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Original Research Paper Shape sensitivity analysis of finite element models is useful for structural optimization and design
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Available Online 06 October 2015 analysis is frequently applied to estimate the derivative of an objective function with respect to

the design variables. Generally, numerical sensitivity analysis commonly suffers from severe error

due to the perturbation size, and finding a method which is not sensitive to the perturbation size

Keywords: . . ; L . .

Digwcrete sensitivity method (DSM) is a topic under study. Complex variable methods for sensitivity analysis have some potential
complex variable method (CVM) advantages over other methods. For first order sensitivities using the complex variable method,
Semi-analytical method the implementation is straightforward, only requiring a perturbation of the finite element mesh

finite element method (FEM) along the imaginary axis. This paper uses a complex variable and combines it with discrete

sensitivity analysis, thus a new method is presented to obtain derivatives for linear structure. The
advantages of this method are that it is quick, accurate and simple to implement. The
methodologies are demonstrated using two dimensional finite element models of linear elasticity
problems with known analytical solutions. Obtained sensitivity derivatives are compared to the
exact solution and also finite difference solutions and it is shown that the proposed method is
effective and can predict the stable and accurate sensitivity results.

Calsld LT ol (s5ludigy wile owiige dlox 5l il sladais; oo -1
AR (0 4\3‘)‘ ‘) SV 9 slezel Gwl.s slcasS Ql.:ol)f Sleds! Qo)j,‘ Sy 6‘)‘.’ o)’l.w Sl J...L'z.u
Jolis g, 10l 09y Cambur LT acnlre slp g, o wile plo o SIS sloysin bl a5 Shb gl el )l 4 cos

2 . ) . . . R 1 . . ..
-1] (DSM) “pediine Fiie gy Jolis Lk slaog, (FDM) “sguons S0 1y o5l JSs g o3lasl aS) awais S Gla e firen g Cuwls
adg»)&bo QLQJ‘ G...ql; )Q wl.m} ‘3)'“5‘5" )‘)_9 ode‘ 0)9.0 (b).jts,o).’
S 0yee &5 citie b p ileang o, @l 6)sre Dleds

1- Finite Difference Method
2- Direct Sensitivity Method

Please cite this article using: Sawlod oaliw! Jd ©yle 5 Wl ol & glayl gl

M. Hassanzadeh, Computation of shape design sensitivities for linear FEM using modified semi-analytical method, Modares Mechanical Engineering, Vol. 15, No. 11, pp. 73-80,
2015 (In Persian)


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

03l s o

sl o 340u  309) Il 0 dliwl b d9axe Yladl 3w sl b dawdid awwbua dauwlxo
2 S9N M 5 0PI ) 2 99 Pt s :

5 OIS Cenl 00y ojp 285 Se sl ess e 51 [27] 1))
03,5 b yme |, oaipdol ilsidars >yb clacamlos [29.28] s
bt Blos 5 [B0] (b (mleS Plos (b ojl sl |y o
e 350 3l 339 (S b iy ol (al oy 5 4 [B1] e
BT Glp 1) 880 gose S Frive [32] g aY ol o
[33] 05 5 57 el ioy 5 & ong polie Plawo (6l S0 Sl
&lp G s g 350 (gilulaz SST oS 5 a5 wiols &l (51,85 4y,
09508 slalas jsbimen 9 Syp a8 1 LU An ol Sis
ol SgS B8 51 50
5 el b ol o sgame pledl s el 3 IUT aslllae ailawlis
Sgats SAM dllin (ol o el oauid ploul dioy ol jo ol gy Lo,
2 oodle a5 0gd oo olpid Cuwles RJUT acule lp wuos all
Al ol 4y aiisly g 090 co (ilwesly Solw 4 o5 5 cds ils
slatas b oad oS 5 blide e (29, b DSM (Lld (g o
5 Sl Ghey S8 Cuge Sl i e e o 3l 095 95 9 o
15 olebl LB o osle by, b sl onds oslizel VM 3s, ollS
Mty o9y ] Cewdy 39050 Glall 0S5, Sl SIUT dilons
@ dbudly 90,5 Gilwosky (o) 4 sgaoe pledl SbaaS (59, OlF o
sgama Slall 05 1S ha e, s5bwesly sl s o5 o5l 5 ylall g4
S g B g oad e T lie Jale s 3 ol Julod ol e 4
deglio 3:85 5 FD (B9, L 5 oud Joo o1 b alalie gl yol> (3,

Sl 36T -2
” s Cmilins BT -1-2
Jop 5l eslizal b 1, sl slad olitie aind cowles U]
Crpsie Jbpu a5 Wi e R ) (oSl SYolee onileldl
ool (b la s o h g o

@ alwly 9p = 1. P by, (b gl el il 5l (b @ el (08

U leS @lmlr lop &g oS olnl> plave G)b 51y e ©)90
Os.wtsn o3ld L)LW" Sl

¢ = d’(u(hp)'hp) (1)
Sy e 50 Sl 4 el s S L (i) Sy
ol dily el u ol > a5 ol O¥olae piiaws <ol po 0 7,0

Dgdse Sy ) g by (Hhb el 4 Cens b auly Biie
a9 _ 99 | 9¢ du
dh,  dh, * ou dh, (2)

el dslie B s po g YU dliles 10 CoeS Sy 5> laleoS don
Y oles s b T dvslxs (6l Q,,J;T”p (2) dolee > Jogzmo s
g Jo g gl gl Sl
D)y & bt SVl (28 L ojle (b alies o Jolss dlolee

[34] el ) IS8 @ o0 S

Ku=F (3)
sloyS Gops JopF g lofS plmlr Jlopu (JS fbw b K &S
el

pﬁ&jhp@'fbéuwgw(B)}‘s‘“éxfﬁmb

4- MATLAB
5- Discrete sensitivity analysis

11 o) louis A5 )9 1394 O (RIS Julxn Wi

-10] (CVM)? baliss uiie b, [9-6] (AVM) | Sl jie 3, 5 [5
[17-15] (SAM) ® Lo aes (glo_jz, ¢ [14

W e paizr bl goas g 4 Cend (o sla s,
P o3l Jas 5 330 (JLlo slo by y aloasg s 00l drline Copusli
Sl Sl dgaome ladl el oy Ldow sla g, (g5lwonly Ll aun
o 3o Sl (s s Sl (elos drlone alen 1

98 o0 (s 3lwosly (Fobw ar lowi (g 4 Connd Sguzme JSl5 g
ol ol Gl a4y gy ol Lol sl Judow 45 9 Sladl £93 51 Jdiuss 4
Slaebl B Sls> 3,51 cowss sl Yo (Slewlone oo 1 jls g 0392 o8
s cds 055] candy lp ddotiaes la g, cle e 40l
C80 g odgy el ldiaad by, g3lwosls | conl ool slprinn cunlio
3,l0FD (g5 4 G (65505 Lol g 0l 35 1y Lo g

)1 (CVM) balisa e by o)l (Byme sln iliste SVle |5
Cal () Sgamme Jolds g, 4 o hg,y ol cu e [21-18] el o
53 e il (0,570,551 ab glas ol g0 (glie (gous dnule oS
a ogd 4 |y )] g e g s S5 soplS o3lail 4 wlas ass
AL L Wl oo (oogee b wle Sl (plple 0,5 iluosly ol
Jo el aiajls 5 o392 panye FD by, wiilea CVM by, aliwlis
ol b ke o sl oIS

oa Slgsion 2Ll 5 S8s (G (5ly ol jskaie 4 Jlaas (s,
 helos slohg) &80 9 09500 (ilwosky (S 4 By, cnl 1) <ol
dwles wgaze ladl 05 o Camlus 3BT 0,8 eoln lp ogle
4 o 9308 500 2 e (e fle Dlitdie Jold Sl
Sl Djge a4 Slitie cpl (el (hgy g0 ol (b b it
@ Comd Gie @lp Logas olse 5l (gl o Lol Wigd o arloxe
GPay el She Sliie abre dwaie S e st
G Djgo A opl 5 gy o (e myle Slitie (ldodaes
il Ll s, 4 ol o Ll st e sgame Joli
S8 by o5 (gilwesly FD (g, (Folo 4 plgicee a5 (s 0 pdy o0
(g yo el anss (B9)) Sy J5B BB s @ (b (b

slalb 5l 590 4 FD () wiles 5 pompe (delodides (29, Lol
ooglS gl 0,8 cdo a8 ojlail bl o Wb g Cans 0,5 0,5 9 Sy
iy e @8 o oS el Gl S Lt e
e OS> a8 Wl andl e Ll alesl cpl (b o [22] ws )5
Orelasl cds (Lolow dad (Bs, 05 Sl pledl jo (S5 s o
@ lgads Cdo s S, a5 Col ol Jds @ a5 sas e ylas 055
w lalas pl o5 0zl e o Ses 5 alol sl Ladje by sllas
[23] cusl sgomme Lol jo cthw wyle g3as (65 Fie o
g ooy sl adg cel cal (Sow goue Ojao 4 Slilin dcwlxe
el o8 o3l 4y anly adl aS” 05l 40,50 5 slallas

5 el pgmye elaas (bg) o SBoe Sie poade
4 &5 ) (8o ose (655 e [2D] o)) Son 5 il g [24] wgon
g Soz W05 (e @S (e Bd> ) S qmemal cupo dle
ains pals | s b ws,S eslitul wlo pas olls 5 [26] il

1- Adjoint Variable Method
2- Complex Variable Method
3- Semi-Analytical Methods

74


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

03l s o

AIBL dgup SxITAow Yhg) Hl oSkl by 3930 Yledl J3w 5l b i coumwbua duwlze

S, Cani T §iie ol Slod sl 1 ST =145 Sl

g g0 0ol lis nyadaly LA, IS Slb e
a_F:_FﬂF (17)

ah, ah,

23 dkly 4 i by (b sl e 1Sy 5e a4 S B dolee 3o

Pyl
Ok — Tp 98 9B ppT TRl
o, = o BTE S U1+ SoEBTUI+BTEBS do  (18)
18,5 Fde ) Dyge 4SS 2l 5l b Bl 5,8 Giie (6l
o (Nix) or (M o) (MNie
— ANyt =—ANips=-T——T{N,
Ly in in
dhy, N;, 0hy Ni¢ oh, Ni¢
3J Ni,x
=7 5 Ny (19)
Ni,z
ygm o8l el LT olell s
f=J,N"Fsl/ld2 + [ NTE]|J|dw (20)

Slabuw ;o ool oy gaw @ (o> log oo lis Fp oS
Jles! Fs slog,s oS Sladl sl 8 =T LE—MM—Tox o0 5 Sovie

S5 e Al
4y 09 go e by JS4 ()b (glaite 4 S (55 e
;Tfp =/ NTFB%]I)IdQ + NTzrs%fp'dw (21)
2 e 2l o h 5 T il s sl (il
9 % dlne Gl dgaze Jolds by, 5l (Solw lp ands ldlas o
o5 031l @y e oS (g po Salons Ao Bg)) anl o oslicul S

14
U el ons oolaiwl bap i ol (go0ae aulxe gl lalides jusise 5l dllis
Ol Gy ol R Cuse 09 i 1B oIl a4y s S (o9 el
oolaiwl lalizes olacl 5l ouls (gilwosly oS soled jo e a5 cul
Azl [0 Sl ol dwlbxe lo) oo g ool Jlall aladl> S gl god
S GRSy yo Al wale ol ley o relas @G 4 e by,
D o0 0dld Ty Ll ol oolaiwl b Slaiin dwlxe (3-2 e )

blizeo dlasl 31 oolasw! b Camwlus b giino —3-2
a5 [B6] Jgo g ot bawgs Jb gl (CVM) dalises sl oo g,
UT )\ TRV ) @‘9.; s Olatie Oy LS‘)" [37] u,w.J e oals
&y Slitie CUM 5l 6800 L [38] 0y g poSul 10,5 ool
Sl I 19] ) Ken g o )le Ladlgn aie) 10 .050,S s |, i
5O ool 6‘).3 Corwlas O Sz (Gom dw t5~"|9'° Lngo)'L.a 50 CVM
CVM pizmen [39] o) Kt g i jlo caio,S ool b sleay
S oy Slalbre OVl Sl jo Conlus ailxs lp 1)
sloite g 5 [A0] 35509, 058,5 oolistal (wi¥gn95 slopl > sl
0,850l oslitul 0,50 slabol, S 8,9l Canay jelate 4 lalise
SYolae L alyyS (b e ileane ol Glp o csileanee
03,5 osliiwl Lolsn (63959 azm)pd (Alb Cux Ol Sl
03y yohy CVM 5l ojle sgamme yledl 3JGT jo eyl 4 B el
Lgl.(b).u.o.o U‘”S) )‘ GLQJ)J)U [13] MT 9 «5)‘9 NEII EPR WA 6)‘%-3")-&-3

75

ol o0 Sy (4) doleo 00,5
ou _ 9K, 4+ 9F (4)

on,  _on, " on,
a5 el aa dolee cly B b L g conl (3) doleo ancis (4) dolas

K

05..» ML?LA A.sl.’ 9 ogusA od..,.nl; 9).4_: 4..».» )\o).g

s 9y )10y g (S (o yilo Dlildin dslone Lris] jo e (i
ol 2Lk sl el )l

oK oF

OF | _ yNE J9F°
R ©)
9K | _ yNE |9K®
bof =255 ©)

b o Loy ldl slaws NE g oyledl i e jile K€ oS
239 oo Al 5 O yge ledl 08 48 (4) Wolee conly )b ool i
<_6_K6ue + a_Fe) (7)

ahy dh,

0K oF
u+ =2e5
oh, = oh,

[33] sgi g0 03ls 15 Jge,8 b ledl (i Lo
k= [, B"E B|/|dn (8)

A ek g S Dlalte (0 odd oy Sguse lodl alklo O aS

ol 0 Jal alads p2 40 a5 osSTs e yile Hlaw o ] =1 =1
o yle B g aastin il E S o i dx,dy  dz, 41, d§,dn, dT

B=[byby .. b ... by] (9)
:6
N;, O 0
N;, O
by = N?y N?x Mol i=1n (10)
0 N, N
-Ni,z 0 Ni,x-
1990 50 0310 133 Dygo 4 Z g Y X 4y Cawd Ni S0 20U oliiis
Ni,x E,x N x (,x Ni,f Ni,f
Niy =18y My Sy[{Ning=T{Nip¢, i =1,..,n(11)
Niz) 1§z mz C2](Nig Nig

ovgsao [ s yilo oS

r=j-1 (12)
RSV RIS g it
Xe Y& Zg Nigx; Nigyi Nigz;
J= [xn Yn Z.n] =Y~ [Ninxi Nigyi Nipz (13)
X¢ V¢ Zg Ni¢x; Nicyi Ni¢z;

s |y sgaome lall 3 K el s Jsesd (sl 45 S550n (5lok
Ol IS st eslo S blisn (g Lo

N;=N;(§,n,0) (14)

WV U @L?AQL? é}‘g.; 9 Zi ‘yi ‘xi )| Z ‘y X 615 L)LM’ > LS’L’ ul.uo 6‘).3

f e g oo oalaiwl Wy wp aly slo,S polie

X = Zzn=1 Nix; ¥y = Z?=1 N;y; ,z= Z?=1 N;z; (15)
n n

u(x,y, z) = 2 Niu; ,v(x,y,z)= z N;v;
i=1 i=1

w(x,y,z) =Y N;w; (16)

11 O)Lo.w 15 093 1394 B ) \_:ulxn W0


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

03l s 4o

asdlL o 34u  309) Il 0 dliwl b d9axe Yladl Y3 sl Al dwdid awbua dauwlxo
2 S9N M 5 0PI ) 2 99 Pt s A

Cons U &59.) EOges L5’l>d°L> wl.w} du.v)L’?bo s Bo> el 00U
obts o alyly b2 ol g Vs (Llow sl ol L5 Jsb 4
141] Qg oo 0lo

4FL3
Uexact — m (29)
du _ 12FL?
Z " Ew3t (30)

J> ol 5 cala ty 5 (p e Wil Jguo E 5 Job L oS
ssbolea gas o (sl Jlo el onal casay atowi¥l (5,55 51 8o
] 00 il Dgate Hledl AL 4 15 g e saus ol S o aS
6o o sl )l ogh o a8 5 A o S leSy Al G cardllae ol o
Cawl E = 2000000 o F = 100 L =10 W = 1 t= 0.12 oslitsl 3,90
Sleolinl b sbrals cawlus 1 oo 0 (siwn axly &g alal)
b9y » ogde sl 0as 0l (oasail)l hg)) (SAM) (ko ans g,
4 Comsba delxe (glp 5 (FDM) ogamme Jolis by, o chlovanss
] 00 A\l

Sgaore ol Jhg, 4 09l co 09 el 00 v, 2 Sy Lo
105 oogazms ;0 L cuwlin SIS 015 o5 o o Sliebl BB ol Koo
Sl (2,502 10710 5 2S>6S 00gume )0 Logas g g0 00y 1078 1
oulsdil)l yhg, Bee 0wl ol Sly 4 bled saimolis g csl paiels
Do oo Hlis 1072 5l xS eS o5 Job jo 1) o)l 2l Ken allis ol 5o
oS 5 Jy el 85 o3l 4 ol dguse Jolas g, 45 09l co 00y
o)y ede (s p8 ol 4 e alize e b Ldosaed i,
09 4 G glalamMo BB ol 4y oalidil)l by, (sl 5 e (Lo
Sl eS dgazme Jolas
oloF alis -2-3
sled jo ambo (pl Byb aw 0y 5 Ll 0 1,3 IS o Ldates axio
Jlosl (cogivms slod mis8 Vb 50 59y 5 S50 wxdls o5 T 2ol

il ple 95 o
T(x,0)=T,
T(O!y) = Tl
TW,y)=T,
T(x,H) = Tyysin (3) + T, (31)

|” '

F

NN

(all)

sgaome el (6 il e (0) 5 aliws ()1 S

11 o) louis A5 )9 1394 O (R0 Julin Wi

gy P g gien a5 Sl eslatul b X alais jo 1) &b jeks (s (lg5 o0

23,9) St 1) 23 J908 98 (nl 3,8 b a5 0310 dnnsgs
af ~ flx+Ax)—f(x—Ax) (22)
dx 2Ax

Sl Gloy Gy (nl que 2,0 O(h2) sllas gie sl ol
i 3,05 o ol Candly ol 51 Jsl sl Sliios Jlazs] 2o pac 5 ]
(5239 0l @l dnlome (sl 053 2Sen b U 90 4 5l (22) ol
AeS Gl aiie gl 88 ojluil @4 Clatie o5 il pl cde 4
i A8 o3Il Lol io gl co Sl S>6S 85 o3lail 90,50, gl 0 S
ol Bl 28, ) gllad adgs cel col (See SzsS o3l
Sl Sl (S g Sani a3 5] o5 o3Il (6l dinge jladie 35
WIS ed5 508 pite dr (A piie SG 5l g Ko @b 4 b
3¢ 0018 Lauy lalize o5 G 5l colawl b b jels (s ST o9e 0
[38] Wl oo Cawds o dolas
wray iy | sty

2 dx? 6 dx3 24 dx*

(23)

af ~ Im[f (x+iAx)] (24)
dx Ax
L @L‘; dwle b ol ol o)l 1 0(h2) glas 50 siie slp O le o0l

flx+iAx) = f(x)+ iAx% -

6‘)?‘ QLQ)'JC«M:\ d“lala.mww}mu&w‘ @U)‘Aio vy
eiie ) oaliid oz alie ol 45 Lol ag, o Vb Lalie olagS,T L aal
aj  aljl

SRl e el sl ploj Sl T 5 50 drlone 4y 090 Lalis
1 . aj all .
wilise )0 nj g g 5 5, drelme bl ool
9 _ Im[J(x+iAh,)] (25)
oh, Ah,,
al _ Im[|J(x+iAhy)|] (26)
oh, Ah,,

4ol (] 49 .. ) .
3 oslisiad b ZE Lol 0 Sl a5 g olrale Sl o8 s

loe Sy 25 U8 L (2) ol

d¢ _ Im[¢(u+idu,h,+iAhy)] (27)
dhy, Ahy,
aS
d
Au = d—:pAhp (28)

SO sl Jle -3
Wlie cpl 40 o0s,S5 by, i luiel gl ol e § Caand ol o
35 95 de b9, silwesly slp g e colitul Colus drule sl
9 Sl 0dd (pgad i 138le 5 0 Sl Judo ol jon 4y Sgame Lol
Cowdy Sl b ool Candy gulis -Gl ool 00 0,54y 55 sl Jlie (5l
Lol glio sl Geizman 35500 dunlio Ll la> 5] oas]
Slod 5l 5 dgaze Ol (sl loads arloe 5 Sgaze JOLE g, L

7535 Sy alinn =1-3
ools 1 s jo aliss dwais .ol ool 6,108 ,L S o F L L g

76


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

03l s 4o

A8 dgup SxITAow Yg) Hl oSkl by 3930 Yledl JIw 5l b duwdid cowmwbun dwlze

(3 Js&) cenl T, = 100°C, Ty = 100°C ,W = 10.0m, H = 100m
Shoy ol eolitul b amio H Jsb 4 o bes conlas 2 Jgu o
ST 2 opdle i o oo X = 2,y = = gl o)) Lbans
ol 0 s S & ol aalme (sl 5 Sgame Sl s,
Sgaze JoliS by, 45 Sgb e 0dd el 0dl ey 4SS 0 mls
odgaote ;0 i Cawys ohlS ol o8 ye o Sliebl BB ol Sen
3310710 51 5S> 65" slaojlasl o logas 5gd 0 005010751078 oI5
e cnl )o golesian ) 50 Iy 0l @S5 @ hled 5 95,00 G2
o)bgs a5 (glazeil 09 g0 0030 1072 I 1SasS o5 o (rekae ol Ko
Sl ol a8 o3lail 4y sgaome ol Jog, a5 ol pl 06l oo Jool>
ojlail 4y Ll lalisee yusie b ooisddl)l Ldodidass bg, a5 Syee 40
B9y & S 0 lall)] (hgy 6l 5 dmale Gl (rizres el oS

Sl oS dgume Jolas

29LAS 5 i 15 50 puunSy g aliownn -3-3
3o aline dwiin ol ool (6,138,L Ll o 6,5kiS b (605 10 S S
el dias ol Glp gl Gied (6,985 Sl oo sols I D S
T41] s o 5 g |y 15 mou3Slo

_ MIL?

i low | g awcc¥l Joow E o5 Job L o el joliS M a5

du _ .
7 Sl L i Y Ol 5l 65 3t b el 5 ghaie el

1l oo Sy

S=t (35)
099 9 ulmBaes by, 5l edel Cawds mls b awslie gl 35 dolee
WO S yo edie ladl sl 5 (6 ilwdinnnS 09, oo 5 sgame olas
oolawl 0,50 goue eyl cwl  ead eols Ll
5 Cwlbs t a5 I M =100,L =10,W =1,E =2000,t =05
L cbal slacaulus 3 Joax o (axwe axly & jpa olul) el
Gooe bl Cuwl onel dgaome Jols g, 5 hdoian g, 5l colaul
S oo 03 B S j0 a5 j5b e .ol oas slo yLis 6 S o

yA

I=fix)

=Y

=T

A
Y

W

wbS o buls b agalse o Ll axan 3 S

77

L Jsb & Cod plrals Sl a1 Jguer

< (FDM) < (SAM) RN
- 0149291361992 -1E1
0149292130308 0149291361999 -2E1
0149291370002 0149291361997 -3E1
0149291364513 0149291362008 -4E1
0149291317166 0149291361999 -5E1
0149293119204 0149291361997 -6E1
0149301770843 0149291362009 -7E1
0149351688957 0149291361998 -8E1
0/50866688638 0149291361997 -9E1
0/38918379630 0149291362009 -10E1
0145609738208 0149291362005 ~11E1
21/597301724- 0149291361997 ~12E1
1/29496413592 0149291362011 ~13E1
292/388335765 0149291361999 -14E1
13612/0448246-  0/49291361997 ~15E1
0/00000000000 0149291362010 -16E1
0/00000000000 0149291361996 ~17E1
0/00000000000 0149291361997 ~18E1
0/00000000000 0149291361997 ~19E1
0/00000000000 0149291362007 -20E1
s3/6 $2/0 O3 st
by (gl
0i5 e
4.5
4
35 Brogame JSlii by,
. 3 F =& 50> asdlhe
@2.5 -
< 27
s o
Q1
0.5
0
-0.5
-1

14 3 5 7 9 11 -13 -15 -17 -19 21
(219)pl8 o5l o2, 15
Julos gli) L s Job 0 s U 15 S5 s0g0e oloals comlus 2 S50
(S oo L b 5 0,0 45

@ axmio IS 6lp 1y s @59 b pxie (gilwlos b (LY doles J>
[42] sas o ;5 &9

_ sinh(Tv‘V—y)  fmx
r= Tm sinh(%) Sin (W) + T1 (32)
dr
Sy ) Oy~ Commoln H & coms 32 dolee 5 6,8 Gnion b
a_ %sinh(ﬂ) sin (E) —COSh(%) (33)
an —w TR T (sinh(D)?

Sl (05 -4) mye oledl L 20%20 oSt S go0e v s

oolawl S 90 oA el b Do g0

11 o)l.cu.u 15 093 1394 O (B0 \_:ulxn W0


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

(du/dL)

(9]

o

lo

odl) O (S0 sk SgMg L;.d:ud.o.u oi'bg) Il edlaiwl b d393=x0 bl Jaw sl t_,;I).la A D wwlbua duuwlxo
f LW H Jsbo 2 o Lo Sl dnilns 2 >
ar (FDM) ar (SAM) NCESIRE
/] v dH dH
; ’ 6/280701577318-  6/27950984450- 1E1
T 6/279521762882-  6/27950984450- _2FE1
/ 6/279509963711-  6/27950984450- -3E1
6/279509844092-  6/27950984450- _4F1
6/279509834428-  6/27950984450- _5E1
6/279509790375-  6/27950984450- _6E1
6/279508966145-  6/27950984450- -7E1
o) 6/279525877062-  6/27950984450- _8E1
e LU 5 s K S i b o 35S 15 (5SS 6/279570641254-  6/27950984450- -9E1
L Jsb 4 o il Sl aslons 3 Jgaz 6/279918807195-  6/27950984450- _10E1
Z_Z (FOM) Z_Z (SAM) 5 o 6/285461040534-  6/27950984450- “11E1
11/3536204069 _ 138/061595069741  1E-1 6245670647331~ 6/27950984450- -12E1
11/1316063819  50/4625963464675 1E-2 6/679101716145-  6/27950984450- -13El
11/1284924433  11/4777236507496 1E-3 5/684341886081-  6/27950984450- -14E1
11/1284582938 11/1319492589814 1E-4 14/21085471520- 6/27950984450- -15E1
11/1285703223 11/1284955435779 1E-5 0/000000000000 6/27950984450- -16E1
11/1290986453  11/1284609999113 1E-6 0/000000000000  6/27950984450- “17E1
11/1306434646  11/1284606565434 1E-7 0/000000000000  6/27950984450- ~18E1
11/0992520063 11/1284606487553 1E-8 0/000000000000 6/27950984450- -19E1
11/1061844165 11/1284606526305 1E-9 0/000000000000 6/27950984450- -20E1
15/8959423401  11/1284606494672  1E-10 o Lt
127/537447269  11/1284606518918  1E-11 01565 i iy sl
-273/892908353  11/1284606500383  1E-12 55 oo
-6/28371254 7
_4197/14041299  11/1284606504937  1E-13 s
_473394840846  11/1284606517112  1E-14
406590/316970  11/1284606461989  1E-15 i
0/0000000000 11/1284606513456  1E-16 ’
0/0000000000 11/1284606498823  1E-17 2T i s dalllas
0/0000000000 11/1284606517372  1E-18 =4t -3 gana JuBlS (g
0/0000000000 11/1284606478596  1E-19 O . |
o\_—/ = i
0/0000000000 11/1284606498827  1E-20 s
l_n .]a_w - :S '8 i
2/8s 1/71s o =
d..,clj).g 6‘)‘?" -10
12 Bx8o laie 12 b
_14 -
16 3 3 5 7 9 11 13 -15 17 -19 21

Boguxe Juslii g,
- il anlllas

1 3 5

Jelow ml) Ly Job a4 i U 15 Sgi s350s glral> cosles 6 S50

-7

9 -1 -13 -15

(ax1g)plE o3l oy 18

(9beas )b co 11550 S5 5

11 o) louis A5 )9 1394 O (R0 Julin Wi

17

(yoe) p5 ol ooy, 1

H axio Job 4 cons T oo comnlas 4 S

9y S 5l eslaal b (2hb Conlis aile Gl (29 LS
sl sgasme Jolas o Slae Lol o )ls 0929 a8 o3lasl 31 Jlaics o ciolas
o381 1079 51 eS8 ol yo el ol QL p8 ojlail 4y asislg
dod hg, Sl aslp szl lej odle 41050 o cnaline Uas jo ayulls
wilon o5 (spolie gbS  Coul 2aS Sguzme JOLE (g, & S o

ool odolie BB L8 sla Lo

78


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

03l s o

AIBL dgup SxITAow Yhg) Hl oSkl by 3930 Yledl J3w 5l b i coumwbua duwlze

[10] H. Kim, M. Cho, Study on the design sensitivity analysis based on
complex variable in eigenvalue problem, Finite Elements in Analysis and
Design, Vol. 45, No. 12, pp. 892-900, 2009.

[11] V. N. Vatsa, Computation of sensitivity derivatives of Navier—Stokes
equations using complex variables, Advances in Engineering Software,
Vol. 31, No. 8, pp. 655-659, 2000.

[12] W. K. Anderson, J. C. Newman, D. L. Whitfield, E. J. Nielsen, Sensitivity
analysis for Navier-Stokes equations on unstructured meshes using
complex variables, AIAA journal, Vol. 39, No. 1, pp. 56-63, 2001.

[13] B. P. Wang, A. P. Apte, Complex variable method for eigensolution
sensitivity analysis, AIAA journal, Vol. 44, No. 12, pp. 2958-2961, 2006.

[14] A. Voorhees, H. Millwater, R. Bagley, Complex variable methods for
shape sensitivity of finite element models, Finite elements in analysis and
design, Vol. 47, No. 10, pp. 1146-1156, 2011.

[15] G. Cheng, Y. Gu, Y. Zhou, Accuracy of semi-analytic sensitivity analysis,
Finite Elements in Analysis and Design, Vol. 6, No. 2, pp. 113-128, 1989.

[16] P. Pedersen, G. Cheng, J. Rasmussen, On accuracy problems for semi-
analytical sensitivity analyses, Journal of Structural Mechanics, Vol. 17,
No. 3, pp. 373-384, 1989.

[17] B. Barthelemy, R. T. Haftka, Accuracy Analysis of the Semi-Analytical
Method for Shape Sensitivity Calculation*, Mechanics of structures and
machines, Vol. 18, No. 3, pp. 407-432, 1990.

[18] J. Martins, P. Sturdza, J. J. Alonso, The connection between the complex-
step derivative approximation and algorithmic differentiation, AIAA
paper, Vol. 921, pp. 2001, 2001.

[19]J. R. Martins, P. Sturdza, J. J. Alonso, The complex-step derivative

approximation, ACM Transactions on Mathematical Software (TOMS), Vol.

29, No. 3, pp. 245-262, 2003,

[20]J. Kim, D. G. Bates, |. Postlethwaite, Complex-step gradient
approximation for robustness analysis of nonlinear systems, in
Proceeding of, 4-8, 2005.

[21] K-L. Lali, J. Crassidis, Extensions of the first and second complex-step
derivative approximations, Journal of Computational and Applied
Mathematics, Vol. 219, No. 1, pp. 276-293, 2008.

[22] G. Cheng, N. Olhoff, Rigid body motion test against error in semi-
analytical sensitivity analysis, Computers & structures, Vol. 46, No. 3, pp.
515-527,1993.

[23] B. Barthelemy, C. T. Chon, R. T. Haftka, Accuracy problems associted with
semi-analytical derivatives of static response, Finite elements in analysis
and design, Vol. 4, No. 3, pp. 249-265, 1988.

[24] N. Olhoff, J. Rasmussen, Study of inaccuracy in semi-analytical sensitivity
analysis—a model problem, Structural optimization, Vol. 3, No. 4, pp.
203-213,1991.

[25] N. Olhoff, J. Rasmussen, E. Lund, A Method of “Exact” Numerical
Differentiation for Error Elimination in Finite-Element-Based Semi-
Analytical Shape Sensitivity Analyses, Journal of Structural Mechanics,
Vol. 21, No. 1, pp. 1-66, 1993.

[26] G. Cheng, N. Olhoff, New method of error analysis and detection in semi-
analytical sensitivity analysis: Springer, 1993.

[27]S. Oral, An improved semianalytical method for sensitivity analysis,
Structural optimization, Vol. 11, No. 1-2, pp. 67-69, 1996.

[28] H. De Boer, F. Van Keulen, Error analysis of refined semianalytical design
sensitivities, Structural optimization, Vol. 14, No. 4, pp. 242-247, 1997.

[29] F. Van Keulen, H. De Boer, Rigorous improvement of semi-analytical
design sensitivities by exact differentiation of rigid body motions,
International journal for numerical methods in engineering, Vol. 42, No. 1,
pp. 71-91, 1998.

[30] F. van Keulen, H. de Boer, Refined semi-analytical design sensitivities for
buckling,In 7th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary
Analysis and Optimization, Vol. 2, pp. 2-4, 1998

[31] H. De Boer, F. Van Keulen, Refined semi-analytical design sensitivities,
International journal of solids and structures, Vol. 37, No. 46, pp. 6961-
6980, 2000.

[32] E. Lund, N. Olhoff, Shape design sensitivity analysis of eigenvalues using
“exact” numerical differentiation of finite element matrices, Structural
optimization, Vol. 8, No. 1, pp. 52-59, 1994,

[33] M. Cho, H. Kim, A refined semi-analytic design sensitivity based on mode
decomposition and Neumann series, International journal for numerical
methods in engineering, Vol. 62, No. 1, pp. 19-49, 2005.

[34] P. Bakshi, P. Pandey, Semi-analytical sensitivity using hybrid finite
elements, Computers & Structures, Vol. 77, No. 2, pp. 201-213, 2000.

[35]E. Lund, Finite element based design sensitivity analysis and
optimization, Institute of Mechanical Engineering, Aalborg University,
Denmark, 1994.

79

S5 Az =4
Sl Ghoy S5 b S8 Colas a1 (o8, dlie o
A2 oo drwgd lojle Jluw jo lalize e g, b awls

4 o dslome oy 3 5 Sl S (DSM) dnd sl (2,
S bl o ks |y Sl polie 1) WS (o0 (29208 0 by, ;500
Slr 383 0l ml) slahy) Lol aiS oo aulone walss oo 5 o
ol & S Bl S pss ot 2 mle g (M mple 605 B
Aol Lo ycdls wilgs o vgaome lall £93 50 (5l 05

oged b wilgi oo 335 (65 GRie DM (fg) (aL)S S9m0 s
Py Sl dsle (gogads Lol 105l (1030l dgame Jolas (goue

éb‘f )‘ Lg)jo).@‘.» L3 u.").’l.u ML’GO d‘f?u‘ ).aol.cao aQ M‘ﬁ ‘».\.h.\.w

ol 055 g5 )13 68 Job o3lasl 50 cow oS alise paie g DSM i,
SLIDSM by s Gl (00 anle gl o Glasle 49, dllis

.MOL;O

Shy, & Cuwd ol ) Gn Jle paimr eeyn b
Sl Sz S B8 ol s 51l 0 o0l LS mgas e Slonsline
sle 1y sl d> Ghe) onl g ol (ledl BB 035 0,5 slas 59
Soge 4 amibe gy el 0 oyl el ol Colis
bbb e ) cnl bl SR 5l ol ol lalde B
el 1 5lwesly (Sl g oo Jlusl
ke (glaby, o ond drulne Cowlas (glallas asls o

b el 2P BB Ojge 4 bl e 9,) 8 b Wilgi oo pom e
LS Sl g, oz o> 10 (g00e &0 4 Cawlus dwlxe

Sy, b oawlie )0 bl dee bl et 5l 6Sose L Wi

.JJSL;Q u...o.@ ralf )JbLo.o 00 gde I°L°5 I ‘) @9} @‘)15

&1p0-5

[1] J. Tsay,J. Arora, Nonlinear structural design sensivitity analysis for path
dependent problems. Part 1: General theory, Computer Methods in
Applied Mechanics and Engineering, Vol. 81, No. 2, pp. 183-208, 1990.

[2] J. Tsay, J. Cardoso, J. Arora, Nonlinear structural design sensitivity
analysis for path dependent problems. Part 2: Analytical examples,
Computer Methods in Applied Mechanics and Engineering, Vol. 81, No. 2,
pp. 209-228, 1990.

[3] D. A. Tortorelli, Sensitivity analysis for non-linear constrained
elastostatic systems, International journal for numerical methods in
engineering, Vol. 33, No. 8, pp. 1643-1660, 1992.

[4] L. Fourment, T. Balan, J. Chenot, optimal design for non-steady-state
metal forming processes. Application of shape optimization in forging,
International journal for numerical methods in engineering, Vol. 39, pp.
51-65, 1996.

[5] L. Fourment, J. Chenot, optimal design for non-steady-state metal
forming processes —I. shape optimization method, International journal
for numerical methods in engineering, Vol. 39, No. 1, pp. 33-50, 1996.

[6] T.H. Lee, An adjoint variable method for structural design sensitivity
analysis of a distinct eigenvalue problem, KSME International Journal,
Vol. 13, No. 6, pp. 470-476, 1999.

[7] S.H.Chung, Y.-S. Kwon, S.J. Park, R. M. German, Sensitivity analysis by
the adjoint variable method for optimization of the die compaction
process in particulate materials processing, Finite Elements in Analysis
and Design, Vol. 45, No. 11, pp. 836-844, 2009.

[8] S.Cho, H.-S. Jung, Design sensitivity analysis and topology optimization
of displacement-loaded non-linear structures, Computer Methods in
Applied Mechanics and Engineering, Vol. 192, No. 22, pp. 2539-2553,
2003.

[9] L.Wang, W. K. Anderson, Shape sensitivity analysis for the compressible
Navier-Stokes equations via discontinuous Galerkin methods,
Computers & Fluids, Vol. 69, pp. 93-107, 2012.

11 O)Lo.w 15 093 1394 B ) \_:ulxn W0


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-21 ]

[ DOR: 20.1001.1.10275940.1394.15.11.37.3 ]

o3y s s I8 dgup S0 Y9y Hl oSkl by 3930 Yledl J3w 5l AHb A i cowmwbua duwlze

[40] D. L. Rodriguez, A multidisciplinary optimization method for designing
inlets using complex variables, AIAA paper, Vol. 4875, 2000.

[41] F. P. Beer, E. Johnston, J. T. Dewolf, Mechanics of Materials. 3rd, McGraw-
Hill, 2002.

[42] ). Holman, Heat transfer 10th Edition, New York, Boston, McGraw-Hill,
Inc, pp. 102-105, 2010.

11 o) louis A5 )9 1394 O (RIS Julxn Wi

[36] J. N. Lyness, C. B. Moler, Numerical differentiation of analytic functions,
SIAM Journal on Numerical Analysis, Vol. 4, No. 2, pp. 202-210, 1967.

[37] J. Lyness, Numerical algorithms based on the theory of complex variable,
in Proceeding of, ACM, pp. 125-133, 1967.

[38] W. Squire, G. Trapp, Using complex variables to estimate derivatives of
real functions, Siam Review, Vol. 40, No. 1, pp. 110-112, 1998.

[39] J. Martins, I. M. Kroo, J. J. Alonso, An automated method for sensitivity
analysis using complex variables, AIAA paper, Vol. 689, pp. 2000, 2000.

80


https://dorl.net/dor/20.1001.1.10275940.1394.15.11.37.3
https://mme.modares.ac.ir/article-15-7990-en.html
http://www.tcpdf.org

