('! ^()! :-3P! $-+;7%-'?! *! $71;37;1#! %$! 9;%+7! 7-!

5##7! (! $6#3%.%3! '##)! -1! (! $%'&+#! $#7! -.! 1#B;%1#5#'7$?! R-C#0#1K! 3:('&%'&!

'##)$!%'!-;1!),'(5%3!+%0#$!(1#!7:#!$7%5;+(7%-'!7-!31#(7#!$71;37;1#$!7:(7!3('!

9#! 1#3-'.%&;1#)! (')! ()(67#)! 7-! #0-+0%'&! 3%13;5$7('3#$K! C%7:%'! (! $-3%#7,!

7:(7!#591(3#$!7:#!3-'3#67!-.!^$;$7(%'(9%+%7,P?  
!

A:%$! 1#$#(13:! 61-0%)#$! (! ^&#'#1%3P! $-+;7%-'! .-1! 7:#! )#$%&'! 61-9+#5>! -'#!

$%'&+#! ;'%7! %$! ;$#)! 7-! 31#(7#! (!5;+7%7;)#!-.! &#-5#71%3(+! 3-'.%&;1(7%-'$! .-1!

)#6+-,(9+#!$3%$$-1!$71;37;1#$?!

R('(-1! q! <#0,! [[\\]]! )%$3;$$#)! 7:#! )#$%&'! (')! #0(+;(7%-'! 31%7#1%(! .-1!

#Q%$7%'&!)#6+-,(9+#!$71;37;1#$?! I'!('!('(+-&;#!C(,!A(9+#!j?]! %++;$71(7#$!7:#!

6-$$%9%+%7%#$! (')! ()0('7(&#$! -.! 7:#! '#C! 3-'3#67! -.! 7:#! /'%0#1$(+! 23%$$-1!

4-56-'#'7! X/24Y! %'! 7:#! )#$%&'! 6:($#K! 9#:(0%'&! $71;37;1(++,! )%..#1#'7!

3-56(1#)!7-!71()%7%-'(+!$3%$$-1!;'%7$!X3.1?!$#37%-'!j?[?]Y?!!

!

A20'(=E.BS=W72'42,8%$="18,(182=8$=,N(=)(-8*$=IN2-(=>%1=2=H3;=8$=)(I'%520'(=-,14",41(-=

41%7#1%-'! 271;37;1#U5-16:-+-&%3(+!($6#37$!(')!3-55#'7$!
*13:%7#37;1(+!
.+#Q%9%+%7,!

- "#$%&'!#'(9+%'&!5;+7%U6;16-$#!(66+%3(7%-'$!
- =#1%-)%3!$71;37;1#$!C:%3:!3('!9#!1#U;$#)!
- H#'#1%3!)#$%&'!.-1!5;+7%6+#!&#-5#71%3(+!

3-'.%&;1(7%-'$!
4-56-'#'7!
;'%.-15%7,!

- /'%.-15%7,!31#(7%'&!)%0#1$%7,!%'!6-$$%9+#!
3-'.%&;1(7%-'$!

- 27(')(1)%$(7%-'!-.!3-56-'#'7!X(..#37$!
5(';.(37;1%'&!3-$7$Y!
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A:#!.%1$7!6(17!-.!7:%$!3:(67#1!%$!3-'3#1'#)!C%7:!7:#!&#-5#71%3!)#$%&'!-.!7:#!

/24?!A:#!&#-5#71%3(+!.-15!(')!)%5#'$%-'$!(1#! %'$6#37#)!(')!7:#!5;+7%6+#!

(13:%7#37;1(+!$71;37;1#$!(1#!)%$3;$$#)?!A:#!$-.7C(1#!7--+$!J:%'-3#1-$"!(')!

H1($$:-66#1"!(1#!;$#)!7-!31#(7#!7:#!(13:%7#37;1(+!&#-5#71%#$?! I'!(!$#3-')!

6(17! 7:#! O%'#5(7%3! %56+%3(7%-'$! (1#! %'0#$7%&(7#)?! R#1#! (+$-K! J:%'-3#1-$"!

(')!H1($$:-66#1"!$#10#)!($!7--+$!7-!#Q6+-1#!7:#!)#6+-,5#'7!61-6#17%#$?!

!

3.2 Design of the Universal Scissor Component 
!
3.2.1 Structural background 

*!.%1$7!%')%3(7%-'!(9-;7!('!#..%3%#'7!&#-5#71%3(+!$:(6#!3('!9#!.-;')!7:1-;&:!

(! $71;37;1(+! ('(+,$%$! -.! )%..#1#'7! #Q%$7%'&! $3%$$-1! ;'%7$K! ($! )#$31%9#)! %'!

6(1(&1(6:![?[?!

*! 71('$+(7%-'(+K! 6-+(1K! ('&;+(7#)! ;'%7! (')! (! 71%('&;+(1! 3-56-'#'7! (1#!

3-56(1#)!$71;37;1(++,?!A:#!;'%7$!(1#!.%Q#)!(7!7:#%1!+-C#1!'-)#$!C%7:!:%'&#)!

$;66-17$! (')! +-()#)! C%7:! 6-%'7! .-13#$! -.! \KoO@! %'! 7:#%1! ;66#1! '-)#$! ($!

%')%3(7#)!%'!E%&;1#!j?]?!

A:#!1#($-'!7:#$#!;'%7$!(1#!#Q(5%'#)!%$!7-!.-15!('!%)#(!(9-;7!7:#!$71;37;1(+!

9#:(0%-;1! -.! 7:#! 7:1##!5(%'! #+#5#'7$! XE%&;1#! j?](K9K3Y! (')! 7-! %'0#$7%&(7#!

C:%3:!$71;37;1(+! %56+%3(7%-'$!7:#1#!3('!9#!)%$7%'&;%$:#)!%.!(!'#C!71%('&;+(1!

$:(6#! %$! .-15#)! XE%&;1#!j?])Y?!A:#! 71%('&;+(1!3-56-'#'7!3('!9#!$##'!($!(!

3-59%'(7%-'! -.! (! $71(%&:7! 71('$+(7%-'(+t6-+(1! 9#(5! XE%&;1#! j?](K9Y! (')! ('!

('&;+(7#)! O%'O#)! 9#(5! XE%&;1#! j?]3Y?! A:#!5#('$! -.! 71%('&;+(7%-'! 6+(,$! %'!

.(0-;1!-.!7:#!)#$%&'!3-'3#67!-.!(!;'%B;#!;'%0#1$(+!$3%$$-1!;'%7?!

A:#!%'7#1'(+!.-13#$!%'!7:#!9#(5$!(1#!61#$#'7#)!%'!E%&;1#!j?[K!j?j!(')!j?i?!

!
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!

?8*41(=E.BS=3,14",412'=+%)('-=%>=,N(=-"8--%1=4$8,-=8$=3;/!=W3!]ZAS=2.=,12$-'2,8%$2'=b=0.=I%'21=

b=".=2$*4'2,()=b=).=,182$*4'21!

!!!!!!

!

?8*41(=E.CS=G82*12+-=%>=0($)8$*=+%+($,=\5=[#U+] =

!

?8*41(=E.ES=G82*12+-=%>=-N(21=>%1"(=6_=[#U] =

(?! 9?! 3?! )?!

(?! 9?! 3?! )?!

(?! 9?! 3?! )?!
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[_!

!

?8*41(=E.LS=G82*12+-=%>=2R82'=>%1"(=U=[#U] =

!

A:%$! 61#+%5%'(1,! $71;37;1(+! $7;),K! C:#1#! -'+,! 7:#! 1#);37%-'! .-13#$! (1#!

('(+,$#)K! 61-0%)#$! %'7#1#$7%'&! %'.-15(7%-'! (9-;7! 7:#! )%..#1#'7! %'$6#37#)!

;'%7$?!!

I.! 7:#!9#')%'&!5-5#'7$! XE%&;1#!j?[Y!(1#!3-'$%)#1#)K! 7:#!9#:(0%-;1!-.! 7:#!

5(%'!$3%$$-1$!X(K!9K!3Y!%$!3-56(1(9+#?!I'!3($#!-.!7:#!71%('&;+(1!3-56-'#'7!X)Y!

(! $%&'%.%3('7! 1#);37%-'!-.!2$5 %$!-9$#10#)?! A:#!$(5#!3-'3+;$%-'! %$! 0(+%)! .-1!

7:#!)%(&1(5$!-.!7:#!$:#(1!.-13#!O#!XE%&;1#!j?jY?!A:#!-66-$%7#!%$!)%$7%'&;%$:#)!

C:#'! 3-'$%)#1%'&! 7:#! (Q%(+! .-13#$! XE%&;1#! j?iY>! +(1&#1! 0(+;#$! -33;1! %'! 7:#!

9#(5!#+#5#'7$!-.!7:#!71%('&;+(1!;'%7?!!

!

A:#!3-'3+;$%-'!3('!9#!5()#!7:(7!7:#!9#')%'&!5-5#'7!2$!(')!$:#(1!.-13#!

O#!(1#!1#);3#)!7-!Z#1-!-1!$##5%'&!Z#1-!%'!3($#!-.!7:#!71%('&;+(1!3-56-'#'7?!

A:%$! %')%3(7#$! (! +(1&#1! #..%3%#'7! ;$#! -.!5(7#1%(+! 3-56(1#)! 7-! 7:#! $7(')(1)!

$3%$$-1!;'%7$!%'!C:%3:!;')#$%1#)!9#')%'&!5-5#'7$!(1#!)%$7%'&;%$:#)!?!*+$-K!

(! 71%('&+#! %$! O'-C'! ($! (! &#-5#71%3(++,! %')#.-15(9+#! $:(6#K! 61-0%)%'&! (!

+(1&#1!$7%..'#$$?!

A:#!1#5(1O!3('!9#!5()#!7:(7K!3-56(1#)!7-!7:#!$7(')(1)!$3%$$-1!;'%7$K!7:#!

71%('&;+(1! 3-56-'#'7! 1#B;%1#$!5-1#!5(7#1%(+! (')! 7:;$! 1#$;+7$! %'! (! :%&:#1!

C#%&:7?!T;7!7:%$!)%$()0('7(&#!%$!3-'$%)#1#)!7-!9#!-.!+#$$#1!$%&'%.%3('3#!7:('!

7:#!-97(%'#)!()0('7(&#!-.!(!&#'#1%3!)#$%&'!$-+;7%-'!($!C%++!9#!61-0#'!%'!7:#!

.-++-C%'&!$#37%-'$?!

(?! 9?! 3?! )?!
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[k!

3.2.2 Configurations of the structures 

A-!)#7#15%'#! 7:#!&#-5#71%3(+!)%5#'$%-'$!-.! 7:#!/24K!(!3+-$#1! +--O!:($! 7-!

9#! 7(O#'! C:%3:! 3-'.%&;1(7%-'$! -.! $71;37;1#$! 7-! 3-'$%)#1?! "#6+-,(9+#!

$71;37;1#$! C%7:! (! .;'37%-'! -.! (! 7#56-1(1,! $:#+7#1! :(0#! 7-! .-15! (! 7:1##U

)%5#'$%-'(+!$6(3#?!!

*$! 3+(1%.%#)! %'! $#37%-'! ]?[K! )#(+%'&! C%7:! 7#15%'-+-&,K! 7:#! 3-'.%&;1(7%-'$!

C:%3:!C%++!9#!)%$3;$$#)!(1#!7:#-1#7%3(++,!5#3:('%$5$?!R-C#0#1!7:#,!C%++!9#!

1#.#11#)!7-!($!$71;37;1#$K!9#3(;$#!;+7%5(7#+,!7:#,!C%++!9#!;$#)!($!$;3:!%'!('!

(13:%7#37;1(+!#'0%1-'5#'7!(')!9#3-5#!$7(9%+%$#)!%'!-1)#1!7-!3(11,!+-()$?!

!

[WBWBW@ X"==4!5M"U!&I55

*!+(1&#!';59#1!-.!3-'.%&;1(7%-'$!(1#!6-$$%9+#!.-1!7:1##U)%5#'$%-'(+!$3%$$-1!

$71;37;1#$! 3-56-$#)! -.! 71('$+(7%-'(+! (')! 6-+(1! ;'%7$K! (++! -9#,%'&! 7:#!

)#6+-,(9%+%7,! 3-'$71(%'7?! R-C#0#1K! -'+,! (! 6(17! -.! 7:-$#!C%++! 9#! $71#$$U.1##!

)#6+-,(9+#!9#.-1#K!);1%'&!(')!(.7#1!)#6+-,5#'7K!#..#37%0#+,!9#:(0%'&!+%O#!(!

5#3:('%$5!X(')!7:;$!'-7!)#5-'$71(7%'&!(',!$'(6U7:1-;&:!9#:(0%-;1Y?!E-1!

(! 3+($$%.%3(7%-'! -.! C:%3:! 7:1##U)%5#'$%-'(+! &1%)! $71;37;1#$! 9;%+7! .1-5!

71('$+(7%-'(+! (')! 6-+(1! ;'%7$! (1#! $71#$$U.1##! )#6+-,(9+#! 7:#! 1#()#1! %$!

1#.#11#)!7-!["#!A#55#15('K![\\kK!4:(67#1!j]?!

!

A-! 6#1.-15! ('! (13:%7#37;1(+! .;'37%-'! X61-0%)%'&! C#(7:#1! 61-7#37%-'Y! (!

9(11#+!0(;+7!%$!(!$%56+#K!9;7!#..#37%0#!7,6-+-&,?!I7!%$!3:-$#'!9#3(;$#!('!#($,!

7-!&-0#1'!$:(6#!%$!61#.#11#)!7-!%'$6#37!(!.%1$7!(66+%3(7%-'!-.!7:#!/24?!T(11#+!

0(;+7$!-1!3,+%')1%3(+!&1%)$!(1#!5-'-3+($7%3!$:(6#$?!A:#,!3('!9#!-97(%'#)!9,!

3;10%'&!-'#!)%1#37%-'!-.!('!-17:-&-'(+!7C-UC(,!&1%)?!!

!

!

!

!
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[l!

/$%'&! 6-+(1! ;'%7$! %$! ('! #..#37%0#!C(,!-.! %'71-);3%'&! $%'&+#! 3;10(7;1#! %'! ('!

-17:-&-'(+!&1%)!($!$:-C'!%'!E%&;1#!j?o>!!

- )%1#37%-'!pK!-1!71('$0#1$#!)%1#37%-'K!3-'7(%'$!1-C$!-.!%)#'7%3(+!6-+(1!

;'%7$!%'!(13:!.-15(7%-'!

- )%1#37%-'! FK! -1! +-'&%7;)%'(+! )%1#37%-'K! 3-'7(%'$! 6(1(++#+! 1-C$! -.!

%)#'7%3(+!6+('#!71('$+(7%-'(+!;'%7$!3-''#37%'&!7:#!6-+(1!(13:#$!

!

! !
!

?8*41(=E.MS=Z(1-I(",87(X=-(",8%$=2$)=I'2$=78(&=%>=2=I%'21=0211('=724',!

!

A:#! &#-5#71%3! 3-'$71;37%-'! %$! )-'#! %'! H1($$:-66#1"K!C:%3:! %$! (! &1(6:%3(+!

(+&-1%7:5!#)%7-1!7%&:7+,! %'7#&1(7#)!C%7:!j"!5-)#++%'&!7--+$!-.!J:%'-3#1-$"?!

/$%'&! H1($$:-66#1"
!
7:#! &#-5#71%3! )#$%&'! 61-3#$$! %$! .(3%+%7(7#)! 9,!

)#0#+-6%'&!$31%67$!C:%3:!&#'#1(7#! 7:#!)#$%1#)!$71;37;1#$?!A:#! &#-5#71,! %$!

9($#)!-'!(!3:-$#'!3%13;+(1!(13:!X5(1O#)!%'!(!9+;#!)-77#)!+%'#!%'!E%&;1#!j?oY!

(')!3:(1(37#1%$#)!9,! 7:#!5(%'!(13:%7#37;1(+!6(1(5#7#1$>!26('!XJYK!';59#1!

-.!6-+(1!/'%7$!XLY!(')!$71;37;1(+!A:%3O'#$$!X-Y?!A:#!&#-5#71%3!3-'$71;37%-'!

%$! 9($#)! -'! 7:#! 5#7:-)-+-&,! #Q6+(%'#)! %'! ["#! A#55#15('K! [\\k]?! A:#!

&+-9(+! +#'&7:!X,Y! %'!7:#!F!)%1#37%-'!%$!)#7#15%'#)!9,!7:#!)#$%1#)!';59#1!-.!

6-+(1!1-C$?!

!

G9#,%'&! 7:#! )#6+-,(9%+%7,! 3-'$71(%'7K! ('! ()N-%'%'&! 6-+(1! (')! 71('$+(7%-'(+!

;'%7!5;$7!:(0#!7:#!$(5#!$;5!-.!$#5%U+#'&7:$?!A:%$! %56+%#$!7:(7!7:#!+#'&7:!

-.!(!6-+(1!(')! 71('$+(7%-'(+!9#(5! %$! %)#'7%3(+! %'! 7:#! %'$6#37#)!9(11#+! 0(;+7!

2!
<!

A!

/!

<!

2!
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[m!

7,6#?! A:%$! 6+(,$! %'! .(0-;1! -.! 7:#! 3-'3#67! -.! )#$%&'%'&! (! ;'%B;#! $3%$$-1!

3-56-'#'7!.-1!6+;1(+!3-'.%&;1(7%-'$?!!

E%&;1#!j?o!%$!('!%++;$71(7%-'!-.!(!9($%3!$71#$$U.1##!)#6+-,(9+#!$%'&+#!3;10(7;1#!

$71;37;1#?! A:%$! O%')! -.! $71;37;1#$! %$! 1#.#11#)! 7-! ($! 6-+(1! 9(11#+! 0(;+7$?!

T#3(;$#! 7:#$#! (1#! 7:#! -'+,! 9(11#+! 0(;+7! $71;37;1#$! #Q(5%'#)! %'! 7:%$!

)%$$#17(7%-'K!7:#,!C%++!9#!.;17:#1!1#.#11#)!7-!($!9(11#+!0(;+7$?!

!

[WBWBWB .'K4I5

T#$%)#$! 7:#! $%56+#! 9;7! #..#37%0#! 9(11#+! 0(;+7$K! (+$-! )-5#! &#-5#71%#$! (1#!

3-'$%)#1#)!%'!7:%$!1#$#(13:?!"-5#$!(1#!'-7!-'+,!(13:%7#37;1(+!(')!$71;37;1(+!

0%(9+#! $71;37;1#$K! 7:#,! 3('! (+$-! $#10#! ($! (! &#-5#71%3! 71('$%7%-'! 7-! 5-1#!

#Q-7%3!(')!%'7#1#$7%'&!$:(6#$!7:('O$!7-!('&;+(7#)!#+#5#'7$?!

!

*++! )-5#$! $:(1#! 3#17(%'! ()0('7(&#$?! A:#%1! 3-56-;')U3;10#)! $:(6#! %$!

%':#1#'7+,! $71-'&K! &%0%'&! (! $#+.U$;66-17%'&! 3+#(1! $6('! C%7:! '-! 3-+;5'$?!

"-5#$!(1#!1#$-;13#!(')!#'#1&,U#..%3%#'7!9#3(;$#K!-.!(++!6-$$%9+#!$:(6#$K!(!

$6:#1#!3-'7(%'$! 7:#!5-$7! 0-+;5#!C%7:! 7:#! +#($7! $;1.(3#?!A:;$K! .-1!(!&%0#'!

(5-;'7!-.!5(7#1%(+K!(!)-5#!#'3+-$#$!5-1#!.+--1!(1#(!(')!%'7#1%-1!0-+;5#!

7:('!(',!-7:#1!$:(6#![T(+)C%'K!]mm_]?!

!

V%7:! 7:#! %'71-);37%-'!-.!('&;+(7#)!#+#5#'7$K! 7:#!(9%+%7,! 7-! 31#(7#! 1()%(++,!

)#6+-,%'&! 3+-$#)! +--6! $71;37;1#$! :($! 1%$#'?! A:#! 5;+7%U.;'37%-'(+%7,! (')!

9#'#.%7$! -.! ('&;+(7#)! ;'%7$K! ($! )%$3;$$#)! %'! 6(1(&1(6:! [?[?jK! :(0#!

#'3-;1(&#)! 7:#! 1#$#(13:! -'! )#6+-,(9+#! )-5#! $71;37;1#$K! 9($#)! -'! (!

$6:#1%3(+! $6(3#?! 4-56(1#)! 7-! 71('$+(7%-'(+! (')!6-+(1! #+#5#'7$K! ('&;+(7#)!

;'%7$!3('!9#!#($%+,!71%('&;+(7#)!(')!7:#,!-..#1!7:#!(9%+%7,!7-!3-56-$#!(!C%)#!

0(1%#7,! -.! &1%)! &#-5#71%#$?! I'! ())%7%-'K! );1%'&! )#6+-,5#'7! 7:#! -0#1(++!

&#-5#71%3(+! $:(6#! )-#$! '-7! 3:('&#K! -'+,! (! 0(1%(7%-'! %'! $6('! %$! '-7%3#)!

XE%&;1#![?]l!s!DQ6(')%'&!H#-)#$%3!"-5#Y?!

!
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j\!

A-!5%'%5%Z#!)%$7-17%-'!-.!7C-U!-1!7:1##UC(,!&1%)$!-0#1!(!$6:#1#K!6-+,:#)1(!

3('! 9#! ;$#)?! "#6+-,(9+#! &1%)$! (1#! %'! 7:%$! 3($#! -97(%'#)! 9,! $;9$7%7;7%'&!

#0#1,! #)&#! -.! (! 6-+,:#)1-'! 9,! $3%$$-1$! $(7%$.,%'&! 7:#! 3-56(7%9%+%7,!

3-')%7%-'$?! 8-1#-0#1! 7:#! ;66#1! (')! +-C#1! '-)#$! -.! 7:#! $3%$$-1! ;'%7$! (1#!

(+%&'#)! 7-! 7:#! 3#'71#! -.! 7:#! #'3+-$%'&! $6:#1#!-.! 7:#!6-+,:#)1-'! [D$31%&!q!

W(+3(1#+K!]mmj]?!!

A:#! .%0#! 1#&;+(1!6-+,:#)1(!-1! ^=+(7-'%3P! $-+%)$!(1#!61#$#'7#)! %'!E%&;1#!j?_?!

A:#$#!(1#!7:#!-'+,!.%0#!6-+,:#)1(!C%7:!%)#'7%3(+!.(3#$K!7:#!$(5#!';59#1!-.!

.(3#$! 3-5%'&! 7-&#7:#1! (7! #(3:! 0#17#Q! (')! %)#'7%3(+! #)&#! +#'&7:$?! I.!

3-'$71;37#)! C%7:! $71;7$! %'3+;)%'&! ;'1#%'.-13#)! 0#17%3#$K! -'+,! 7:#!

7#71(:#)1-'K! -37(:#)1-'! (')! %3-$(:#)1-'! (1#! $7(9+#K! 9#3(;$#! -.! 7:#!

71%('&;+(1! .(3#$?! T,! 1(%$%'&! 7:#! ^.1#B;#'3,P!-.!(!6-+,:#)1-'K! 7:#! #)&#$!(1#!

$;9)%0%)#)! %'7-! $:-17#1! $#&5#'7$! (')! $5(++#1! .(3#$K! 7-! 5(O#! 7:#!

6-+,:#)1-'!5-1#!$6:#1%3(+! XE%&;1#!j?kY?!*7!(++! 7%5#$K! (++! 7:#! 0#17%3#$! 7-;3:!

7:#!%''#1!$;1.(3#!-.!7:#!#'3+-$%'&!$6:#1#?!!

I'!7:%$!1#$#(13:!7:#!6-$$%9%+%7,!-.!%'31#($%'&!7:#!.1#B;#'3,!%$!'-7!3-'$%)#1#)K!

);#!7-!7:#!.(37!7:(7!7:%$!C-;+)!1#$;+7!%'!)%..#1#'7!+#'&7:$!-.!7:#!#)&#$!C:%3:!

(1#!7-!$;9$7%7;7#!C%7:!(!$3%$$-1!#+#5#'7?!I)#'7%3(+!#)&#!+#'&7:$!(1#!)#$%1#)K!

9#3(;$#!('!%)#'7%3(+!/24!%'!7:#!C:-+#!&+-9(+!$71;37;1#!%$!7:#!$7(17%'&!6-%'7?!

!

!

?8*41(=E.PS=AN(=Z'2,%$8"=3%'8)-=[c8#8I()82"X=CYBY] =
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j]!

!

?8*41(=E.DS= /$"1(2-8$*=,N(=>1(d4($"5=%>= ,182$*4'2,8%$= 8$= "2-(=%>= 2$= 8"%-2N()1%$= [T2')&8$X=

BQQP] =

!

I'!7:%$!5($7#1P$!)%$$#17(7%-'!7:#!.-++-C%'&!6-+,:#)1(!(1#!3-'$%)#1#)!.-1!7:#!

)-5#! $71;37;1#$>! %3-$(:#)1-'K! )-)#3(:#)1-'K! %3-$%)-)#3(:#)1-'K!

^9;3O,9(++P! X(! $6:#1%3(+! .;++#1#'#]! -1! 71;'3(7#)! %3-$(:#)1-'Y! (')! ('!

()N;$7#)!1:-59%3!71%(3-'7(:#)1-'?!E%&;1#!j?l! %++;$71(7#$!7:#!#0-+;7%-'!-.!(!

)-)#3(:#)1-'! 7-! ('! %3-$(:#)1-'! 9,! 71;'3(7%'&! 7:#! 0#17%3#$?! I'! 7:%$!

#0-+;7%-'! 7:#! %3-$%)-)#3(:#)1-'! (')! 7:#! 9;3O,9(++! (66#(1?! A:#! 1:-59%3!

71%(3-'7(:#)1-'! %$! ()N;$7#)! %'! $;3:! C(,! 7:(7! (++! 7:#! 0#17%3#$! 7-;3:! 7:#!

$;1.(3#!-.!7:#!#'3+-$%'&!$6:#1#?!T,!)-%'&!$-K!(++!7:#!#)&#$!9#3-5#!#B;(+!%'!

+#'&7:?!!

A:%$! $#+#37%-'! -.! 1(')-5! 6-+,:#)1(! 1#$;+7$! %'! (! 5;+7%7;)#! -.! )%..#1#'7!

&#-5#71%#$!.-1!7:#!(13:%7#37;1(+!)-5#!$71;37;1#$!%'0#$7%&(7#)?!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
]!A:#!'(5#!C($!('!:-5(&#!7-!T;3O5%'$7#1!E;++#1K!C:-$#!&#-)#$%3!)-5#$!%7!1#$#59+#$?!
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!

j[!

!

!

!

!

?8*41(=E.OS=AN(="%$-8)(1()=I%'5N()12=>%1=,N(=)%+(=-,14",41(-=[c8#8I()82"X=CYBY] =

!

*! )-5#! $71;37;1#K! %')#6#')#'7! .1-5! 7:#! 3-'$%)#1#)!6-+,:#)1-'K! %$!5()#!

)#6+-,(9+#! 9,! $;9$7%7;7%'&! #0#1,! #)&#! -.! 7:#! 6-+,:#)1-'! 9,! $3%$$-1!

#+#5#'7$?!E-1!7:%$!6;16-$#!('&;+(7#)!$3%$$-1$!(1#! %56+#5#'7#)!9#3(;$#!-.!

7:#%1! 9#'#.%3%(+! 61-6#17%#$K! $;3:! ($! 7:#! (9%+%7,! 7-! )#0#+-6! (! 5-1#! $7(9%+#!

)#6+-,5#'7!61-3#$$! .-1! $:(6#$!3(6(9+#!-.! 1#71(37%'&! 7-C(1)$! 7:#%1!61-6#1!

6#1%5#7#1?! E%&;1#! j?m! $:-C$! :-C! 7:#! ()N;$7#)! 1:-59%3! 71%(3-'7(:#)1-'!

.-15$!7:#!9($%$!-.!(!)#6+-,(9+#!)-5#!;$%'&!('&;+(7#)!$3%$$-1$?!

!
!
!

!

!
!

! !

?8*41(=E.QS=AN(=2)e4-,()=1N%+08"=,182"%$,2N()1%$=]=)(I'%520'(=)%+(=-,14",41(=&8,N=-"8--%1=

('(+($,-=b=)(,28'=%>=()*(=1(I'2"(+($,=05=2$*4'2,()=4$8,-=

!

!X-1!9;3O,9(++Y! J:-59%3!

A1%(3-'7(:#)1-'!
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3.2.3 Geometrical dimensions  

I'!7:#!61#0%-;$!$#37%-'!7:#!3-'.%&;1(7%-'$!-.!7:#!$71;37;1#$!C#1#!)%$3;$$#)?!

*!/24!C%++! 9#! )#$%&'#)!C%7:! 7:#! (9%+%7,! 7-! 3-'.%&;1#! 9-7:!9(11#+! 0(;+7$! ($!

)-5#$?! A-! 1#(3:! 7:%$! 6-$$%9%+%7,K! 7:#!/24!5;$7! 9#! (9+#! 7-! .;'37%-'! ($! 7:#!

7:1##!$7(')(1)!$3%$$-1!;'%7$>!71('$+(7%-'(+K!6-+(1!(')!('&;+(7#)K!)#6#')%'&!

-'!7:#!)#$%1#)!#')!3-'.%&;1(7%-'?!

T#3(;$#! :%'&#! )%$6+(3#5#'7$! :(0#! (! )1(5(7%3! %'.+;#'3#! -'! 7:#! $71;37;1#!

$:(6#K! %'! 7:%$! $#37%-'! )#3%$%-'$! C%++! 9#! 5()#! 3-'3#1'%'&! 7:#! )%..#1#'7!

&#-5#71%3(+! )%5#'$%-'$! 9($#)! -'! 6-$$%9+#! :%'&#! 6-$%7%-'$?! A:#$#! (1#! 7:#!

)-5%'(7%'&! ($6#37! .-1! 7:#! &#-5#71,>! 9#3(;$#! (++! 7:#! 3-56-'#'7$! (1#!

%)#'7%3(+K!7:#!-'+,!)%..#1#'3#!9#7C##'!7:#!3-'.%&;1(7%-'$! %$!7:#!6-$%7%-'!-.!

7:#!6%0-7!:%'&#?!

!

[WBW[W@ +()U!"&4:59"=&5';5&S45*'K9'(4(&5

A:#! ('&;+(7#)! #+#5#'7! -1! 7:#! O%'O! ('&+#! %$! )#7#15%'#)! 9,! 7:#! )%..#1#'7!

&#-5#71%3(+! 6-+,:#)1(! 7-! .-15! 1()%(++,! )#6+-,(9+#! )-5#$?! *$! 5#'7%-'#)!

9#.-1#K! 7:#! 0#17%3#$! -.! 7:#! 6-+,:#)1(! 7-;3:! 7:#! $;1.(3#! -.! 7:#! #'3+-$%'&!

$6:#1#K!C:%3:!%$!%':#1#'7!7-!#(3:!6-+,:#)1-'!XE%&;1#!j?]]Y?!D0#1,!#)&#!-.!(!

3-'$%)#1#)!6-+,:#)1-'!%$!1#6+(3#)!9,!('!('&;+(7#)!$3%$$-1?!

I.!7:#!.;++,!)#6+-,#)!$7(7#!-.!(!$3%$$-1!%$!3-'$%)#1#)K!C:%3:!%56+%#$!7:(7!7:#!

7C-!('&;+(7#)!9#(5$!3-%'3%)#! X$!z!"YK!(++! 7:#!#')!'-)#$!-.! 7:#!('&;+(7#)!

;'%7$! 7-;3:! 7:#! $;1.(3#!-.! 7:#! $6:#1#?! I'! 7:%$! $7(7#! 7:#!)%5#'$%-'$! -.! 7:#!

('&;+(7#)!6(17!-.!7:#!/24!3('!9#!)#7#15%'#)!(33-1)%'&!7-!7:#!#)&#!+#'&7:?!!

!

AC-!6-$$%9%+%7%#$! (1#! 3-'$%)#1#)>! (! 6-+,:#)1-'! #)&#! 1#6+(3#5#'7! 9,! X]Y! (!

$%'&+#!-1!X[Y!(!)-;9+#!$3%$$-1!;'%7?!A:#!%56+%3(7%-'$!-.!7:#$#!7C-!6-$$%9%+%7%#$!

(1#! #+;3%)(7#)! 9,! 5#('$! -.! 7:#! 6(1(5#7#1! -'! C:%3:! C%++! 9#! ('7%3%6(7#)K!

'(5#+,! 7:#! +#'&7:!-.! 7:#!('&;+(7#)! #+#5#'7K!($!)#.%'#)! %'!E%&;1#!j?]\?! I'!

3($#!-.!(!$%'&+#!;'%7!6#1!#)&#K!7:#!+#'&7:!-.!7:#!('&;+(7#)!$3%$$-1!%$!#B;(+!7-!

7:#! #)&#! +#'&7:! -.! 7:#! 6-+,:#)1-'! 1#$;+7%'&! %'! (! $6#3%.%3! )-5#! $6('?! I.! (!
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)-;9+#!$3%$$-1!;'%7!%$!3-'$%)#1#)!6#1!#)&#K!7:#!('&;+(7#)!+#'&7:!#$7(9+%$:#$!

7:#!:(+.U+#'&7:!-.! 7:#!6-+,:#)1-'! #)&#K!C:%3:!31#(7#$!(! +(1&#1!)-5#!$6('!

3-56(1#)!7-!7:#!3($#!-.!(!$%'&+#!3-56-'#'7?!A:#!7C-!3($#$!(1#! %++;$71(7#)!

%'!E%&;1#!j?][!X(?!$%'&+#!;'%7!s!9?!)-;9+#!;'%7Y?!!

!

@-7!-'+,!7:#$#!7C-!-67%-'$!)#7#15%'#!7:#!;+7%5(7#!$6('!-.!7:#!)-5#K!7:#,!

(+$-!%56+%3(7#!)%..#1#'7!)%5#'$%-'$!-.!7:#!('&;+(7#)!6(17!-.!7:#!3-56-'#'7!

($!$:-C'!%$!E%&;1#!j?]\?!AC-!:#%&:7$!(1#!)%$7%'&;%$:#)>!?@!-.!7:#!#+#5#'7!%'!

3($#!-.!-'#!$3%$$-1!;'%7!6#1!#)&#!(')!?B!%'!3($#!-.!1#6+(3%'&!('!#)&#!+#'&7:!

9,! 7C-! $3%$$-1$?! A:#$#! :#%&:7$! (1#! .%Q#)! 9,! 7:#! #'3+-$%'&! $6:#1#! -.! 7:#!

6-+,:#)1-'!(')!7:;$!7:#!#)&#!+#'&7:?!A:#!3-59%'(7%-'!-.!+#'&7:!(')!:#%&:7!

C%++!)#7#15%'#!(!;'%B;#!O%'O!('&+#!XE%&;1#!j?]jY?!!

!

!

?8*41(=E.BYS=AN(=I212+(,(1-=%>=,N(=2$*4'2,()=4$8,=8$="2-(=%>=-8$*'(=%1=)%40'(=('(+($,-=

!

A:#! .-++-C%'&!5#7:-)-+-&,! %$! (66+%#)! .-1! #0#1,! 6-+,:#)1-'! 7-! )#7#15%'#!

7:#!&#-5#71%3(+!)%5#'$%-'$!(')!C%++!9#!61#$#'7#)!C%7:!7:#!#Q(56+#!-.!7:#!

()N;$7#)!1:-59%3!71%(3-'7(:#)1-'?!

!

!

!

!

!

!
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I'!(!.%1$7!$7#6!7:#!#'3+-$%'&!$6:#1#!%$!)#.%'#)!XE%&;1#!j?]]Y?!2#3-')+,K!9($#)!

-'!7:#!3#'71#!6-%'7!-.!7:#!$6:#1#!(')!7C-!%'7#1$#37%'&!0#17%3#$!-.!('!#)&#K!

7:#! ('&;+(7#)! ;'%7! 3('! 9#! 3-'$71;37#)! ($! %++;$71(7#)! %'! E%&;1#! j?][! (q9K!

C:#1#! 7:#! 1#)! +%'#$! (1#! .-15#)! 9,! 7:#! 3#'71#! 6-%'7! (')! 7C-! %'7#1$#37%'&!

0#17%3#$?! A:#! ;'%7! ('&+#! #! )#7#15%'#$! !K! 9#3(;$#! !! z! #t[! X3.1?! 6(1(&1(6:!

[?[?jY?!V%7:!7:#!)#.%'%7%-'!-.!!K!7:#!('&;+(7#)!#+#5#'7!%$!.-15#)?!@-CK!7:#!

1(7%-! 9#7C##'! 7:#! +#'&7:! (')! 7:#! :#%&:7! -.! (! $6#3%.%3! ('&;+(7#)! ;'%7! %$!

O'-C'! XE%&;1#! j?]jY?! E%'(++,K! ($$%&'%'&! (! $6#3%.%3! +#'&7:! 7-! 7:#! ('&;+(7#)!

3-56-'#'7K!1#$;+7%'&!%'!(!3#17(%'!:#%&:7K!)#7#15%'#$!7:#!-0#1(++!$6('!-.!7:#!

3-'$%)#1#)!)-5#?!!

I'! 3($#!-.! )-;9+#! $3%$$-1$! 6#1! #)&#K! 7:#! $(5#!61-3#$$! %$! (66+%#)!C%7:! 7:#!

-'+,!)%..#1#'3#! 7:(7! 7:#!('&+#!#! %$!)#7#15%'#)!9,! 7:#!9%$#37-1!($!$:-C'! %'!

E%&;1#!j?][9?!

!

!

?8*41(=E.BBS=AN(=2)e4-,()=1N%+08"=,182"%$,2N()1%$=I%'5N()1%$=2$)=,N(=($"'%-8$*=-IN(1(=
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j_!

!!! !

!

?8*41(=E.BCS=AN(="%$-,14",8%$=%>=,N(=2$*4'2,()=4$8,=&8,N=,N(=(7%'4,8%$=%>=,N(=('(+($,=>1%+=

,N(=>4''5=)(I'%5()=,%=,N(=4$)(I'%5()=-,2,(=J2.=-8$*'(=4$8,=b=0.=)%40'(=4$8,K=

!

! !

?8*41(=E.BES=WR2+I'(=%>= ,N(=1('2,8%$=0(,&(($=,N(=)8>>(1($,=*(%+(,18"2'=)8+($-8%$-=%>= 2$=

2$*4'2,()=4$8,=8$="2-(=%>=2=-8$*'(=J'(>,K=2$)=)%40'(=J18*N,K=()*(=1(I'2"(+($,=

%!

$!

$!

(?!

9?!
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!

?8*41(=E.BLS=<%&(1=)%+(-=1(-4',=8$='(--=N(2)1%%+=2,=,N(=()*(-=

!

I'!*66#')%Q! ]! (! .;++! -0#10%#C! %$! &%0#'!-.! 7:#!)%5#'$%-'$! -.! 7:#! ('&;+(7#)!

#+#5#'7$!(')!7:#!$6('$!-.!7:#!1#$;+7%'&!)-5#!.-1!#(3:!7,6#!-.!6-+,:#)1-'[?!

H#'#1(++,K! 7:#! 3-'$71;37#)! $6(3#! -.! (! )-5#! 3-'$%$7$! -.!5-1#! 7:('! :(+.! (!

$6:#1#K!(!otl!)-5#j?!A:#!1#($-'!+%#$!%'!(!&(%'!-.!:#()1--5!(7!7:#!#)&#$K!($!

61#$#'7#)!%'!E%&;1#!j?]i?!I'!7:#!(66#')%QK!())%7%-'(+!%'.-15(7%-'!%$!&%0#'!%'!

3($#!-.!6-$$%9+#!+-C#1!3-'$71;37#)!)-5#$?!

!

*$!61#$#'7#)!%'!*66#')%Q!]K!)%..#1#'7!+#'&7:$!.-1!7:#!('&;+(7#)!#+#5#'7!(1#!

%'$6#37#)?!*!+#'&7:!-.![5!%$!3:-$#'!9#3(;$#!-.!7:#!1#$;+7%'&!1('&#!.1-5!+-C!

7-!:%&:!$6('$!.-1!5;+7%.;'37%-'(+!)#6+-,(9+#!$71;37;1#$?!8-1#-0#1K!(!+#'&7:!

-.! [5! $##5$! 7-! $7%++! 9#!5('(&#(9+#!5(';(++,?! A:#!'#Q7! $7#6! %$! 7-! 3:--$#!

)%..#1#'7! :#%&:7! 0(+;#$?! A:%$! )#3%$%-'! %$! 9($#)! -'! 7:#! .#($%9%+%7,! -.! 7:#!

)%$7('3#! 9#7C##'! 7:#! ('&;+(7#)! %'7#15#)%(7#! :%'&#! 6-$%7%-'$?! E-1! 7:(7!

1#($-'! 7:#! %3-$%)-)#3(:#)1-'! %$! #Q3+;)#)?! E%&;1#! j?]o! 61#$#'7$! 7:#!

;+7%5(7#!&#-5#71%3!)%5#'$%-'$!.-1!7:#!('&;+(7#)!6(17!-.!7:#!/24!.-1!C:%3:!

$%Q!)%..#1#'7!)-5#!$71;37;1#$!3('!9#!9;%+7!&#-5#71%3(++,?!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
[! A:#! $6('$! C%++! 9#! $5(++#1! 7:('! 7:#! 7:#-1#7%3(+! 0(+;#$! %')%3(7#)! %'! *66#')%Q! ]?! A:#$#!
7:#-1#7%3! $6('$! 1#$;+7! .1-5!7:#! .;++,! )#6+-,#)! $7(7#!-.! 7:#!('&;+(7#)!#+#5#'7$?! I'!1#(+U+%.#!
(66+%3(7%-'$!7:#!;'%7$!(1#!'-7!.;++,!)#6+-,#)!(')!$:-C!(!3#17(%'!$71;37;1(+!7:%3O'#$$?!
j!otl!%$!'-7!('!#Q(37!';59#1K!%7!%$!5(%'+,!;$#)!($!(!1#.#1#'3#?!
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jl!

! R%'&#!

6-$%7%-'!

[35]!

"-5#!6-+,:#)1-'! D+#5#'7$!

6#1!#)&#!

26('!

"-5#![5]!

]! ]\K[! T;3O,9(++! "-;9+#! ]_Km!

[! ]_Ki! *)N;$7#)!1:-59%3!71%(3-'7(:#)1-'! "-;9+#! ][K[!

j! [\K_! T;3O,9(++! 2%'&+#! lKo!

i! [lKi! I3-$(:#)1-'! "-;9+#! _K[!

o! jjKl! *)N;$7#)!1:-59%3!71%(3-'7(:#)1-'! 2%'&+#! _K]!

_! jlK[! "-)#3(:#)1-'! 2%'&+#! oK[!

!

!

!

!

!

!

?8*41(=E.BMS=AN(=4',8+2,(=*(%+(,18"=)8+($-8%$-=>%1=,N(=2$*4'2,()=I21,=%>=,N(=H3;=

!

[WBW[WB -="(I!"&8'("!\9'!"=59"=&5';5&S45*'K9'(4(&5

I'!3-56(1%$-'! 7-!7:#!1#+(7%0#!.%Q#)!&#-5#71,!-.! 7:#!('&;+(7#)!#+#5#'7$! %'!

7:#! )-5#$K! 7:#! 6-+(1! (')! 71('$+(7%-'(+! ;'%7$! (++-C! (! 9%&&#1! .1##)-5! %'!

&#-5#71,!3:-%3#?!!

*$!5#'7%-'#)! %'!4:(67#1![K!(!6-+(1!;'%7! %$! $%56+,!-97(%'#)!9,!5-0%'&! 7:#!

%'7#15#)%(7#! :%'&#!-.! (! 6+('#! 71('$+(7%-'(+! ;'%7! (C(,! .1-5! 7:#!5%))+#! -.!

7:#! 9#(5$?! A:%$! #33#'71%3%7,! -.! 7:#! 1#0-+;7#! N-%'7! 31#(7#$! 3;10(7;1#!C:#'!

7:#!;'%7$!9#3-5#!)#6+-,#)?!!

!

!

!

L = 2m!

_!
o!
i!
j!
[!
]!
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*! 9#(5! .1-5! (! 71('$+(7%-'(+! (')! 6-+(1! ;'%7! 3('! $%56+,! 9#! 3-59%'#)! %'7-!

-'#!9#(5!C%7:!$#0#1(+!:%'&#!6-$%7%-'$?!I'!7:%$!3($#!7:#!$7(17%'&!6-%'7!-.!7:#!

&#-5#71%3(+!5#7:-)-+-&,! %$! (! .#($%9+#! #33#'71%3%7,! .-1! 7:#! )%..#1#'7! :%'&#!

6-$%7%-'$?!

!

I'!7:#!61-3#$$!-.! 7:#!$#(13:!7-!.#($%9+#!:%'&#!6-$%7%-'$K!(!&--)!61-6-17%-'!

-.!$71;37;1(+!7:%3O'#$$!%$!3-'$%)#1#)?!*+$-K!7:#!.(37!7:(7!7:#!$3%$$-1!$71;37;1#!

3(''-7! 9#! )#6+-,#)! 7--! .(1! 5;$7! 9#! 7(O#'! %'7-! (33-;'7?! E%&;1#! j?]_!

61#$#'7$!7:1##!6-+(1!(13:#$!-.!(!9(11#+!0(;+7!$71;37;1#>!7:#!.%1$7!$71;37;1#! %$!

)#6+-,#)! 7--! .(1K! 7:#! $#3-')! %++;$71(7#$! 7:#! 5(Q%5;5! )#6+-,5#'7! 7-!

3-'$%)#1!(')!7:#!7:%1)!$:-C$!(!$71;37;1#!C%7:!(!&--)!)#6+-,5#'7!$7(7#?!I.!(!

$3%$$-1! 5#3:('%$5! %$! )#6+-,#)! 7--! .(1K! 61-9+#5$! C%++! 1%$#! );1%'&! 7:#!

71('$.-15(7%-'!7-!(!3+-$#)!3-'.%&;1(7%-'?!I.!(!$71;37;1#!%$!.-13#)!%'7-!(!$7(7#!

$%5%+(1! 7-! 7:(7! -.! 7:#! .%1$7! $71;37;1#! %'! E%&;1#! j?]_K! 7:#! 6:#'-5#'-'! -.!

$'(6U7:1-;&:!5;$7!9#!7(O#'!%'7-!(33-;'7?!A:#!5(Q%5;5!)#6+-,5#'7!5;$7!

9#!%'!$;3:!(!C(,!7:(7!7:#!+-C#1!$#5%U+#'&7:$!-.!7:#!$3%$$-1!;'%7$!(1#!%'!#(3:!

-7:#1P$!#Q7#'$%-'K!($!$:-C'!%'!7:#!$#3-')!$71;37;1#!-.!E%&;1#!j?]_?!

!

! !
!

?8*41(=E.BPS=AN1((=I%'21=21"N(-=%>=2=0211('=724',=-,14",41(=8$=)8>>(1($,=)(I'%5+($,=-,2,(-=

!

A:#!+#'&7:!-.!7:#!71('$+(7%-'(+!-1!6-+(1!9#(5!%$!.%Q#)!-'![5!($!)#7#15%'#)!

%'!7:#!61#0%-;$!$#37%-'?!A:#!6(1(5#7#1$!-'!C:%3:!3('!9#!('7%3%6(7#)!(1#!7:#!

';59#1!-.!;'%7$!(')!7:#!#33#'71%3%7,!-.!7:#!6-+(1!:%'&#$?!4-'.%&;1(7%-'$!(1#!

%'0#$7%&(7#)!C%7:!(!';59#1!-.!;'%7$!.1-5!i!7-!]_!7-!-97(%'!(!C%)#!1('&#!-.!
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i\!

9(11#+! 0(;+7! $6('$! (')! #33#'71%3%7%#$! (1#! 3-'$%)#1#)! C%7:! (! 5%'%5;5!

)%$7('3#$!-.!o35?!

!

*66#')%Q! [! &%0#$! ('! -0#10%#C! -.! 7:#! %'0#$7%&(7#)! 9(11#+! 0(;+7$?! *! 6-+(1!

:%'&#!#33#'71%3%7,!-.!o!35!3('!9#!;$#)!($!.1-5!k!;'%7$>!+#$$!;'%7$!1#$;+7!%'!('!

#Q3##)%'&!)#6+-,5#'7?!A:#!$(5#!(1&;5#'7! +#()$! 7-! 7:#!)#3%$%-'! 7-!(66+,!

#33#'71%3%7,! ]\! 35! .-1! o! (')! _! ;'%7$?! *'! #33#'71%3%7,! -.! ]_! 35! %$! 7:#!

.-++-C%'&! 6-$$%9%+%7,! 7-! 5('(&#! (! 9(11#+! 0(;+7! C%7:! i! ;'%7$?! R#'3#K! 7:#!

3-'3+;$%-'!%$!5()#!7-!1#&(1)!#33#'71%3%7%#$!-.!o35K!]\35!(')!]_!35?!E%&;1#!

j?]k!61#$#'7$!7:#!;+7%5(7#!&#-5#71%3!)%5#'$%-'$!.-1!7:#!71('$+(7%-'(+t6-+(1!

6(17!-.! 7:#!/24! .-1!C:%3:! 7:%17##'!)%..#1#'7!9(11#+!0(;+7! $71;37;1#$!3('!9#!

9;%+7!&#-5#71%3(++,?!

!

! R%'&#! 6-$%7%-'!

[35]!

@;59#1! -.! 6-+(1! ;'%7$! %'! (13:! -.!

T(11#+!0(;+7!

26('! T(11#+! 0(;+7!

[5]!

]! o! /zk!
/zl!
/zm!
/z]\!
/z]]!
/z][!
/z]j!
/z]i!
/z]o!
/z]_!

lKj!
mKi!
]\Ko!
]]K_!
][K_!
]jK_!
]iK_!
]oKo!
]_Ki!
]kKj!

[! ]\! /zo!
/z_!

oK_!
_Ko!

j! ]_! /zi! iK]!

!

!

!

?8*41(=E.BDS=AN(=4',8+2,(=*(%+(,18"=)8+($-8%$-=>%1=,N(=,12$-'2,8%$2'fI%'21=I21,=%>=,N(=H3;=

!]!!![!!!j!

L = 2m!
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3.2.4 Geometrical shape 

I'! 7:#!61#0%-;$!$#37%-'! 7:#!&#-5#71%3(+!)%5#'$%-'$!C#1#!)#7#15%'#)?!A:#!

6-$%7%-'$! -.! 7:#! %'7#15#)%(7#! 6%0-7! :%'&#$! (1#! .-;')! C%7:! 7:#! (9%+%7,! 7-!

3-56-$#!7:#5!%'!$;3:!C(,!7:(7!'%'#7##'!)%..#1#'7!(13:%7#37;1(+!$71;37;1#$!

3('!9#!.-15#)!XE%&;1#!j?]lY?!

!

I'! 7:%$! $#37%-'! 7:#! (37;(+! $:(6#! -.! 7:#! /24! %$! )#7#15%'#)?! AC-! )%..#1#'7!

-67%-'$! (1#! 3-'$%)#1#)! 7-! 3-56-$#! 7:#! :%'&#$! %'! (! '#C! 7,6#! -.! $3%$$-1!

3-56-'#'7?!*!.%1$7!-67%-'!%$!7-!3-''#37!7:#!:%'&#!6-$%7%-'$!C%7:!9#(5$?!*'!

(+7#1'(7%0#! %$! 7-! .-15! (! 7,6#! -.! $7(,#)! 3-+;5'! C%7:! 9#(5$! (')! 61#U

7#'$%-'#)!3(9+#$?!A:#!7C-!-67%-'$!(1#!%++;$71(7#)!%'!E%&;1#!j?]m?!

!

V%7:!7:#!3-59%'(7%-'!-.!9#(5$!(')!61#U7#'$%-'#)!3(9+#$K!7:#!$7(,#)!9#(5!

3-;+)!9#!5-1#!$71;37;1(++,!#..%3%#'7!(')!3-;+)!(++-C!(!1#);37%-'!%'!C#%&:7?!

T;7! 7:#1#! #Q%$7$!(!:%&:#1!3-56+#Q%7,! %'! 7#15$!-.!3-''#37%-'$!9#7C##'! 7:#!

9#(5$!(')!3(9+#$?!*+$-!7:#!(66+%#)!61#U7#'$%-'!%'!7:#!3(9+#$!%$!(!61-9+#5!7-!

$-+0#! %'! #(3:! 3-56-'#'7! %'! 7:#! $71;37;1#?!";#! 7-! 7:#! +(1&#! 3-56+#Q%7,! -.!

7:#! $7(,#)! 9#(5K! 7:#! .%1$7! -67%-'! %$! 3:-$#'! C:%3:! %56+%#$! (! $%56+#1!

5(';.(37;1%'&!61-3#$$?!

!

H#-5#71%3(++,K! 7:#! '#C! /'%0#1$(+! 23%$$-1! 4-56-'#'7! 3-;+)! 9#! 3-'3#%0#)!

+%O#!(!71;$$!XE%&;1#!j?[\Y?!A:#!5%))+#!$71;7!)%0%)#$!7:#!9;3O+%'&!+#'&7:!-.!7:#!

5($7! %'! 7C-K!C:%3:!3('!9#!$##'!($!('! #'+(1&#5#'7!-.! 7:#!$7%..'#$$! %'! -'#!

)%1#37%-'?! T;7!;'+%O#! %'!(! 1#(+! 71;$$K! %'! 7:%$!#+#5#'7!9#')%'&!5-5#'7$!3('!

#Q%$7! );#! 7-! 7:#! #33#'71%3%7,! -.! 7:#! :%'&#! 6-$%7%-'$! 3-''#37%'&! 7:#!

3-56-'#'7$!7-!-'#!('-7:#1!%'!(!3#17(%'!3-'.%&;1(7%-'?!

!
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!

!

!

!

?8*41(=E.BOS=F(%+(,18"2'=I%-8,8%$-=%>=,N(=N8$*(-=8$=,N(=H3;=

!!

!! !

!

?8*41(=E.BQS=gI,8%$=B=2$)=CS=>%1+2,8%$=%>=0(2+-=b=-,25()="%'4+$=J"20'(-=8$=0'4(K=

!

!

?8*41(=E.CYS=G(-8*$()=H$87(1-2'=3"8--%1=;%+I%$($,=

!

271;7!G9+%B;#!9#(5!

8($7!
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3.2.5 From component to linkage 

T,!C(,!-.! %++;$71(7%-'K! 7:#! #1#37%-'!-.!(! $71;37;1#! .1-5!(!/'%0#1$(+!23%$$-1!

4-56-'#'7! 7-! (! +%'O(&#! %$! 61#$#'7#)?! A:#! .-++-C%'&! .%&;1#$! 3+(1%.,! 7:#!

)%..#1#'3#$! 9#7C##'! 9(11#+! 0(;+7$! (')! )-5#$! %'! 7:#! 9;%+)U;6?! I'! 7:%$!

6(1(&1(6:! '-! %56+%3(7%-'$! %'0-+0%'&! 7#3:'-+-&%3! 3-''#37%-'$! (1#!

3-'$%)#1#)?!A:#$#!(1#!)%$3;$$#)!%'!4:(67#1!o?!

E%&;1#!j?[]!61#$#'7$!:-C!(!6-+(1!+%'O(&#!%$!9;%+7!.1-5!(!/24!9,!7:#!#Q(56+#!

-.!7:#!.%1$7!:%'&#!6-$%7%-'!(7!o35?!E%&;1#!j?[[!3-'$%)#1$!(!+%'O(&#!;$%'&!7:#!

$#3-')!('&;+(7#)!:%'&#!6-$%7%-'!(7!]_Ki!35?!

!

!

!
!

!

!

!

?8*41(=E.CBS= A%I=2$)=I(1-I(",87(= 78(&S= (R2+I'(=%>=048')]4I= >1%+=2=H3;= ,%= 2= -"8--%1= 2$)=

>41,N(1=,%=2=I%'21='8$#2*(=>%1=0211('=724',-=



4:(67#1!j!s!H#-5#71%3!"#$%&'!-.!(!/'%0#1$(+!23%$$-1!4-56-'#'7!X/24Y!
!

ii!

!

!

!

!

!

!

!

?8*41(=E.CCS= A%I=2$)=I(1-I(",87(= 78(&S= (R2+I'(=%>=048')]4I= >1%+=2=H3;= ,%= 2= -"8--%1= 2$)=

>41,N(1=,%=2$=2$*4'2,()='8$#2*(=>%1=)%+(-=

!

!

!

!

!
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3.2.6 Overview 

*! 7-7(+! -0#10%#C! -.! 7:#! 6-$$%9%+%7%#$! -.! 7:#! )#$%&'#)! /'%0#1$(+! 23%$$-1!

4-56-'#'7!%$!&%0#'?!E%&;1#!j?[j!61#$#'7$!7:#!)%..#1#'7!3-'.%&;1(7%-'$!-.!7:#!

$71;37;1#$! 9,! 3-59%'%'&! 7:#! /24P$! %'! (! $6#3%.%3! C(,?! ! E-1! #(3:! 6-$$%9+#!

%'7#15#)%(7#!:%'&#!6-$%7%-'K!C:%3:!3-''#37$!7C-!3-56-'#'7$K!7:#!1#$;+7%'&!

)-5#$! (')! 9(11#+! 0(;+7$! (1#! &%0#'?! DQ(56+#$! -.! )#7(%+#)! %++;$71(7%-'$! (1#!

&%0#'!%'!7:#!61#0%-;$!$#37%-'?!

!

A:#!.%1$7!6(17!-.!E%&;1#!j?[j!$:-C$!7:#!$%Q!)%..#1#'7!)-5#$K!#(3:!)#0#+-6#)!

C%7:! (! $6#3%.%3! ('&;+(7#)! :%'&#! 6-$%7%-'?! A:#! 7,6#! -.! 6-+,:#)1-'! %$!

5#'7%-'#)! ($!C#++! ($! 7:#! %$$;#!C:#7:#1! 7:#! #)&#! 1#6+(3#5#'7! %'0-+0#$! (!

$%'&+#!-1!)-;9+#!;'%7?!*+$-!('!%')%3(7%-'!(9-;7!7:#!$6('!%$!&%0#'?!

A:#! $#3-')! 6(17! 61#$#'7$! 7:#! )%..#1#'7! 3($#$! .-1! 7:#! 9(11#+! 0(;+7$?! *$!

#Q6+(%'#)! %'! $#37%-'! j?[?[?]K! 7:#! 71('$+(7%-'(+! ;'%7$K!C%7:! 7:#! %'7#15#)%(7#!

:%'&#! %'! 7:#! 5%))+#! 6-$%7%-'K! +%'O! 7:#! 6-+(1! (13:#$! %'! 7:#! +-'&%7;)%'(+!

)%1#37%-'?!A:#$#!(1#!7:#!$(5#!.-1!#(3:!9(11#+!0(;+7?!E-1!7:#!6-$%7%-'!(7!o35K!

7#'!9(11#+!0(;+7$!3('!9#!3-56-$#)!&-%'&!.1-5!k!7-!]_!/24!;'%7$K!1#$;+7%'&!%'!

5;+7%6+#!$6('$?!I'!3($#!-.!7:#!$#3-')!#33#'71%3%7,!-.!]\35K!7C-!9(11#+!0(;+7$!

(1#! 3-'$%)#1#)!C%7:! o! (')!_! ;'%7$?!V%7:! 7:#! .%'(+! :%'&#!6-$%7%-'!-.! ]_35K!

7:#!(9%+%7,!#Q%$7$!7-!&#'#1(7#!(!$5(++!9(11#+!0(;+7!C%7:!i!;'%7$!(')!(!$6('!-.!

iK]5?!

!

!

!

!

!

!

!

!

!
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"-5#$!

/24!(')!('&;+(7#)!%'7#15#)%(7#!:%'&#!

6-$%7%-'!

271;37;1#!3-'.%&;1(7%-'!(')!$6('!

T;3O,9(++!s!)-;9+#!;'%7!6#1!#)&#!

!

!
*)N;$7#)!1:-59%3!71%(3-'7(:#)1-'!

s!)-;9+#!;'%7!6#1!#)&#!

!

!
!

T;3O,9(++!s!$%'&+#!;'%7!6#1!#)&#!

!

!
!
!
!
!

2!z!]_Km5!

2!z!][K[5!

"#7(%+$!$##!E%&;1#!j?[[!

2!z!lKo5!
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ik!

I3-$(:#)1-'!s!)-;9+#!;'%7!6#1!#)&#!

!

!
*)N;$7#)!1:-59%3!71%(3-'7(:#)1-'!

s!$%'&+#!;'%7!6#1!#)&#!

!

!
"-)#3(:#)1-'!s!$%'&+#!;'%7!6#1!

#)&#!

!

!
!
!
!
!
!
!
!
!

2!z!_K[5!

2!z!_K]5!

2!z!oK[5!
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T(11#+!W(;+7$!

/24!(')!71('$+(7%-'(+!%'7#15#)%(7#!:%'&#!

6-$%7%-'!

271;37;1#!3-'.%&;1(7%-'!(')!$6('!

!

!
!
!
E-1! (++! 9(11#+! 0(;+7! $71;37;1#$! %'!
+-'&%7;)%'(+!)%1#37%-'!

/24!(')!6-+(1!%'7#15#)%(7#!:%'&#!6-$%7%-'! 271;37;1#!3-'.%&;1(7%-'K!;'%7$!(')!

$6('!

!
!

!

2!z!lKj5!/!z!k!

2!z!]jK_5!

/!z!][!

"#7(%+$!$##!E%&;1#!j?[]!
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im!

!

!

!

!

!

!

?8*41(= E.CES= A%,2'= %7(178(&= %>= ,N(= H$87(1-2'= 3"8--%1= ;%+I%$($,= 2$)= ,N(= -,14",41(=

"%$>8*412,8%$-=

/!z!o!

/!z!_!

2!z!oK_5!

2!z!_Ko5!

2!z!iK]5!/!z!i!

2!z!]kKj5!/!z!]_!
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3.3 Development: from mechanism to structure 
!

I'!7:%$!$#37%-'!7:#!5(77#1!-.!)#6+-,5#'7!(')!O%'#5(7%3!($6#37$!%$!6;1$;#)K!

9#3(;$#! 7:#! #$$#'3#! -.! )#6+-,(9+#! 5#3:('%$5$! %$! 7:#! )#6+-,5#'7! %7$#+.?!

8-1#!$6#3%.%3(++,K!6-+(1!9(11#+!0(;+7$!:(0#!(!)#6+-,5#'7!9#:(0%-;1!C:%3:!%$!

)%..#1#'7!.1-5!7:#!61-6-$#)!('&;+(7#)!)-5#$?!

!

*!7C-U)%5#'$%-'(+!$3%$$-1!+%'O(&#!:($!(!$%'&+#!1-7(7%-'(+!)#&1##!-.!.1##)-5!

X"?G?EY! (++-C#)! 9,! 7:#! %'7#15#)%(7#! :%'&#! -1! 1#0-+;7#! N-%'7?! V:#'! $;3:!

+%'O(&#$! (1#! 6+(3#)! -'! (! &1%)! X($! )#$31%9#)! %'! 6(1(&1(6:! j?[?[YK! 7:%$!

1-7(7%-'(+! "?G?E?! %$K! )#6#')%'&! -'! 7:#! &1%)! &#-5#71,K! #%7:#1! 61#$#10#)! -1!

1#5-0#)?!*++! 7:%$! )#6#')$!-'! 7:#! 7,6#!-.! $3%$$-1!;'%7$!;$#)! X71('$+(7%-'(+K!

6-+(1K! ('&;+(7#)YK! 7:#! 7,6#! -.! &1%)! 7:#,! .-15! X7C-UC(,K! 7:1##UC(,K! .-;1U

C(,Y!(')!7:#!3;10(7;1#!X6+('#K!$%'&+#!-1!)-;9+#Y?!*'!%'$%&:7!%'!7:#!5-9%+%7,!

-.!7:#!5#3:('%$5!%$!'##)#)!7-!;')#1$7(')!7-!C:(7!)#&1##!3-'$71(%'7$!:(0#!

7-!9#!())#)!(.7#1!)#6+-,5#'7! 7-! 7;1'! %7! %'7-!(! +-()!9#(1%'&!$71;37;1#! ["#!

A#55#15('K![\\k]?!!

!
3.3.1 Barrel vaults 

*$!5#'7%-'#)!%'!$#37%-'!j?[?[?]K!7:#!#Q(5%'#)!9(11#+!0(;+7$!3-'$%$7!-.!6-+(1!

(13:#$!3-''#37#)!9,!71('$+(7%-'(+!+%'O(&#$?!A:#!&#-5#71%3(+!3-'$71;37%-'!-.!

7:#!6-+(1!5#3:('%$5! %$!9($#)!-'!(!3%13;+(1!(13:!(')!3:(1(37#1%$#)!9,! 7:#!

6(1(5#7#1$>! 26('! XJYK! ';59#1! -.! 6-+(1! /'%7$! XLY! (')! $71;37;1(+! A:%3O'#$$!

X-Y?!!

/+7%5(7#+,K! 0(+;#$! .-1! 7:#! $#5%U+#'&7:$! -.! 7:#! 9#(5! !8! (')! !C8! (')! 7:#!

)#6+-,5#'7!('&+#!$:4I8)(5(1#!-97(%'#)K!C:%3:!.;++,!)#7#15%'#!7:#!&#-5#71,!

-.! 7:#! +%'O(&#! %'! %7$! )#6+-,#)! 6-$%7%-'?! E;17:#15-1#K! 7:#$#! 7:1##!

6(1(5#7#1$!$;..%3#!7-!$7;),!7:#!)#6+-,5#'7!9#:(0%-;1!-.!7:#!6-+(1!+%'O(&#?!

@-C! 6-+(1! +%'O(&#$! :(0#! (! 6#3;+%(1! 61-6#17,>! );1%'&! )#6+-,5#'7K! ($! 7:#!

)#6+-,5#'7!('&+#!$!%'31#($#$!.1-5!\!X3-56(37!3-'.%&;1(7%-'Y!7-!$:4I8)(5X.;++,!
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)#6+-,#)!3-'.%&;1(7%-'YK!7:#!$6('!J!C%++!'-7!5#1#+,!%'31#($#?!*$!$!%'31#($#$K!

(!5(Q%5;5! $6('! XJK"HY! %$! 1#(3:#)K! -'+,! 7-! )#31#($#! $+%&:7+,! ;'7%+! $:4I8)(5 %$!

1#(3:#)! XJ:4I8)(Y! ["#!A#55#15('K! [\\k]?! A:%$! 61-6#17,! %$! $:-C'! %'! E%&;1#!

j?[i?!!

!

A:#!)#6+-,5#'7!6(77#1'!-.!7:#!6-+(1! +%'O(&#!)#7#15%'#$!(;7-5(7%3(++,!7:#!

71('$+(7%-'(+!)#6+-,5#'7!&#'#1(7%'&!7:#!&+-9(+!71('$.-15(7%-'!-.!7:#!9(11#+!

0(;+7?! ";1%'&! 7:#! )#6+-,5#'7K! 7:#! +#'&7:! -.! 7:#! ;'%7! +%'#$! "5 )#31#($#$K!

C:%3:! %56+%#$! 7:#!)#6+-,5#'7! -.! 7:#! 71('$+(7%-'(+!;'%7$?! A:#! +#'&7:!"! (')!

7:#!.%Q#)!$#5%U+#'&7:$!-.!7:#!71('$+(7%-'(+!9#(5$!)#7#15%'#!(!;'%B;#!$5.-1!

7:#!71('$+(7%-'(+!;'%7$K! +%'O#)!7-!7:#!$5-.!7:#!6-+(1!$3%$$-1$!($! %++;$71(7#)!%'!

E%&;1#!j?[o?!/$%'&!7:#!3-$%'#!1;+#!7:#!1#+(7%-'!3('!9#!C1%77#'!($>!!

"[!{!DC8!
[!{!!C8!

[!s![!!C85DC8!3-$$5]5X5D85{5!C85Y
[! ! Xj?]Y!

!

E%&;1#! j?[_! 61#$#'7$! (! 9(11#+! 0(;+7! $71;37;1#! 3-59%'#)! 9,! /24P$! %'! .-;1!

$;33#$$%0#!)#6+-,5#'7!6-$%7%-'$?!!

!

!
!!!!!]!!!!!!!!!!![!!!!!!!!!!!!!!!!!!!!!!!!j!!!!!!!!!!!!!!!!!!!!!!!!!i!X25(QY!!!!!!!!!!!!!!!!!!!!!!!!!o!X2)#$%&'Y!

?8*41(=E.CLS=G(I'%5+($,=-(d4($"(=%>=2=I%'21='8$#2*(=

!

!

!
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!

!

!

?8*41(= E.CMS= /''4-,12,8%$= %>= ,N(= 4$8d4(= 1('2,8%$= 0(,&(($= ,N(= I%'21= 2$)= ,12$-'2,8%$2'=

)(I'%5+($,=
 

!

?8*41(=E.CPS=T211('=724',=&8,N=H3;h-=8$=>%41=)(I'%5+($,="%$>8*412,8%$-=

!

"#! A#55#15('! [[\\k]! 61-6-$#)! (! :%'&#)! 6+(7#! 5-)#+! 7-! $7;),! 7:#!

O%'#5(7%3! 61-6#17%#$! -.! (! &1%)! (++-C%'&! 7-! )#7#15%'#! 7-! C:(7! #Q7#'7!

3-'$71(%'7$!:(0#! 7-!9#!())#)!7-!7;1'!7:#!5#3:('%$5!%'7-!(!$71;37;1#?!A:#!

5-)#+!#+%5%'(7#$!7:#!1-7(7%-'(+!"?G?E?!-.!7:#!$3%$$-1$K!C:%3:!%$!(!5%'%5;5!

1#B;%1#5#'7!.-1!(!$3%$$-1!5#3:('%$5!7-!(37!($!(!$71;37;1#?!I'!7:%$!3($#K!(.7#1!

7:#! #+%5%'(7%-'! -.! 7:#! 1-7(7%-'(+! "?G?E?K! %7! %$! )#);37#)! 7:(7! 7:#! 61-6-$#)!

9(11#+!0(;+7!$71;37;1#!1#5(%'$!C%7:!'-!5-9%+%7,?!A:#1#.-1#K!7:#1#!%$!'-!'##)!

.-1! ())%7%-'(+! 3-'$71(%'7$K! -7:#1! 7:('! 7:#! -'#! '##)#)! 7-! #+%5%'(7#! 7:#!

1-7(7%-'(+!"?G?E?!-.!7:#!-1%&%'(+!$3%$$-1!5#3:('%$5?!I'!61(37%3#!:-C#0#1K!%7!%$!

$;&&#$7#)!7-!.%Q!(++!%''#1!'-)#$!7-;3:%'&!7:#!&1-;')!9,!6%''#)!$;66-17$?!!!

(!
+P%!

+%!O%!

OP%!
#!

(!
(!
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3.3.2 Domes 

V%7:! ('&;+(7#)! #+#5#'7$! 1()%(++,! )#6+-,%'&! 3+-$#)! +--6! $71;37;1#$! 3('!9#!

31#(7#)?! A:%$! 1#$#(13:! .-3;$#$! -'!)#6+-,(9+#! )-5#! $71;37;1#$K! 3(6(9+#! -.!

1#71(37%'&!7-!7:#%1!-C'!6#1%5#7#1?!!

*$! #Q6+(%'#)! %'! 6(1(&1(6:! j?[?[?[K! 7:#! $:(6#! -.! 7:#! )-5#$! %$! 9($#)! -'! (!

6(17%3;+(1! 6-+,:#)1-'?! *'&;+(7#)! $3%$$-1! ;'%7$! 1#6+(3#! 7:#! #)&#$! -.! 7:#!

6-+,:#)1-'K! C:%+#! (++! 7:#! ;'%7! +%'#$! %'7#1$#37! %'! 7:#! 3#'71#! 6-%'7! -.! 7:#!

#'3+-$%'&!$6:#1#!-.! 7:#!6-+,:#)1-'! XE%&;1#!j?[kY?!A:#!6-$%7%-'!-.! 7:#!;'%7!

+%'#$! $7(,! .%Q#)! );1%'&! )#6+-,5#'7K! #'$;1%'&! 7:(7! 7:#! -0#1(++! &#-5#71%3(+!

$:(6#!)-#$!'-7!3:('&#!(')!-'+,!(!0(1%(7%-'!%'!$6('!%$!'-7%3#)?!!

!

A:#! 71('$.-15(7%-'! -.! 7:#$#! 3+-$#)! +--6! $71;37;1#$! %$! 3:(1(37#1%$#)! 9,! (!

71('$+(7%-'! -'! 7:#! ;'%7! +%'#$! -.! 7:#! #')! '-)#$! -.! 7:#! $3%$$-1! ;'%7$?! A:#!

)#6+-,5#'7! 61-3#$$! %$! #Q6+(%'#)! %'! E%&;1#! j?[l! 9,! 5#('$! -.! 3%13+#$?! A:#!

%'7#15#)%(7#!:%'&#!-.!('!('&;+(7#)!9#(5!#+#5#'7!%$!7:#!3#'71#!6-%'7!-.!7:#!

3%13+#K!C:%+#!7:#!#')!'-)#$!)#7#15%'#!7:#!1()%;$?!*$!7:#!3%13+#!3#'71#!6-%'7!

5-0#$! 7-C(1)$! 7:#! $6:#1#! 3#'71#! 6-%'7K! '#C! %'7#1$#37%-'!6-%'7$!C%7:! 7:#!

;'%7!+%'#$!(1#!.-;')?!A:#$#!%'7#1$#37%-'!6-%'7$!(1#!7:#!'#C!6-$%7%-'$!-.!7:#!

#')! '-)#$! -.! 7:#! ('&;+(7#)! #+#5#'7?! I.! 7:#! +-C#1! %'7#1$#37%-'! 6-%'7!

3-%'3%)#$!C%7:!7:#!$6:#1#!3#'71#!6-%'7K!7:#!.;++,!3+-$#)!$7(7#!%$!1#(3:#)?!A:#!

$#3-')! ('&;+(7#)! 9#(5! -.! 7:#! $3%$$-1! ;'%7! %$! (3B;%1#)! 9,! (! 5%11-1!

71('$.-15(7%-'! C%7:! 7:#! 9%$#37-1! X9+;#! )-77#)! +%'#Y! ($! 5%11-1! (Q%$?! A:#!

-97(%'#)!('&;+(7#)!$3%$$-1!;'%7!%$!%++;$71(7#)!%'!E%&;1#!j?][?!!

E%&;1#! j?[m! 61#$#'7$! (! )#6+-,(9+#! )-5#! %'! 7:1##! $;33#$$%0#! )#6+-,5#'7!

6-$%7%-'$?!

!
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!

?8*41(=E.CDS=!''=,N(=4$8,='8$(-=8$,(1-(",=8$=,N(="($,1(=I%8$,=%>=,N(=($"'%-8$*=-IN(1(=

!

!

?8*41(=E.COS=AN(=)(I'%5+($,=I1%"(--=%>=2$=2$*4'2,()=0(2+=('(+($,=

!

!

4#'71#!6-%'7!$6:#1#!6-+,:#)1-'!
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!

?8*41(=E.CQS=G(I'%520'(=)%+(=02-()=%$=,N(=2)e4-,()=1N%+08"=,182"%$,2N()1%$=>1%+=2=>4''5=

"'%-()=,%=2$=%I($="%$>8*412,8%$=

!

*+$-! %'! 3($#! -.! 7:#! )-5#$K! 7:#! :%'&#)! 6+(7#! 5-)#+K! 61-6-$#)! 9,! "#!

A#55#15('![[\\k]K!3('!9#!;$#)!.-1!(!O%'#5(7%3!('(+,$%$?!*'(+-&-;$!7-!7:#!

9(11#+!0(;+7$K!7:#!1-7(7%-'(+!"?G?E?!-.!7:#!$3%$$-1!;'%7$!%$!1#5-0#)?!*.7#1!7:#!

1#5-0(+! -.! 7:%$! "?G?E?K! 7:#! 1#5(%'%'&!5-9%+%7,! )#7#15%'#$! 7-!C:(7! #Q7#'7!

3-'$71(%'7$!:(0#!7-!9#!())#)?!!

G'+,! %'! 3($#! -.! 7:#! %3-$(:#)1-'! )-5#K! 7:#! 5-);+#$! X&1%)! 3#++$Y! (1#!

71%('&;+(7#)K! C:%3:! 5#('$! 7:(7! 7:#1#! %$! '-! ())%7%-'(+! 5-9%+%7,! (')! %7! %$!

9($%3(++,!(! $%'&+#!"?G?E?U5#3:('%$5?!A:#1#.-1#K! %7! %$! $;..%3%#'7! 7-! 3-'$71(%'!

7:#!5-0#5#'7!-.!7:#!1-7(7%-'(+!)#&1##!-.!.1##)-5!-.!7:#!('&;+(7#)!$3%$$-1!

;'%7$?!!

I'!3($#!-.!7:#!-7:#1!61-6-$#)!6-+,:#)1(!)-5#$K!())%7%-'(+!3-'$71(%'7$!:(0#!

7-! 9#! 3-'$%)#1#)!);#! 7-! 7:#!'-'U71%('&;+(7%-'!-.! 7:#! &1%)! 3#++$?! 4(9+#$! -1!

31-$$! 9#(5$! $:-;+)! 9#! ())#)! 7-! 61-0%)#! 5-1#! $7%..'#$$! (')! 7-! #Q3+;)#!

5-9%+%7,!%'!(!5-);+#?!

/+7%5(7#+,K! 7:#! +-C#1!'-)#$! 7-;3:%'&! 7:#! &1-;')!(1#!(+$-! .%Q#)!9,!6%''#)!

$;66-17$?!!

!

!

!

!
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4 Structural Analysis of 2 case studies 
!

4.1 Introduction 
!

I'! 7:#! 61#0%-;$! 3:(67#1K! 7:#! 61%'3%6+#$! 9#:%')! 7:#! )#$%&'! -.! (! /'%0#1$(+!

23%$$-1! 4-56-'#'7! X/24Y! :(0#! 9##'! #Q6+(%'#)K! 1#$;+7%'&! %'! (! &#'#1%3!

$-+;7%-'!.-1!)#6+-,(9+#!$3%$$-1!$71;37;1#$?!T($#)!-'!)%..#1#'7!3-'.%&;1(7%-'$!

-.! $71;37;1#$! s! 9(11#+! 0(;+7$! (')!)-5#$! U! )#3%$%-'$!C#1#!5()#! (9-;7! 7:#!

&#-5#71%3(+! )%5#'$%-'$! (')! 7:#! $:(6#! -.! 7:#! 3-56-'#'7?! 4-'$%)#1%'&!

.#($%9+#! :%'&#! 6-$%7%-'$K! 7:#! )#$%&'! 61-3#$$! 1#$;+7#)! %'! (! /24! 3(6(9+#! -.!

3-'.%&;1%'&! '%'#7##'! )%..#1#'7! (13:%7#37;1(+! $71;37;1#$! C%7:! $6#3%.%3!

)#6+-,5#'7!9#:(0%-;1?!

!

T#$%)#$! 7:#! &#-5#71%3(+! 61-6#17%#$K! (! .#($%9%+%7,! $7;),! %$! 3-56+#7#)! %.! 7:#!

$71;37;1(+! %56+%3(7%-'$! (1#! (+$-! %'0#$7%&(7#)?! I'! 7:%$! 3:(67#1! (! &+-9(+!

3-'.%&;1(7%-'K! 3-'$%$7%'&! -.! 7:#! )#$%&'#)! /'%0#1$(+! 23%$$-1! 4-56-'#'7!

X/24YK! %$! ('(+,$#)! $71;37;1(++,?! AC-! $%7;(7%-'$! $:-;+)! 9#! 3-'$%)#1#)!C:#'!

)#$%&'%'&!(!)#6+-,(9+#!$71;37;1#>! 7:#! .%1$7!);1%'&! 7:#!)#6+-,5#'7!(')! 7:#!

$#3-')! %'! 7:#!$#10%3#! 6:($#?!2%'3#! %'! 7:%$! 1#$#(13:K!);1%'&!)#6+-,5#'7!'-!

())%7%-'(+!$71#$$#$!(1#!%');3#)!%'!7:#!61-6-$#)!.-+)(9+#!$71;37;1#$!(')!7:#!

%56-$#)! +-()$!(')!$6('!(1#!;$;(++,! +#$$! 7:('! 7:-$#! .-1! 7:#! .;++,!)#6+-,#)!

$7(7#K! 7:#! $71;37;1(+! 6(17! C%++! 3-'3#'71(7#! -'! 7:#! ('(+,$%$! %'! 7:#! .;++,!

)#6+-,#)!3-'.%&;1(7%-'![<('&9#3O#1!q!*+9#15('%K![\\]]?!!

!

I'! (! +(1&#1! 3-'$71;37%-'! 7:#! +-()$! %'31#($#! (')! 7:#! &+-9(+! %'$7(9%+%7,!

9#3-5#$! $%&'%.%3('7! );#! 7-! 7:#! $3(+#U#..#37?! A:#1#.-1#K! 7:#! 3(+3;+(7%-'! -.!

7:#! +(1&#$7! $71;37;1#! %$! ($$;5#)! 7-! 1#$;+7! %'! (! $3%$$-1! 3-56-'#'7! 7:(7!

$(7%$.%#$! 7:#! $71;37;1(+! 1#B;%1#5#'7$! %'! (++! $,$7#5! 3-'.%&;1(7%-'$?! *$!

5#'7%-'#)! 9#.-1#! 7C-! 7,6#$! -.! 3-'.%&;1(7%-'$K! #(3:! )%..#1%'&! %'! 5;+7%6+#!

$6('$K!3('!9#!9;%+7!C%7:!7:#!)#$%&'#)!/24>!)-5#$!(')!9(11#+!0(;+7$?!";#!7-!
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(!61#.#1#'3#!.-1!&+-9(+! %'$7(9%+%7,!%'!7:#!+-'&%7;)%'(+!)%1#37%-'K!C:%3:!%$!'-7!

7:#! 3($#! %'! )-5#! 3-'.%&;1(7%-'$K! (! 7-7(+! )#7(%+#)! 3(+3;+(7%-'! %$! 61#.-15#)!

-'!7:#!+(1&#$7!9(11#+!0(;+7?!!

!

A:#! 1#$;+7! -.! 5,! 1#$#(13:! %$! (! .%1$7! .#($%9%+%7,! $7;),! -.! 7:#! )#$%&'#)!

$71;37;1#$}!:#'3#!.-3;$!%$!6;7!-'!7:-$#!6-%'7$!C:%3:!(1#!($$;5#)!7-!9#!7:#!

5-$7! 31%7%3(+! (')! (! )#$%&'! 5#7:-)-+-&,! %$! -..#1#)! #'(9+%'&! 7-! 3-0#1! 7:#!

1#5(%'%'&! 3($#$?! I7! %$! #Q6+(%'#)!:-C!(! $%56+%.%#)! (661-(3:! %$! ;$#)! .-1! 7:#!

61#+%5%'(1,!)#$%&'!%'!24I*!D2*U=A!;$%'&!7:#!D;1-3-)#!$7(')(1)$?!!

!

I'! (! .%1$7! 6(17! 7:#! &+-9(+! &#-5#71,! -.! 7:#! ('(+,$#)! $71;37;1#! %$! )#$31%9#)?!

A:#! -;7+%'#! -.! 7:#! $71;37;1(+! 5-)#+! (')! 7:#! ($$;567%-'$! 5()#! (1#! 7:#'!

)%$3;$$#)?!I'!7:#!'#Q7!6(17!7:#!3+%5(7#!+-()$K!C%')!(')!$'-CK!(1#!3(+3;+(7#)!

%56+#5#'7%'&! D;1-3-)#! ]! [[\\_]?! ! E%'(++,K! 7C-! 3($#! $7;)%#$! -.! 7:#! 9(11#+!

0(;+7! 3-'.%&;1(7%-'!(1#!#Q(5%'#)!$71;37;1(++,>! X]Y! 7:#!&+-9(+! $71;37;1#!(')!

X[Y!7:#!&+-9(+!$71;37;1#!C%7:!6($$%0#!(')!(37%0#!3(9+#!$#&5#'7$?!

!

!

!

!

!

!

!

!

!

!

!

!

!
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4.2 Geometry 
!

I'! 7:#! $3-6#! -.! (! .%1$7! 7,6#! -.! 3(+3;+(7%-'! %'! 7:%$! 1#$#(13:K! 7:#! ('(+,$%$! %$!

.-3;$$#)!-'!7:#!+(1&#$7!9(11#+!0(;+7K!C:%3:!%$!($$;5#)!7-!9#!1#61#$#'7(7%0#!

.-1!(++!7:#!1#5(%'%'&!3-'.%&;1(7%-'$?!A:#!&#-5#71,!-.!7:#!&+-9(+!9(11#+!0(;+7!

('(+,$#)! %'! 7:#! 7C-! .-++-C%'&! 3($#! $7;)%#$! %$! 61#$#'7#)! %'! E%&;1#! i?]?! A:#!

$#5%U3,+%')1%3(+!$:(6#!3-'$%$7$!-.!]]!(13:#$!.-15#)!9,!7:#!/24!3-56-$#)!%'!

(! 6-+(1! 3-'.%&;1(7%-'K! C:%3:! (1#! +%'O#)! 7-&#7:#1! C%7:! 71('$+(7%-'! /24P$!

31#(7%'&! (! )#6+-,(9+#! $71;37;1#?! /$%'&! 6-+(1! $3%$$-1! (13:#$! 31#(7#$!

3;10(7;1#! %'! 7:#! 71('$0#1$#! )%1#37%-'! -.! (! B;()1('&;+(1! $3%$$-1! &1%)?! I'!

3-59%'(7%-'! C%7:! +-'&%7;)%'(+! 71('$+(7%-'(+! ;'%7$! 7:#,! .-15! 1#+(7%0#+,!

3-55-'!(')!$%56+#!9(11#+!0(;+7!$71;37;1#$?!!!

!

A:#!&#-5#71,!%$!9($#)!-'!(!$#5%3%13+#!C%7:!(!1()%;$!-.!lK_5?!I7!:($!(!$6('!-.!

(661-Q%5(7#! ]k5!(')! 7:#! $71;37;1(+! 7:%3O'#$$! %$! +#$$! 7:('! ]5?! A:#!9(11#+!

0(;+7!%$!('!-6#'!$71;37;1#!C%7:!'#%7:#1!9(3O!'-1!.1-'7!(')!#'3+-$#$!(!B;%7#!

+(1&#!(13:%7#37;1(+!(1#(!-.!j\l!5[?!!

!

! !

?8*41(=L.BS=AN(=*'%02'=*(%+(,15=%>=,N(=0211('=724',=2$)=-%+(=)8+($-8%$-=

!

!

!

!
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4.3 Structural model 
!

A:#!$71;37;1(+!('(+,$%$!%$!)-'#!;$%'&!7:#!$-.7C(1#!24I*!D2*U=A![24I*K![\\k]?!

I7!%$!(!$-.7C(1#!7--+!7-!)#$%&'K!3(+3;+(7#!(')!#0(+;(7#!3-'$71;37%-'$!3-'.-15!

7:#!(66+,%'&!9;%+)%'&!$7(')(1)$?!!

!
4.3.1 Introducing dummies 

24I*!D2*U=A!%$!&#'#1(++,!(%5#)!(7!$7(')(1)!3-'$71;37%-'$?!A:#1#.-1#!5-)#+!

($$;567%-'$! 5;$7! 9#! 5()#! 7-! %'0#$7%&(7#! )#6+-,(9+#! $3%$$-1! $71;37;1#$?!

A:#! 1#0-+;7#! N-%'7! (++-C%'&! (! 1#+(7%0#! 1-7(7%-'!9#7C##'! 7:#!9#(5$! 3(''-7!

9#!$%5;+(7#)!%'!24I*!D2*U=A?!!

A:#! $-+;7%-'! %$! &%0#'! 9,! %'71-);3%'&! L);55%#$M?! A:#$#! (1#! $5(++! 9#(5$K!

-..$#77%'&! 7:#! /24P$! %'! )%..#1#'7! 6+('#$! (')! 61-0%)%'&! 7:#! 6-$$%9%+%7,! 7-!

)#.%'#!3-11#37!1#+#($#$!9#7C##'!7:#!9#(5$!XE%&;1#!i?[Y?!A:#!);55%#$!(1#!(!

&--)! (661-Q%5(7%-'!-.! 7:#! 1#(+! +%.#! $71;37;1#>! );#! 7-! 7:#! 7:%3O'#$$! -.! 7:#!

$#37%-'$! -.! 7:#! 9#(5$! 7:#$#! 3(''-7! 9#! 3-''#37#)! %'! 7:#%1! 7:#-1#7%3(+!

%'7#1$#37%-'! '-)#$?! A:%$! 1#B;%1#$! 7:#! 1#(+%$(7%-'! -.! $6#3%.%3! N-%'7$! X3.1?!

4:(67#1!oY?!!

!

A:#! );55%#$! (1#!5-)#++#)! ($! $7##+! 9#(5$! C%7:! (! +(1&#! $7%..'#$$! X1z! ]#_!

8=(Y! (')! 5-5#'7! -.! %'#17%(! 7-! 5(O#! 7:#%1! %'.+;#'3#! -'! 7:#! $71;37;1#!

)#$%&'! ($! $5(++! ($! 6-$$%9+#?! A:#!);55%#$! X-1! 7:#! N-%'7$Y! (1#! '-7! ('(+,$#)!

(')!)%5#'$%-'#)!%'!7:%$!)%$$#17(7%-'?!A:#1#.-1#K!5;+7%6+#!($6#37$!$:-;+)!9#!

3-'$%)#1#)!$;3:!($!$71;37;1(+!7-+#1('3#$K! %56#1.#37%-'$!(')!.1%37%-'?!A:#$#!

3-;+)!9#!%'0#$7%&(7#)!%'!(!5-1#!61-.-;')!1#$#(13:?!!

!

!

!

!

!
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!

?8*41(= L.CS= AN(= 0(2+'8#(= )4++8(-= J1()KS= 0'4(= "81"'(-= 8$)8"2,(= ,N(= I%--80'(= )81(",8%$-= %>=

1%,2,8%$=

!
4.3.2 SLE beams 

*$! #Q6+(%'#)! %'!4:(67#1!j! 7:#!/24!3-'$%$7$! -.! 7:1##! 7,6#$!-.!9#(5$K! #(3:!

C%7:! %7$! -C'! .;'37%-'! %'! 7:#! &#-5#71%3(+! )#$%&'>! X]Y! 7:#!5($7! X,z![5YK! X[Y!

7:#! -9+%B;#! 9#(5$! X,z! ]K\k5Y! (')! XjY! 7:#! $71;7! X,z! \Kjl5Y?! A:#$#! (1#!

5-)#++#)!($! 7,6#!2[jo!$7##+!(')!(1#!&%0#'!(!61-.%+#! $#37%-'!82JJi?! I'! 7:%$!

%'%7%(+! $7;),K! C:#1#! 7:#! %56+%3(7%-'$! -.! 7:#! &#-5#71,! (1#! #Q(5%'#)!

$71;37;1(++,K! $7##+! %$! 3:-$#'! ($! 5(7#1%(+! .-1! (! .%1$7! )#$%&'! 3(+3;+(7%-'?! *!

.;17:#1!1#$#(13:!3-;+)!#Q6+-1#!7:#!#..#37$!-.!(+;5%'%;5!-1!#0#'!3-56-$%7#$!

($!5(7#1%(+?!!

A:#! 9#(5$! (1#! 3-''#37#)! C%7:! #(3:! -7:#1! %'! :%'&#)! '-)#$?! I.! 7:#!

3-56-'#'7!C#1#! 1#(+%$#)K!C#+)%'&! 3-''#37%-'$!C-;+)!9#!;$#)K! C:%3:! (1#!

9#77#1!$%5;+(7#)!9,!:%'&#)!'-)#$!%'$7#()!-.!3+(56#)!3-''#37%-'$?!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
i! 82JJ! %$! (! 61-.%+#! -.! 7:#! D;1-6#('! +%91(1,! %'! 24I*! D2*U=A>! 271;37;1(+! :-++-C! $#37%-'t!
W(++-;1#3U8(''#$5(''!A;9#$tD)?]mml?!

(?! 9?!

9?!

(?!
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!

_[!

!

?8*41(=L.ES=G(,28'=78(&=%>=2=4$87(1-2'=-"8--%1="%+I%$($,=8$=,N(=*'%02'=-,14",41(=J1()K=

!
4.3.3 Membrane as plates 

H#'#1(++,K! 5-9%+#! )#6+-,(9+#! $71;37;1#$! 3-'$%$7! -.! (! C#(7:#1! 61-7#37%'&!

5#591('#?! A:#! $-.7C(1#! D*2F! 61-0%)#$! 7:#! 7--+$! 7-! ('(+,Z#! $;3:!

5#591('#$! ;')#1! +-()%'&! 3-')%7%-'$K! )#.%'%'&! 7:#! 61#U7#'$%-'! %'!

5#591('#!(')!3(9+#$?!

A:%$! 7:#$%$!:-C#0#1!.-3;$#$!-'! 7:#!.#($%9%+%7,!-.!7:#!)#$%&'#)!$7##+!$3%$$-1!

$71;37;1#K! C%7:-;7! )#7(%+$! 1#&(1)%'&! (! 5-1#! (33;1(7#! +-()! 71('$.#1! C%7:! (!

61#U7#'$%-'#)!5#591('#?! A:#1#.-1#! ["! 6+(7#! #+#5#'7$! (1#! %'71-);3#)! %'!

7:#!$71;37;1#!7-!.-15!(!j"!$:#++?! I'!7:%$!3($#!7:#!3(+3;+(7#)!C%')!(')!$'-C!

+-()$!3('!9#!#($%+,!&#'#1(7#)!($!(1#(!.-13#$!%'!24I*!D2*U=A?!!

!

A:#! ["! #+#5#'7$! (1#!5-)#++#)! ($! 7:%'! (+;5%'%;5!6+(7#$! X7:%3O'#$$! [55Y!

C%7:!('!()N;$7#)!$#+.!C#%&:7!7-!(661-(3:!7:#!$#+.UC#%&:7!-.!(!5#591('#!%'!

3($#!-.!5-9%+#!$71;37;1#$!X_\\&1t5[Y?! I'!3-'71($7!7-!5#591('#$K!C:%3:!(1#!

3:(1(37#1%Z#)!9,!(!6+('#!$71#$$! $7(7#K! 7:#!(+;5%'%;5!6+(7#$!:(0#!(! 3#17(%'!

9#')%'&!$7%..'#$$!-;7!-.!6+('#?!A:%$!3('!9#!'#&+#37#)!(33-1)%'&!7-!7:#!$5(++!

271;7!

8($7!

G9+%B;#!9#(5!
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!

_j!

6+(7#! 7:%3O'#$$K! C:%3:! 5(O#! 7:#$#! 6+(7#$! (! &--)! (661-Q%5(7%-'! -.! (!

5#591('#!5-)#+!.-1!(!61#+%5%'(1,!)#$%&'?!!

!!!!!!!!!!!!!!!!!!!!!!!

!

?8*41(=L.LS=G(,28'=78(&=%>=I'2,(=('(+($,=8$=,N(=*'%02'=-,14",41(=J1()K=

!
4.3.4 Cable segments 

I'!3($#!$7;),![!6($$%0#!(')!(37%0#!3(9+#!$#&5#'7$!(1#!())#)! 7-! 7:#!&+-9(+!

9(11#+! 0(;+7! $71;37;1#?! *'! (37%0#! 3(9+#! 1;'$! 7:1-;&:! 7:#! 5#3:('%$5K!

3-''#37%'&! ;66#1! (')! +-C#1! '-)#$! (+-'&! %7$! 6(7:?! *.7#1! )#6+-,5#'7! %7! %$!

+-3O#)! 7-!$7%..#'! 7:#!$71;37;1#?!=($$%0#!3(9+#$!(1#!;66#1!3(9+#$!3-''#37%'&!

7:#!;66#1!'-)#$!(')! +-C#1!3(9+#$!(1#!3-''#37%'&! 7:#!+-C#1!'-)#$?!*$! 7:#!

(37%0#! 3(9+#! .;+.%+$! 7:#! )#6+-,5#'7K! 7:#! 6($$%0#! 3(9+#$! 9#3-5#! 7#'$%-'#)K!

())%'&! ('! #Q71(! $7%..'#$$! 7-! 7:#! $71;37;1#! (')! (0-%)%'&! 7:(7! 7:#! $71;37;1#!

)#6+-,$!7--!.(1!!XE%&;1#!i?oY?!!

!

!

!

!
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!

_i!

I'! 24I*! D2*U=A! %7! %$! '-7! 6-$$%9+#! 7-! $%5;+(7#! (! .;++U+#'&7:! 3(9+#! 6($$%'&!

7:1-;&:!7:#!$71;37;1#?!A:#1#.-1#!7:#!6($$%0#!(')!(37%0#!3(9+#$!(1#!5-)#++#)!

%'! )%$31#7#! 3(9+#! $#&5#'7$?!8-1#-0#1! '-!61#U7#'$%-'! %$! %'71-);3#)! %'! 7:#!

3(9+#$K! C:%3:! 61-0%)#$! %'! 1#(+%7,! (! 3-'71%9;7%-'! 7-! 7:#! -0#1(++! $71;37;1(+!

6#1.-15('3#?! *'! %7#1(7%0#! 61-3#$$! C-;+)! )#7#15%'#! 7:#! -67%5(+! 61#U

7#'$%-'!%'!7:#!3(9+#$K!C:%3:!.(++$!-;7$%)#!7:#!$3-6#!-.!7:%$!C-1O?!

A:#! 3(9+#! $#&5#'7$! (1#! 5-)#++#)! ($! $7##+! J"o! 61-.%+#$K! 7:(7! 3('! -'+,!

71('$.#1!7#'$%-'!.-13#$?!

! !

! !

/')#6+-,#)! $7(7#>! (37%0#! (')! 6($$%0#!
3(9+#$!(1#!+--$#!

E;++,! )#6+-,#)! $7(7#>! (37%0#! 3(9+#! %$!
$:-17#'#)!(')! +-3O#)!(')! 7:#!6($$%0#!
3(9+#$!(1#!(7!.;++!7#'$%-'!

?8*41(=L.MS=/$,(12",8%$=0(,&(($=2",87(=J1()K=2$)=I2--87(="20'(-=)418$*=)(I'%5+($,==

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
o! J"! %$! (! 61-.%+#! -.! 7:#! D;1-6#('! +%91(1,! %'! 24I*! D2*U=A>! 1-;')! $#37%-'! 9#(5t! 27(:+! %5!
R-3:9(;t]i!*;.+(&#!T(')!ItA#%+!]?!
!
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!

_o!

4.3.5 Global model 

A:#! +-C#1! (')! %''#1! '-)#$! 7-;3:%'&! 7:#! &1-;')! (1#! .%Q#)! C%7:! 6%''#)!

$;66-17$!X-'+,!7:#!1-7(7%-'!%$!:#+)!.1##Y?!A:%$!1#5-0#$!7:#!5-9%+%7,!.1-5!7:#!

5#3:('%$5!(')!#'(9+#$!%7!7-!(37!($!3-'$71;37%-'!(')!71('$.#1!+-()$?!!

A:#! &+-9(+! 3--1)%'(7#! $,$7#5! (')! 7:#! +-3(+! 3--1)%'(7#! $,$7#5! -.! (! 9#(5!

(1#!$:-C'!%'!E%&;1#!i?_?!

!

!

!!!!!!! !!

?8*41(=L.PS=F'%02'="%%1)8$2,(=-5-,(+=J'(>,K=2$)='%"2'="%%1)8$2,(=-5-,(+=J18*N,K=

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

__!

4.4 Load cases 
!

A:#!9(11#+! 0(;+7! $71;37;1#! %$!)%5#'$%-'#)!C%7:! 7:#!(37%-'!-.!3+%5(7#! +-()$!

(')! $#+.UC#%&:7?! A:1##! )%..#1#'7! 3+%5(7#! +-()$! (1#! 3-'$%)#1#)>! 71('$0#1$#!

C%')K!+-'&%7;)%'(+!C%')!(')!$'-C!XE%&;1#!i?kY?!I'!(!5-1#!61-.-;')!('(+,$%$!

-7:#1!C%')!)%1#37%-'$!$:-;+)!(+$-!9#!#Q(5%'#)?! I'!(!.;7;1#!#)%7%-'!-.!24I*!

D2*U=A! 7:#! (9%+%7,! C%++! #Q%$7! 7-! &#'#1(7#! (;7-5(7%3(++,! (! j"! C%')! -'! 7:#!

$71;37;1#K! %'0#$7%&(7%'&!(++! 31%7%3(+!C%')!)%1#37%-'$?!@-7!6-$$%9+#! 7-!;$#! 7:#!

j"! C%')! &#'#1(7-1! -'! 7:%$! -6#'! $3%$$-1! 3-'$71;37%-'K! -'+,! 7C-! C%')!

)%1#37%-'$! (1#! ;$#)! .-1! 7:%$! $%56+%.%#)! (661-(3:?! A:#! +-()! 3($#$! (1#!

3(+3;+(7#)!($!61#$31%9#)!%'!D;1-3-)#!]![[\\_]?!V:#'#0#1!($$;567%-'$!(1#!

5()#!-1!$%56+%.%3(7%-'$!(1#!)-'#K!7:#!5-$7!;'.(0-;1(9+#!0(+;#!%$!3:-$#'?!!

!

!

?8*41(=L.DS=3"N(+2,8"=1(I1(-($,2,8%$=%>="'8+2,(='%2)-=

!

!

!

!

!

!

2'-C!

<-'&%7;)%'(+!C%')! A1('$0#1$#!C%')!
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!

_k!

4.4.1 Wind 

A:#!1#.#1#'3#!C%')!61#$$;1#!%$!#Q61#$$#)!($>!!

F1#.!z!%t[!?!M
B
=4;!!!!! ! ! Xi?]Y!

M=4;!z!*./0!?!*-12!?!*+,-!?!M=4;AN!!! ! Xi?[Y!

!

A:#!)#7#15%'%'&!.(37-1$!(1#!61#$#'7#)!%'!A(9+#!i?]!?!A:%$!1#$;+7$! %'!(!0(+;#!

.-1!F=4;!z!\K[km!O@t5
[?!

A:#!7-7(+!C%')!61#$$;1#!(37%'&!-'!7:#!$;1.(3#$!X["!6+(7#$Y!%$!-97(%'#)!.1-5>!!

P!z!P4!s!P85! ! ! ! Xi?jY!

P4!z!F=4;!?!346#475?!3945! ! ! Xi?iY!

P8!!z!F=4;!?!346#87!!?!3985! ! ! Xi?oY!

!

A:#! 61#$$;1#! -'! 7:#! #Q7#1'(+! (')! %'7#1'(+! $;1.(3#$! %$! )#7#15%'#)! 9,! (!

61#$$;1#!3-#..%3%#'7!1#+(7#)!7-!7:#!&#-5#71,!-.!7:#!$71;37;1#K!C:%3:!5#('$!

7:#!$;1.(3#!%$!)%0%)#)!%'7-!$#0#1(+!Z-'#$K!#(3:!C%7:!7:#%1!-C'!39?!!

!

D;1-3-)#! ]! [[\\_]! 61#$31%9#$! :-C! 7:#! 61#$$;1#! 3-#..%3%#'7$! .-1! (! 9(11#+!

0(;+7! $71;37;1#! 3('! 9#! )#7#15%'#)! %'! 3($#! -.! 71('$0#1$#! C%')?! E-1! 7:#!

$%7;(7%-'! -.! +-'&%7;)%'(+! C%')K! ($$;567%-'$! 5;$7! 9#! 5()#! 9,!

(661-Q%5(7%-'$! 7-! -7:#1! $71;37;1#! &#-5#71%#$?! I'! 7:%$! +(77#1! 3($#! 7:#!

61#$$;1#!3-#..%3%#'7$!(1#!-97(%'#)!9,!1#.#11%'&!7-!["#!A#55#15('K![\\k]?!

!

A(9+#! i?[! &%0#$! (! $;55(1,! -.! (++! -97(%'#)! 0(+;#$! .-1! 7:#! #Q7#1'(+! (')!

%'7#1'(+! C%')! 61#$$;1#! (')! #Q6-$;1#! 3-#..%3%#'7$! (')! 7:#! 1#$;+7%'&! 7-7(+!

61#$$;1#!6#1! +-()!Z-'#!(')!C%')!)%1#37%-'?! E%&;1#! i?l! $:-C$! 7:#!)%..#1#'7!

+-()!Z-'#$!(')!61#$#'7$!7:#!C%')!61#$$;1#!(')!$;37%-'?!

!

!
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!

_l!

A20'(=L.BS=?2",%1-=)(,(1+8$8$*=,N(=1(>(1($"(=&8$)=I1(--41(=

'! *%1!)#'$%7,!XO&t5jY! ]K[o!

3"IJ! "%1#37%-'!.(37-1! ]!

3AD8! A#56-1(1,!.(37-1!X-'#!5-'7:!#Q6-$;1#!s!@-0#59#1Y! \Kl\_!

3*<A! *+7%7;)#!.(37-1! ]!

01#.K\! T($%3!0#+-3%7,!X5t$Y! [_K[!

!

A20'(=L.CS=?2",%1-=)(,(1+8$8$*=,N(=,%,2'=&8$)=I1(--41(=

Z#! DQ7#1'(+!1#.#1#'3#!:#%&:7!X5Y! iKj[o!

4#XZ#Y! DQ6-$;1#!3-#..%3%#'7! ]Klio!

41XZ#Y! J-;&:'#$$!.(37-1! \Klik!

O7! A#11(%'!.(37-1!s!7#11(%'!.(37-1!II! \K]m!

Z%! I'7#1'(+!1#.#1#'3#!:#%&:7!X5Y! iKj[o!

µ! G6#'%'&!1(7%-! ]!

A1('$0#1$#!C%')!

|-'#! 46#! C#!XO@t5
[Y! 46%! C%!XO@t5[Y! C!XO@t5[Y!

*! \Kl! \Ki]]! U\Ko! U\K[ok! \K__l!

T! U]K[! U\K_]k! U\Ko! U\K[ok! U\Kj_\!

4! U\Ki! U\Kj\i! U\Ko! U\K[ok! U\K\ik!

<-'&%7;)%'(+!C%')!

|-'#! 46#! C#!XO@t5
[Y! 46%! C%!XO@t5[Y! C!XO@t5[Y!

"! U\K_! U\Kj\m! \K]i! \K\k[! U\Kjl]!

D! U\Kj! U\K]oi! \K]i! \K\k[! U\K[[_!

E! U\K[! U\K]\j! \K]i! \K\k[! U\K]ko!

!

!

!

!

!
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!

_m!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!=+('!0%#C!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2#37%-'!0%#C!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

!

!

!

!

!

!

?8*41(=L.OS=3"N(+2,8"=1(I1(-($,2,8%$=%>=&8$)='%2)-=2$)=_%$(-=

!
4.4.2 Snow 

A:#!$'-C!+-()!%$!3(+3;+(7#)!C%7:!7:#!.-++-C%'&!.-15;+(>!!

I!z!µ85?!34!?!3&!?!ID5! ! ! Xi?_Y!

A:#! )#7#15%'%'&! $'-C! .(37-1$! (1#! 61#$#'7#)! %'! A(9+#! i?jK! 1#$;+7%'&! %'! (!

$'-C!+-()!-.!]O@t5[?!T#3(;$#!$;1.(3#$!C%7:!('!%'3+%'(7%-'!-.!_\u!(')!(9-0#!

(1#!($$;5#)!7-!9#!C%7:-;7!$'-CK!7:#!$'-C!+-()!%$!-'+,!(66+%#)!7-!7:#!Z-'#$!

(7!7:#!7-6!-.!7:#!3('-6,K!($!$:-C'!%'!E%&;1#!i?m?!

!

!



4:(67#1!i!s!271;37;1(+!*'(+,$%$!-.![!3($#!$7;)%#$!
!

k\!

A20'(=L.ES=?2",%1-=)(,(1+8$8$*=,N(=-$%&='%2)=

µ%! E-15!.(37-1! [!

4#! DQ6-$;1#!3-#..%3%#'7! ]!

47! A#56#1(7;1#!3-#..%3%#'7! ]!

$O!
4:(1(37#1%$7%3! $'-C! +-()! -'! 7:#! &1-;')! XO@t5[Y! .-1! (!
71('$6-17(9+#!(33-55-)(7%-'!(')! $'-C!(33;5;+(7%-'!C%7:%'!
[i!:-;1$![2A*@*H![lmoK!]mm\]!

\Ko!

!

!

!!!!!!!!!!!!!A1('$0#1$#!$#37%-'!0%#C!!!!!!!!!!!!!!!!!!!!!!!!<-'&%7;)%'(+!$#37%-'!0%#C!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

?8*41(=L.QS=3"N(+2,8"=1(I1(-($,2,8%$=%>=-$%&='%2)==

!
4.4.3 Load combinations 

4-'$%)#1%'&! 7:#! 7:1##! 5-9%+#! +-()$! s! 71('$0#1$#! C%')K! +-'&%7;)%'(+! C%')!

(')! $'-C! s! $#0#'! +-()! 3-59%'(7%-'$! (1#! 3-56%+#)K! (33-1)%'&! 7-! 7:#!

61#$31%9#)! 3-59%'(7%-'! .(37-1$! XA(9+#! i?iY?! A:#! 7C-! C%')! +-()$! :(0#! (!

)%$7%'37!)%1#37%-'}!:#'3#!%7!%$!($$;5#)!7:(7!7:#$#!3(''-7!%'7#1(37!7-&#7:#1?!!

V%7:!>! 7:#!6#15('#'7! +-()$K!G! 7:#!5-9%+#! +-()$K!#! 7:#%1!1#$6#37%0#!$(.#7,!

.(37-1$!(')!R!(!.(37-1! %'!3($#!-.!())%7%-'(+!5-9%+#!+-()$K!7:#!7-7(+!+-()!3('!

9#!C1%77#'!%'!%7$!&#'#1(+!.-15>!!

<!z!(%!#>!>DA8!{!#G5GDA@!{!(N!#G5RNA@5GDA^!! !!!!!!!!!!!!!!!!!!!Xi?kY!
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!

k]!

I'! 7:#! ;+7%5(7#! +%5%7! $7(7#! X/<2Y! 7:#! $71#'&7:! X)#7#15%'(7%-'! -.! $#37%-'$Y!

(')! $7(9%+%7,! X9;3O+%'&! ('(+,$%$Y! -.! 7:#! $71;37;1#! (1#! 0#1%.%#)K! C:%+#! 7:#!

$#10%3#! +%5%7! $7(7#! X2<2Y! %$! ;$#)! .-1! 7:#! 3-'71-+! -.! 7:#! $7%..'#$$!

X)%$6+(3#5#'7$Y?! A:#! /<2! (')! 2<2! +-()! 3($#$! (1#! ;$#)! 7-! )#7#15%'#! 7:#!

(37%-'$!-'!7:#!9#(5!$71;37;1#!9,!+-()%'&!-.!7:#!6+(7#!#+#5#'7$?!!
!

A20'(=L.LS=;%+08$2,8%$=>2",%1-=2$)='%2)="2-(-=

! $H! $~! p\K]!C%')! p\K]!$'-C!

/<2! ]Kjo! ]Ko! \K_! \Ko!

2<2! ]! ]! \K_! \Ko!

<-()!3($#! =#15('#'7!+-()! 8(%'!5-9%+#!+-()! *))%7%-'(+!5-9%+#!+-()!

/<2t2<2!]! 2#+.UC#%&:7! 2'-C! !

/<2t2<2![! 2#+.UC#%&:7! A1('$0#1$#!C%')! !

/<2t2<2!j! 2#+.UC#%&:7! <-'&%7;)%'(+!

C%')!

!

/<2t2<2!i! 2#+.UC#%&:7! 2'-C! A1('$0#1$#!C%')!

/<2t2<2!o! 2#+.UC#%&:7! A1('$0#1$#!C%')! 2'-C!

/<2t2<2!_! 2#+.UC#%&:7! 2'-C! <-'&%7;)%'(+!C%')!

/<2t2<2!k! 2#+.UC#%&:7! <-'&%7;)%'(+!

C%')!

2'-C!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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4.5 Structural analysis 
!
4.5.1 General approach 

*33-1)%'&!7-!D;1-3-)#!j![[\\k]K!(!.%1$7!-1)#1!X+%'#(1Y!('(+,$%$!5(,!9#!;$#)!

.-1!(!$71;37;1#K!%.!7:#!%'31#($#!-.!7:#!1#+#0('7!%'7#1'(+!.-13#$!-1!5-5#'7$!-1!

(',! -7:#1! 3:('&#! %'! $71;37;1(+! 9#:(0%-;1! 3(;$#)! 9,! )#.-15(7%-'! 3('! 9#!

'#&+#37#)?! A:%$! 3-')%7%-'!5(,!9#! ($$;5#)! 7-! 9#! .;+.%++#)K! %.! 7:#! .-++-C%'&!

31%7#1%-'!%$!$(7%$.%#)>!!

!*=!z!<*=t<1:!)!]\!! ! ! Xi?lY!

!*=! %$! 7:#! .(37-1!9,!C:%3:! 7:#!)#$%&'! +-()%'&!:($! 7-!9#! %'31#($#)! 7-! 3(;$#!

#+($7%3!%'$7(9%+%7,!%'!(!&+-9(+!5-)#?!I.!!*=!:($!(!0(+;#!+-C#1!7:('!]\K!(!$#3-')!

-1)#1!X'-'U+%'#(1Y!3(+3;+(7%-'!'##)$!7-!9#!#Q#3;7#)?!*!$71;37;1(+!('(+,$%$! %$!

6#1.-15#)!%'!/<2!7-!#Q(5%'#! 7:#!$71;37;1#P$!$71#'&7:!X$#37%-'!)#$%&'Y!(')!

+-3(+! (')! &+-9(+! $7(9%+%7,! X9;3O+%'&! 3-'71-+Y?! 24I*! D2*U=A! C-1O$! %'!

(33-1)('3#!C%7:!D;1-3-)#!j![[\\k]?!!

!

D(3:! 7,6#! -.! 2<D! 9#(5! X5($7K! -9+%B;#! 9#(5! (')! $71;7Y! %$! -67%5%$#)!

$#6(1(7#+,?! A:#! $71;37;1#! )#$%&'! %$! 6#1.-15#)! 9,! 5#('$! -.! ('! %7#1(7%0#!

('(+,$%$!C%7:!7:#!(1#(!-.!7:#!$#37%-'!X7:;$!5%'%5;5!C#%&:7Y!($!-67%5%$(7%-'!

31%7#1%-'?! *.7#1! ('! -67%5%$(7%-'! (! .-++-C%'&! 3(+3;+(7%-'! %$! '#3#$$(1,! 7-!

1#)%$71%9;7#! 7:#! %'7#1'(+! .-13#$K! 1#.+#37%'&! 7:#! 1%&:7! 1#$;+7$! -.! 7:#!

-67%5%$(7%-'?! D(3:! 7%5#!)%..#1#'7! -67%5%$(7%-'! $7#6$! 3('!)%$7%'&;%$:!-7:#1!

$#37%-'$! ($! -67%5(+?! A:#! 1#3;11#'3#! -.! -67%5%$(7%-'! .-++-C#)! 9,! (!

3(+3;+(7%-'!3('!+#()!7-!('!%'.%'%7#!3,3+#?!!

A:#!-67%5%$(7%-'!%$!3:(1(37#1%$#)!9,!7:#!.(37-1!;>!!

;!z!&1:5t!&K"H5! ! ! ! Xi?mY!

A:#! .(37-1! ;!5(,!'-7! #Q3##)! 7:#! 0(+;#!-.!]K!-7:#1C%$#! 7:#!$#37%-'!C%++! .(%+!

;')#1!7:#!)#$%&'!+-()?!!
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*!9;3O+%'&!('(+,$%$! %$!6#1.-15#)!(;7-5(7%3(++,!(33-1)%'&! 7-! 7:#!3(+3;+(7#)!

9;3O+%'&! 6(1(5#7#1$! (')! 7:#! &+-9(+! $7(9%+%7,! %$! 3:#3O#)! 9($#)! -'! (!

3(+3;+(7%-'!C%7:!(!$7(9%+%7,!+-()!3-59%'(7%-'?!!

V:#'! ($$%&'%'&! $#37%-'$! 7-! 7:#! 9#(5$! 7:#! .-++-C%'&! 3-')%7%-'! (9-;7! 7:#!

1(7%-!9#7C##'!7:#!7:%3O'#$$!X&Y!(')!7:#!)%(5#7#1!X:Y!%$!7(O%'&!%'7-!(33-;'7>!

\K\[!�!&t:!�!\K]o! !!!!!!!!!!! ! Xi?]\Y!

A:#! +-C#1! 0(+;#! %$! 7:#! 5%'%5;5! 9-;')! 61#0#'7%'&! +-3(+! 9;3O+%'&!

6:#'-5#'(![D;1-3-)#!jK![\\k]?!A:#!;66#1!9-;')#1! %$!$#7!($!3-55#13%(++,!

(0(%+(9+#}!+(1&#1!1(7%-$!(1#!+#$$!$71;37;1(+!#..%3%#'7![<(77#;1K![\\\]?!

!

A:#! $7%..'#$$! -.! 7:#! $71;37;1#! %$! ('(+,$#)! ;')#1! 2<2! 9,! 3:#3O%'&! 7:#!

)%$6+(3#5#'7$! -.! 7:#! '-)#$?! T#3(;$#! 7:%$! %$! (! 3-'3#67! .-1! (! 5-9%+#!

$71;37;1#K!7:#!$(5#!$71%37!1#B;%1#5#'7$!($!.-1!6#15('#'7!9;%+)%'&$!)-!'-7!

(66+,?!!

!

A:#! %'7#1'(+! .-13#$! %'! 7:#! 9#(5$! (1#! #Q61#$$#)! %'! 7:#! +-3(+! 3--1)%'(7#!

$,$7#5K! C:%+#! 7:#! 1#(37%-'! .-13#$! (')! 7:#! )%$6+(3#5#'7$! (1#! 61#$#'7#)!

(33-1)%'&!7-!7:#!&+-9(+!3--1)%'(7#!$,$7#5?!

!

!

!

!
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4.5.2 Case study 1 

!

?8*41(=L.BYS=3,14",41(=2$2'5-()=8$="2-(=-,4)5=BS=0211('=724',=&8,N=CG=I'2,(=('(+($,-=

!

A:#!5(%'!&-(+!-.!7:%$!3:(67#1!%$!7-!)%5#'$%-'!7:#!)#$%&'#)!$71;37;1#!;')#1!

7:#!61#$31%9#)!3+%5(7#!+-()$!(')!7-!%'0#$7%&(7#!;')#1!(!$%56+%.%#)!(661-(3:!

C:#7:#1!7:%$!)%5#'$%-'#)!$71;37;1#!%$!.#($%9+#!7-!3-'$71;37?!I'!7:%$!.%1$7!3($#!

$7;),!7:#!&+-9(+!9(11#+!0(;+7!%$!('(+,$#)!XE%&;1#!i?]\Y?!

!

E-1!7:%$!$71;37;1#K!!*=!:($!(!0(+;#! +-C#1!7:('!]\K!C:%3:!5#('$!7:(7!(!'-'U

+%'#(1! 3(+3;+(7%-'! :($! 7-! 9#! #Q#3;7#)K! ($!5#'7%-'#)! %'! $#37%-'! i?o?]?! A:#!

.(37!7:(7!!*=!%$!+(1&#1!7:('!]!5#('$!7:(7!7:#!$71;37;1#!3('!&+-9(++,!3(11,!7:#!

)#$%&'!+-()$>!7:#!&+-9(+!$7(9%+%7,!%$!#'$;1#)?!

A(9+#! i?o! $;55(1%$#$! 7:#! 1#$;+7$! .-1! 3($#! $7;),! ]?! A:#! )%..#1#'7! )#7(%+#)!

3(+3;+(7%-'!'-7#$!(1#!&%0#'!%'!*66#')%Q!j?!

!

A:#! &-0#1'%'&! +-()! 3-59%'(7%-'$! .-1! 7:#! )#$%&'! -.! 7:#! $#37%-'$! (1#! '-'U

+%'#(1!;+7%5(7#!+%5%7!$7(7#!@</<2!]!X$#+.UC#%&:7!{!$'-CY!(')!@</<2!i!X$#+.U

C#%&:7! {! $'-C!{! 71('$0#1$#!C%')Y?!E%&;1#!i?]]!$:-C$!:-C!7:#!$71;37;1#! %$!

)#.-15#)!%'!9-7:!3($#$?!

!
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A:#!-97(%'#)!5(Q%5(+!$#37%-'!)%(5#7#1!%$!(661-Q%5(7#!o!35K!C:%3:!3('!9#!

3-'$%)#1#)!($!(!.#($%9+#!$#37%-'!3-56(1#)!7-!7:#!#'3+-$%'&!(1#(!-.!j\l!5[?!!

A:#! 7-7(+!C#%&:7! -.! 7:#! $71;37;1#! %$! ]\j\\! O&K! -1! jjKo! O&t5[?! T#3(;$#! 7:#!

N-%'7$!(1#!'-7!$71;37;1(++,!('(+,Z#)!(')!)#$%&'#)K!7:#%1!C#%&:7! %$!'-7!7(O#'!

%'7-!(33-;'7?!G'!7:#!3-'71(1,K!(!$7(')(1)!C#%&:7!.-1!7:#!5#591('#!-.!_\\!

&1t5[!%$!%'3-16-1(7#)?!!

I'!7:%$!3($#!7:#!C#%&:7!-.!-'#!/'%0#1$(+!23%$$-1!4-56-'#'7!%$!]oKi!O&?!A:%$!

0(+;#! %$! (33#67(9+#! .-1! :(')+%'&! -.! 3:(1&#$! 5(';(++,! 9,! C-1O#1$! ($!

)#$31%9#)!9,!7:#!+#&(+!3-)#Q!3-'3#1'%'&!C#++U9#%'&!(7!C-1O![*J*TK![\\[]_?!

!

I7!3('!9#!'-7%3#)!7:(7!7:#!9#')%'&!5-5#'7$!(1#!0#1,!$5(++K!'#(1!Z#1-?!A:%$!

5#('$! 7:(7! 7:#! $71;37;1#! C%7:! 7:#! )#$%&'#)! $3%$$-1! 3-56-'#'7! 9#:(0#$!

$71;37;1(++,!#..%3%#'7K!5%'%5%Z%'&!9#')%'&!5-5#'7$?!!

A:#! )%$6+(3#5#'7$! 0(+;#$! X5(Q! jo55Y! $##5! (33#67(9+#! .-1! 7:%$! 7,6#! -.!

$71;37;1#!(')!7:#$#!C%++!'-7!)#&1()#!7:#!$#10%3#(9%+%7,!-.!7:#!$71;37;1#?!!

!

!

!

!

!

!

!

!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
_! *+7:-;&:! 7:#! 5(Q%5(+! C#%&:7! -.! (! +-()K! 5(';(++,! :(')+#)K! 9,! (! C-1O#1! %$! '-7! +#&(++,!
)#7#15%'#)K!('!(33#67(9+#!%')%3(7-1,!0(+;#!%$!$#7!(7![j!O&![*J*TK![\\[]?!!
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A20'(=L.MS=U4+(18"2'=1(-4',-=%>="2-(=-,4)5=B=

%31! 41%7%3(+!+-()%'&!3-#..%3%#'7! oK\_!!!@-'U+%'#(1!

2[jo! 27##+!5(7#1%(+! U!

V7-7! A-7(+!C#%&:7![O&]! ]\j\]K]!

C(! V#%&:7t(1#(![O&t5[]! jjKo!

C/24! V#%&:7!-.!-'#!/'%0#1$(+!23%$$-1!4-56-'#'7![O&]! ]oKi!

271#'&7:!

2#37%-'![55]! .! <-()!3-59%'(7%-'!X<4Y!

8($7!o]?\Q[?m55! \Kkk! @</<2!i!!

G9+%B;#!9#(5!o]?\Qj?[55! \Kmk! @</<2!]!

271;7![]?jQ[?j55! \Kkj! @</<2!i!

I'7#1'(+!.-13#$!

2#37%-'![55]!! @D)![O@]! 8,KD)![O@5]! 8ZKD)![O@5]! <4!

8($7!o]?\Q[?m55! U][K_j! \K\\! \K]_! @</<2!i!

G9+%B;#!9#(5!o]?\Qj?[55! U[iKj\! \K[]! \K[o! @</<2!]!

271;7![]?jQ[?j55! UlKi_! \K\\! \K]\! @</<2!i!

J#(37%-'$!

JQ![O@]! <4! J,![O@]! <4! JZ![O@]! <4!

U]jKjk! @</<2!i! Uj[K\k! @</<2!i! _[Kk_! @</<2!i!

"%$6+(3#5#'7$!

/Q![55]! <4! /,![55]! <4! /Z![55]! <4!

jiK\\! @<2<2![! Uj\K[\! @<2<2![! UjiKk\! @<2<2![!

!

! !

?8*41(=L.BBS=?1%$,=78(&=%>=,N(=)(>%1+()=-,14",41(=4$)(1=U<H<3=B=J'(>,K=2$)=U<H<3=L=J18*N,K=

J$%=-"2'(K=
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4.5.3 Case study 2 

A:%$!$#3-')!3($#!$7;),!C%++!#Q(5%'#! 7:#!#..#37$!-.! %'71-);3%'&!6($$%0#!(')!

(37%0#! 3(9+#! $#&5#'7$K! C:%3:! %'! 1#(+%7,! 3-'71%9;7#! 7-! 7:#!)#6+-,5#'7! (')!

7:#!-0#1(++!$71;37;1(+!6#1.-15('3#?!*$!5#'7%-'#)!%'! 7:#!)#$31%67%-'!-.!7:#!

$71;37;1(+!5-)#+! X6(1(&1(6:! i?j?iYK! '-! 61#U7#'$%-'! .-13#! %$! (66+%#)! %'! 7:#!

3(9+#$?! E%&;1#! i?][! (')! i?]j!61#$#'7! 7:#! &+-9(+! $71;37;1#!C%7:! 3(9+#$! (')!

$-5#!)#7(%+$?!

!

!

?8*41(=L.BCS= 3,14",41(= 2$2'5-()= 8$= "2-(= -,4)5=CS= 0211('= 724',=&8,N=CG=I'2,(=('(+($,-= 2$)=

"20'(=-(*+($,-=

! !

?8*41(=L.BES=G(,28'=78(&=%>=,N(=2",87(=J'(>,K=2$)=I2--87(=J18*N,K="20'(=-(*+($,-=J1()K=
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E-1! 7:%$! $71;37;1#K!!*=! :($!(+$-!(! 0(+;#! +-C#1! 7:('!]\K!C:%3:!5#('$! 7:(7!(!

'-'U+%'#(1!3(+3;+(7%-'!:($!7-!9#!#Q#3;7#)?!

A(9+#! i?_! $;55(1%$#$! 7:#! 1#$;+7$! .-1! 3($#! $7;),! [?! A:#! )%..#1#'7! )#7(%+#)!

3(+3;+(7%-'!'-7#$!(1#!&%0#'!%'!*66#')%Q!i?!

!

A:#!&-0#1'%'&!+-()!3-59%'(7%-'$!.-1!7:#!)#$%&'!-.!7:#!$#37%-'$!(1#!@</<2![!

X$#+.UC#%&:7! {! 71('$0#1$#! C%')Y! (')! @</<2! i! X$#+.UC#%&:7! {! $'-C! {!

71('$0#1$#!C%')Y?!E%&;1#!i?]i!$:-C$!:-C!7:#!$71;37;1#!%$!)#.-15#)!%'!9-7:!

3($#$?!

!

A:#! 5(Q%5(+! $#37%-'! )%(5#7#1! -97(%'#)! %$! (661-Q%5(7#! iK[! 35?! A:#! 7-7(+!

C#%&:7! -.! 7:#! $71;37;1#! %$! m\[o! O&K! -1! [m! O&t5[K! %'3+;)%'&! $7(')(1)!

5#591('#! (')! 3(9+#! C#%&:7?! I'71-);3%'&! 3(9+#! $#&5#'7$! :($! (! 6-$%7%0#!

#..#37!-'!9-7:!7:#!7-7(+!C#%&:7!(')!7:#!$#37%-'?!

A:#! C#%&:7! -.! (! $%'&+#! /24! %$! '-C! )#31#($#)! 7-! ][Ko! O&K! C:%3:! #Q3+;)#$!

5(';(+!+%.7%'&!61-9+#5$!.-1!C-1O#1$![*J*TK![\\[]?!!!

!

V:#'!3-'$%)#1%'&!A(9+#!i?o!XC%7:-;7!3(9+#$Y!(')!A(9+#!i?_!XC%7:!3(9+#$YK!(!

'-7%3#(9+#! )%..#1#'3#! %$! -9$#10#)! %'! 7:#! 1#(37%-'! .-13#$! (')! 7:#!

)%$6+(3#5#'7$?! A:#! #..#37! -.! %'3-16-1(7%'&! (! 3(9+#! %$! ('! (+7#1(7%-'! -.! 7:#!

$7%..'#$$K! 1#$;+7%'&! %'! (! 1#)%$71%9;7%-'! -.! .-13#$! (')! (! )#31#($#! %'! 6#(O!

)%$6+(3#5#'7! 0(+;#$?! I7! 3('! 9#! 3-'$%)#1#)! ($! (! $#+.U$7(9%+%$#)! $71;37;1#!

C:#1#!7:#!.-13#$!(1#!)#(+7!C%7:! %'7#1'(++,?!A:#!$71;37;1#!C%7:!3(9+#$!:($!(!

+-C#1! 7-7(+! C#%&:7! (')! 1#$;+7$! %'! +-C#1! 1#(37%-'! .-13#$K! C:%3:! 5#('! (!

$5(++#1!%56(37!-'!7:#!$%7#!X+%&:7C#%&:7!('3:-1$Y?!A:%$!%$!('!%56-17('7!($6#37!

.-3;$$%'&!-'!7:#!);1(9%+%7,!-.!5-9%+#!3-'$71;37%-'$?!!

!

!

!
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A20'(=L.PS=U4+(18"2'=1(-4',-=%>="2-(=-,4)5=C=

%31! 41%7%3(+!+-()%'&!3-#..%3%#'7! oKmj!!!@-'U+%'#(1!

2[jo! 27##+!5(7#1%(+! U!

V7-7! A-7(+!C#%&:7![O&]! m\[iK_!

C(! V#%&:7t(1#(![O&t5[]! [mKj!

C/24! V#%&:7!-.!-'#!/'%0#1$(+!23%$$-1!4-56-'#'7![O&]! ][Ko!

271#'&7:!

2#37%-'![55]! .! <-()!3-59%'(7%-'!X<4Y!

8($7!i[?iQ[?_55! \Klo! @</<2![!!

G9+%B;#!9#(5!jj?kQi?o55! \Km]! @</<2!i!

271;7![]?jQ[?j55! \Ko\! @</<2!i!

=($$%0#!3(9+#!)][55! \Km\! @</<2!i!

*37%0#!3(9+#!)l55! \Klm! @</<2![!

I'7#1'(+!.-13#$!

2#37%-'![55]!! @D)![O@]! 8,KD)![O@5]! 8ZKD)![O@5]! <4!

8($7!i[?iQ[?_55! U[\K[l! \K\\! \K[m! @</<2![!

G9+%B;#!9#(5!jj?kQi?o55! U[\Ko_! \K]o! U\K\]! @</<2!i!

271;7![]?jQ[?j55! UoK\[! \K\\! U\K\j! @</<2!i!

=($$%0#!3(9+#!)][55! [jKli! U! U! @</<2!i!

*37%0#!3(9+#!)l55! ]\Kil! U! U! @</<2![!

J#(37%-'$!

JQ![O@]! <4! J,![O@]! <4! JZ![O@]! <4!

U]jKl_! @</<2!i! U[iKm_! @</<2!]! ioK]]! @</<2!]!

"%$6+(3#5#'7$!

/Q![55]! <4! /,![55]! <4! /Z![55]! <4!

[kK]\! @<2<2![! U[oK]\! @<2<2![! U[kKl\! @<2<2![!

!

!
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l\!

! !

?8*41(=L.BLS=?1%$,=78(&=%>=,N(=)(>%1+()=-,14",41(=4$)(1=U<H<3=C=J'(>,K=2$)=U<H<3=L=J18*N,K=

J$%=-"2'(K=

!

!

!

!

!

!

!

!
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5 Technologies 
!

5.1 Joints 
!

41;3%(+!7-!(',!)#6+-,(9+#!$71;37;1#!(1#!7:#!N-%'7$?!D0#1,!;'%7K!C:#7:#1!%7!%$!(!

$7(')(1)! $3%$$-1! ;'%7! -1! 3-56-$#)! 9,! 7:#! /'%0#1$(+! 23%$$-1! 4-56-'#'7K!

3-'$%$7$! -.! (! 1#0-+;7#! N-%'7! X%'7#15#)%(7#! :%'&#Y! 3:(1(37#1%$#)! 9,! (!

1-7(7%-'(+!)#&1##!-.!.1##)-5K!(++-C%'&!)#6+-,5#'7!%'7-!(!3-56(37!9;')+#?!!

*7!7:#!#')!'-)#$!-.!7:#!$3%$$-1!;'%7$K!7:#!9#(5!#+#5#'7$!(1#!3-''#37#)!9,!

('-7:#1!1#0-+;7#!N-%'7?!!

!

I'!1#(+%7,K!7:#!5#59#1$!(')!7:#!N-%'7$!:(0#!)%$31#7#!)%5#'$%-'$K!;'+%O#!7:#!

7:#-1#7%3(+! &#-5#71%3! +%'#! 5-)#+$! C:%3:! :(0#! Z#1-! 7:%3O'#$$?! I'! 7:#-1,K!

9-7:! 3-56-'#'7$! -.! (! ;'%7! +%#! %'! (! 3-55-'! 6+('#?! *$! -66-$#)! 7-! 7:#!

7:#-1#7%3(+! -'#U)%5#'$%-'(+! 3-6+('(1! $3%$$-1$K! 7:#!6:,$%3(+! 9#(5$! (1#! '-7!

%'! 7:#! $(5#! 6+('#?! *! $3%$$-1! ;'%7! :($! ('! %5(&%'(1,! 3#'71#! 6+('#K! C:%3:!

$#6(1(7#$!7:#!7C-!3-56-'#'7$!+,%'&!-'!#%7:#1!$%)#!-.!7:(7!6+('#!XE%&;1#!o?]Y!

["#!A#55#15('K![\\k]?!

!

A:#!$%Z#!-.!7:#!N-%'7!X-1!:;9Y! %$! %'.+;#'3#)!9,!7:#!9#(5$!%7!:($!7-!3-''#37?!

A:#! C%)#1! 7:#! $#37%-'! (')! 7:#! :%&:#1! 7:#! ';59#1! -.! 9#(5$! 3-5%'&!

7-&#7:#1! %'! -'#! N-%'7K! 7:#! +(1&#1! 7:#! 1()%;$! -.! 7:#! N-%'7! 5;$7! 9#3-5#K! %'!

-1)#1! 7-! (33-55-)(7#! (++! #+#5#'7$! C%7:-;7! %'7#1.#1#'3#! );1%'&!

)#6+-,5#'7?!!

!

A:#!$#37%-'$!-.! 7:#!9#(5$!(1#! %')##)!('!%56-17('7!($6#37!7-!3-'$%)#1! %.!(!

+(1&#K!;'61(37%3(+!N-%'7!%$!7-!9#!(0-%)#)?!*$!(!1#$;+7!-.!7:#!$71;37;1(+!('(+,$%$!

%'! 7:#! .%1$7! 3($#! $7;),K! ($! )#$31%9#)! %'! 7:#! 61#0%-;$! 3:(67#1K! (!5(Q%5;5!

$#37%-'! -.! o]55! :($! 9##'! .-;')?! A:%$! )%5#'$%-'! 3('! 1#$;+7! %'! (! .#($%9+#!

N-%'7K!C:%3:!)-#$! '-7! :(0#! 7-! 7(O#!-'! +(1&#!61-6-17%-'$?! A:#! $#3-')! 3($#!
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$7;),! :($! 61-0#'! 7:(7! 3(9+#! $#&5#'7$! :(0#! (! 6-$%7%0#! #..#37! +#()%'&! 7-! (!

5(Q%5;5!$#37%-'!-.!i[Ki55K!(')!7:;$!1#$;+7%'&!%'!('!#0#'!$5(++#1!:;9?!

!

!

!

?8*41(=M.BS=?1%$,=2$)=,%I=78(&=%>=2=H3;=4$8,=1('2,87(=,%=,N(=,N(%1(,8"2'=I'2$(=

!

D$31%&! []mlo]!61-6-$#)!$-5#!3-'$71;37%-'(+!($6#37$K!C:%3:! .-15!7:#!9($%$!

-.! 7:#! C:-+#! )#$%&'! -.! (! .#($%9+#! )#6+-,(9+#! $71;37;1#?! 2-5#! -.! :%$!

6(17%3;+(1! $-+;7%-'$! .-1! N-%'7$! (1#! $:-C'! %'! E%&;1#! o?[?! I7! %$! %56-17('7! 7-!

1#(+%$#!7:(7!7:#!:;9$!C%++!:(0#!7-!(++-C!#0#1,!6-$$%9+#!5-0#5#'7!7-!#'$;1#!

(!$71#$$U.1##!)#6+-,5#'7?!!

!

!

?8*41(=M.CS=3%+(=(R2+I'(-=%>=e%8$,=I1%I%-()=05=W-"18*=[BQOM] =
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!

I'!3($#!-.!7:#!%'0#$7%&(7#)!9(11#+!0(;+7!$71;37;1#$K!5(Q%5(++,!.-;1!9#(5$!(1#!

3-''#37#)! %'! -'#! N-%'7>! 7C-!6-+(1! (')! 7C-! 71('$+(7%-'(+! 3-56-'#'7$! X$##!

$#37%-'!j?[?[?]Y?!*!$;&&#$7%-'!.-1!(!6-$$%9+#!N-%'7! %$!%++;$71(7#)!%'!E%&;1#!o?j?!

*$! $:-C'! %'! 7:#! +(77#1! .%&;1#K! 7:#! 9#(5$! 3('! 9#! 61-0%)#)! C%7:! C#)&#U

$:(6#)! #')! 6%#3#$K! C:%3:! (++-C! 7:#5! 7-! 9#! ($! 3-56(37+,! (11('&#)! ($!

6-$$%9+#!1#$;+7%'&!%'!('!#0#'!$5(++#1!N-%'7?!!

!

I'!3($#!-.!7:#!$%Q!)-5#$!($!61#$#'7#)!%'!6(1(&1(6:!j?[?[?[K!#%7:#1!7:1##!-1!

.%0#!9#(5!3-56-'#'7$!3-5#!7-&#7:#1!%'!(++!7:#!0#17%3#$K!)#6#')%'&!-'!7:#!

6-+,:#)1-'?!A:#1#.-1#K!7C-!7,6#$!-.!:;9$!(1#!)%$7%'&;%$:#)?!A:#!N-%'7$!3('!

:(0#! 7:#! $(5#! $:(6#! ($! 7:#! -'#! .-1! 7:#! 9(11#+! 0(;+7! $71;37;1#$K! 9;7! -'#!

N-%'7! 3-'$%$7$! -.! 7:1##! .%'$! (')! .-1! 7:#! $#3-')! )-5#! :;9! .%0#! .%'$! (1#!

'#3#$$(1,!XE%&;1#!o?iY?!!

I7! 3('! 9#! 3-'3+;)#)! 7:(7! .-1! 7:#! '%'#7##'! )#6+-,(9+#! $3%$$-1! $71;37;1#$K!

3-59%'#)! 9,! (! $%'&+#! /'%0#1$(+! 23%$$-1! 4-56-'#'7K! -'+,! 7:1##! )%..#1#'7!

7,6#$!-.!N-%'7!(1#!1#B;%1#)?!!!

!

A:#! 3#'71#+%'#$! -.! (++! ;'%7$! 3-''#37#)! 9,! (! 3#17(%'! N-%'7! :(0#! (! $%'&+#!

%'7#1$#37%-'!6-%'7! =K! ($! E%&;1#! o?o! 61#$#'7$?! I'! 7:#!)#6+-,#)!6-$%7%-'K! 7:%$!

%'7#1$#37%-'! 6-%'7! =! +%#$! -'! 7:#! 0#17%3(+! (Q%$! 7:1-;&:! 7:#! N-%'7?! *$! 7:#!

$71;37;1#!%$!3-56(37#)!7-C(1)$!%7$!;')#6+-,#)!$7(7#K!6-%'7!=!5-0#$!.;17:#1!

;6C(1)!;'7%+!(++!3#'71#+%'#$!(1#!6(1(++#+?!

A:#!9#(5$!(1#!3-''#37#)!7-!7:#!.%'$!%'!(!:%'&#!6-%'7!C:%3:!%$!'-7!(7!6-%'7!=?!

A:%$! #33#'71%3%7,! :($! ('! #..#37! -'! 7:#! $71;37;1(+! 6#1.-15('3#! -.! 7:#!

$71;37;1#! %'! 7:#! $#'$#! 7:(7! 7:%$! &#-5#71%3! %56#1.#37%-'! %');3#$! (! $#3-')!

-1)#1!#..#37K!%?#?!9#')%'&!%'!7:#!9#(5$!["#!A#55#15('K![\\k]?!

!
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?8*41(=M.ES=i%8$,="%$$(",8$*=>%41=0(2+="%+I%$($,-=[G(=A(++(1+2$X=CYYD] =

!

!

?8*41(=M.LS=i%8$,-=&8,N=,N1((=2$)=>87(=>8$-=>%1=,N(=)%+(=-,14",41(-=

!

!

!

!

!

!

?8*41(=M.MS=G418$*=)(I'%5+($,X=,N(=8+2*8$215=8$,(1-(",8%$=I%8$,=%>=,N(="($,1('8$(-=,127('-=

%$=,N(=7(1,8"2'="($,1('8$(=,N1%4*N=,N(=e%8$,=[G(=A(++(1+2$X=CYYD] =

!

=!

S-%'7!3#'71#+%'#!

/'%7!
3#'71#U!
+%'#!

=!
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5.2 Deployment 
!

I'!3($#!-.! 7:#! 1#(+%$(7%-'!-.! $3%$$-1U7,6#!)#6+-,(9+#!$71;37;1#$K! -'#!-.! 7:#!

5-$7! %56-17('7! 61-9+#5$! %$! 3-'3#1'#)! C%7:! 7:#! 1(7%-'(+! 5#7:-)! -.!

#Q6(')%'&?!@-7!-'+,!61-6-$#)!D$31%&![]mlo]!6-$$%9%+%7%#$!.-1!N-%'7!#+#5#'7$K!

9;7! :#! (+$-! 61#$#'7#)! 7:1##! )%..#1#'7! $-+;7%-'$! 1#+(7#)! 7-! #Q6(')%'&!

5#3:('%3(+!)#0%3#$>!('!#+#371%3!5-7-1!9,!5#('$!-.!(!$31#C!XE%&;1#!o?_(YK!(!

:,)1(;+%3! $,$7#5! XE%&;1#! o?_9Y! (')! (! 1-6#! 3-''#37%'&! )%$7('7! N-%'7$! 9,!

5#('$!-.!(!7#'$-1!#'&%'#!XE%&;1#!o?_3Y?!!

!

n-O(C(! []mmoK! ]mm_]! )#$%&'#)K! ('(+,$#)! (')! 3-'$71;37#)! (! Z%&Z(&U3(9+#!

$,$7#5?! A:#! 3(9+#! 6($$#$! 7:1-;&:! 6;++#,$! C:%3:! (1#! %'$7(++#)! (7! 7:#!

3-''#37%-'!6-%'7$! 9#7C##'! 7:#! $3%$$-1! ;'%7$?!";1%'&!C%')%'&!;6! 7:#! 3(9+#!

9,! (! C%'3:K! 7:#! $71;37;1#! #Q6(')$! (')! %$! .-13#)! 7-! +%.7! ;6?! E%&;1#! o?k!

61#$#'7$! 7:#! 3(9+#! (11('&#5#'7! (')! 7:#!9($%3! %)#(! -.! 7:#! 3:('&%'&! .-15?!

*33-1)%'&! 7-! 3-56;7(7%-'(+! $%5;+(7%-'$K! %7! %$! $:-C'! ';5#1%3(++,! 7:(7! 7:#!

Z%&Z(&! 3(9+#! 6+(,$! ('! %56-17('7! 1-+#! %'! 7:#! 6-%'7! -.! $71;37;1(+! #..%3%#'3,!

%561-0#5#'7?!!

!

!
!

!
!

!
!
!

?8*41(=M.PS=WRI2$)8$*=+("N2$8"2'=)(78"(-=I1%I%-()=05=W-"18*=[BQOM] =

(?! 9?! 3?!
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!

!

?8*41(=M.DS=AN(=_8*_2*]"20'(=2112$*(+($,=2$)=,N(=02-8"=8)(2=%>=)(I'%5+($,=

!

*.7#1!n-O(C(![]mmoK]mm_]K!7:%$!1#$#(13:!(+$-!#Q(5%'#)!7:#!%'71-);37%-'!-.!

(! $%56+%.%#)! 3(9+#! $,$7#5! %'! 7:#! 9(11#+! 0(;+7! $71;37;1#! X3.1?! 4:(67#1! iY?! *!

Z%&Z(&U3(9+#K! 3(++#)! 7:#! (37%0#! 3(9+#K! 1;'$! 7:1-;&:! 7:#! 5#3:('%$5K!

3-''#37%'&!;66#1!(')!+-C#1!'-)#$!(+-'&!%7$!6(7:?!=($$%0#!3(9+#$!(1#!;66#1!

3(9+#$!3-''#37%'&! 7:#!;66#1!'-)#$!(')! +-C#1!3(9+#$!3-''#37%'&!7:#!+-C#1!

'-)#$?! *$! 7:#! (37%0#! 3(9+#! .;+.%+$! 7:#! )#6+-,5#'7K! 7:#! 6($$%0#! 3(9+#$!

9#3-5#!7#'$%-'#)K!())%'&!('!#Q71(! $7%..'#$$! 7-! 7:#!$71;37;1#!(')!(0-%)%'&!

7:(7! 7:#!$71;37;1#!)#6+-,$! 7--! .(1! XE%&;1#!i?oY?! *33-1)%'&! 7-! 7:#!$71;37;1(+!

1#$;+7$!-.!3($#!$7;),![!%'!61#0%-;$!3:(67#1K!%7!3('!9#!3-'3+;)#)!7:(7!())%'&!

3(9+#$!7-!7:#!$71;37;1#!1#$;+7$!%'!(!+-C#1!7-7(+!C#%&:7!(')!%'71-);3#$!(!$#+.U

$7(9%+%$%'&!6:#'-5#'-'?!!

!

A:#! :-++-C! 3,+%')1%3(+! :;9! -.! 7:#! 61-6-$#)! N-%'7! X1#)! %'! E%&;1#! o?jY! 3('!

(33#67! ('! (37%0#! 3(9+#K! &;%)#)! 9,! (! 6;++#,! $,$7#5K! .-1! $7%..#'%'&! 7:#!

$71;37;1#! (.7#1! )#6+-,5#'7! -1! .-1! 1(%$%'&! 7:#! 5#591('#! (')! 91%'&%'&! %7!

;')#1!61#U7#'$%-'["#!A#55#15('K![\\k]?!!

!

I'$7#()! -.! ;$%'&! $7##+! 3(9+#$! %7! %$! 3-55-'! 61(37%3#! %'! 7:#! )#$%&'! (')!

1#(+%$(7%-'! -.! )#6+-,(9+#! $71;37;1#$! 7-! #56+-,! 1-6#$?! E+#Q%9%+%7,! 5(O#$!

1-6#$!(&%+#!(')! #($,! 7-!:(')+#!;')#1!(++!C-1O%'&! 3-')%7%-'$?!A:#,!(1#!'-7!

$#'$%7%0#! 7-! 3-11-$%-'! (')! (!C(7#1! 1#6#++#'7! 61-7#37%-'! O##6$! 1-6#$! .1-5!
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$C#++%'&! C:#'! C#7K! (')! 61#0#'7$! 7:#5! .1-5! 9#3-5%'&! $7%..! (')!

;'5('(&#(9+#?! *'! ())%7%-'(+! %56-17('7! ()0('7(&#! 3-56(1#)! 7-! $7##+!

3(9+#$!%$!(!+-C#1!C#%&:7?!!

A(9+#!o?]!3-56(1#$!7:#!;$#!-.!1-6#$!%'$7#()!-.!7:#!$7##+!(37%0#!(')!6($$%0#!

3(9+#$! %'! 3($#!$7;),! [!($!5#'7%-'#)! %'! $#37%-'!i?o?j?!A:#!5(Q%5(+!'-15(+!

.-13#! %'!7:#!$7##+!3(9+#$!%$![iO@!Xz[Ki!7-''#$Y!XA(9+#!i?_Y?!*33-1)%'&!7-!7:#!

$6#3%.%3(7%-'$! [A%5O-! <7)?!]! (! 6-+,61-6,+#'#! j! $71(')! %$! 3:-$#'! C%7:! (!

91#(O%'&!$71#'&7:!-.!jKo!7-''#$?!!

A:#!3-'3+;$%-'!3('!9#!)1(C'!7:(7!(!$%&'%.%3('7!1#);37%-'!-.!3(9+#!C#%&:7!-.!

*+,! %$!(3B;%1#)!C:#'!;$%'&!1-6#$! %'$7#()!-.!$7##+! 3(9+#$?!A:%$!5#('$!7:(7!

.-1!3($#!$7;),![!7:#!C#%&:7!-.!7:#!$71;37;1#!C%++!)#31#($#!.1-5![mKj!O&t5[!

7-![kK_!O&t5[?!!

!

A20'(=M.BS=;%+I218-%$=0(,&(($=-,(('="20'(-=2$)=1%I(-=

27##+!3(9+#$!

8(Q%5(+!'-15(+!.-13#![7-''#$]! [Ki!

4(9+#! )![55]! <#'&7:![5]! V#%&:7![O&]!

*37%0#!2[jo! l! ]k\K[! _kK[!

=($$%0#!2[jo! ][! _[_K_! oo_Kj!

A-7(+! DQPXO= PCEXM=

J-6#$!

T1#(O%'&!$71#'&7:![7-''#$]! jKo!

J-6#! )![55]! <#'&7:![5]! V#%&:7![O&]!

=-+,61-6,+#'#!j! ]_! km_Kl! l_Km!

J#);37%-'!%'!C#%&:7![Ä]! OP=

!

!

!
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5.3 Membrane 
 
A:#!5#591('#!3('!9#!(77(3:#)!7-!7:#!$71;37;1#!%'!$#0#1(+!C(,$?!*.7#1!7:#!

$;66-17%'&! $71;37;1#! :($! 9##'! 61-6#1+,! %'$7(++#)K! 7:#! 5#591('#! 3('! 9#!

.%Q#)!(7!('! %'7#15#)%(7#!$7(&#!-.! 7:#!)#6+-,5#'7!61-3#$$K! 7-!9#!)#6+-,#)!

7-&#7:#1!C%7:!7:#!$3%$$-1$!7-!7:#!.%'(+!3-'.%&;1(7%-'![W('!8#+#K![\\l]?!!

G1K!7:#!5#591('#!3('!9#!1(%$#)! 7-C(1)!7:#!%''#1!#')!'-)#$!-.! 7:#!9#(5!

3-56-'#'7$!C:#'!7:#!$71;37;1#! %$!.;++,!)#6+-,#)K!(.7#1!C:%3:!(!9($%3! +#0#+!

-.!61#U7#'$%-'!%$!%'71-);3#)?!!

I'! 7:#! .%'(+! 3-'.%&;1(7%-'! XE%&;1#! o?lYK! (.7#1! 7:#! $;66-17%'&! $71;37;1#! %$!

$#3;1#)K!7:#!5#591('#!%$!3-11#37+,!7#'$%-'#)!C%7:!1(73:#7!#+#5#'7$?!

*+7#1'(7%0#+,K! %'$7#()!-.! (77(3:%'&! 7:#!5#591('#! 7-! 7:#! %''#1! '-)#$K! 7:#!

7#'$%+#! 3-0#1! 3-;+)! .;'37%-'! ($! ('! -;7#1! +(,#1K! (77(3:#)! 7-! 7:#! #Q7#1'(+!

'-)#$K! 61-0%)%'&! C#(7:#1! 61-7#37%-'! .-1! 7:#! $71;37;1#$! ($! C#++! ["#!

A#55#15('K![\\k]?!

!

41#(7%'&! (! 3-'7%';-;$! 1--.! $;1.(3#! 1#B;%1#$! (! 3-'$%)#1(9+#! (5-;'7! -.!

)#7(%+%'&K! #$6#3%(++,! C:#1#! 7:#! 5#591('#! (')! 7:#! $3%$$-1$! :(0#! 7-! 9#!

3-''#37#)?!A:#!)#$%&'!-.!7:#$#!3-''#37%-'$!%$!#0#'!5-1#!3-56+%3(7#)!%.!7:#!

3-''#37%-'! 9#7C##'! 7:#!5#591('#! (')! 7:#! $3%$$-1$! %$! 7#56-1(1,K! +%O#! %'!

71('$6-17(9+#! $71;37;1#$?! E%&;1#! o?m! 61#$#'7$! (! 6-$$%9%+%7,! 7-! (77(3:! 7:#!

5#591('#! 7-! (! )#6+-,(9+#! $71;37;1#! C%7:! 7:#! %++;$71(7%-'! -.! (! 1(73:#7!

#+#5#'7?!A:#!$71;37;1#!61#$#'7#)!%'!7:#! +(77#1!.%&;1#! %$!(!1#(+%$(7%-'!-.!7:#!

.-++-C#)! 3-;1$#! L*37%0#! E-15! 4-'$71;37%-'$M! -.! 7:#! *13:%7#37;1(+!

D'&%'##1%'&!"#6(175#'7! (7! 7:#!W/T! %'! 7:#! $3-6#!-.! 7:#! D;1-6#('!61-N#37!

L4-'7#Q7UAM?!

!
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!

?8*41(=M.OS=3"8--%1=-,14",41(=&8,N= 2$=2,,2"N()=+(+012$(="%$$(",()=2,= ,N(= '%&(1="%1$(1-=

[62$=\('(X=CYYO] =

!

! !

?8*41(= M.QS= G(I'%520'(= -,14",41(= 2,,2"N()= &8,N= 2= +(+012$(= 2$)= )(,28'-= %>= 2= 12,"N(,=

('(+($,=[6!;=CX=CYYQ] =

(?!

9?!

(?! 9?!

!!!J(73:#7!#+#5#'7!
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I7!%$!%56-17('7!7-!;')#1$7(')!7:(7!7:#1#!%$!(!$%&'%.%3('7!%'7#1(37%-'!9#7C##'!

7:#!5#591('#! (')! 7:#! $71;37;1#K! #$6#3%(++,! C:#'! 7:#! 5#591('#! %$! .;++,!

$71#73:#)K! %'! -1)#1! 7-! (3B;%1#! 7:#! '#3#$$(1,! 61#U7#'$%-'! (')! 7:#! )#$%1#)!

$:(6#?!!

A:#! 61#U7#'$%-'#)! 5#591('#! 61-0%)#$! ('! %561-0#5#'7! -.! 7:#! -0#1(++!

$7%..'#$$! 1#$;+7%'&! %'! (! 5-1#! $#+.U$7(9%+%$#)! $71;37;1#! X('(+-&-;$! 7-! 7:#!

%'71-);37%-'!-.! 3(9+#$Y?! I'! 61(37%3#! 7:#!5#591('#! 3('! #0#'! .;'37%-'! ($! (!

$7(9%+%$%'&! )%(6:1(&5K! C:#'! %7! %$! $71#73:#)! 7-! 7:#! &1-;')! (7! 7:#! .1-'7! -1!

9(3O!($!%++;$71(7#)!%'!E%&;1#!o?]\?!!

R-C#0#1K!7:#!$3%$$-1!$71;37;1#!C%++!9#!(3B;(%'7#)!C%7:!('!#Q71(!+-()%'&!);#!

7-!7:#!.-13#$!1#B;%1#)!7-!61#U7#'$%-'!7:#!5#591('#?!A:%$!())%7%-'(+!+-()%'&!

%$! #$6#3%(++,! $%&'%.%3('7! (7! 7:#! #)&#$! -.! 7:#! 5#591('#K! C:#1#! 7:#!

5#591('#!3(9+#$!(1#!$%7;(7#)?!!

!

!

?8*41(=M.BYS=G(I'%520'(=-,14",41(=8$=A212A212=?2'"%$=[F14I%=W3A9!U=".2.X=CYYM] =

!

!
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6 Conclusions 
!

A:#! (%5! -.! 7:#! C-1O! 61#$#'7#)! %'! 7:%$! )%$$#17(7%-'! C($! 7-! )#0#+-6! (!

/'%0#1$(+! 23%$$-1! 4-56-'#'7! X/24Y! .-1! )#6+-,(9+#! $71;37;1#$! (')! 7-!

61-6-$#!)%..#1#'7!3-'3#67$!+#()%'&!7-!(13:%7#37;1(++,!(')!$71;37;1(++,!0%(9+#!

$-+;7%-'$! .-1! 5-9%+#! (66+%3(7%-'$?! E;17:#15-1#K! %7! C($! 7:#! -9N#37%0#! 7-!

61-0%)#! (! 5#7:-)-+-&,! .-1! )#$%&'%'&! (')! $71;37;1(++,! ('(+,$%'&! (! '#C!

$3%$$-1! 3-56-'#'7! 7:(7! 1#$;+7$! %'! &#'#1%3! )#6+-,(9+#! $71;37;1#$K! C#++!

#B;%66#)! 7-! 5##7! 7:#! )#5(')$! -.! (! 1(6%)+,! 3:('&%'&! $-3%#7,! C:%+#!

#591(3%'&!7:#!3-'3#67!-.!$;$7(%'(9+#!)#$%&'?!

!

T,!61#$#'7%'&!(!1#0%#C!-.!61#0%-;$!1#$#(13:!-'!$3%$$-1!$71;37;1#$K!('!%'$%&:7!

:($! 9##'! &%0#'! %'! 7:#!C%)#! 0(1%#7,! -.! 6-$$%9+#! $:(6#$! (')! 3-'.%&;1(7%-'$?!

T($#)! -'! 7:%$! O'-C+#)&#K! (! '#C! $3%$$-1! 3-'3#67! 3-;+)! 9#! #Q6+-1#)?! *!

61#+%5%'(1,!.#($%9%+%7,!$7;),!:($!9##'!(33-56+%$:#)!3-'$%$7%'&!-.!7C-!5(%'!

6(17$>! X]Y! &#-5#71%3! )#$%&'! (')! X[Y! $71;37;1(+! ('(+,$%$?! 2;33#$$%0#+,K! 7:#$#!

7C-! +#0#+$! (1#! #0(+;(7#)! (')! 3-'3+;$%-'$! (1#! )1(C'?! *+$-K! (! ';59#1! -.!

$;&&#$7%-'$!.-1!.;17:#1!C-1O!(1#!61-0%)#)?!!

!

6.1 Conclusions on the geometrical aspects 
!

*!61#+%5%'(1,!('(+,$%$!:($!$:-C'!7:(7!(!71%('&;+(1!3-56-'#'7!:($!(! +(1&#1!

$71;37;1(+!#..%3%#'3,!3-56(1#)!7-! 7:#!$7(')(1)!$3%$$-1!;'%7$! U!71('$+(7%-'(+K!

6-+(1! (')! ('&;+(7#)! s! (')!:($! $#10#)! ($! (! .%1$7! %')%3(7%-'! 3-'3#1'%'&! 7:#!

.;'37%-'(+%7,!(')!$:(6#!-.!7:#!'#C!/24?!!

!

*!3+-$#1!+--O!:($!9##'!7(O#'!-'!3-'.%&;1(7%-'$!-.!$71;37;1#$?!!

E%1$7+,K! 3,+%')1%3(+!&1%)$!C#1#!3:-$#'! %'! 7:%$! 1#$#(13:K! 1#.#11#)! 7-!($!9(11#+!

0(;+7$K!.-1!7:#%1!$%56+#!(')!#..#37%0#!7,6-+-&,?!A:#,!(1#!-97(%'#)!9,!1-C$!-.!

%)#'7%3(+! 6-+(1!(13:#$! %'! 7:#! 71('$0#1$#!)%1#37%-'K! +%'O#)!C%7:! 71('$+(7%-'(+!
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;'%7$! %'! 7:#! +-'&%7;)%'(+! )%1#37%-'! X6(1(&1(6:! j?[?[?]Y?! ! A:#! $3%$$-1! ;'%7$!

-9#,! 7:#! )#6+-,(9%+%7,! 3-'$71(%'7! X$#37%-'! [?j?]Y! 1#$;+7%'&! %'! (! $71#$$U.1##!

)#6+-,(9+#!9(11#+!0(;+7?!!

2#3-')+,K! )#6+-,(9+#! )-5#! $71;37;1#$! C#1#! 3-'$%)#1#)K! 3(6(9+#! -.!

1#71(37%'&!7-!7:#%1!-C'!6#1%5#7#1?!!

"-5#$!(1#!'-7!-'+,!(13:%7#37;1(+!(')!$71;37;1(+!0%(9+#!3-'.%&;1(7%-'$K!7:#,!

3('! (+$-! $#10#! ($! (! &#-5#71%3! 71('$%7%-'! 7-! 5-1#! #Q-7%3! (')! %'7#1#$7%'&!

$:(6#$! 7:('O$! 7-! 7:#! 5;+7%U.;'37%-'(+%7,! (')! ()0('7(&#$! -.! ('&;+(7#)!

#+#5#'7$?! A:#! .-++-C%'&! 6-+,:#)1(! C#1#! 3-'$%)#1#)! .-1! 7:#! )-5#!

$71;37;1#$>!%3-$(:#)1-'K!)-)#3(:#)1-'K!%3-$%)-)#3(:#)1-'K!^9;3O,9(++P!(')!

('! ()N;$7#)! 1:-59%3! 71%(3-'7(:#)1-'?! A:#! )#6+-,(9+#! )-5#! &1%)$! (1#!

-97(%'#)!9,!$;9$7%7;7%'&!#0#1,!#)&#!-.!(!6-+,:#)1-'!9,!('&;+(7#)!$3%$$-1$!

$(7%$.,%'&!7:#!)#6+-,(9%+%7,!3-')%7%-'?!!

!

*! /24! %$! )#$%&'#)! C%7:! 7:#! (9%+%7,! 7-! 3-'.%&;1#! 9-7:! 9(11#+! 0(;+7$! (')!

)-5#$?! A-! 1#(3:! 7:%$! 6-$$%9%+%7,K! %7! :($! 9##'! )#5-'$71(7#)! 7:(7! 7:#! '#C!

3-56-'#'7! %$! (! 3-59%'(7%-'! -.! 7:#! 7:1##! $7(')(1)! $3%$$-1! ;'%7$>!

71('$+(7%-'(+K! 6-+(1! (')! ('&;+(7#)?! T#3(;$#! :%'&#! )%$6+(3#5#'7$! :(0#! (!

)1(5(7%3!%'.+;#'3#!-'!7:#!$71;37;1#!$:(6#K!)#3%$%-'$!C#1#!5()#!3-'3#1'%'&!

7:#!)%..#1#'7!&#-5#71%3(+!)%5#'$%-'$!9($#)!-'!.#($%9+#!:%'&#!6-$%7%-'$?!A:%$!

)#$%&'! 61-3#$$! :($! 1#$;+7#)! %'! (! /24! 3(6(9+#! -.! 3-'.%&;1%'&! '%'#7##'!

)%..#1#'7!(13:%7#37;1(+!$71;37;1#$?!

!

E;17:#1K! 7:#!(37;(+! $:(6#!-.! 7:#!/24! %$!)#7#15%'#)?!*!)#3%$%-'! %$!5()#! 7-!

3-''#37! 7:#! :%'&#$! C%7:! 9#(5$! 1#$;+7%'&! %'! (! 71%('&;+(1! 71;$$U+%O#!

3-56-'#'7!C%7:!7:1##!)%..#1#'7!9#(5$>!7:#!$71;7K!7:#!5($7!(')!7:#!-9+%B;#!

9#(5$!X6(1(&1(6:!j?[?iY?!!

!!

E%'(++,K! 7:#! 5(77#1! -.! )#6+-,5#'7! (')! O%'#5(7%3! %56+%3(7%-'$! %$! 6;1$;#)K!

#Q6+(%'%'&! 7:#!)%..#1#'7! )#6+-,5#'7! 9#:(0%-;1! 9#7C##'!9(11#+! 0(;+7$! (')!
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('&;+(7#)! )-5#$?! A:#! :%'&#)! 6+(7#! 5-)#+K! 61-6-$#)! 9,! "#! A#55#15('!

[[\\k]K!(++-C#)!&(%'%'&!%'$%&:7! %'!7:#!5-9%+%7,!-.!7:#!5#3:('%$5$K!C:%3:!%$!

'#3#$$(1,!7-!;')#1$7(')!7-!C:(7!)#&1##!3-'$71(%'7$!:(0#!7-!9#!())#)!(.7#1!

)#6+-,5#'7!7-!7;1'!7:#5!%'7-!+-()!9#(1%'&!$71;37;1#$?!I'!3($#!-.!7:#!9(11#+!

0(;+7$! (')! 7:#! %3-$(:#)1-'! )-5#K! 7:#1#! %$! '-! '##)! .-1! ())%7%-'(+!

3-'$71(%'7$K!-7:#1!7:('!7:#!-'#!'##)#)!7-!#+%5%'(7#!7:#!1-7(7%-'(+!"?G?E?!-.!

7:#! -1%&%'(+! $3%$$-1! 5#3:('%$5?! I'! 3($#! -.! 7:#! -7:#1! 61-6-$#)! 6-+,:#)1(!

)-5#$K! ())%7%-'(+! 3-'$71(%'7$! :(0#! 7-! 9#! 3-'$%)#1#)! );#! 7-! 7:#! '-'U

71%('&;+(7%-'!-.!7:#!&1%)!3#++$?!

!

6.2 Conclusions on the structural aspects 
!

I'! 7:%$! 6(17! -.! 7:#! C-1O! ('! ()0('3#! :($! 9##'! 5()#! 9,! )#0#+-6%'&! (!

5#7:-)-+-&,! 7-! %'0#$7%&(7#! 7:#! .#($%9%+%7,! -.! 7:#! )#$%&'#)! 3-'3#67?! A:#!

+(1&#$7!61-6-$#)!9(11#+! 0(;+7K!($$;5%'&! 7-!9#! 1#61#$#'7(7%0#!(')!#'(9+%'&!

7-!3-0#1!7:#!1#5(%'%'&!3($#$K!%$!('(+,$#)!$71;37;1(++,?!

!

J#+(7%0#! $5(++! $#37%-'$! :(0#! 9##'! .-;')! X5(Q%5;5! o]55YK! 3-56(1#)! 7-!

7:#!3-0#1#)!(1#(K!1#$;+7%'&!%'!(!.#($%9+#!3-'$71;37%-'?!A:#!3-'3+;$%-'!3('!9#!

)1(C'!7:(7!%'71-);3%'&!3(9+#$!'-7!-'+,!:#+6$!)#0#+-6%'&!(!$7(9+#!61-3#$$!-.!

)#6+-,5#'7K! %7! (+$-! %561-0#$! 7:#! $71;37;1(+! 6#1.-15('3#! (')! ;+7%5(7#+,!

+#()$! 7-! (! 1#);37%-'! %'! C#%&:7?! A:#! %561-0#5#'7! -.! 7:#! $71;37;1(+!

6#1.-15('3#! -.! 7:#! $,$7#5K! );#! 7-! 7:#! ())%7%-'! -.! (37%0#! (')! 6($$%0#!

3(9+#$K! 3('!9#!$;9N#37! 7-!)%$3;$$%-'!9($#)!-'! 7:#!';5#1%3(+! 1#$;+7$?!T;7! %7!

3('!9#! $7(7#)! 7:(7! 7:#1#! %$! '-!61#U7#'$%-'! (66+%#)! %'! 7:#! 3(9+#! $#&5#'7$K!

C:%3:! -'! 7:#! 3-'71(1,! C-;+)! 9#! 7:#! 3($#! %'! 7:#! 1#(+! (66+%3(7%-'>! 9,!

$:-17#'%'&! 5-1#! 7:#! (37%0#! 3(9+#K! (! .;17:#1! )#6+-,5#'7! %$! 31#(7#)! C%7:!

#Q71(! 61#U7#'$%-'! %'! 7:#!6($$%0#! 3(9+#$K! 3-'71%9;7%'&! 7-! ('! %'31#($#!-.! 7:#!

&+-9(+!$7%..'#$$!-.!7:#!$71;37;1#?!!
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I'! ())%7%-'K! %7! :($! 9##'! )#$31%9#)! 7:(7! %'! 7:#! %'0#$7%&(7#)! 3($#! $7;),! (!

.;17:#1!1#);37%-'!-.!3(9+#!C#%&:7!-.!l_Ä!3('!9#!(3B;%1#)!C:#'!;$%'&!1-6#$!

%'$7#()!-.!$7##+!3(9+#$?!

!

I'!61#0%-;$!1#$#(13:#$K!%7! %$!$7(7#)!7:(7!71()%7%-'(+!$3%$$-1!#+#5#'7$!$:-C!(!

+-C! 7-!5#)%;5! $71;37;1(+! #..%3%#'3,! );#! 7-! #Q%$7%'&! 9#')%'&!5-5#'7$?! I'!

7:%$! $#37%-'! %7! :($! 9##'! 61-0#'! 7:(7! 7:#! )#$%&'#)! /24! 1(7:#1! #Q3+;)#$!

9#')%'&!5-5#'7$K!%'31#($%'&!7:#!$71;37;1(+!#..%3%#'3,!-.!7:#!$71;37;1#?!

!

I'!4:(67#1!jK! 3-'3#1'#)!C%7:! 7:#!&#-5#71%3!)#$%&'K!('! %56-17('7!)#3%$%-'!

:($! 9##'! 5()#>! (! +#'&7:! -.! [5! %$! 3:-$#'! .-1! 7:#! /24! 9#3(;$#! -.! 7:#!

1#$;+7%'&! 1('&#! .1-5! +-C! 7-! :%&:! $6('$! .-1! 5;+7%.;'37%-'(+! )#6+-,(9+#!

$71;37;1#$?!A:%$!3:-%3#!3('!9#!N;$7%.%#)!9,!7:#!$71;37;1(+!1#$;+7$!%'!4:(67#1!i?!!

I'!7:#!7C-!3($#!$7;)%#$!7:#!C#%&:7!-.!(!$%'&+#!/'%0#1$(+!23%$$-1!4-56-'#'7!

1#5(%'$! .(1! 9#+-C! [\! O&?! A:#! C#%&:7! 0(+;#$! (1#! (33#67(9+#! .-1! 5(';(+!

:(')+%'&! -.! 3:(1&#$! 9,! C-1O#1$?! *! +#'&7:! 5-1#! 7:('! [5! 3-;+)! %'0-+0#!

5(';(+!+%.7%'&!61-9+#5$?!!

!

*! $%56+%.%#)! 5#7:-)! :($! 9##'! (66+%#)! );#! 7-! (! 5%$$%'&! (661-61%(7#!

$-.7C(1#!7--+!%'!C:%3:!(++!3-56-'#'7$!3('!9#!%56+#5#'7#)!(')!('(+,$#)?!*!

61#+%5%'(1,! ('(+,$%$! C($! $;..%3%#'7! .-1! 7:#! 61-N#37#)! 1#$;+7$! C%7:%'! 7:#!

$3-6#!-.!7:%$!1#$#(13:?!24I*!D2*U=A!C($!1#()%+,!(0(%+(9+#!$-.7C(1#K!&#'#1(++,!

(%5#)!(7!$7(')(1)!3-'$71;37%-'$?!R-C#0#1K!%7!C($!'#3#$$(1,!7-!5(O#!5-)#+!

($$;567%-'$!7-!#Q(5%'#!7:%$!7,6#!-.!'-'U$7(')(1)!$71;37;1#?!*!5;+7%7;)#!-.!

$%5;+(7%-'! 61-9+#5$! C#1#! #'3-;'7#1#)! %'! 7:#! 3-;1$#! -.! 7:%$! 1#$#(13:?!

2-+0%'&! 7:#5!C($! 7%5#U3-'$;5%'&K! 9;7! ;+7%5(7#+,! 7:#! 1#$#(13:!:($! +#)! 7-!

(33#67(9+#!1#$;+7$?!

!

I7!3('!9#!#Q6#37#)!7:(7!'#(1+,!(++!-.!7:#!/24!9#(5$!(1#!-0#1U)%5#'$%-'#)K!

9#3(;$#!7:#!-67%5%$(7%-'!61-3#$$!.-3;$#)!-'!7:#!5(Q%5(+! +-()#)!9#(5!%'!
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7:#! C:-+#! $71;37;1#?! I'! ())%7%-'K! 7:#! $71;37;1(+! ('(+,$%$! %$! )-'#! -'! 7:#!

+(1&#$7! 9(11#+! 0(;+7?! A:#! $#37%-'$! 1#$;+7%'&! .1-5! 7:#! $71;37;1(+! )#$%&'! (1#!

(&(%'! -0#1U)%5#'$%-'#)! %'! 3($#! -.! 7:#! (+7#1'(7%0#! $5(++#1! &#-5#71%3(+!

3-'.%&;1(7%-'$!X3.1?!$#37%-'!j?[?_Y?!*')!.%'(++,!%7!3('!9#!3-'3+;)#)!7:(7!#0#'!

7:#! 7-7(+! C#%&:7! %$! $%&'%.%3('7! X(+7:-;&:! (33#67(9+#Y! 3-56(1#)! 7-! -7:#1!

5-9%+#! 3-'$71;37%-'$?! T;7! 7:#!5(%'! &-(+! -.! 7:%$! 7:#$%$! :($! 9##'! 7-! )#$%&'!

(')! ('(+,$#! 7:#! .#($%9%+%7,! -.! (! '#C! 7,6#! -.! $3%$$-1! 3-56-'#'7K! C:%3:! %$!

%)#'7%3(+! %'! 5;+7%6+#! (13:%7#37;1(+! $71;37;1#$K! 31#(7%'&! (! &#'#1%3! )#$%&'!

$-+;7%-'?!

!

6.3 Reflections and further work 
!

*! $%56+%.%#)!(661-(3:K!;$#)! .-1! 7:#!$71;37;1(+!('(+,$%$K!:($!9##'!$;..%3%#'7!

C%7:%'!7:#!.1(5#C-1O!-.!(!61#+%5%'(1,!)#$%&'!7-!#0(+;(7#!7:#!.#($%9%+%7,!-.!
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