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1- Tensegrity systems
2- Self-stress
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2- Force density method

Sez9e e BS osle (6)IuLL 090 yo &S Slids
D503 dd> L3 atws 90 50 e oo |y ol
e 5le « SVl oagaze jo oS Sldllas (pl il So8
s Lazopoulos lewg i wilead zlswwl ol
L] el oas plosl 2l S

ol b sloosles 5 laubl Jlid, o500 yo a5 Slllas (o
[a-0] el a8 53 & 90 2l Ken
il A8L 5 ) isu 90 0 allie oyl

OU9) & e (o3leiday (o) cllie (nl Cansd i o

. . . \

il g2 )lS Sl ple lag )55 5l (Ko oS- Solu
T o Sb g ‘54:.]4.@ Lgl;b;%ﬁos} sl Cl);‘;)‘w.:\ &lp
g go 00l

Saivgs glade 5l S @l ol pes i o
a5l A o st (i o eal WLl g 5l eads ]yl
slabe Jloz sladgae 5l JSite Fun S (Selz ol S
UL».L’Z.) Oy90 Dgda J.«aLo.C U"’j) )l oolaiwl lJ 9 Q}WLSQ JLo.C‘
0Py & Sl o OpS (o0 I E wiin g llae s
L8 J..JL) S50 Cawbioo ol oolaiwl 5)50 Sguzme yolic

el 00l 03551 53 mwiiore (pl gl w@alsl jo aS 5, F

gl (Saiogs Sbedl s ¥
slrojle oaids jowed g Jol plg> s3> a5 Jolatesgs>
gl lais ol ol (g laosle [0 5l (S

il e (Sasogs Bihol a5 cul
e 4 &S sl LBl sl sl gl Sassgs
L (Satiogs gdoo sbml plunms 3 polie (53,5 jLge
atin S babo 055 Sicksb b s LS 53,5 obsS
R E L LIS RAR) P AP yRe
S ol ol Ol g 05 o9z (Fatiie 5 SaTo O
ol (3052 olssS b glalin 5 M5 i ;o o loj
@ il gl BI Lacl s 50 a8 sbml lp s
s 23S adsl 25 obml sl Lael Koo 008 e
dael o jo i ol gl a5 casl €oossogs»
il i 5 BaSs 4 LS Jsbo 0,5 obsS y epdle

J§ N AT VRNPESNRYRA SIS SWOUR SLIVE IR PN VET 07 PG WU

1- Simplex



e S iags 3155 b

V5 by IFAY 5l ¥ oyl FF il cCou ) bamo g o o ckigpo & 5 | VY

wl i il G il (Sateg slacds ol

5 weadle SO shile s o paiS slacl ol oS Las
Aol s e glls e e g lid slacl gl as as
oo Cedle b paaS p lslE by ST Jle e @
Cawd 4y e Cdle bl (g )lad sl i gl a8 )8 lai o
Ol s (Samogs sla i o)lge iy o Dyl sea

—Cdle slass 4 s Oya0 pl 5 0S sl 03,90 1y sl s
o gl glp Gslie slaghs, Wb (Saisss sl

i3S a4 (Sl g e (Saess
r=rank (A)<b ()

Sossgs slacdls slaw ol e by opl 5l eolizul b

s=b-r *)

Wodld (9 31 (T oy gladl> Sl Y-
9y

J= (F) abal) Wb Sosgin glade gzl ¢y

oS bl a5 cul asie Slsl ) o ile Ly, 5l ogs

ol Sl e Tg slalad (S o 5oo 358 dlolae o

oals las {®V L sliws Saiisg> slacdl STl o

Wby Olg oo Dygoinl H0 Wisgd
[Al{q"} =0 V)

{q"} e ker(A) )

S Load Jol> sl sla Sasiogs (38 dolae Jo

digd oo 00l isled

q ... q°
[s]=| @ . @
G - a5

1- Feasible
2- Null space

:)So.)Lm JS...; O l.:

(919503 X -0 Xk =
(Qij19i1)Yi-0ij¥i-9ix Vi :ff;“ )

__pext
(919 )zi -9 295 2 =T,

Wolesgs Al S 0 (S adlles gl
(7)) Yolee cunly Bk plply )l 0525 ()5 (slog
X=[X X I 51 spbiee €85 50 sho Slp
olade oy cip 4 2=[2,.2,T sy =YY, ] s
Oygocnl o wNgd a8 S i ;07 5 Y X slaliv]) )5 lao S
5 iad, o shls (@h) sae o gl was L B G sile
el (F1-1) iy @ o glagsin o5 cal i 5
slalivl; ;o gas oadpsai glasb nlple S9b oo Gy
op sialys £Z g LY AX cpazyyx

QWb (g sloatemdls) 2iS colpl oy @ asS 28
o 3l eolizal b sl e 4l Sy gl g o gl a5
o5l Olgier 95 sladials oy g oud nsal slasb
g0 zlyZnl (F) doles 511, Joles

/T diag (£x)
[Al{q} =| (" diag (fy) [{q} =0
/T diag (£2)

[\
equilibrium matrix

®

a4 Cosl pe o yile diag (*) I jslae oS
DT cal * 7 (Lol s s,
oy gl Pl gy Alenils g, 5l aS (A Jobss e pilo
S sleosle (solwl Lalg, gl )0 (oot o Sle oo
ool w3518 ol Gl Ly, lae g Conl (S
S 1S 0l So )l oy 5T S (sotes S)lge 5l (S
Slo i S Al g e LT 85 058 JuS col o
Bl sln G050 aniiogs ol (T lil 4 a8 il 1 4l
sLas! JS olass Sl 58 (ol g ile am b S
DL oojls slacl J5 slaws 31 oL, &jle a0l o)l
> S Plas 0925 sl (BB g p3Y byl gl ooly ylis

LS el oyl (Fapiogs



- Saisgs 5

VP by VAT 5ol ¥ ojlels FF alo oy ) bumo 9 oyl joe (oo 49 i | YA

. 2 2 33 55 5
Qi Oy + 04 + 50y +-- 04 Gy <0
: 43D

L1, 2.2, 33 S5 5
%Oy + 0y + 0y +..+ 0y <0

ablge iS5 glael gas AT UGS Ly, o
ool 6,00 lets 1 1 5l asS slacl aS cul (pl 5 3)
S¥olesl gy ole 4y (D b bt ) g lad slael 5wl
SYobl 5 b bS5 s og oiS byd 4 bgwe (V0)
DBl e bales (235 o9 (g)La8 byt 4y by e (1))
hs ileaby By alis alie @le ol Ll
Lilys cov ale O giloange lp Llul &8 wib o

Dl 0,5 col>

bS om gl -V-Y
b ol 5o a5 098 o Dbl Llas ¢ Lo (55leadl
e (23S STl 3pd e (e Sae 1l plgie 4 oS
b Doy a4 b Jlaad R 9 JEXTS &b oo adl g ogl

Dyl aest

il 33 O ya0 dr Pl ool o lailewl Ko
¢'x &l HERC W
Ax<b,x>0 HEYW

ol aliny o o8 cul IS Jlyie s gjloasly
5 Small scale Large scale alo> ;I (sovxie sl g,
3,15 54>4 Simplex
, George Dantzig lo.g a5 «(Simplex) Solw g,
Giloaslyy lae goas > gl 3 gl VAFY L
ol 3 e g ol 5o VYT el ool 5 LIS s (>
gdon oolilul (Gad gla Fal S 4 e lp )
OBl lp (Sole by eolitul 590 55 AT (sege b
O ols vz (e i el Gad sla Sassess
J= sl e Sl 4 05 bl 48> Bas 2l a5 ol
FOEOW S I X Y ICES K R PR
3 a8) oYolul oKiws J> by adlue opl ,o a5 Jb

ool Ha5 0 90 (Wigd oo iy 5 oS (lge @y (Solw b,

1- Linear programming
2- Objective function
3- Constraints

by Jitew Sasogs sl slaas 88 3 akal) o
oaasylis lhw o Ko Ojle 4y abl oo ojle slach slass
Ll gac 2 50 Saisgs gl
Lis Sasgs slcdl slaw ST goay < (]
Se e S mle laggie sl @Bly 53) il sy5e S
e g oo (stie S 0 S Gule Cpo b ohid (el
Ls 4 s 1S loosle 5L aiges 050 puoas |y o s
5 b e laboslox Joae e Faisgs b S
oS olaas Lditas b (V) aolas Jo b o Jsde () 8,90
EV) g o b i by el oo b T cosdle 355 oo ol

Bged e |y b o] g oo

Slabeoslez Jgo -) S0

ol Slalo oz Jsse sl oSas Fasogs o s
o5yl sl SRlesds Gt sae 7 0sd 5,8 S A el
Sl el 5 090 o Slow ((SBsS S LS 5o adsl slaps
aroby wibee =27 5 27 7 27 plp oSS ow
et shie Cdle b eals ;o (g Lud i c0gd o cumlive
] 00
- ogw olass flea L) (Sassss sl slass (0
- cdle gl gl Sl Sl G (S ple glo
oS plsgad solaul badl> ol e oS 5 Il U e
Iy allis L 500 byl y B 998 0o g 0 0 snlps 4z
Slp oS oalpo ST el e o ol Gillr wyles el
ol aski b ogy0 )8 & (Saiogs gladdls s oS s

S Loyl 5 adoleal aiws g0 «blS 5 ol Wl sgds oolo

1.1 2.2 3.3 S5 S8
o050, +ag0; +ag0; +...+agd; =0

)

141 2.2 343 SS  SS
5Ot + 0 + i Qp +...+ 05 G 20



e SS9 315

V8 2l ATAY 50l ¥ o)l FF ulo iy ) dumo g o) o (oo 4 2065/ VA

8 w5 Shiae uS 5 glp a5 Vol olass s
Dgdss 0dem (6999 e
Ol ols vgzg l58le 5 sl solaul o S 58 (6,500 IS
aS ol Jds 4y 0gd oo 0L 5 O¥olasl slaws a5 Jlej a5 ol
5 998 sod 1Ko Sl .l jro OYolasli den cul, Bk
G Sis pl Jo Glp ams i Cans 4 ) emo Olg>
oolain] S8 Jlas dae Sl 598 SVoleal yo oo gl
(isle ya0) eps L MATLAB o sae (pl) cul oads
U’J‘ )‘ oslazul l; (222046-016 Ll Sl )J‘)J 9 59...:‘5;0 JJ):U
u.:‘ l) 0dg ).».’>L’ w).ru UJ‘ aS Qg kS"’J'm L;w‘ L(bub}
Tsaze baclsr las J> 5l an doclsr ol e 6l Jb
Ol e ied s JEUL ouls ypei €S len ol 4
Aolasls o sl 4 a5 cal opl e gomss > 4o allews
ogi oolitwl Y —AX <& dolaeb j lanl Yy —ax <0

(V) J58) 090 Jain & ol 1) boolse

eps

bolss JUl ogas —Y JSi

Yos 5 Canl 0ud laFp 3,8l L L& e (IS5 o
wgas i o g S al>ye 0 laclsx Jl 5l Gl
"o b eSS A el pe anale Sl om aslp
les oo i oo S5 Wl Jo 4 &5 Sp00 4 il
o5 Sl a8 el cnl pgm e ool 5l (S Jle plgie @
slasl Gl G55l G (o)lad slasl )3 35250 oyl
6l ldle 5 5o oolitl g1y aslip g, b sl g led
5 ool (gl 00,5 o oolel conlin (Sla565 4 cojles Julos
kb B o sl (g5 slais 1L ANSYS li8le 3
S A i Jelos alSn 4 T 45 59 0,053 LSt Wigwy b

K oo okleS 3 ANSYS |38le 3 o

slapiie 5l ggdse al U lp il adlae o
EVolae coles 4 a5 Lo ol el ot ool | egian
b Tales 5 Wigdin Lol e (egian lojmiie S
A e Glasie il ggeme (9,5 Sl o
S5 1 sl i a5 Sadie LS b ke (92 g 09 o 4185
Al Jol & a5 cosline oy cpl 45 358 yao b bl S5
ROW PREA DT A RS

ool oLt i L ogiae slayite STu o3k, o le &
Sygo 4 (V) 5 () SYolaal) boagd IS oK1 09
:J.ﬂu’.o 3 5 DY olrel oKiws

141 2.2 3,43 SS oSS 1
%5i0; + 4 0p + 050 +...+ 4 4y +ﬂsi 20

141 242 3,43 SS SS t
%0 + a0 + 050 ..t (e + s +ﬂsi 20
zero

QAD)

11 2.2 | 3.3 ss'ss +
O O + 06 Ot + 5 O+ H 05 O + o+ 20
Zero

11, 2.2 3 :
Oy +0G0 +0g 0y +.t 5 Gy + = Th5 20
zZero
QD)
4 bgrye Yol olfius Aol Siky G YU Laly, 4o
wlodges o i S o) Loy T «¥olasls

9 se i ) Oyge 4 B 1l culply
minimizez s Q9]

aby S i M s, 4 SHlEs ol

ookl b Jolie cpl casdlas ol jo 0uil co (555 gumelS
U035 5Fgals asliyy S 4 Jas MATLAB 33l 5
9 ‘-,’J)ls ),.aL..c O)Lo..i: 9 Ls'bo; Slaiss ‘UT 6[&655)5 as
Qilgs so SA 593 iy o1 51 oolainl b aol ol o (glabeo
S a ey S gl ) (See Saiboss cll aigs e
$0ga5e dlaad oS 5 5l Lid lgv e a5 o] s 4 a8 cul
3 rlnly ey Sl 3500 Sl b la Saiiogs

‘;MQP ‘_gl.ﬁs.,JL’> Sl k;).&é )] o o asls d.cb).l

1- Artificial variables



sy i1y il

V8 2l AYAY 50l F o)l FF ulo cCann ) dausmo g () jos (o 4 i [ Ae

@l 5 oebee Jubw 5 siludoe ANSYS jlle 5SS
2035 oo dnmlie g T @l b 58l 5 5l alol>

ialesT o olial o 50 JosLU0 (545t o5y « il Se

) 28l oo slake oz sladgae ) St 55

assls plol ui.g.Lc)'T 50 Jodo (pl (59, » LQQT (9 S

3 st oile ) sk oy 4 bgrye Glalejl (SO

Olalel @ psmse Gialejl (6,500 5 5500k 5 NS L e
ks OByt 5k Lo jloged (g aS Cenl (SiSenS
liabsl yshiie 4 canllla ol o sl Lacl L5l gq,0
pgd Limbesl s 51 ANSYS (soue Jdow ol cowo
50 a5 Cawl 53 LLS s T eolaul  KiselS Siales] ey
» o gl Fasss sl lids wid S bl slaflos

A Jleel Jow s w04y 00l Jlos! gl 4 iolej]

g LUO Lawgs ool 8,90 B Lol Joo - ¥ S
Dol ol 5en

experimental slacwus p 0ol &l glologes o

s (oilsl mls Sl w55 4 ANSYS 4 theory

Cowd &y gous bl g Luo lawg a8 8 & a0 o0 Juloo
Qb o asdllas ol ;5 ANSYS 5l ousl

12000 -
7 10000

g
a 8000
4
4y 6000 =—d—theary
‘i, 4000 - experimental
z
— 2000 + == ANSYS
D T T T T 1
0 1 2 3 4 5
(KN/m?) o asly 4

S8 aY L paie 590 g9 Ol ks —F JS
Y’ G)Lo.»fb

Sl saws bl 4 aS sl (pl S0 cwnl Pl 4SS
Gl el waad oS 5 p2 b e oo a5 ol o
Sl a5 oyl caws @ lgie 1) Lol o Sosegs
e dacdl Ol 5l (Saoss @ Sl o e
aS 0 pdy Oyge satie lae Cot Wl g col (glos S
WAl god Alie )l Con ggo40

LSy 5l L8y g (Saises I H1 =Y

@ g bl il s 4 las slaosle o35,
(e gy Sbplle e 3 (S5l 5 00 S sk
Syge g Lollinles (oByy slopdle demlss laalos]
5 ojle (nl g 5 (S 4 azgi b S e )8 colanal
Sl Conexr Vsens &5 amy bl 53 lagl sp)ls
Slapias 5 2B Glopd 4 axg b g g ajls jea>
lojlo cpl (b jo 1) lotg ds wb dayl slojle souzy
ol I8 4y 000 |, LolE Dllasde 5 atils Jsexe
00,5 ol golatil g cyasl ()b oS glaisS

g8y oosle b )5 (alul 5 poe sl Blawe (S
ol ool Phb 5o il a8 wiloe 25 5 bl ey
P adeen LA Glaojle o az ST .0gh a8 5 L5 0 s
I P R N e G
3 end D3 L dapl )5 a5 o)l 4 0525 55 suanligSl
B F Sl g Al (S osle S 4 5 labb sl
S P R ERCT FRURPESDS SR RY J IR PRI ST
Sy Sl s Slalllas lolizel g S L gla
Slaal 51 (S glyie @y A cnl )3 gy crl ) ol w8 S
S5y 2 S 5 s gy 4 Wl ol Lol
Pgdoe Sy (S A Gl (SiFenS slap sl

S guxo ).cLLc ‘stwJ.M S0 (o) 9 -\-Y
e sl l38le 5 SST L A plo o b ye,0 5l SO
L\.u‘ o)ls.o.h FLg| QJ"‘ é}msa ‘nl?u‘ Sgdwe ].aL».C U’uj) »
Jolo olabl baf5ile 3 ol baogs (sl Jite omo 51 il
oolazwl 850 (gilw o 5l ol (glp casdlas (pl o 5gad
s Luo lwg a5 Jow losl o g iS5 slaptinces Jolow sl y
@ og aS 13 el adle cos V0] )SKes



e o 3155 b

V8 obe AYAY 5ol F o leds FF ulo ey ) buxo 9 oyl o (oo 49 2l [ AN

Gilhe olfale] @l ol aaS dlas LS,
lasiws oules )18 Jloel sy 09d o0 22 (1) S8
LB o e g 4 g lid (liml 51 K Il sl
yars jlosliinl b g oole ju 50 i SO S50 4 g T
dlas g owiin s e Ll coo BEAMISS 6,0
Ol O s )b e g5y 5l e 9 xS e B
slp oslital 5y90 LINK jais glp (865,5-5 o
ooliztul Lol L6 10 ¢ o gl sl ()lis yolie o5l Jors
(O +) JS2) 555 ca

axdlho 3550 Sl Gumanw loi -V b

S S5 ol yod sl ,lez Jpoo 5oz sl —A S
Y

03l dpogl 6>|)b p...))9i” uuLw‘)JngdJmé.la.MCJQw

chie zho lp g 30,5 e bl [Ve] Quirant Ly

oo ] gl plaie dus « ados a4 4z g b da LS
RO PR TN

E, =2x10" ,A, =7.07cm?

E. =0.4x10" Ao =2

stoC = £sAs g — A, =3.53cm?
ECAC

stoC = Esfs g5 — A, =2.36em?
ECAC

stoc = Ess 39 — A, =1.18cm?
E.A

c™c

14000 -
"} 12000 -
% 10000 /
3 8000
Y 6000 | =d=theory
i 4000 - experimental
Z 2000 | —m—ANSYS
0 T T T T )
0 1 2 3 4 5
(KN/mM2) ehas sl s

Ve oylols g ka8 (LU pais 65970 (59 7 Ol -0 S

0 . ; . ; |
1 2 3 4 5
g 5000
Al
3 -10000 -
by Ve —i—theory
A 5000 | e
'3 = =—4=—experimental
» 20000 ~
z ANSYS
= -25000 - \\:
-30000 -
(KN/m2) mhs 151y 4l

Woo ko (5,Lid paie ()90 (G938 Ol ki -7 JS&

el s &5 céb,e (g o () U (F) a5l 5l
olel Sl Jols @l b g5 4 sgume yolie ilados

Dgei sleiel Sguzme yolie g5l

Olud 18 g axdllae 090 Sl -V-Y

LYY m* colas b oxdaw oad a3 5 L 0 Sl>
Slakee sl Joe VY 5l JSiie 5 (V) JSC5) w3 o0 iy
ol 6310 el sl (M) JS) ol LS WS 5 L ol o
4 Jae e Sl 00 oolaw! Formian l38ls 5 51 oSl
"t 3l (o oedoe Jite ANSYS sgame slil I8l 5
O bl 46,1y s s s 25 slajls 33 oo (5
e ,Lad s Laid laale 5 28 s Laid b BlS oy ool
clacl L5, a5 wlools lad baigle;] Koo Gub 5l .yl
wodse gzl g3l Jaw jo cplply il oo s ye LIS
osliiul (L2257 55L88 izl o) S sl s paie 5l
Ol Ll sges Jlosl 23,y (5w o 0 s Vsl 45 390
6392 lp adlllae (ol ) 0508 iy pai a3 e )8, T (6l
oslital LINKI80 ol 5 yaie 5l g,lis 5 oS ol
Ablge SAEe8 ele> slyls a5 il oays



e o 3155 b

V8 2be AYAY 5ol F o)l FF ulo ey ) o 9 oyl o (oo 9 i [ AY

(
250000 )
. 200000 4
- v g
4, 150000 o bt
—_ ’——“'
3 e == ==5toc1s 30
7 100000 4 20O
3 = 2 —— StoC1s 40
2 -2
50000 1 . —— 5t0C15_50
-
.
0 ¥~ . r — r ,
0000 0005 0010 0015 0020 0025 0030 0035
() Sl g bl s jos
\L J/

S o imin 1 Fiiogs 35 Y U

StoC=15
( 250000 N
== ==5t0C30_30
200000
-~
N
=S z . StoC30_40
v, 150000 .
ey P
f_-i . o StoC30_50
4 100000 -
3
s ‘\--”
50000 A
o T T T T T T -
0.00 002 0.04 0.06 0.08 0.10 0.12 0.14
() Sl by abadi lS5s i
(& S

b ooyt )b ke 2 (Fiiogs 15 S -IF U
StoC=30

odd flod ol A 8l o cdwlin (38 s S
YRS ST ;'}Jl}}éj‘édeinj—o&
a>se o el a b Jlesl (s Rl L Y
aBenS 4501 e ojle e b oo LRl ole B
abis o Lulys a5 Gl b ools aslsl s gyl 4 og
)QJQiJJQQBQ&%")}@w‘-@M‘?w
b« ol ol e Gjpe dlose aiz
Slp wielioe «Sealus Gz Ggh mose 2
fot s IS Al e Ky 40 iz el &Sl e
oy 6L salais C)i 5o Lasl 21y (65,0 gamsl s
..\."ysn Cde 9o L )A‘ Q"‘ ‘6,....90.5 6L®b)tm Syge yo .)}w
lasl il b g oasS slael Sas s b oass g,
ol addlas 0j50 ojle 0590y SPw ralS s g lisd
GalS b o 53 Lasl (SIS (535 (g 0 4298 b oo
odel € Fas L5 )b s 4y opl 5l e onl 5T L bl

g o 0318 ioled Py b a5 045 oo

£ =2100.daN c" = 7500.daN/em’ _—

"
=
i
i
I
|
]
I
]
I
]
]
I
]
|
]
|
]
I
I
I
I
]
|
I
|
I
i
]
I
[
]
I
]
|
|

wofE~ -~~~ === R

Tensile boa (Wah)
g

SEHHHEERIEE

S slac! mllan HLs, -1 i

@ 2.00E+07 A

1.50E+07

3 185) 25

% 1.00E+07

5.00E+06

(&30 52

0.00E+00 & T T T 1
0 0.01 0.02 0.02 0.04

oS

6ol slacl mlao H)Ld, -V JSCo

b o b -Y-Y
g ehoyd B0 g Ve (Suuogs sl aw lp bl
Es Ag/ Eo) b blS 5w a4 bale e Comd 4w 5o
Yo Saiogd 55 Kb e plowl Yo g V0 N s (Ac
slacl jo 04290 adgl 25 iSlas a5 Conline (pl 4 0oy
Al e Lacl cpl 5l plas jo LuileS s oo Yo (g lid
aoly 5l eolaiul b gl slo Sobogs a5 Cowl 53 a p3Y
Ol G e )0 el i g, elel ead A
ON) g dSs o s ol gl wloas gzl sl

Ll 00l 00)5] (\\N) G

( 250000 A
200000 N
0 —===-5toC10_30
% e [ ——StoC10_40
1 150000 . \
P 1 S5toC10_50
) \ L. - -
g \
£ 100000 '
L T Y -
= 7
.
L
sww | S e
1]
000 0005 0.010 0015 0020 0025 0030 0035 0.040 0.045
() Sy Taog ahaits 18 i
N\ J

O ydi— jly ixhe y (Sani g5 3l Sl -1 Sl
StoC=10 b



e S ings 3155 b

V8 2be IVAY ol F o)l FF alo oy bumo 9 oyl o (oo 49 ks [ AY

Ol i g (S kS bl anlis sl Jslaz cnl 5
ol A ced (Sassgs sl saen o QT L bl

o dloee doyo Ve Saiogs 5l 0 oS

Oy 9 (Fd b b p (Saiogs 315 il ) Jgux

Ve (s S 33 2l

du /6u,30

Ps /Ps,30

SaBog> jly

oY

10+

2

ATARS

AR

\

JARS

O ki 9 (Fab b 5l 1 (SFowiiogs iy Sl -F Joux

VO (St Cond 5o s

du /6u,30

Ps /Ps,30

09> 55

N

\lig)

10-

+/va

VY'Y

AR

N/~

AR

O s 9 (Fb b b p (Saiogs 3155 il ) Jgux

T s G 53 2l

du /6u,30

Ps /Ps,30

209> 55

Q2N

\/FY

10-

<IN

VXY

AR

\

Ve

AR

" O L) Gladss s ML) Jshe @ azg b
@l e i el 99 p (Saags sl a5 Sdl e Bl
e S35 58 (S
@ oS Spdioe oalie 398 ladgux 5l soae Ll
S b ((Famsgs 3 5 Gl asys Ve e gl
Sl s lgiee a5 cnl 5l koo LBl de s Y Tagas
Sei aiulgs amiliz ST ay g oolitul b los olass
S5 5l enliiul b ws )5 Lads caseie b5 b adsl e
Jloel b a5 350 i Ol oe el o plasil 5l s (393

2l s S ol Ol sn oS aiog> 5l g3l ax

D4

(PSRRI PN -~ 1S

=] ———

s R gy
(b g )
»
—»
5 u 0

09N g0 (5 (S 03l (A5 Lo —IF Sl
Sl s igzg

Siyse 92 OSU 4 ojle Gl ey GilEl L =Y
() Js2)

“s0 03l €IS ol)S 5l Glgie 4 el Y

Vgons cum S slaoslo j3 o5 55 nl £585 e 092

Slgee 2l Wil wo b ogae xS

koo g0l olaws ileST L pasS B solaws (SonS

s 950 sojle ;o bl pa b gl 5l S S L g gL

gac paix Ll ‘@IP Eg Q%.‘ &553 cde casdlao Oil 49
DBl o b s Llad

%

=)

K 2l il L5 sled -0 S

S pplle cdle Ao enls s cdl> 4 Gl
S50 L g cwl ooy Fy (Seelus gz yd el (mdse
20 Lol sl sols #) (GLSL) IS ol prele >
S35y (Sa0s 5l AT WS e le do gl O 5o
TPV ISP TS WHNE R (UK SO PV 99 QU Jo
RN S
Po) ol )b aS b o Glg o cwizen da S oyl
“oo S5s3I 5l Fle S b s ojle gl i
sk
Lo Sosds b (Saegs 515 b e o ol
ol blte slagSe s ;MJ; syl sl
Hgd oo AL B () Jglaz 0T L (O)) slass (s,



- Soisgs 5 il

VP by VAT 5ol F o)leds FF ulo ey ) bumo 9 oyl joe (oo 4 206 [ AY

Lasl (510 G932 (Fariiogs 3l il -F-¥
SHILU B, Jelos (e 50 &5 (oot sl 51 (S0
S oy a5 el cpl 00 F o poline 28 4 o3l S
30 09l oo dnnS ojlw a5 Wil I3 xsg Az o Lacl
Mh S ) glen 25 sleoile 3,5
slael (FadJs b5 (Swnd (g)lad lacl uiles
yob gles Bk lall ojle olm Yo 5l Wlgs oo ¢ giilS
Sl b3, wisls las b Jlow mls o 8 o o oS
&l (Sasags S5 5l ple Sad 4 was Jubs
£y Wl o g (Sauiogs l5 a5 0l eags a5 glaisS
Sl @y s 5y Cnl 5100 ot 55 1) ol (o5 p5lSe
S gy ks Fastisgs Sy b e & ]
S S jo 0gd aisley ojle U ol salads o Lacl
B g Ve Sauiogs 15 g0 lp Jlo Glaie & (YA L (YY)
Jles! & 4y Lacl L3I (69,0 V0 Sorw Comd [0 ao)0

‘w‘ ol oold WL‘” M )L.’

Lasls jlo

(daN) g

Internal Force  «+++«++ Buckling Force

SI50g5 3l 50 (6 Lhd sldalwe (ST (59 Y S
AR

1.00E+(4 -

B8.00E+03 -
B.00E+03 ..
4.00E+03 -

(daN) g

2.00E+03 -

0.00E+00
2006403 ¢

50 100 150
Lasle o

Internal Force == seees Lincar Limit ~ ----- Ulitimate Limit

Saaiogs 3l 5o SBgd Gl blS A1 G9m —VA S
AR

@lssg Jlamsl cole; Jds @ UF (Fasgs il e 5 )

W PR

P r'y
l:,u __________ N
A m———— .-J' \
1.3.1'[’5 ; i \
P N
1 | N
s i : ‘-.‘1.5
! I )
I 1.11s
I
I
|
I
. T »
&g 0.85, &, 5

Sy 3 (Foiiogs 15 soy0 Ve Ghaldl 5l 17 UK

-l A S5 gl 5l R coenl ol £S5 S
o oI (S 5 MBI L s D0 4 (Sub
Sl (IS (oS plie 689 5l Dl o0 &5 el (nl ik
et S |, IS pls ple Glgiee &8l 50 0ges
T (Fas s b o) o 45 3ge8 j9a5 (rdge 5 il
Sl bl oas gdate ol b a5 Ceul ot ssls L2yl
S5 ol 68 5l 655> lp (IS Gl sl I
S b a5 sl gas o |, Sassss 5 a5
Saog 5l Gl Gl ey ol Gl a4 (Ses
slopssle g8y Jlotol Gl cqz 0 (BB cl (Ses
Al Gsllasls >

sl lsgame asl I3 ST LS Ojee a
039a5t0 ;3 45 (pl 4y axg5 b 0gd iy jpai cenlie (Sarbogs
Collae slosuas onds L5 sla blS 3929 o5 1 00 syl
miso sl gy Gl sl esdjioe anlad ojle ol 4 &S | S
S b a5 wil GlasS 4 (Sasegs 5l Jlas o,
S Sl s Gl Bk olpese Sb 1 G
S2T> Sl Gl G 4SS @ dzg b e (Sauog>
oliebl ails b Sas s b as s ol slaigS @
2l S ol )bl oeslie

i)p >P_ =DL.+L.L.

service

i )P <P,

(o)

e ok Glopest Sk 45l sygloly 3V
a5 0X) g 00,0 syl ggese Djgo 4 YU o AT Cul

] 00



e S ings 3155 b

V8 2l AYAY 5l oV o)led FF ulo ey ) bumo 9 oyl o (oo 49 205 [ AD

o el plaSona Jg casl oass e e el
2 Saagd 3l sl b ey sl aslsl e alenss
B Sarsogs 5l Gl 4 gbs dacl (A3l 69 )

23,5 oo &)l 55 as 0

0.00E+00 st e
811

-5.00E+03

-1.O0E+04 -

{daN)

-1.50E+04 -

-2.00E+04 -

Internal Force  =sseess Buckling Force

SaT095 35 50 5)Lid el (15 (595 - VY Y5
1.0

1.00E+04

8.00E+03 -
6.00E+03 -,
4.00e+03 -

(daN) 5 .3

2.00E+03 -

0.00E+00

50 100 150
Laslejloss

2.00e:03 0

Internal Force  seseses Linear Limit ~ ===== Ultimate Limit

Sa50g5 515 50 SBgd o bl (AS1s 69y - YT U

YA

1.00E+04 -

8.00E+03 -
F GO0EH03 —..iiieriiee it s e e e nr s
%
% 4.00E+03
2 2.00E:03

0.00E+00

729‘-{.}031_63 213 203 313 363 413

Laste o
Internal Force ssssses linear limit  ===== Liltimate limit

SigS 5l 50 Gl Gl (A1 595 -TF S5
1.0¢

1.00E+HM ~

8.00E+03 -
6.00E+02
A 00F+03

(daN) y 3

2.00E+03

0.00C+00

) Cl'JE+03451 501 551 601 ) 651 Jo1
Lasho o
Internal Force  eessees Linear Limit ~ ====< Ultimate Limit

SiogS 3l 30 @90 SR (A1 (59, -TO S
1.0+

1.00E+04 -

8.00E+03
f B00E103 — g .iiiiueeerasnnapr e s b dua e e ge b ke e ca s s aannanennannh s
H
= A400E03 |
3
— 2.00C+03

10.00E+00

3. 00E+03 163 213 263 313 363 413

Laela Lol
Internal Force  sevaeee Linear Limit ~ ----- Ulitimate Limit

Soidgs 51y 5o Gliad bl (S 69 -1 S

AR
1.00E+04 -
8.00E+03 -
’% 4.00E+03
Z 200803
0.00E+00
2.00E+03 451 501 551 601 _ 651 jo1
Lasle Lo
Internal Force  «=eeee- Lincar Limit  —---- Ulitimate Limit

So5095 31y 30 ©yge (B (S (59 -V JSB

AR
1.00E+04 -
8.00E+03 -
B T 2L e R
’% 4.00E+03 -
= 200803 -
0005200 DA~ AN N
2.00E+03 739 749 759 769 ??_9 789 799 809
Lasle Lo
Internal Force  «=eeee- Lincar Limit  —---- Ulitimate Limit

Sowiogs 1y 0 BLol b WS LS5 sg,mi T S
AR

3ol e el e cdalin 358 sl S (o a5 aiSilen
Sikab slasl e (s gsdy ol e Susiogs
I ophaSoma Js (V) JS5) aiboe bolfass o Jais
- J5E) Wloaww j 055 Jozw LB ol )b a4 oaiS glacl
35 Sy sl a5 2aS slasl syee 40 (V) B OA) sl
5 o0 Sl o Sligh sla blS satus Sl 5o L, S
Glé‘.) S92 as eo)fsa oddlive Klowds ools QL““’ ‘59L.9|
L hlS Ko 5 G ( Saaioss 5l e 50 GBsd slablS
S Y I AP VS S TS NP U AU S PU/X S VW A
ol bl ol w513 2sS wllae gl o ciy e s
SFeaS sal> 50 )3 55 SBs8 Gl LS ol Sl olani 392
—aiws 55 aS el o 48 ol (OA) JS3) wloads 5 ol
S)ly Lasl 5l plaSoma (Jobs (550 42 5T @50 SRS



e SS9 315

V8 2l ATAY 50l ¥ o )bl FF ulo i) duxo g o) o (oo 4 306 [ AP

G,y Voo jialidl b oS glaisS 4 o I35 o o5l ([ SKiseenS

Jo sl S 5l as ) £ o0 gaemme j0 (Sauiogs s
u>}445w‘ﬁt&whé3‘s)ésw‘awwlsom

Ay Gl (Saeoss il Gl b (Sasds L osh

G5 Az -F
=05l (ot lgie 4 Slw 1S gl eolaul
o SRe o2t Wl el Gl s 55 4 55 k]
Dl Gliae 4 a5 sl b)) og Joleesgs dapina
Jobss sly (15 9508 (52 ()1 log s (sles el
clacl 4 a5 el slady) slo s 5 a6 Sy onl ool
@ b adgl Gla i opl Jlade 09h oo Jlosl rpicas oy
slaw [l b aS 598 el bao,S Joles a5 asl slasss
5 g e oty o 38 ) sl Hlade s Ll
(Sobe by g g Ay gy S5 L pol> adllas
Slr gl slo s Sud g (Sew slacdle 38L sl (29,
ol o &S 6K A e F Wl s S e
"S99S5l 5l gy 28515 alllae 9590 AR
S5 (S B Selr laojle 6o lnbL LS, el sla
S omlBl &S WS e lalos plnl ) am oS
5 lablS b b el e b Blize b Gul3dl sl (Suntiogs
S b Gl L 008 e 0ile e oSS tals
aS oyl 092y Jleim! ol ((Sasoss 1 GiuliEl 31
9 ol b e B P 4 e P sl
G bl Sausogs 5l as 0ges 2l b 10 b o)lgen
st o3l ales bl (Sas b b aS ols mlil gloslul
P el ggs b Bolie ly po Sl cnl 15 00,5

il e IS
@9 4z wile (SFunS plfa @ &5 Gl 6050 ol
30 s Lacl JB1s (9,5 w0 )lo 092g slojle slacl jo g,
sile 2P &5 W )T (Al g 0D () p (S dl> e
35 9wl o LolSASS 4 Juate (o lad slacl iileS 5l
0399z oyl Lo bS5 5l i SBgd slo LS Jls (sg,0
3 0 S oo 2t gLl (sl onds iy pui las s yd
oo Sz b dal (LB 6o @iE n SaSos>
Lacl 515 sopm bogas Souogs 55 aalidl b Ll o ,la8
GalS ojle o3 al> e o sad L sla blS slass 5 il

b s

1.00E+04 -

2.00E+03 -
B.O0E+03 . ieurrrsrrssnnsrersssnnssenrsrsnnssenrsnssnsssersnssnsnnnrnnsannes
4.00E+03 -

(daN) 4 5

2.00E+03 -

0.00E+00

_2.00E:03 739 749 759 769 779 789 799 809

Lasle loud

——nlernal Force  «sessee Lingar Limil  =====Ullimale Limil

S 2095 3l 50 (Sl glals (21 (9,5 -VF U
1.0

S ol boas il Glgee 3 Gl Ss )
So &5 S )3 G ey B 4 Ye Sl (Sanags
o, Ve Saiogs 15 aiilen g 09 ged sl Lacl 1o
alhign oile 5 > 5By ol ale (s e (sl sles
Vool adsh (Saaogs 5l Gl a8 conl cnl po gl Lo
-0 Lasl aen L3I glogd iolidl cel aoyo B 4 w0
Sox &5 SISl L sl wise plee 4 808
S50 sl 00ges jeee b sdgame I lagl JSls
RUIWW UL P U IR R VO R e

(SIS Gl e S Gl e Sle @
haid asly b oo ol (31 slog s w5 6591 50 6 ss
2o ooyt | gl Ol

aS 0gd oo oadline Lacl A3 (g9, il 5 egdle
2 Gho (51 6550 b sl blS) oan s slallS slass
S do)d B0 (Fauiiogs 5l )0 wojle (ideenS galaxd
St odolie sl cwl jeS s Yo Saiises 5l 4
o 5 03 5 oS o Sastos 5 b
g oo B (F) Jouz ojle Koo

s i IS sluwd p (Sowdogs 3y il —F Joux
ojlw 2l 5 al> yo

obes sl blS 4y Cans onds Lo sla blS sy

4Y Sl

Y a4y S Mg

S| S| ke

VFIoY Yo Y/-A \AI-# Yo AR
\YIYO YYIVA Y/-A AINANG VYIYA AR
AAR Yo VYA VV/AN AUAA 10

S8 3l 5 e s oaalive (F) Jgax 5l a5 4isSilen
Ao ye po 0255 SIS Sy Sz Jan oSG



- Saisgs 5

VP by VAT 5ol ¥ o bl FF alo oy ) bumo 9 oyl joe (oo 49 i | AY

[9]

[10]

[11]

[12]

Abedi, K., Shekastehband, B., "Static
Stability Behaviour of Plane Double-layer
Tensegrity Structures", International
Journal of Space Structures, 2008, 23, 89-
102.

Quirant, J., Kazi-Aoual, M. N., Motro, R.,
"Designing Tensegrity Systems: the Case of
a Double Layer Grid", Engineering
Structures, 2003, 25,1121-1130.

Estrada, G. G., Bungartz, H. J., Mohrdieck,
C., "Numerical Form-Finding of Tensegrity
Structures", International Journal of Solids
and Structures, 2006, 43 (22-23), 6855-
6868.

Motro, R., "Tensegritg Structural Systems
for the Future", Kogan Page Science, 2003.

oz b g S el o S g Y]

(S22 oKiils “p g‘sglo'lf)% %) ‘Gﬁ"" S9N

AYVA (pole ol jlassl ango wiy p

S WP R PR W P LPPRCIVCIIR . JPK PV PR A

[15]

AYAA A (o oKisle a")lSL":é GL""
Luo, Y. Z., Fu, G.,, Chen, T. "The
Experimental Research on Combined Unit
of Flat-Quadrprism", IASS Symposium,
Montpellier, 2004.

(1]

&lw-0
Lazopoulos, K. A., Pirentis, A. P., "On the
Elastica Solution of a T3 Tensegrity
Structure", Archive of Applied Mechanics,
2006, 76, 481-496.
Lazopoulos, K. A., "Stability of an Elastic
Tensegrity Structure", Acta Mechanica,
2005, 179 (1-2), 1-10.
Lazopoulos, K .A., "Stability of an elastic
Cytoskeletal Tensegrity Model",
International  Journal of Solids and
Structures, 2005, 42 (11-12), 3459-3469.
Lazopoulos, K. A., Lazopoulou, N. K., "On
the Elastica Solution of a Tensegrity
Structure: Application to Cell Mechanics",
Acta Mechanica, 2006, 182 (3-4), 253-263.
Abedi, K., Shekastehband, B., "Static
Stability Behaviour of Single Curvature
Tensegrity Systems", IASS, Venice, Italy,
2007.
Abedi, K., Shekastehband, B., "Effects of
Member Loss on the Structural Integrity of

Tensegrity ~ Systems",  IASS,Valencia,
Spain, 2009.
Ganjimoghaddam, B., Abedi, K.,

"Investigations Into the Stability Behaviour
of  Tensegrity Dome-Shaped  Space
Structures", IASS Symposium, China,
2006.

Shekastehband, B, Abedi, K.,
"Investigations Into the Stability Behaviour
of  Tensegrity Structures", IASS
Symposium, Montpellier, 2004.



Journal of Civil and Environmental Engineering
Volume 44, Issue 3, Autumn 2014 VII-1

EXTENDED ABSTRACT

Effects of the Self-Stress Level on the Instability Behavior of the
Tensegrity Barrel Vaults

Khaled Tofighi Zahabi, Karim Abedi *

Faculty of Civil Engineering, Sahand University of Technology, Tabriz, Iran

Received: 19 November 2013; Accepted: 28 April 2014

Keywords:
Self-stress, Tensegrity, Stability, Nonlinear analysis

1. Introduction

Tensegrity systems are self-equilibrium systems that contain discontinuous compressive components and
continuous tensile components. Main factor for self-equilibrium of tensegrity systems is the initial self-stresses of
the components. Therefore, consideration of the effects of the levels of these self-stresses on the instability behavior
and collapse mechanisms has significant importance. Moreover, because of the application of these systems in large
spans and crowded places, sudden collapse leads to a lot of kills and damages. Thus this paper is presented in two
parts: first part: presentating a method to find “feasible” self-stress states based on a mathematical topic called
“simplex method” and using artificial variables; and second part: using a self-stress state obtained from previous
part, and scale it in three levels. The effects of the self-stress level on the instability behavior and collapse
mechanisms of the barrel vault tensegrity system is considered, and based on the analysis results some suggestions
are presented to determine maximum and minimum self-stress level so the structure doesn’t collapse suddenly and
have enough rigidity.

2. Methodology

2.1. Determination of the initial self-stress state

The initial state of the system is very specific since it is a self-equilibrated state; moreover the rigidity of the
tensioned components is unilateral (no rigidity in compression) and the relational structure is very specific:
compressed components are inside a continuum of tensioned components [1]. The equation of static equilibrium of
an unconstrained reference node i connected to nodes j and k are given by

(@i + Gk )Xi =0 X0k Xk :fii)((t
(@ij*9ik)Yi-Gi¥ ik Yk :fii)/(t

(@i ik )Zi-0i 20k Zk =f5 (1)
Where any member (A, B), that connects nodes A and B, has an internal force f,, and a length l,p; and  is the
external force. A simplified linearised notation g, = fap, lap Known as tension coefficient or force density is used.
Let X = [Xg...Xo]", ¥ = [V1...Ya] ', @and z = [z1...2,]", be the vectors of coordinates for n nodes along the x, y, and z
directions, respectively. Let q be a vector of tension coefficients, with one entry for each of the b members. We can
write the matrix form of Eq. (1) by factorizing the projected lengths in the equilibrium matrix A and a vector q of
tension coefficients [2]:
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/" diag (£x)
[Al{a}=| (" diag (¢y) [{a}=0
/" diag (¢z)

—_—
equilibrium matrix (2)
According to matrix equations we can find the vector q in the Eq. (3):

[A{q°}=0 3)

0
{q"} e ker(A) @)

According to their definition there can be an infinite number of self-stress states. But the associated vectors must
satisfy a necessary condition, which is related to the unilateral rigidity of tensioned components. This is a feasibility
condition and in turns leads to the "feasible" self-stress state. This is not ensured by mathematical treatment, which
does not take into account the sign of the vector components [1].

To apply mentioned conditions to the basis self-stress we used a mathematic method called “simplex method”
which is one of the main branches of the “linear programming” (see Ref. [3]). To use this method we have to define
a target function. But in this case we have two conditions: negative stresses in the struts and positive stresses in the

k
cables. Then we have used the “artificial variables” those labeled by B in the equations:
0501 +aG 07 +agar .+ ag 0yt + 45 20

1,1 2,2 3,3 SS oSS t
50t + 0 + 0 +..+ a5 Qe + o +ﬂsi 20
zero (6)

141 2.2 3,43 SS  'SS t+1
A5l + i T Xl +o X Opg + o +ﬂsi 20
zero

141 2.2 3,43 SS  'SS b
(2] qb +asi qb +0!Siqb +...+asi qb + e +ﬁSi >0
Zero (7)

Then the target function will be

minimize )" 4 (®)

By programming above equations by MATLAB codes the “feasible self-stress” will be obtained.

2.2. Effects of the self-stress level on the instability behavior of the tensegrity structures

To consider the effects of the self-stress level on the instability behavior of the barrel vault tensegrity structures,
a barrel vaults with 4-strut modules and 6m span and 12m length (Fig. 1) has been analyzed using finite element
software ANSYS. In order to evaluate the effects of self-stress level, in all analyses, at first an arbitrary feasible
self-stress, obtained from previous section, is chosen and it scaled at 3 levels so that the maximum of the
compression stress be 30%, 40% and 50% of the buckling stress of the struts.
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Fig. 1. 3D model of the studied barrel vault

3. Results and discussion

Results of the analysis is shown in Figs. 2-4. In these figures, the label StoCx_y shows the structure with the
rigidity ratio of the struts to the cables equal x and self-stress level y%. Figures show that the increasing the self-
stress level may lead to overall collapse mechanism. It can be said that the self-stress level doesn’t have aneffect on
the initial stiffness and final load capacity of the structure.
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Fig. 4. load-displacement graph at rigidity ratio 30

4. Conclusions

Self-stress is the one of the interesting and important properties of the tensegrity systems. In this study, to obtain
a feasible self-stress for the tensegrity structures, an extended method using simplex method and artificial variables
was presented. Then the effects of the self-stress level on the barrel vault tensegrity structures was studied. Results
showed that the self-stress level doesn’t affect the initial stiffness of the structure; but it can change the collapse
mechanism of the structure from a local collapse to overall collapse. Therefore it is suggested that the self-stress
level doesn’t exceed 40% of the buckling load of the compression members.
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