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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, a sandwich beam of a SMP material which have a corrugated core is studied. The
Received 10 November 2017 corrugated core is from a polymeric material. Structures with corrugated profiles show higher stiffness-
Accepted 23 December 2017 to-mass ratio in the transverse to corrugation direction compared to flat structures. As a result, the beam

Available Online 12 January 2018 with corrugation along the transverse direction is stiffer than the one with corrugation along the beam

length. The flexural behavior of the composite corrugated beam is studied employing a developed

Keywords:

Shape Memory Polymers (SMPs) ponstitutive model_for'SMP' and the Eu!er-B_er_nouI_Ii beam theory. The cons_titutive model utilized is in
Sandwich beam integral form and is discretized employing finite difference scheme. To verify the results of the Euler-
Euler-Bernoulli beam theory Bernoulli beam theory and finite difference method, finite element models of different corrugated
Corrugated structures sections have been simulated in a 3D finite element program. The results demonstrate that the

Finite difference method developed model for the composite beam presented in this study predicts the behavior of the beam

successfully. The sandwich beam with different corrugated cores (triangular, sinusoidal and trapezoidal
shapes) are compared with each other. Also, results show that the shape fixity is decreased a little, like
any other reinforcing method. This decrease in shape fixity results in increase of load capacity in
composite beams. The stress-free strain recovery and constrained stress-recovery cycles are both
studied.
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Fig. 1 Shape memory polymer’s thermo-mechanical cycle
oAl pocly SilSages a5 1 S

g 250,90 Cawd ar ) Wiloads ool SVl slaans, b aS g bakisl>
Shaiols olis yete e b pdy JSG glaatug ,o 1) lagl o p)l8
B 50 g dites Cow glaand B Jbaladle gl jeld, a5 ol
SVl glaas, L1 ool opl oyl cigh oo o)l ey 4 (St
A wols plas oyl criomen o] BU JSie pl p b woges Coghs
I o3l a4y bogy e polae 5l iy CojaelS (nl Kb Jgo g plSoxinl
A alls lealadl> ol
rock &5 (e cnl 4 )l S92y S G 50 Leges JSBalidl>
Soy 9979 g el 03503 (Gl3L 1) 093 adsl IS8 oS (g loakadl>
Slyech Wl I, (Selese s a3z o)bgy keSS Uy (21>
Al (pl g Wgd g0 ooliiwl ossS Jlad )0 00,0uS job 4y jloalasl>
Iy o5 cpaiz ol S o bl eolaiul )50 oole a5 Cewl o p3lics
Jud sl wax o Slee 3y, S 1] Gl 5 slel sl ansls
&5 90 5l bl woges &l Jloabisl glaerdy 5l oo axsle slaoasss
lss a5 Koges solatwl caliee glacus 108 gles b jloaladl> ol
(i () sl Jol o0le o Slas WuSe gz 0 poo oole AShalasl>
Sy e 5 4 S n Ja 452 s 3 olod Sy Jlael L g5
isged oslizal s Jlab ol (sl sy e 5 [10] fSes
Glaias I8 glea b loalibls ol i 5l slalgin] aiwa S5 5l lag]
SV 35 (slos b %o Joaliilo sacly Sy 5l S aY S L oS ol
Aidgad oolatul el sals abl>]
ol lp oas &l gisle gl Jae YL Slas o2, e
2 ol Oliie lizmen wlge (nl (SO 5 55 Jodo 4 yloakadl>
s a el o [11-13] anle al) 1) 5680 sl Joe b axadl
S S el badas ool 5l el 5y9e adS
8y iludae gz 5o 0al dl)l gylsle sladae G peadaslis
S, o] el [14] ), Ken 5 5 Joe jloalasl> sla youly (SeilSoge
SIS JL Cod Sz g8 S e3game ;0 1) (Sl ) S (Selega
wlolisluny gisle Jae S oyl aiols J1E w050 (5 90 ST
Sygo 4 loabsls srads oole o] jo a5 Woges Wl K>S 15,5
s 4,5 I (glad) Jlab 5 (Saiad) Jlab 6 50l oS5
opPd g Sl (Gl G aw 4 S GBS prizen

01 oplouts 18 055 1397 (13355 58 e Suille i

WSy e S S8ge IS obml ln oml G5 S S8
2 IR pll Shn sl S s slml Ul 5 YU sl LB
wagh, (Dl el (2B S e S sgzg Sl p jlalidls gla ey
Jeo 4 am0 0 )y cpmabliie e b g (oliend wnl 9 il
G500 S Sladss Ll > u*"L“" SHloaladl> Lgl.@(m.l.\ ao).'.'.mf S8
5o 5 i ol 50 JS e 4wl 00l Ll o] (g5l Joe
Lol a8,5 118 axlllas 5,50 o pouds puon

okiie el jloabisl> sla ol Cools o Fpge o (ASbalisl> il
A sl 5l YL Sleo B 1) Lol aul ol olge ol o e IS olox
b oalaile (slnyorly (SlSogeys a5 2 5mi 05 (6 JUnl) slass
Sy A dhail 3l az >l sl el sols sl S o Syl S e
51 JB eole calaii (sl 4o 05 o 4 oole alls IS ] 4y a5 04 e
b abis 4 b 0,8 o )8 el (Sl (6,105 ,L SG Cov gl L2
Gloo 5 5ol b led g 0gd o arils ol coli (23,5 D abais o oy
695 3l @b d abais b C aaii 5 s b oo 2alS slaii s HI3S
30 5 Sl odd gBge S gl eole CIl ol jo 0gh o pladil ool
555 eyl S & ool 5 amsie &, UK sl oo ald1 L d el
SPay 0 pb T AL g GRS il g4z @Szl 908 il
ool a8 eolatul slge pl (ISbalibls cosls g e 4T (6,50
4 oamy B Led g oo anily oS5 coli d adais jo 25,5 a5 ol & j90
ol 15,5 50 G5 2l sas xS ol ool eols ulidl e alads
Syls b

Slee plo a4 Cos loaladle slayedly slacuze 51 (S n s
LV@LA)B)‘Q Slopians ( S5 sl )l 5l ol ;0 o] 5l wiedign
9 Tl ygunir logigm oy Seo i olbojlug Ses Ladls wlio
b Glp 6yl Dlidiss S [1-3] 548 o eoliiwl lasas Jlad
Clpingw 4,5] Ladlses mlo jo oolatul 0,50 aiedsnr sloojle
hoolaiwl b [6] (Sis 5o oolatul )50 slopiinns 5 (SuilSeg xSUlg ,So
ol ess 3 S5 a5 oo )5 ogdle .l ouls plodl jloaladl> sla ol
IS sloatgy 55 ls IS5 il U155 5 ol (39 JoIo & Lo pacl
S9y 2 Slallls [7] ollKen 5 o2 5y o0 )15 eolital )50 7 0l
el S8 Glhaiug jo jlbalbils gl lacss 5l eolaiul &l 36
O3k () 31 45 W0y (b g JSS atgy o5 ool wiols plxl
Sl oS 5 oaels 5l o] L0gd co aisle loalidl> (g pouls (slocigs
D505 oolaiwl diwgy Fge ole> i

W3ged (b 5 dng So28 slp b S eSS edle @
ooly plas atng o gl (Faisy e,d ool cud 3l eolasul b L...l.ef
ool izl el M lasl S [8] L)l g gple el ou
Jlasl cpl a8 wols olis oyl .aioges >lhb jloakasl> 5UT o loakasl>
B a4 St Yol S plie 4y JSS peiS sladl yo Wl e
Srok Glcajseals (Sl s [9] les 5 plo g 0o

* Shape memory effect (SME)
2 Stress-free strain recovery

% Drug delivery systems

4 Sensors

® Actuator

® Morphing skins

" Rule of mixture

8 Joint

346



OSed 9 )3T 5451 Lrsosss

J13gee a334 L lsaladla saudy uia Sl (F)gaelS S5 ired YLD w2

9 1zse A lp 3N (VL (a8 pdy SO lated 5 peeky oole
Oml (e b 5950 pecly el ond oolinl 15 (k9 Vb S3U slaaY
sl 1y oalidle ey aliwy 4 JK5 e Cobl b conl s Sl
b g [15] LolosSY 5 oz druss onds ) o lisles Juo 5l oolizal b .ol
ey g e slazge JSo 5 Mogame MlE by, 5l eolaiul
2 090 S5l 5 (Sle Gl g9, g loalidl> el Sl
o8 4 [15] (lssY 5 o el e &5 bl 51 ol 5 13
oo solitl 1 (gilulaz glp dgame MO g, 5l wasl JI,S!

s 59y sl il 5 [28] ) Kea g e Jloo iunl

5 el azils S35 Lo e gl jo Jozge (isu o o as wisls 1,8
288 Calond Ll 5 oy 6)ES SuimelS RS ol Slegih
25 59 Ol el Sl ol 8,5 15 15 oo sl 53 Jlogse i o]
Sbusly 3 5 e sl 5ls 9590 (Slag i 45 de; A (nl @ Ul o0
20 Stly 3 zee b 68 e sl 5l 9590 o ) S s
zoo by 5o oad oloul U s (eSS (59,0 Jlos! b ocpl pli o
el poye zgo by j0 oad ool JSs s 5l iy Jeb sl
Sl oolaiul 8550 Jow (5,65 Le SYolas aods jsb 4 ol dalol jo
I ksl 5 6595 loln s 0 S (o0 s9y0 oAl serly 23
Sloolatil b 5 aigd so 00)5] Cwd 4y lozse el i ied SYolre
30 W08 o Jols goae bl g oad (gilulaz wgame IS b,

.oo)fu;n 45|)| cU;f Slaads 9 GXEe> ol

L J> (95 -2

5 Silwdde lp @l Gl § wYlae jo alise g bl b Juw
50 sl Jow Jolis a5 sl oayo 5 &Il jloaladl> 6 ey olge [L8) o)
9 &5 Jdo 4 Ngdioo Sop GBS 5 Sz GRS am 4
Slzee o b3l glaJoe all dapy] Sglite [U3, 5 ooy (S us
L oyiies 422 cilhe gly F5Ed0 4z gl Jos olen U ool aslsl
a3 0ad ) ey 5 (sla e eyl ) (e 5 1) ol
[14] Sas 5 5 oo lsaliilr slo pasly SeilSiage s 3, 55 n
SYolee oo ol o SO b (g by ladze (Jow ol G115l G el
ogute |y [14] ), 5e2 g g Jow ;0 99230 (sables b soges a1, casax
Jow g diorise sen |y Joe ued 55 [15] elosSY g > onises
@lr ) ol e ool g3l b pan o5 sisgas dl)l 1) 055 55 3,8
lassgi ool alyl Yolas aslol jo .058,5 (g5lwosle «S>gS 13,5 0dgue
S8, sl Jaw sl o 51 oosSY 5 2 Jowe (Sole s 4 efgn ol
(WJoe ol by el ool oolatul ou9aelS 5 loaladls (g ey iSu
oo Caws @ (1) dolee G S 25,5

e(t) = st(e(t)) + C(Q(t))a(t) + th(Q(T))a(T)g’(T)dT

' )
@ dily Yl olge cpl L, a5 col ol Silas (1) doles
ool il i, €HO()) ole cpl o el ples gazmsu s
Sole g el SVl 155 4 by doles Cnly G (0 pgd O jle
oole JS 55 0(t) 9 S 35,5 ,5Lis €(t) .cnl oo pid 35,5 51
Sl B(1) 5 Lo onws Lz B() eomed Sl loalidls g yandy

3 Finite differences

347

ol B sly s Tesle Jgu dolae opl p ogde .l on TR U]
S5 b 6l lizne o Jn 2l @) 5] o el 00D iy a5 (50, 3y
3 5 Jan 5 Sympn Ll 5 inged 1) sirar SVolea Jae il
ooldeSY g oz Jaw daJae ool 5l (SO aiiss see | [14] S
Noges Bl 1) 095 55 (25,5 Joe o ot s9age b by T .ol [15]
Sl Sas8 (5 ooz sly 5 e ol sile (S L gas &
35 51 S sl eS3s5 3551 5 0l 51 aT [16] i s
Sleb hwgy alulis gy g bisle glo Jos 51 Ko (SO aisged ool
SlSaga i slacs L sl laiy] Jae [17] il oss 48] o) an ¢
Goele Jaw ol)Ken 5 glel cul calin floj 4 ainly 0,950 2
&l [L7] 095 (L3 Jae by loalidls lajordy sl 508 55500
5, 5] ealial U L] 18] wioges ] S sS slo S e 00300
ntzrad ] gad ) Sy Sle 5,5y 58 o 5y a5
e sebo 2 03,5 )5 9 59,5 Sy aloye 50 2 ln 1) Jgoo SYslee
Sl s K SelSages s oo 5, [19] (5L o o
@) o] e s ogel al) S Sme Lol slajards
(oo GilwJde esen 0l b 0 Gom dw las AL
@)l o Ll pdy JS2 slaosler jo Jao 05 9 (225 (Prwiione
5 g B i Glie p dpaz SIS Joe Sy el sad
colie Sy 5,5 Bl sl Joe ) el ot @) [20] 5o
Joalails slarady sl o lEle o o [21] oKen g 5 e
S Sl Joo aivges ) 51 i Slags )95 5 AoV IsSny (ool
oS ol oss @) [22] o) fSep 5 5 s w5 6,00 SISy
i s slite 5 J S¥olas 055 05 5 595 5 3318 sl
Hgdioe oanal Jlogse ool logse Jdgn b Slmio 5 Gy
iz Sl o ol U5 s sl s Gys So 505 logse b [23]
ST 5 039 A e S logee badys lp b aaleS Solis
SRy oo S 4 Sl s e Cux b alie 50 7o p Sgee
dacain cole (gilu siS mlio ;0 0058 jsb a4 Jlozse slaojle
Caro 40 [24,25] 05,5 o 1,8 ool 590 Lablen aslis 5 (gus di
oolazl pdy IS 5esd ol wlo o Jlozge slog)s 5l s dadles
ails (g Hgile Djad oS Wil s Lemlse sla b oz Jus 058 0o
Sozse sloojlu [7] auil axsls | age IS5 (s3lg5 23y 2 50 5 ol
SUSs i s Luly ol 55 mse Sz o sy Slhasl Ll
Slagys wlgioe goe 2 dgee Suz 3 SWl g WS e (Sn
Slagi [T] WSS Gz yeds 5 08 Joosi ) oyl 5 (Seolinos s
[26,27] col oais plonil e ol 5o alisee
Sty o celagl Gl (e Joalibl sl el (Al (Lo
ol ae sl G295 e sl oa il o 4l sl il
oS Cugis b [28] ol 5g98 oole SO L Joalible pady oS o wlS
Ao S %45 ool (it 5 ol oo ol lsaliil (sla el
Sidy ols Gregh o [29] il wales e (Sosdl Sosls,
WY 55 5 ol oy loalisle g ardy oole b 4 oz 5 Ky b
S sl 00 gy sl 02 00l B AT ol g Y e SHE L

! Evolution Equation
2 Logarithmic or Hencky

01 o)l 18 ©)93 1397 RIS ()3 SHlSe Swiie



OSed 9 )3T 5451 Lrsosss

J13gee a334 L lsaladla saudy uia Sl (F)gaelS S5 ired YLD w2

Sroch ol Cugl wezge aliie laty) o ) lead cosl g
o2l 5 sl @by 45 ke by, oEse o3l Sy 5l oolitl b loalisl
Groly oobe Cogt 4 Jbzse ojle Al b S iagh
ot solizul lsalisl>

Sogii loalille ey p5 Gies SVolas gl 4 i cnl o
Slsp ol walys aslby (Jeip bl n5 695 5l eolinal b osad
3 Calnd Job 5 ot bl U8 5 A5 555 ol (sl
A it il S Sl 5 s Calind S 5 B
Ored Jodo A gl ges w8 S I 0 6558 (nl 0 5 $2e
5 LS @l alies & uld e bl g8 ol by
S5 )18, Jgin ksl 6,95 sl oolinal B ail Sz65 sla it 2
Sy B 23 L il S S aspima s ol S s o
50 5 altee ol o eolanul 5y50 45 a5 olal 5l sled ce i
oty o5l (5,55 oond 3| gy ol 3 sl ST 5,5 e
]

3 US55 Suilad & g0 &) ol 0 sanypr lis () 0 45 (65
2 sl g Sl jome b hlae 55 jeme el oud eols LA
Syge )l 13 p5 ek slisly jo logee ol il Y jemme lea
39,5 50 8ly g Sl3T el 55 gy 5 Ceml JJ0,S S £55 5l ) 2
Jo> ond obmyl chad los 4D 55 5 Conl Y jeme sl o oS
el Z y 920

Ll 55 3 Al 5 55 (s sl 5 55 ol
S sl ol b o (5 )l 51 ekl o 5 bl oy Jol>
5 oolial b el (1) aobre gillas ool alolas o loalibls ardy iz
8 ol Aslan i sl 5 598 2 3 L 5 (1) Wsles
S S ygo 4 GalbdeSY g 2 (gLl Jaw a5 ol T e s
Foo al> o @ alse g g0e LBy, Sl b Jol> Wil > sl el
(1) aobeo o [0, €] Sloj 03b ool plis 0,5 oolictul sgame O b,
o3k ) Sy oole Joow DYoo g Cuwl 00 el (6 5SS sloosl 4
el bpyg >ty o1 p0 a8 Wleass > [ty tpea] IS

Sy o b Jeadhyins (@8 (1) aobeo jo Jowilins o bl
55 Sy a5 3 s 33 2 0(8) 5 D(8) Jy ool a5 535
s s 85 O e b B S50 & s |, Aslas cai
ol 4z j0 05 o agamme I gy Jie plS 4 6l (ohs, L1 o]
28] 05 0 (55l atacnS (5) dolrs & jg0 4y dlolas

—kn+1Y = Cn41(0)0041(0,y) + €041 + Sn

+2 (Pn41041(8,7) + Dy 0,(6,7)) 56 5)

gl aai a0 s b5l aloliy 5 5 slil K aoles ol 4o
§ alols 4zt o 5 sl Y50 (gl o altne ol 5 5 b s

F

Fig. 3 A view of the corrugated composite cantilever beam
NS oS ylozse SiseelS S 5l (aled 3 SIS

01 oplouts 18 055 1397 (13355 58 e Suille i

ol Gloo G 6 KL 5l eolainl b oS el Lalls 40,87 5 s s )
Blee s 4 ol ol b Sl G 2 sl @
dolee ol jo el JIR0 psia T g lo) juiite T iz (2 JS0)

ol oo caws 4 (3) 5(2) wYolee G ,b 5l as

_1-¢)  ¢(O)
“O="F® 5o @
1
D(6) = [W—W '(0) 3)

Jote eaims plas i s ‘U.Ef(g) s Eq(8) Ly, cpl o
Jd e 5B g (oY) Jbd B e jloakabls (6 rends sl atnlVl
Sl 9(0) el Lo ¢ Cend 9(0) Grie B(6) i (Slaie)
dole (4) dolee 5l oolawl b a5 canl Jd e B ez o
5 o2 Loy P(0) ale (gl o0 @) aolas aSal Lo 4 00,5 o
5 5l ool (gilwools Jaw 3wl ola Sy sl [16] ulogSY
oolizl il ot 03l olis (4) doles 3 &5 530 4 [14] o Kan
D9 s

)

1
$(0) = LT c@, —or

el ((Siloga 5 a5 2 slod (3 3YL) adgl gles B clolan () yo
Cawwd 4 (2,55 Gkl a5 ais wole 4 bge slacol jomogcC
IR

ol oals a8 F b o e Sl Gozge s eniile eole
G5 0 Al oo oy ol s 4y i opl o A5
S G 5 0 S Bl Ll Kl 25 el Sl
S bl s oy ol 5l Gy i 55 Gl S
P LSES s, 6,8 s 4wl e s 4 bos Ol sy 0 0ol
GVl B b ol fogse t (sl ol SV U, 55,5 b
Sged g3l |y (i onl LS8,

Ol T i HIASl> (6 youly I g -3
ab Lz cadly (o Wgd oo aiblu jloabibls (s ey Slge 5l a5 Llaojle
g Wed b Sl S @ Slge cnl )y Wed Cosl Ak 4
asle ez onl 5l b sloojlo Tl sob; )b Josss Ul

a(1)

0
Fig. 2 Net and actual cooling history

&8ls 5 Al (0,5 0 s a2 S5

* Load Capacity

348



OSed 9 )3T 5451 Lrsosss

J13gee a334 L lsaladla saudy uia Sl (F)gaelS S5 ired YLD w2

oy 5 (12) b (9) c¥oleo 4o sy2ge JI,S51 45 cad 53 4y oY
el oalidl jarly iy ile o

olos s olize S Sl 3 5 aladie mho &4l s 4
A )0 5 aS A walgd sl BB lade (8) dolee jo Sl
odd ooy Hlis 4 JSs j0 S jeblen o)l0F o ol 4,5 Al
lido LIS el o adaiie IS 5 oz «syanky i sl st 46w
S ESs logge idu a5 (Al j0 52 4 wipS sei 518 N0 6y 2
Ol g S Sho gl gl S gl ples nlply 2,35 o0 ghale S5
Sl i g phe o3 plas 355 e Sl e Sl el
oo ools L [g(0) b oo 5l ol Sjgo 4y i3 6 Jo> loabiil>
apslons alaie JS 25 6 Js> smpis] slagslas 5 blas solos el
Wledco yudd Lo Olyss b cadaie [0 j0 a5 058 )5 oo

O Glew ggeme b sl il U5 lew a5 aiSS pl cisls s o b
lp b SIS, (28,5 Sl )0 (ires g lozee (A 5 ek
SseelS 5 S (gl ol aolee (8) dolas 5l eolatul 5 jlozse s
28] Wl oo caws 4 (13) alal, 5l

_ _ 1 o

(Erly + El)knyy = M — Mg, + ES(EDHM1€50 + M5 + M§,)
(13)

amn¥l Jgoe Eg g Jlozge (idu 10 Sl ples M o] jo oS
iy ya5 (15) o (14) c¥olee ollae a5 s (g ek idu slabasd jgo

:&Q;GA
— 1 ~
Es=(Ch1 + ED?1+1§0)_1 (14)
My, = Era, QA0 (15)

Sl 50,5 3y al e Jsb o Les Slnis 60 (o¥slee ol e
Up ghaie JS 5 6 Jo Jlogse it gl S5l ples @ (izes
Lo Slpss ke 2580 5 Jlogge Cond 4 bgye (coz> blusl o 5
Cawd dy (13) adal, 5l eolatul b 0,5 0y al> o 4o 5 sliosl Loinn
(8) 5 (5) w¥oles 3l oolitu b puizman ¢ Lzl lade 3l oolitul b sl oo
230,85 ool 08 )lg lew g S

Ty SVl Sge a4 )bk ((Slegey 432 pow al> e o
Sl 4 (35 oy dlye sloml o Kb Jyso Al ye nl )3 am0 0
53 G alo o ol 03,5 oo (5l (13) dlslas ;3 05790 Sy Jyo
ol Jol al> 50 (1S e

¥slee b Lo Ol i o L 31 al e oylisls o¥oles

Vi \\
Fes SMP

5 g
/

Fig. 4 Relative location of neutral axis of the SMP( y;), corrugated part
(7,) and the whole section (¥,,), generally

Or) Hlozee side «(Js) Hloabatls g pendy ido glp 05 B od Joe 4 S0
S5 0 Fes) gl IS 5

349

Eoazme dolae (pl 08y e 0§03l Z Heme sliuly o i b
pizman ool T BTy sbos 5 (s slapls D(0)0(0,y) ous 4l
1 s ol ) Jlste o5 o a5 aiten sbwisnusn+1n
oty el o0 42l ol gl Las o SilSlogay a5z 5l Jsl al> o
8 9,5 gd g oled ho (5) dolee Couly Cans o BT o)l g
5 g 050
oolo b a5 codl Jlogse s Sy Gided ol o eolil Syse y
L 035 o0 gz (il 55 (nlply Sl oud p jlsalidl> ey
A 0gd g0 Al s Jols OVolae g ujselS Slge (5,855 5l oolail
O Gles LAl 4 yealy A Gleo b el plp 5 0 IS ples
Git R oVolee 3l b eimen 5 455 ol 5l soliil b i
oS > sl 5 bl Glozge Lisu g ((5) dolee 5N Jloabisl> ol
@ (6) Wolro 31 (6,15, Al o wiilan) wily 425l 5529 Lo lygis

A:-‘GA Cowd
M
= (6)
., + E, I,

k

M gz jeme Jg> sl Gles oais lis T yuores i Jlozge
Gyouls 00le & gy i i @ 505 "T" 5 "S" Gladig ) el IS lew
A ozge Jisu g loaladl>
QT 5B oole slos yuss Jdo 4 ( SilShge yi a5 2> pgo al> o by
Slae (5595 5l oolaiwl banled g0 s o o b0 ) adade
Cewd 4y (7) alaly 5l oole 5l alaie o 0 (25 6 CasBae o jselS

_ EAs + mE A3, -

Yes = TE A, + mE, A,
G ek e (5 B S Susdes w55 4 Ves 9 Vr s
i b slosle &y e S i i & iti alie S 5 Jogse
99 AVl Jodo Conad 3 1) Jogse i lbalidl> ek 5l OLSG
99 il oo S bl alaly (ol oM mlosged oy i
Wliey ez (7) Wolas 51 eaps,F o )lbl 5 ity 45 pebslas an o0lo
F 5 b Casdse dled b srenly e eVl oo joii b oS
6 Js gl 2 53 (e rne slod pp 50 ledoe S 5 ehade
Wl Caws 0 (7) alasl, 5145 apo 0 7y Lo plod o s
boates (Soilfega i a5 52 o9 al> o 4 by (7) U (5) w¥oles
4 sl g 5, 2 0] 3 SIS () 55 (6) dslas
28] asT o s 3 & jg0 (305 (8) dolae 15,6 g (6 youy
kn+115(0) = Cny1(0)M541(0) + Mrsl + Mtsh
+2 (Dya M3y + Dy M3)S0 ®)
Sloabibl> ol isu 4 bgye ples odimoylis MS wolas (ol jo
£ (10) 5 (9) <¥olas jl ooliead L NHL 4N lgio o5 g5 (sl 45 o
M, sl el g ol ples (sl it &) bgyyo "ER" 555 an] oo annd
Sl Ol 5 Glopd plos coip 4 g aies Glee uiz I M
28] al o s 45 (12) 5 (1) S¥lao 5l solitl b 5 0 (5,135 ob

M; =— fyandAs )
My =— fyo'n+1dAs (10)
M5, = — [ yeqpdAs (11)
Mri =- fysndAs (12)

01 o)l 18 ©)93 1397 RIS ()3 SHlSe Swiie



OSed 9 )3T 5451 Lrsosss

J13gee a334 L lsaladla saudy uia Sl (F)gaelS S5 ired YLD w2

FrnY e Wale Woke ¥

L

Fig. 5 Unit length and total length of the corrugated part
My G I Jsb g aly Jsb 5 S5

(Mied e 4 olul) Glises jlozge sloasly cwsis sloyial b 1 Jgue
Table 1 Geometrical parameters for different corrugated unit cells (in
meters)

Jgge wly JSo b el polie Jdgse 9=ls g9
m_ q, = 0.025
[ q, = 0.05
[ T I PTEAS
G1)g, 1 | | q; = 0.075
=gz |
i 44 _
q,=0.1
YOAVANESLE
|
gy 1 |
—— 42| q, =0.1
sin mx/L
[ L=01

GiBu 6l Wleads 03,91 2 Jguz 10 eole (pl (SilSe Loles el oo
4 8 T(mpan1-debewdeins 51D (b pb @ 5oy o0lo 31 50 Jlogse
Calies a5 ol o ool s o 0aneli (o ol pl ) Sy L]
Lo jolite 4 eizen sl oud a5l 5o e e 15 25 o
S @Y 90 51 GR0Ss JLS )0 Jlozge ol g jlbalable (6 ey i 0
alice iz 5l 5 Y g0 ol ol oalds oolaiul 5 ol 9 YU o STL
Gyocly oole wload a8,F i 1o e oo 0.1 Culies b 5 lazge sk
Vo JsShe 055 abor 5l (oolsx b Jlozse (i sl ead eolanl
k) S5 Y ol CollB da Pl 5l sl 52 VU Sl ol
axyd 250 51 i) Yo LIS sles o Jylme (A, by, b (SSE
(& el &) b sloan)li lcwl 68 (Sl plos 5 (15l
slid o Sy @) sileoasSTy ) 4 ilelbe collb @ Gly s
5 &5 riuaglie das sl dajsuin ;0 2,05 (Jsibl- O (gilulax
seboled ailoads 03,51 3 Jgaz ;0 sole opl (SilSe Lplgs 5y pbo,ud
il 5 ol S 5 3  osle (ol wiedd pmite Jpaz 51 o5
5 oad i Jode 0,33 Jodo oS il ax,0+200 U -150 Lo
b py abis i Sl Lyl (o ool pl ) b eas Gl sl
az,0 345 1 325 o sles jo Loy (o ol pl (&) (b oole (gy0lls
sbes (o ool pl (&) (b oole sl a5 olesl 5l sl e sl ol 5 sl
oo 1 SYL sw) col ol F il a0 250 51 5YL glass S
Pogd g, 5l ekl b (S50 ) old adsg ISl (o] ()l 4w
Slopld odgs sl Jslre 6 Faisn, (o, 51 IS e 4 0I5 529
Soaladls jedy (SulSege,s as 2 30 L o YL 00 5 o oolaiul S
i gl 45 glooke ol by el sl 358 llie ! 45 ad soliiul
31 5YL (6,18 Lo Wil 90,5 o ooliiwl ;5 Hul s Y aY 50 5 Jlozss

3 Poly [1-(trimethylsilyl)-1-propyne]
4 [poly (TMSP)]
° Melt-processing

01 oplouts 18 055 1397 (13355 58 e Suille i

Eo e les Slis (53,5 s a0 (Jy adee g Sute
lei oo yts (16) dolas & jg0 a5 (1) dolas ¢l pls am0 o
e=—ky=C(0)a(0,y)+et + fTTlD(H)E(B,y)dB_ (16)
G5 T g 58,5 a8 Ao ye Job o Lo &less (B slae ol o
Sy a4 dolre (pl odd (gl p 3w o plid | A e ] o
2 oo Cawd @ el 0o o0ls lis (17) doles yo o
—kn11Y = Cny1(0)0n41(6,y) + &5y + S
1 _ _ -
+E (Dn+10n+1(9:3’) + Dnan(H,y))59 a7
e g b 5 S Sl 5 () 5 (17) ahles oy b
Db s el e sy (18) dslen fsalile ol iy il
w]sa Cewd A ‘f’)"ﬁ’% =d.’>).o
kn+115(8) = Cni1 ()M, (0) + Mﬁ + M,
1 _ o
+ 2 (Dn+1M‘r§+1 + DnMrsl)69 (18)
e (80) ez 4> o 53 Lod i (00,5 S8 iy o 5 len
SMS g MS 1 rmmen 2l (88) 3,5 5w alo e o s Slpuis
ol Cawsd 45 48,5 0y al> o 51 S (16) doleo ;0 T 4 (18) doles
Bl (2 plos Sl alye 10 55 e G5 ik S5z
Wb sl e lozge iFu g sreeh A 50 lee Egee 5 335 o
Gy 50,5 b5 (18) aolee 3l oolatul b 5 aiSs ol cxils Jlas o L
Wl oo Caws 4 (19) dolas 3o (0,5 o5 al> o &
(E 1 + Esls)kn+1 = Mrsl + Mg, — My, +
1 p— p— -
2 Dusa My + D350 (19)
S, Glgies w08 zlsual a5 Yol sacgemme I sslazul L
9 5 9 M5 Gl 452 99 58 3 ) Jlogee (ujeelS i (SheS
ged (smy gt (598 Dyg0 4y deke (15 sl

S 15 dom 9 o -4
3 ISiie sloojle jo loaladls (g pendy Slse 5l oolaiwl goses Bun go
ol i S98 g g (ASBalSl Cusls sl eolial lazse slag s
P HPPR IRV Y 9vo.3.35,.$ 5L 09> laojle jo boes IShalails cools
S0 (o0 58 eolital 890 b Khoe )5 (5 yeudy Slge S5 (L5
Ol 2 e Gl ol 05 (5950 w5 loalibl (g yenly Slge (Lol culas
O 5l 0,5 (0 Cagll (6 5 pSotine Slge Ay 4y (6 pesky Slgo LI v
Slosliad (g (n emlio loaldble (g parly Slge sl sla by, (soled
5 olvalabl> g ails slge 5l eolaiul b T slao b a5 sl (5 lozse o5l
el e (el by (phed L) hegh cnl jo ailead
WAL gy g el jloalible (s el i s oz

o5 wiloas oozl L/Lg = 5 b s b ool et ol o
ol 3 Gl 4l Jogge wly Jsb Lo 5 55 U Jsb L el o
slasly Job vl vae iy 5 0 0 Jbozge slaasly slows alivs
a byye ol 5 wload eols olis 5 S5 5 bl sleyisll 5 logse
ol 00 0351 1 Jgaz 4o syl ,o

oolasul jloaladls 6 euds oolo laie 4 wSel o3,y 5l 5 £95 0l o

! Constrained Stress Recovery
2 Self-deployable

350



OSed 9 )3T 5451 Lrsosss

J13gee a334 L lsaladla saudy uia Sl (F)gaelS S5 ired YLD w2

1.4
1.2} .
=+=End of cooling (stage 2)
= End of heating (stage 4) ]
x
/‘/
=
0.8} .
g ,’,
= Ral
~ L ,
< 0.6 "/
0.4 7
R
Rd
Rd
0.2 Pid
"‘
—"-’
OE-’H:'——,- ————— e o ]
0 0.2 0.4 0.6 0.8 1
x /L

Fig. 7 Deflection of the pure SMP beam with respect to the maximum
deflection at the end of loading, at the end of cooling and heating stage
(dmax = 0.06 m)
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Fig. 8 Variation of the curvature at the fixed end of the trapezoidal
corrugated composite beam (k. = 0.72 m™1)
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Table 2 mechanical properties of epoxy resin [14]
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Table 3 mechanical properties of Poly [1-(trimethylsilyl)-1-propyne]
[30]
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Fig. 6 Variation of the curvature at the fixed end of a pure SMP beam
(kmax = 0.72 m™1)
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Fig. 10 Deflection of a triangular corrugated composite beam with
respect to the maximum deflection at the end of loading, at the end of
cooling and heating stage (d;,ax = 0.06 m)
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Fig. 11 Deflection of a sinusoidal corrugated composite beam with
respect to the maximum deflection at the end of loading, at the end of
cooling and heating stage (d;,.x = 0.06 m)
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Table 4 Numerical results of different corrugated sections with Euler-
Bernoulli beam theory and 3D finite element analysis
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Fig. 9 Deflection of a trapezoidal corrugated composite beam with
respect to the maximum deflection at the end of loading, at the end of
cooling and heating stage (d,.x = 0.06 m)
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