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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this paper, thermal and vibration response of cross-ply bi-stable composite laminated plates was
Received 08 January 2016 studied using semi-analytical, finite element and experimental method. In order to evaluate the semi-
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analytical and finite element results, a bi-stable composite plate was manufactured using a special
Available Online 12 April 2016 yt p p g asp

procedure. Next, geometrical characteristics and displacement of different paths on the plate were
measured experimentally at room temperature. In semi-analytical approach, the two stable states and

Keywords:

Bi-stable Composite Laminate the first natural frequency of cross-ply laminates are calculated based on Rayleigh-Ritz approach
Rayleigh-Ritz Method combined with Hamilton’s principle. In this study, a modified shape function was introduced that allows
Thermal Response the curvatures to vary in both longitudinal and transverse directions. Using the modified shape function,

Natural frequency

Finite Element Simulation the displacement of the plate in its stable configuration and the first natural frequency of the plate can be

more accurately predicted compared to the Hyer’s shape functions. The obtained results from the
proposed shape function are in good agreement with the finite element and experimental data. The
proposed shape functions can also be used in dynamic and vibration analysis to determine the snap-
through load of the cross-ply laminates.
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Fig. 1 Stable configurations of manufactured bi-stable composite
laminate with [60/-30] stacking sequence

[60/-80] iz b st ai5lo Luss o 5o 555 Jouls sbocdls 1 s

® Snap-through

4 o jlosis 16 095 1395 L5 urde Suilke wiie

s Y 59 4 plouinl o gl clls g il bls 4y a5 wites
Sidyge sl )3 pguye Slagyb slp (29 Rl Wil e (Solo
Jo iyt Sygonr ol sl o S 5,0 Ko [2-1] wns
S 8 L lss g 2l S slayl o ST a8 )13 (658 e axio
sl 3 oS blul culye 5 (SHle plys DS cle o
ol ,0 lais ool a5 ogd e ol ] o Wl (sloiis calise
4,k aS e ol 1) e (led 50 5y b slocdl> 1 S gillae
IS8 s Sl 05 S g b Sde 4 ST Y
3579 e (o275 Shaalius L a5 05 oo (i | sl 0023 ) G <34
ool b pls ooy ol (L5 gl S clalgiad S8 4
Jol Slosliiul § S5 sl a8 @y ()5 (16,5 (Sl eé slaalex
slacdle Jlod @ 35, =y Ghey 9 I el @551 il aneS
leS slal 2os [0/90]r az b bt Sy slagsys
Rlo 4l [4-3] il ed ple aBl anug 4l a gl Gy, g oSl
4 Seop bl o sza ) axio jl 2l glaglbul> (Jod BB s
GBS B e sl s 4 Ll wiS oo (st ()5 slaad 5 Leadss
2 g szl g ad SIS e 4 08 ooty S &l slalissl
2 e ol Ll B8l oepdle [5] e (St Jlw
S8 (An sl )Y o wle B9 slaaatie K5 gila e
FB L lalhas el 5 389ab ol b Sblie gladge S 5 ol
Cualdd o35 gwiid Sl S Je3 5l (ks slo il 005 oz s
Olione Lasgs a5 W) e Sl LLgs slasyy led S5 5 0é 5 LaarY
abati 1) Llgs <> g9, b sblite Jobo [8-6] cal ont gm0 0L
Slssr 4 gl ksl colaiul b ple g gigelels M}fzu;;l.p“)‘
[00/905]7 iz b hlwis S po amio S j0 owiin sla i
2 ohg @l >l ol laclsx s 4 3850 o] il
S5ty 3l eoliwl b oKen g 3udgi [9] was sleisl abai Sl
Slrio Culid & Jsb cond 5 58 & J5b o (pyn & oS
Jolss bl 5 aizlsy ol sla)l cod o)lite s S e (bt
Cules 4 Jgb G j0 59 45 axidl,e g 20,51 cavoas | o5l b
Al g0 3k Calid 4 Job S 0 g (ool (2 Il Sl S S
aie; ,0 [10] cosls aalys ool 05 bl cdl S g lailgial Sl
plonl (g gamme Slalllas Llgs o5 o olmio 5l 5 (Seslss gy
ang 4l ol oLe 5 g5ks L] (it 5l 45 el oy
S Seslud 5 (Sliul JB8) petheen Jol 5l oolinal by ple sl
or St o booad o Lhates Llgs oS e axio
Ghbis Llss oSy Gy Sl (3l pla o U5 [11] wioges
~ ks Gy Sl ool b ol oS s Jols Ll Jy> [0n/904]r
ol p Gl sl Jo (s plasdl 5 gilen Jol 0,
@ L) 995 bt g sl camse | Lol bl slodge JSB g (oo
2o gy calee 5 (52 [12] wio S avglie LusSLT sgumme (sl l38lp 5
Rl a3 g SV geome Slasi Al (b (SlapuilS B a0
dalioul 538 5 00 c o 4 cpl p odle cad aliee > oo
4 S 28 BB sl by, nl 5l eal oty gl sla il
3 ogtaS kg gy Jlesl Loyl sgaoe sl (giluand 51 Jol> gl

! saddle shape
2 Bifurcation point

120


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

Obled 9 3135 Oligrsd Swal

[0790]r yiuizy L LS 5 po BLRARLO o (uilS 33 9 )13k BLAIL Al i a5 JSub 2L Sgue

2 L> RV 4\.._9; )‘)3 R )90 J‘)T 6&4...] L\ [O/QO]T e B9
09 sbabelr Gy g8 ol Gl e sl 85
g o 00 (ped> (5) alal, & 904 G5 Sl axan glaxan

ou 1ou1i

uo—z Z u21+121( )ZHI( )2]

o,, 10,,1 ;

_Z Z 21 (VG e 5

Ja.ll)w 6"“)‘ L;‘,g OV 9 Ou ) 6'4""“’ 090 6L‘°GL’”'> A o
a,las o wl S0 dedde 0 aS aigS jles il 0,8 soue Wb gwaie
amao jl z Glule wad sl Gldllae Ko g plo aidl, aswg
Al Olaize )l Jiie 5 ol laliss! a5l ool ol slaigSa
r 05)15 9 M‘s.‘;u ng."w LngLou‘ 9 A.J u‘)J‘ u,ul.o.l O )‘)13 l)JLoJ
Sidyge Jbowl il (oe slad )57 55 a3 )5 cpl by )15 azliz
4 yomie Wlgi g ol Ll 53 L (0,5 Jaw iy S 13 colatul 8 )50
05 Ll 5 o5yl 5 Sooliss o Silinl slodasio 1o sk slas
I et bl sl JSE b 50 5 L s llae S 35 o
ol bl ple IS0 ol aiile 1 Jow jo  cansl oals colinul 5,9 axiw
a5 slsS s 0ald 5 4 (g yudan (9ol3] Az ;0 2 Joe dilond atd F L o
P9y 0 Sibee @ald Y 9 X512 4z (g Sogen 1) laliwl s
B g adl rels Uas doales slass 2ul8l b oy, oo el 3 - b
4z g3 b Y gpmme olaws Giolidl cudls Sla o Wl ax S10gd yiis mlbs
OBl peSatiz sl 329 a1, O] o ploj altns as 8 coalo 4
Olae 42 Jow e Jo loj g mbo <o (3 3 L o LI aes o
Ll o0l SO yre Ao 3 E)L‘; ‘;L@ul} Gl oo aigy Jow

wyl e Cewoty (6) a1 9 IS (s (535

_r1 . 0wy, , . 0Woy, .,
T= EP{(uo—ZW) +(UO_ZW) +w0}dv (6)
v

aslllas ol jo sl Gl 51 ol Wilgs oo g 00y dio JBs p &S
Ceslodd (5,8 <l B9 JS 0 S

el Glolaz jglatess (1) ably 5l o3z @ 232 5 JSI L

©ygon abaly cnl o piiz 655 Alez (il laySles Sl (g5l
[11] ws salgs ool (7)

y x
t > 3
_ h? (92, 62131'/0
fé‘Tdt— jf bl (e 5
& “Lx
- WO] Swydxdy dt )

o 5l ) almle sl oad ) p IS5 25 1 Jgux
Table 1 Shape functions for out of plane displacement

Jss als Jow
X 2 2
o [rao) 450 ) <
X y
% y 2 xy 2
x | =) +w Z) +w
0.5 % |y (Lx) Wo,2 (Ly) W22 (LXL)
x\* y 4 ?
+ Wy (a) +Wo 4 (E

121

Fig. 2 Application of bi-stable composite laminate in variable camber
trailing edge [21]
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Fig.3 Schematic of the plate and its geometrical parameters
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Fig.4 Typical images from optical microscopy of thickness of
manufactured laminate with 50X magnification
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Table 3 The effect of the order of in plane displacements on stable
configuration of the laminate at 25 °C

c B A Ky - Sl iy
(mm)  (mm)  (mm) (MY (m?) wlyo 0,0,
1324 <1317 007 471  -0.03 6 3
1321 <1310 011 470  -0.04 12 5
132 <1309 011 469  -0.04 20 7
132 <1309 011 469  -0.04 30 9

123

6% wedawg,Sam Sl oolatul b jelaie oy all anils |, swss
osds axslu (3,9 cilize gblis 51 (INSIZE MODEL ISM-PM200S)
0dd ewnd WS Ldow b laayy a8y cuelies g 00,5 (g ley oS
oo 50 gy aY Cwls og 3l o 4 cl S a4 pY clonds
oads Hhid o 5, Y Ol 5l eads swyp Jae 0 Koo sba¥ L
bl bl a5 55 oY cubro golus Jdo 4 W ol
3o dlgiuwl Wge a5 Sglas cpl bl dalys Sglate cudle 5 (gglane
el (2858 97 Silge pod Sl 3 5 sk jeme (5lge ol ol Il
oads 03,5 Jlauly slacdl> 5l S slp L enw] Cawsas mls g, ol

el

9o Sl ! (S lwdmd -4
Sl 5 gwain Slasiie b ()5 odel Cussdy @l gy p jslated;
sl 00 (g5l e usSLT sgaze glixl 8l o 0 2 Jeur alive
L labais Jloz (mpe dimgy Glall g )093 (sanaSed ) dlts S 2
Az 0 b ol abd e a5 col ol eolatwl andl relS ¢ .8 IS
Orizmen )l (a5 2 alil 4z )0 a5 glmlx ol3T 4z o an) (ol
Salbulr cvyn @lp awain Slpss (og S nd 4 bgye auiS
Sl Judow 5l oslainl b bl jo el @i )3 1,3 oolaiwl 8,50 S5
wiloal Cawods 359 5l glacdl ;5 slapls iy yai 5 ogee
3o Gos 43T (sl oy s (og QS @ azgi L1 el 50 -
o3k 3 305 ylwb gl 5l (S o)y wilewy sla 25 sl
Sz 4wl Cgz 0 (S=S (g9, 180 °C G 175 °C oo
O ok A 4 59 Ojpganlnd )0 weboe Jlesl §y9 alsT
Sl aalys IS Soss ool
5 oad aLilsy st B 4 ond Jlasl SzsS sy 2 p5 o -
o8 cpl bl o asS e lay aslsl 25 °C 1175 °C 3l Les als
58 00 Jlosl (g9, gz 4 dinly) Sl slacdl> 5 (o 4 G
sy L Fan (165 sl
) xS kB V2 5 1 slapls o el S8 4 oY
el 0as Jlosl 1 2 25 550 Ll g 928 (X=Y=0
ow  ow
w=oo= e = (16)

Uy =

Vo =

[22] T300/5208 .55yl — ol 5 osle lasein 2 Jgior
Table 2 Properties of T300/5208 Graphite-Epoxy [22]

i dasin
146.95 (GPa) Jsb (LS Jgao
10.702 (GPa) b, (loniS Jsta
6.977 (GPa) ooy Jgoo

5.028x107 (1°C) Jsb ole,¥ blail oo
2.65x10°° (1°C) ooyt obo)F bl oy

0.3 Jsb Ol e
0.0219 2 Ogly s
0.365 (mm) &Y o Cwlbs
[0/90] SR

4 o )losis 16 )93 1395 D8 R0 Slle widie


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

Ve 9 3135 Ybijg sad weal [0790]r iy L LS 5 po BLRARLO o (uilS 33 9 )13k BLAIL Al i a5 JSub 2L Sgue
0.7 :— 155 12
0.6 10 10

F —@— FEM A 1
o5k —5— Model 2 / E | 8
: — —A-—- Model 1 / N §
04 0
E | ,
Z03F ujf‘ 2
= [ 0,05 ; 0.1 o
0.2F 0 v 0.05
F 2SN 3 0
N Y(m) 005 005
0.14 0.1 0.1 X (m)
0 (<l
FTETEIN ENRNTNEN ENRNATEES RRATITE ST SR 5 .
015 45 65 85 105 125 145 10
T (°Q) ol 2
Fig.6 Displacement of point A versus temperature for second stable -
configuration 8, s
pao Il Sl s Les sy A alais Ll 6 S5 N
-10
or 154
N —&— FEM 01
oL —H&—— Model 2 0.05 0.1
“r — —A- —- Model 1
B 4 Y (m)
4
T 6k 008
E -
~ | 10.06
= 'Sf 2 40.04
L 10.02
-lOf
B 10 X (m)
-1 N // 1-0.02
1-0.04
qal
25 45 65 85 105 125 145 006
0
T (°C) 0,08

Fig.7 Displacement of point B versus temperature for second stable
configuration

90 sl Sl 40 Led s B abais Slol> 7 JSCi

-2
-4

-6

W (mm)

-10

-12

gl b e
25 45 65 85 105 125 145

T (°C)
Fig.8 Displacement of point C versus temperature for second stable
configuration

90 sl b 50 bed s C alaii lul> 8 Yl

Sygots g (9 JSE) oad 605 o3l yie e 0.01 o b Jbums
el 00 sy 13 510 (slo S o ailSlas

4 o jlosis 16 095 1395 L5 urde Suilke wiie

0.1

Fig.5 Stable configurations of the laminate at room temperature for
model 1 assuming O,=0,=5: (a) first stable configuration, (b) second
stable configuration and its top view

10,7075 L3 L1 Jae (sl Lams slos 15 35 sl ol 5 JSCs
STV les 5 pgo sl - (o Jol sy <l (Ll

Gl L g WS (oo (i B ekl Gl s bl 0o Joe 5o b
Dgdi e yudo 500 gla e b o] BB Leo

g Gl oael Gty Jow 4w ,o 50 C ahis glp LSS olels
s 405 bl S| e il e o8 L ol
s 53 Uil et § 28 (C ah) ) Loy ool L (B o)
= i il ety 0g0mme (sliml (g5luds 92 Jaw o BB pl .l 5,9
PO R KV B

2 dgamme szl 9 2L slados 538 oLyl s suin sk
B9 oo ad [y oad aisle (5,5 4o | 2,5 olbnls e sles
Sl ) B9 B bsks 5 (Lo ) 355 <55 s 4 (L )
i L) olfiws 5l soliiwl b (095 axzlpe (o) 5 JSo @ Ly 9 Lg)

124


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

Uhed 9 3135 glig s dwal [0790]r yiuizy L LS 5 po BLRARLO o (uilS 33 9 )13k BLAIL Al i a5 JSub 2L Sgue
I15. . sl Cawsty bl (x=-0.5Ly , -0.5Ly<y<0.5Ly) Li o ,o
* S Model 2 * 1ol b3 5o 5 009 Brhaie o2 o Loy Sgume gl 52 Jow sl
I — —A——- Model 1 slalols moldl b s -yl ‘wl,‘;&f‘jl,gs()yﬂ @t;slngQT s
-12 * Experiment

w (mm)

A A _AA
i A A dAdd s AAAAAA

R 7'\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\
135 -75 -50 -25 0 25 50 75
X (mm)

Fig.11 Out of plane displacement of the path L, at 25°C
25°C lod ;0 Lo yowo 43 (35 amtho jl 2,15 bl 11 JSCi

L cosgr Job e (s5lge 45 (-0.5L4<X<0.5Ly , ¥=0) Ly o ;o
O oo & aaldl 3 o8 Gy ooy 5 (Jsb bl Sl @ a2y
9 0g0me sl32] (65lwand b (g i 6 )85l 2 Jow el ons azlo
aboki s oyiily) alie Ay, S Joe daw o g azils Shoe ool ol
89 wmive 3l ) lmlr Sl 1 Jas 0008 o JLis | (e 2aS]
O BB 55 55 50 5l abold (2l L oo 50 4z s (ol O g0
ol 5l (30 a5 005 o pite Sgue szl ilennd 5 1 oo il
oS e caals s e wb (13 U)ol Jaw cpl o bl og
S saae b (wld )3 oad aitle diged axio jl 2 )5 olnle (09
coloanlp o Jeiol oge 5 Cugb, Sl il gamms slizl gilwans 5
w50 g Wlowy Sl alS cage a5 03g by cnl cxy g
Bedse 3y axbe )5 plnle falS
52 Joe sln lame sled 55 (55 (oA 9 2255 sk el
ol 00 00ls Lz 16 5 14 sla IS j0 il 905 sl Jow
slalsl Olews ioled 4 0B 1 Joe 95,5 Lo dedie j0 a5 jshilen
(W) 15 5 (W) 14 sladsis Gillas o' S50 58 S (255 5 Job
S Y s X bl 55 52 50 Jsb bl wgaze izl Jow 52 Joe o

or
_2:_
4
L —@— FEM
E 6L —8—— Model 2
E ——A-—- Model 1
= 4L * Experiment
10
12
_14’|HH|HH|‘H‘lwwluwluul‘

-75 -50 -25 25 50 75

0
Y (mm)
Fig.12 Out of plane displacement of the path L; at 25 °C
25°C lod ;0 Lg yne j0 (53 dmio j g5 a3 Slowl> 12 IS5

125

(10 JSC2) a9 0 i 1 Jaa po G359 55

& ad by 5l e8> b ((-0.5L,<x<0.5Ly , y=-0.5Ly) Ly jous ,o
Lol crl Joe ez 52 9 00l jteS laglnlar ke (39 slaaldss Coom
(11 JSa) s)ls oaes > g oo ilo (5,9 4 45 ausd e olis
Loty 5 ad by abiis o (6,58 olmle ST 1 Juo o 43 5]
B sy 0 Y5 4 SIS Loy B9 4d (bl g 09h o0 onalin
S 3 092y ladae nlo g 1 Jue ;5 359 sloadss bmlr o ol
Sl oad Sl Kb ol o509 (Jsb slabidl o bl (AL
Lol L Joo j0 amin jl 2 )15 Slml>

ol byl 5l S, o5 (=0 , -0.5L,<y<0.5L,) L5 yewo o
21 A reS Job glaliozdl Dlpis wogr (po5e s Silge 9 GBig
Glaliou] Slyeis ol 1 opdle cubls dalsd g amio 3 @l luls
@bl s gales g, a5l cesl 3070 ras (0l 50 (o250 9 Jsb
(12 J52) 55 (oo st ot s 0l Sl S

Fig.9 Measuring the displacement of the laminate by a height gauge
T £l ) ol8s ausgi 3,9 domio jl g5 oluly (6,5 03lail 9 S

oF
_2:_
a4
I —@— FEM
T 6F —8—— Model 2
£ [ — —A——- Model 1
= gk ' Experiment
10
121
_14’|"Hluleuluulwuluul‘

-75 -50 -25 25 50 75

0
Y (mm)
Fig.10 Out of plane displacement of the path L; at 25 °C
25°C LSL‘“ 5 Ly a3 (89 42.5.0) E)l} L_$JL>UL> 10 JSA::

4 o plouts 16 0,95 1395 ju5 (yurowe Swilfe wise


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

OblKed 9 3135 Oligrsd Sweal

[0790]r iy L LS 5 po BLRARLO o (uilS 33 9 )13k BLAIL Al i a5 JSub 2L Sgue

e 5 ko b dgume izl 52 Jae o iy Ll (2) 155 ()
Joe 255 g0 oanlie 355 (slaadsS po o) ke n2eS 5 iten 5 0092
Ot WS (o Gt o bl g ST e b LS 52
olis 0g 3l sdomy lalizl o sgume slixl gilwand L) Slssren
dgaze szl (gilwans i @olil ax 0 cde 4 9gzg pl b vas
dmlio jolateds 310 3529 (28 B slat seie (B Joe 4 S
dule glabil aieS 5 i polie ool slpriny JSG Al oS
4 Jgaz yo dgame izl 92 1 slaJow sl poo b Sl jo o
sl 0 1)

O sl b o 51 smtrm 39 S A Gy (ser 0 o
el 00D cawy Sgazme gl 92 1 sl Jae gl oleiil abais o
e 3l oolizl L ((sladlsmal 250 JS b L) (3,5 Jsl sl (dlS 5
sl o0 00ls (Lt 16 U j0 T b 5 dusloee 4,98 @0 s

L Ble 5 Llys o ST ali) il s 3 a5 sl ol
sladsb sl s ol 5 Sl b S L 3)5 (oo (b 58
wlss o 1) bl Sl s il kSl g 555
FOWIN
odd ooy S sl ol atidy § ataS polie 4 Jgor

Table 4 Minimum and maximum values of the curvatures for the
investigated models

Kxy (m?) Ky (m?) oo (M)

KW
0 0 4,70 470 -0.04 -0.04 5
127 -1.27 473 4.30 0.15 -1 IS

231 231 478 395 038 411 ogame sl

(m")

r r ) |
o.os‘
0.04 0.5
0.02
0
002 %
-0.04
-0.06 =t

006 -004 002 0 002 004 006
X (m)

Y (m)

Y(m)

&

Fig.14 Curvatures of the laminate for model 2 at 25 °C: () xx, (D) %y, (C) Kxy

015
r —&— FEM
01lA —8—— Model 2 A
[ \« — —A- —. Model 1
i \ * Experiment /
0.05
T [
E L
~ 0_
= r
-0.05
01fF
o5l b b b 1

T -75 -50 -25 25 50 75

0
X (mm)
Fig.13 Out of plane displacement of the path L, at 25 °C
25°C slod ;0 La ywe j0 (55 azmio jl 2,5 olul> 13 Sl

e o y2eS 0,8 g0 g0 X (slily 5 5 T Ol ks oy 5 00,5
Pleada (ol Seop b aS oo 3)5 55y 5o o3l Bl I Jgbo sl
Slizsl alin 095 o i jlaie onl (&9 slaaies o ohga) X sbiul,
Sl oo 35 e sl () 16 5 (0) 14 s S sh 5 s
Ol Sl (i § WIS g i Y 9 X (slial) 58 52 50 2 o g dgame
X sliwly po load ay (ol Seo3 L aS 035y )9 35 0 4 S5 (>lg )0
P8 ple 4l arwgs 4l ol wiS oS jshailes b oo SRS e ol
5 Consd [0/90]7 i b oS0 amio lp cdomg bl ioles &
14 o JSs ilhae a8 oo o)l sgamme gzl Jaw b Slgen m

Y (m)

[
X (m)

(<l

iz sl (g oo bl (o o Job bl (W12 Jow 61,25 °C sled ;o §y9 slabioul 14 JsCio

(m)

23

-

NERRooSoO R
Wishiivsekivinie

-

]
~

(@

o :

~

e B

LokRvivweRonOND
MWIWLINNESEOS
RaboovonRNaRSR

X

(z (= (al
Fig.15 Curvatures of the laminate for FEM at 25 °C: () xx«, (D) xyy, (C) Kxy
e sl (C (2, bl (g ok sl (JJ‘ Deaze gl gilwans 51525 °C slos po ous e By bl 15 Js<s

4 o)l 16 095 1395 15w Suilse wiie 126


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

Obled 9 3135 Oligrsd Swal

[0790]r yiuizy L LS 5 po BLRARLO o (uilS 33 9 )13k BLAIL Al D a5 JSub 2B Sgue

Sl Gtales sl ply JS8 ab 4y Comns g0l UK w0l sad ool
5 9050 glizl (giluand @l b gty )55k 5 ol ogllae o
@l adye Sl SR cwl S5 a e Y ol e slaghiles]
L Ll oo oo mls yitg <8 g s malS ccl ax 51 asin jl 2>
e Ol @ 5 1y Ol Jo ooy a3y cople 4 axy
J= ol s mls s 285 a0 b W s e Gl 6 pSeia
Shaslb e amio 5l z ) ol glp el IS b 2 Jaw s
sk slabioml Slis (oges Joe Ol golgiiny S5 @b &5 o]
9 Seels ladelod ;o Wl oo ol (nl Sjluise 2dy OISl ) (o2 5
Som dlne 9 (SSU oy omay FE8S siludoe seliedy (Bl

7 @l e a
S gl ey b
Sy el 2l e c (A)
(M) 550 aY culiess h

a5y o Sle slaaily Jij
Brs b b (S K(W)
5,5V ol L
(M) <5 5 39 Jsb L,
(M) oS 50 85 20 Ly

sz oSl
S o sy slass n
Uy bl a5y 0,
Vg bl 45y 0,
asl S (e i sle Q
obe; t
() st 35 T
() 255 &35 U
(M) X gz 3 Sloo amio lnl> Uy
Uy bl l o Uy
(M) y cqz Sl amao ool v
Vo bl ol o Dy
(M) Z ez 5o Sk amio obal> wy
Wy glbml> uls Wy j
Sy pidle
oS bladl g oy a
S e 3
Shee azmo (255 s 5 e’
(M) Sles amio L s K°
(kgm®) <5 5o 355 Sz p
(°C) oo Dz AT
@l o ¢
(H2) (b il 3 Wy
CRET2
aY o,led k
W Cewgm -8

Sl o ool s 1m0 S 0 CS e Ao 4Y SOl sldiges

127

300

250

200

(Hz)

o

150
100

50

sn pdagiadon seieis plapraleseyieitn
50 100 150 200 250 300 350 400
L (mm)

Fig.16 First natural frequency of the square laminate versus side length
at25°C

25°C slos 3 (oilr Jsb o sy (B39 J5l sk 53 16 Y

15 ond dmlme e Jsb osdise odnlin b 3l & wsSoles
Jsb ol oS 2 5 1 ladae b (Wl o dgamme (sl (giluand
599 6345 pln i a sgume izl 5 2 Gladae ln Sl
Jsb Gialidl b 5,5 ommb uilS 3 el saal Cowday yio Lo 57.5
80 Lile Jsb 5 a5yl b bl (il53l s pos 4y olatl abai 51 o ool
Slr yeihe 70 52 Jao ln ke 75 5 1 Jae ln sl
b S 3 e o0 e Hlade Al 4 Sgaze izl (gileans
35,2284 5274 317 55 4 vg0me Izl 92 A sl Joo (sl i
55 smlr Jsb 38l Jae s o 59 Al () ] ol 5 il
WA wale e |y gauds Wl )8 Jlade als

Szl Gl b (093 e Flsen 1 Jue b (ol3 0 2 Joe
Job odgame 0 Ko Jaw 90 b1 Joe BB i o)l sgume
sy Loy Job odgame (ol a5 ouls ooslive yio Lo 250 b 80 il
8l iy i Slolaslyn 3 05 5 s 5 Slab ol
el 0 5 Ly 35 sl o 55 o 4 58 sl o il el
D9 g0 awlS Uas lade 5l 5 00l

S5 4 -6
Sl sl (22 L e loa )5 )3 Llgs oS e sl yg 53l
oo @bl )0 s JB sla> 4 e (55 i (90 plmlr Gl
DD aalyS 55 slaalss 4 Suop bl almlr 5 Jsl (b 558 50
AL B L el 5l sladus 4 S Sguzs gl Jas 4z S
Lol Joe S al) o] oYU lowlre anje s 4 Lol cams oo )|
Al g skiedy g, Gul Sl w0 B @ 698 Jsd BB <o
5 Sl Slazin ;0 39250 sbalas jals 5 ple 4Bl aruy
oad &l amis 5l 2B almlr lp susr SO &b Gy A
Sl 5 42l (50 0lj1 420 (2 Jo) (sl S5 b o
90 a0 5l glaboz iz LY g X Ll 93 50 0 1) o0 5 (Jsb sbabil
2la K& 2l b solorinng JS8 @b anslie jolaiods jlaee 23y OIS
Orizmed 5 Gy gl rerb Ll amio Sl gyl alnle (1 o)
Ol g ol Comsay bazme sles )0 G5 siom 5 5255 15k slabix]

4 o )lois 16 093 1395 D R0 Slle widie


https://dorl.net/dor/20.1001.1.10275940.1395.16.4.34.3
https://mme.modares.ac.ir/article-15-7720-fa.html

[ Downloaded from mme.modares.ac.ir on 2025-04-03 ]

[ DOR: 20.1001.1.10275940.1395.16.4.34.3 ]

OblKed 9 3135 Yligrad Swal

[0790]r iz b LS 5 po BLRARLO b (JuilS 33 9 )1k BLAIL Al D a5 JSub 2L Sgu

&=1w-9

[1] S. Daynes, P. M. Weaver, Stiffness tailoring using prestress in adaptive
composite structures, Composite Structures, Vol. 106, No. 1, pp. 282-287,
2013.

[2] I. K. Kuder, A. F. Arrieta, W. E. Raither, P. Ermanni, Variable stiffness
material and structural concepts for morphing applications. Progress in
Aerospace Sciences, Vol. 63, No. 1, pp. 33-55, 2013.

[3] M. W. Hyer, Some observations on the cured shape of thin unsymmetric
laminates, Journal of Composite Materials, Vol. 15, No. 1,pp. 175-194,
1981.

[4] M. W. Hyer, Calculations of the room-temperature shapes of unsymmetric
laminates, Journal of Composite Materials, Vol. 15, No. 1, pp. 296-310,
1981.

[5] M. W. Hyer, The room-temperature shapes of four-layer asymmetric cross-
ply laminates, Journal of Composite Materials, Vol. 16, No. 1, pp. 318-340,
1982.

[6] M. Moore, S. Ziaei-Rad, H. Salehi, Thermal response and stability
characteristics of bi-stable composite laminates by considering temperature
dependent material properties and resin layers, Applied Composite Materials,
Vol. 20, No. 1, pp. 87-106, 2013.

[71 M. Moore, S. Ziaei-Rad, A. Firouzian-Nejad, Temperature-curvature
relationships in asymmetric angle ply laminates by considering the effects of
resin layers and temperature dependency of material properties, Journal of
Composite Materials, VVol. 48, No. 9, pp. 1071-1089, 2014.

[8] P. F. Giddings, C. R. Bowen, A. I. T. Salo, H. A. Kim, A. lve, Bistable
composite laminates: effects of laminate composition on cured-shape and
response to thermal load. Composite Structures, Vol. 92, No. 9, pp. 2220-
2225, 2010.

[9] A. Hamamoto, M. W. Hyer, Non-linear temperature-curvature relationships
for unsymmetric graphite-epoxy laminates, International Journal of Solids
and Structures., Vol. 23, No. 7, pp. 919-935, 1987.

[10] S. Tawfik, T. Xinyuan, S. Ozbay, E. Armanios, Anticlastic stability modeling
for cross-ply composites, Journal of Composite Materials., Vol. 41, No. 11,
pp. 1325-1338, 2007.

[11] C. G. Diaconu, P. M. Weaver, A. F. Arrieta, Dynamic analysis of bi-stable
composite plate. Journal of Sound and Vibration, Vol. 322, No. 4, pp. 987-
1004, 2009.

[12]1 G. A. Vogl, M. W. Hyer, Natural vibration of unsymmetric cross-ply
laminates, Journal of Sound and Vibration, Vol. 330, No. 1, pp. 4764-4779,
2011.

[13] M. L. Dano, M. W. Hyer, SMA-induced snap-through of unsymmetric fiber-
reinforced composite laminates, Journal of Solids Structure, Vol. 40, No. 22,
pp. 5949-5972, 2003.

[14]1 H. A. Kim, D. N. Betts, A. I. T. Salo, C. R. Bowen, Shape memory alloy —
piezoelectric active structures for reversible actuation of bistable composites,
Journal of American Institute of Aeronautics and Astronautics, Vol. 48 , No.
6, pp. 1265-1268, 2010.

[15] M. Gude, W. Hufenbach, Design of novel morphing structures based on
bistable composites with piezoceramic actuators, Journal Mechanics of
Composite Materials, VVol. 42, No. 4, pp. 339-46, 2006.

[16] A. H. Esmaili, M. Salmani-Tehrani, H. Salehi, Analysis of snap through of
bi-stable composite laminates using FEM, The 20™ Annual International
Conference on Mechanical Engineering-ISME, Shiraz, Iran, May 16-18,
2012. (in Persian _..,l8)

[17]M. Moore, A. Firouzian-Nejad, S. Ziaei-Rad, Snapping loads and
deformations of angle ply bi-Stable laminates, The 22™ Annual International
Conference on Mechanical Engineering-ISME, Ahwaz, Iran, April 22-24,
2014.

[18] A. F. Arrieta, P. Hagedorn, A. Erturk, D. J. Inman, A piezoelectric bistable
plate for nonlinear broadband energy harvesting, Applied Physics Letters,
Vol. 97, No. 10, pp. 104102, 2010.

[19] S. Daynes, P. M. Weaver, J. A. Trevarthen, A morphing composite air inlet
with multiple stable shapes. Journal of Intelligent Material Systems and
Structures, Vol. 22, No. 9, pp. 961-73, 2011.

[20] D. Fuhong, L. Hao, D. Shanyi, A multi-stable lattice structure and its snap-
through behavior among multiple states, Composite Structures, Vol. 97, No.
1, pp. 56-63, 2013.

[21] F. Mattioni, P. M. Weaver, K. D. Potter, M. I. Friswell, The application of
thermally induced multistable composites to morphing aircraft structures,
Industrial and Commercial Applications of Smart Structures Technologies,
Vol. 6930, No. 1, pp. 6930-6938, 2008.

[22] A. Firouzian-Nejad, S. Ziaei-Rad and M. Moore, Designing a passive
vibration isolator incorporating a bistable composite plate, The 22" Annual
International Conference on Mechanical Engineering-ISME, Ahwaz, Iran,
April 22-24, 2014. (in Persian .. ,l)

[23] J. N. Reddy, Mechanics of Laminated Composite Plates and Shells, pp. 109-
132, second edition, CRS press, 2004.

[24] C. Kyriazoglou, F. J. Guild, Finite element prediction of damping of
composite GFRP and CFRP laminates - a hybrid formulation - vibration
damping experiments and Rayleigh damping, Composites Science and
Technology, Vol. 66, No. 11, pp. 487-498, 2006.

4 o jlosis 16 095 1395 L5 urde Suilke wiie

ol b XYZ soges Slaise oliws 043 o0 ala>de a5 4565 len
ol 51 1 sges 5 GLIL bl sodate 4 XyXpXg loee Sl
Xl ¥ e ol glacga 4 S8, Jolod sl ojlese 0 4l
A Belaie 00 2 X397t o5 o0 S5 )3 X3 9%

05 Sk e b s - s bl lamie A Sl o
1238 o0 ol 2j Dpgets plo S sla S

Oxx Qn Q12 Qm Exx QAyx
Oyyt = [Qu1 Q22 Qa6|| 18w —1 %vy (AT (1- )
Fxy Q16 Q26 Ues Vxy 20,y

Slp Glazmbo = s cle o aidly all S el sladlyo
3l sl le Soyg 595l eole S

Q11 = Q15 €05* 0 + 2(Qq; + 2Qgs) SiN? O cOS?H
_ + Q22 sin* @
Q12 = (Q11 + Q22 — 4Qq6) Sin* 6 cos?6
_ + Qq2(sin* 6 + cos* )
Q16 = (Q11 — Q12 — 2Q¢6) Sin O cOs*6

+(Q12 — Q22

+2Q46)SiN 6 cos B

Q22 = Qq15in* 0 + 2(Qy, + 2Q¢¢) SiN? 6 cOS26

_ + Q2 00s* 0

Q26 = (Q11 — Q12 — 2Q¢6) SiN* G cOS O
+(Q12 — Q22

~ + 2Q,c) Sin @ cos3o

Qss = (Q11 + Q22 — 2Q12 — 2Qq6) SN 6 COS?H )
+ Qgs(sin* 6 + cos* 6) (2-)

Qes 5 Q6 Qz Qs Qi Qu (2-&) Ly, acseme o

3wl e g aiib oo Glamas - i Sl 0SB G ple slodles

__ &
@ = 1—-vy50,
— ZPLP — Va1 E1
27— VigUp1 1 —voUp
E,
Q22 = 1—-vyup
Q22 = Gy (3-a)

P Slaidee olKiws » Ls'l"“)i .IoLm...n‘ wl}.o 4JL~.A )5.1044

)l mlu)b.c oslo 61..@‘ LSLQ""'Q) 5 L{bu] ﬁou.n o>
(yy = @1 COS% 0 + a,sin? 6
@y, = a;sin* 6 + a, cos? 0 (4-)
(yy = 2(a; —ay)cosfsing

Fig.a-1 Schematic of a lamina in global and local coordinate systems
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