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! Polyurethane foam
2 Polytetrafluorethylene polymers
3 Miura fold

‘Giant negative Poisson’s ratio
*Needle punched nonwoven materials
¢ Isogeometric Topology Optimization
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! Density distribution function

2 Shepard

3 Non-uniform rational B-splines (NURBS)
"Wang

> Double-V Auxetic
6 Latin Hypercube Sampling
7 Gaussian process metamodel
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'Post-processing

"Moving Morphable Component (MMC)
"Homogenization

‘Composite

3 Solid Isotropic Material with Penalization (SIMP)
Level set
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‘Eschenauer

*A. A. Novotny

*Topological-Shape Sensitivity Method



' HY e jloolal b pleczSoly olge Jbsle 5y s e b

v (Q) ()

(0> slul) sole 40,5 (xS b ojle SO (s5glongs ;o pris — ¥ S

Fdeo ol 00 425, F 15 50 aline 0.5 Glyie a4 Jolad dlolas 5 Ban 2 plote 4 S5 Sy (55
L¥2] s )ls 5,05 (SlSe (55l doe Cuizmod 5 pgad (35l0 5 «Sielnnsd 9 JSB obats 0 Seiglnss
G 5 [YV] Gam ol o (5708 10,10 052y Sajslingi (3de (0051 Cews 41 (sl 0kes b 99
2 e s, 5o M3 Susslgs Bt potde (YAl Szs8 o 0ji> o gojlail s L S
Sly Sl i gy ol o IVY] el ouds oalinl gy 530555 (39551 Cems @2 (51 515
S Je ae lodaz patde (nl 5l ooliiul b ol co ooliinl 5l mhaws (gla g, 5o o5l S0 i
35 e S plge @ So3glass G Sl et ooliiul 553 0S5, Zunl adsl atsls (sloo jax slass
Tl il ol lon y3 i i S oolitul b g, cnl 50 4t il (YA o
&6 OLolS (amule (gly 5 A SO S e izl g )0 S3elsnss Biiee pol axlllas )3 090 s

el oo oolainl shie (ygulsy Cod b olge JLSlog, b o Bus

R
- _b?

Y 2

QWA J PRV IR G CEAWES) S LW



VO b cpom ojlod o)l 9 Conn Jlo Ol SlSe (pwiiges & 25 VEY

OlwiS sl dlgo 55909195 (2l dte Glown (Sb ) 25 Y
3 el ojle 5l Cend 93 albmla G Gl S35 2UlE GBSl el blze n pate 5l (S
Ol (Gamgd (o3l Cowl ouls oolaiwl luciSoly olge JLsle 5, b )0 papae ol 5l ol dsllas
ol egiie (gmlsy Cand Lol cnl Bl ) b (38L (6l S Sl o ) (F) S )0 oa ool
i 0gdbige Jloel (Uj) (881 331 10 a5 0oy lmlz ow (Ugy ) o6 3L31 50 (25,5 olmlx

max (ﬂj ()
l‘“Iin

)JJooL.; s@bw .\A.,bs ) oolauwl 9 L5’>|)L: ‘SLDJ.AM A S ‘_93_9 RV (':’L’ ML..} MbLA 6‘)—.’

L] csg pj Shge @ olgiss
u u Ku, S
out _ 71 2 _ “mut (Y)
u  uKu S

In in

K calal) cnl )0 ol oad 00551 Cangus 10 4o &g g [FY F0] alie j0 YU gabal, Ll
Sl 0 50 )0, 2,8 LN GoliT Gl o 0 axly (55, Cos ol lawe Uy ol (B o ile
sl Sl 50 oS 2,8 Lout oliT Wl s j0 axly (69, cos olol> lawe U, goUL sl
51N oyl Gl yo 4l 5 4 aS aited gaxly sla oy F, = KU, 3 F =KU, (5l sl 1N

U obols gl cov Q ojle ;o 25,5 550 ploxe Siy oF gadal,y jo ioed .2gi o Jlos! OUL
:M)lo 9 Cnl
1 :
S, =§Ic(ul).£(ul)dQ (v)
Q

5 S5 S Sy i eed 4 e 55 5 A5 Gl jysedi oSS a4t 5 0 4kl nl
bl cos out solil Gl jo axly (6,135, lawgs sads plil IS g oo 0auels IMPE) Jiliie

1y ol ailie b 4y lie 2258 (65,30 sl onlple ol Uy

1
St =§i6(u1):8(u2)d§2 (¥)

'‘Mutual potential energy



VY e 3l ool b LectS8l Slge LsLe i) 6 dige ook

Y el (55,0 5L 0590 olml> u-“"l-’ Sy BB s pidlasl Sl Ged Bl glapsilse )
Sl 6,135 L cow g ools Jlal 1) o) sla,b wilsiy g bl atils 0 Jed B oBrw ol b ool
Gz Gloyed job 4l 45 9,18 3929 (il Bua g0 Lo 0l Sy Ak plie (al by ik
Al Corw (S5 ojlail 4 g aiS 009l p 1) S el Uil paslasil SIS olail 4 piw 1098
Bl lapsille (b 3wyl 5lasS Jite ojle gl ols cews g | (215 sla )b b
o ;o (S 0B (0,5 3)ly ln el LS 090 (B 5 s pdySllanil Gl g (ool Jolu
Sl el Sbaige dins lp ) ool Mol Gaa b 5l eolaiul syl G Sbaige

LTl

S

mut (a)

Ve Sin + Sout

:_»"TLSA Cawd 4y 5 Q”,Ng(sout) u, Ls:L?ul} Oldue i o3l o s, 58 YL Ly aslie

1
Saut =E£c(u2):£(u2)dQ *)

a8 Jolao a5 lap 3 cnl (3,5 el B 09 o sl S @yme 4 Sy LU 0 Soyp pyF ol 4L
Dgdh e Bas &l 49,5 dcies 4 el (IN g OUL sol5T Gl o) Jb Jleel bls 55 olbul> 0,8
el 00 08,9 Cawgun 40 398 sadaily 0,90 40 i Slesgs

I8 oS o0 B 0 1y dlge cpl 5l Joko SO pluciaSol slge glise 5 0digds )| ST LSl 4 a5 b
575 & ool (e 00le Jake b Joloo (l S559m57 0055 I s (] o i 4 5 (slalis (0)
OFloy 0 59,5 dineS Sl a4y S (nl OB Ailion 09h dipden Uy 4 Ugy lmler Cos oS
el Gl oL oole IS (sl

d\T uin
—Ugyt u
«—] t
7} ? &
q/l_uin

oA.Z,{Lo.; J}l«) ASJ 65))-3413.‘.«“&_5.1):3 —A \J&“’



VO b cpom ojlod o)l 9 Conn Jlo Ol SlSe (pwiiges & 25 VFF

S5 4y pdy S8 S e izl o9, b 398 Jobe sl 555l 0330 S3eln s (olidie Altns Cal 2l

D9 0 Al )

Find DV:{DVI,DV2,...,DVi,...,DVN}
S
M —_ Smut
Qcag( v Sin + Sout
Subject to: (v)
o =[cf
Ku,=F, Ku, =F,

mut

St iz NS 5 S8 Gy i (slo e 51 a5 el (b sl piiie s DV 5 o5l o> )

bbige ) Sl yaie Jald g 0ae ¥ eiz 1o gl o pite (ol slass Badins cpl o el 0

DV, ={x,y,L,t,,t,,t;,0} (\)

a8 )5 s jo paie )] Job 4o pols Gabizs 40 sy Cwlis (V) JSb 50 oo ools Ll £ 52 b dwslis 4o
B (1, 5,0) 555 5l ahis dw Cwls og polae b aS ouls (5,8 50 4z 0 Ol 0950 .l o0l
il e BB (Swgm )l Gl sl b jo a5 ol las gdow pl mll Joas jo el dulow

il 00l 48,5 IS g olpinn iz ol jo p) Bul Cpl plo adl alilas se>g

S
W — mut (.-_\)

(Sin + Sout )P

el 0 o ol Ceondd 0 el ol sl canlie lade a5 cul SO 5l 55,5 e P sl

S5l eF Fde g Sl Judo 1Y

DS o oolaul o5l SO (59 g8 s 2 (gl il S 9 S e (gl (g9ga5me Slaxs IMMC 5 S,
S ‘b)y c‘sal.!d.u.@‘; kSJ d..u).o LgLﬁuus) )| oolazwl la c(V) Lgd..ja.)‘) 3o AW 00)5] SJLMLU.QJ FYCIN J.’> 6‘);
G99y cJgene by, Ngh dmmle (DV) b slo e a0 cas laad o (W) Bas ol Lol S G
Dg on (6 S Bidn b ladl 4y o5l (gilidinnS 1 s Bus 2l 1 A el diilS Conlas ail
0,559, Ogd drwle >l gla psie 4 Cod S5 s Sl Glie U cwl jLo o g, 5l aws ol o
dsloes (sl So5slsnss Giiie poge | oolitul cil ouds Slpin [FY] g 5 00l35lS5 Lansgs a8 o 301>
el (398 Lol S



VEO e 3l ool b LectS8l Slge LsLe i) 6 dige ook

Y Filled region

Path of movemerjt

B
/%k AN NN [ [

Created void region «—1

aiajim slagldl g (b aials (8 52 o oS > —F D

GBI Ly glojluyué g glojlus Bl 51 (g ks gl W USE Biin pogie 1 oolainl b SG3e0ss05 iine
sblas 55 MMC g, ,0 ol U5 pois b obuls LUIYE] cadl oot ools anwgs o)) Sen g 5555

() JS5) g ooy oobe b J glalad 5 b wigd oo slm] (>ob asals jo i
Ban 1l Hlake ;0 o5l Sidn e 10 SoeS Colpin s SO SS90 4 Soida gl Fie S0 By
oolo (oS Jlaie 50938l b aialy ;o >9800 SO ol )18 Wilgh 0 Su5elegd st ol 09l o iy S
Ban il Ol s (e dwlne 6l Sjelnes Biie ol 5l o oo cplple il ojle iglneT

ools i [FY] 5o o Jads a5 oyl ol o ooLé.’;...ul(O—l//)l"l WS e LSS st o S
(@ ol ? o oa PO Pl

.%T@Mb@ﬁ)ﬁ@&%é@‘).dm‘oﬁ
OW  Grepne
— =) T°AA y.
= Z ()

o € go,leds ol Coluss s s AA° 5 € o,lads Lol jo SGiedenei Biiee T® alayl, ol yo
ojlw ST oY) S 0 o ools lid aliue 1o .alib e MMC 5 Sog, j0 55 S0 s b ool

0pd (oid,S (65, Egemme Bad 1l gl So5gde T Bide b U olul laas lls (6 I35 )L o
V2] T s 4 oy bl 51 (S(U)) o3bo 5o ond

S =T :—%c(u):s(u)+l_v

1-3v

2

tro(u)tre(u) ()

Joee 5o oad anule (155 g 25 o sle 55, 2 S Klee tr g Gawlsy capo Voakal, cnl o
Sl o St 5 Sout «Sin @18 sl Alie b 4l 0l o 05l 10 So3eler s s ol
3,5 Gy p daly, silae 1) So5ede e

! Shape Derivative
2 Trace



VE) 5l cpom ojlod pylez 9 Conen Lo Olp! Sl (qwiige & 55 \F8

, 4 1-3

S, =T, =—mc(ul):s(ul)+l_v‘; tro(u, )tre(u, ) ()
g Glgi oo U=Uy ols JI3 L

, 4 1-3
Spa = Tou =70 (u,) e (u, )+ = tro(w, ) tre(u,) ()
S S = S sl o et

, 4 _ 1-3
Srut = T :—mc(ul).s(u2)+ 1—1/‘2/ trc(ul)tl’s(uz) (%)

398 oS dw lp Siddae acawlus wile o sbul @i bblae 4 axgi L oplplo
Gt Jlael b () e, jo o0 oa)ﬂ V Goa &b Sly Siddesr Gie «ulys yo g oo dpulone

Dl co Cawd 4y (lo yuzmi;

4 P _ ) P-1 ! i
— Smut (Sin + Sout) P X S (Sln + Sout) (Sln + Sout) — WmutTmut _ (W T +W T

mut )
in'in out " out

!

(Sin + Sout )ZP
(h0)
(g oo i yx 5 Ly, b lagysg o jo a8
W = ; W, = PX—S"‘Ut W, = PX—SmUt (\ 5;)
™ (Sin + Sout )P , ) (Sin + Sout )P+1 ’ OUt (Sin + Sout)FJ+1

2,5 Jlog py JSb ]y lagyje (ol Ol oo cggoge CulST oy s 1 e

Vvin +W0Ut +Wmut :l (\v)

G4 po o yig, 3l eolaiwl L1y (V) gakal, jo ouds oo)ﬂ @Lw sl les‘sc (398 i Cyilolo b
0o oalaiwl b des > leﬁ‘J)z:;.o slacilxe g, 5l Gutos (pl 0 0,5 > hann S
Bl 1o LI oo jsb ar g (Jat e pbatge Bl o Gl oz 9,505, S0 ) 0 g gow
it i Jo> 50 Sl Qusme o Bl (Lol 95 elal g, cnl Sle Sl o3le (Shage

"The method of moving asymptotes (MMA)



VFV e 3l ool b LectS8l Slge LsLe i) 6 dige ook

o9oe 9 iyl b oad solitul by, il (pbainey Jlue (5 jobo 4 (izmen 9 ol Gudios
sblyy 5 S slapiie aSb (b Glapiie ploie 4 1) apladl ojluil Lo 4wl b 5 aaly
Sliide &5 (b 4 S Sy pae ) laasd elgil wlgh Wb Geizees WS 58 5251, Slge s Sz
(8l i gy i 45 L8l (08 by JLlx) dmilme BB Sb (gla peiie 4 4255 L 03 s
Sl ocnl poodle il b (S e s yaely egee Sl J> o 0B Wb pbange die J>
Shsladlos g sl laly Wb (g cnl (omizen 9 0250 53 50 ) ojle pbange Plaw sla s
Lol oo b ond anulss lolyll auS slowl 1, aisl sengs GadurySel Loy L) iy oSl sla ol
el ol oolaiwl g g5lwooly sl p MMA iy, ol 2 ogdle .09 o0 03,91 S yote slaciloe iy,
ol ol ogd e do g olml Came MolST (o5 (08 Alins S oind 1S5 wn T8l al>pe e 40
Sy g 005 S |y (5 gy alSen oS 0l o0 S5 S e glacilre g (2 fla

‘!.:. “SA

Ikl
baigy dinse 050 0 03,51 (B) JSKb 50 sal sols ylas Jshw slp G550p s obag s aslsl jo
S e gcilne S a0 sy 5l eslsul b g (V) (sabasly) 5035 JSS S pmmie (6li2l 0 S0, b (53905095
b s SUielansi Fiive poge Sl eolaiul b gy ol jo eolatul (gl 5l 050 LolS el suls Jo
S 30 pd IS S poeie Izl o, 50 052 YV 5l eolainl L adsl )b .l oals ailore (10) (salal

Sl 00l oaly Lias (V)
g fygiw 50 (Sl 5o el sad 005] obaay alinwe J> )l sael Cews a4 gl (A) UKo o
bl cand Jlaae sl oas ools HLis (V) salaily) P ol )b alizes polae l5l s digs s sielgn s

u out

Oyt Gizrad Sawl 00l S8 i Caos (5t )0 i b o (TALIO = ) (59955 4 (79>

in

ol ool ools islad Cewly G gt [0 gbaige a0l 3 b s Bus &b

sk S sl )b =Y JSC



VoV 5k pom ojled ip)lezr § Cn Lo Olpl Sl pwaige & 525 YEA

sl s Tk by 4z b

0.8 T T T T T T

p=1

ratio = 0.537 £
o
£
@
3
K]
a
2
o
o
o
@
c
s
o
=
0.4
06
0.8
0 50 100 150 200 250 300 350
Iteration
06 T T T r T .

pP=2
ratio =0.394

Displacement ratio

08 L L L L n n
0 20 40 60 80 100 120 140

Iteration

P=3
ratio =0.198

Displacement ratio

08 L n L L
0 50 100 150 200 250

Iteration

P=5
ratio=0.114

Displacement ratio

100

Iteration




V¥4 e jloolal b pleczSoly olge Jbsle 5y s e b

1)

P=10
ratio =-0.038

Displacement ratio
S 1) S <)
B S

o
>

e
3
15}

S
Y

20 40 60 80 100 120 140 160 180
Iteration

)

i szl s P ogline polie b Bae alys sl ane slasislny —A JS

(h

age Sslsns 5o Izl IS 5 leduzr 0555 (9) 9 e sl (W) = S

sl 51 oolaws a5 ulis gamslio 9 P el )l calises polio b aige slag b 10,5] cavs 0 b coles jo
S5 sl P=2 Comd g3l a4 Q) Ko ,0 0alds oaly las g b ciloals 00)51 ) S o

u
o LB laie u°“t G aS] ot b ol o il e mslie bl LSl gosle Jsbos

in
Ol lp pd S8 St slizl by, 5o izl pleden uizres )l 55 (BB (e 6 ik v
Lol 00y oé);‘ —() sz.o o C)Jo

Kiges el —)-Y
3l Joe wars o las 355 5l e gwley oy b slosle Jl3; galerin b LT Al pw) o
ol 0] Cawd 0 pdy S S ymie il g, 5l 4 dige gojle o) pe il asle solprins 56X
Ol il oo e sl l38le 5 5o (gilwosly BB (Folw @y cnlpls 9 958 o0 e e @Y )5 @
a ook Gl b aBle )b ol ) an (a5 e WSS IR 50 Jobe @ sl b

'‘AutoCAD



VoV 5k pom ojled ip)lezr § Cn Lo Olpl Sl pwaige & 525 V0.

Sy Joe Ghgy) sdmdes Dlz 5l eoliiul b LB (6,138 ulidie 5|y 5 b ool 810l e 580 5

(O ) JSC8) 0 ans Toadrogd
a3l Jao 50 (O)) JS5) b sl goliay o585l (Joo i sSekoms b QB (0355 5 b cules o
Slp e ol cop Sle a5 ad Koo sliuly o slul (Gl el bl S o 2iS Jloel o
@l wdlbio (b e (9Selw (S-S (goie Jes 0 Sl 4 4z b il soloiin b
@ Gty oob 3l odel Cawd 4 @l b anslie LB oo axsle aiges (59, 2 oo plil iolejl (go0e

b ees s Jow 5 eael Cews

S Kol b osd iy B Yo S

oo aislo sl g B o eSilew — V) S

'MakerBot
"Fused Deposition Modelling (FDM)
"Silicone



Vo) e 3l ool b LectS8l Slge LsLe i) 6 dige ook

G5 A 9 g g —F

A A (GletS 0l dlge) (b (ygmlsy S bolge LSlan; (b sl (e Ghg, S allie (nl o
Sl ool iy o3 55l Slapsille Sidnss bt e o O)90 4 alins ol (nl (6l
el 03l lelgzds galaii g0 50 Cglhe oLl Cund b lojlus (b Ban e 05005 Shae
D09 ol Cuje ad A S I 4 398 At Sdans pbate Gln pUSS S e 2] 505,
0495 3l e ilies e @l Dige w4 S b Gl Ol s (b Glasie o5 sl
Gt pogie 3l ooliiul b ls 0550 (Lal,S ol ooliinl 598 (Sbiane A > 6l S 2t slacilre
Cowd 4 phiaage i o 5l S slag b cBas 1l 5o g el)l cpi b ol dsle Sujslass
Cilo Guizmed o Slgidon sdel Cass & slaz,b o 5l CEle gl Jes (b ol o aS al
Lol goloiin yb platSal o Shee Sl (b b 5l (sleiges

&1 yo

[1] Wojciechowski, K. W., "Two-dimensional Isotropic System with a Negative Poisson
Ratio", Physics Letters A, Vol. 137, pp. 60-64, (1989).

[2] Yang, W., Li, Z.M., Shi, W., Xie, B.H., and Yang, M.B., "Review on Auxetic
Materials"”, Journal of Materials Science, Vol. 39, pp. 3269-3279, (2004).

[3] Voigt, W., "Bestimmung Oder Elasticitatsconstanten Einiger Quasi-iostroper Metalle Durch
Langsame Schwingungen von Staben", Annalen Der Physik , VVol. 284, pp. 674-707, (1893).

[4] Williams, J.L., and Lewis, J.L., "Properties and an Anisotropic Model of Cancellous Bone
From the Proximal Tibial Epiphysis", Biomechanical Engeneering, VVol. 104, pp. 50-56, (1982).

[5] Alderson, A., and Alderson, K.L., "Auxetic Materials", Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace Engineering, Vol. 221, pp. 565-575,
(2007).

[6] Mir, M., Ali, M.N., Sami, J., and Ansari, U., "Review of Mechanics and Applications of
Auxetic Structures”, Advances in Materials Science and Engineering, Vol. 2014, pp. 1-
17, (2014).

[7] Wang, Z., Zulifgar, A., and Hu, H., "Advanced Composite Materials for Aerospace
Engineering”, First Edition, Woodhead Publishing Is an Imprint of Elsevier, Cambridge,
England, doi.org/10.1016/C2014-0-00846-5, pp. 213-240, (2016).

[8] Lakes, R., "Foam Structures with a Negative Poisson's Ratio", Science, Vol. 235, pp.1038-
1040, (1987).



VO b cpom ojlod o)l 9 Conn Jlo Ol SlSe (pwiiges & 25 VoY

[9] Evans, K.E., Nkansah, M.A., and Hutchinson, 1.J., "Auxetic Foams: Modelling Negative
Poisson's Ratios", Acta Metallurgica Et Materialia, Vol. 42, pp. 1289-1294, (1994).

[10] Li, Y., and Zeng, C., "On the Successful Fabrication of Auxetic Polyurethane Foams:
Materials Requirement, Processing Strategy and Conversion Mechanism™, Polymer, Vol. 87,
pp. 98-107, (2016).

[11] Stetsenko, M.S., "Determining the Elastic Constants of Hydrocarbons of Heavy Oil
Products using Molecular Dynamics Simulation Approach”, Journal of Petroleum Science and
Engineering, Vol. 126, pp. 124-130, (2015).

[12] Gatt, R., Wood, M.V., Gatt, A., Zarb, F., Formosa, C., Azzopardi, K.M., Casha, A., Agius,
T.P., Schembri-Wismayer, P., Attard, L., and Chockalingam, N., "Negative Poisson’s Ratios in
Tendons: an Unexpected Mechanical Response”, Acta Biomaterialia, Vol. 24, pp. 201-208,
(2015).

[13] Borovinsek, M., Novak, N., Vesenjak, M., Ren, Z., and Ulbin, M., "Designing 2D Auxetic
Structures using Multi-objective Topology Optimization”, Materials Science and Engineering:
A, Vol. 795, Article Number. 139914, (2020).

[14] Rawal, A., Kumar, V., Saraswat, H., Weerasinghe, D., Wild, K., Hietel, D., and Dauner,
M., "Creating Three-dimensional (3D) Fiber Networks with Out-of-plane Auxetic Behavior
Over Large Deformations™, Journal of Materials Science, Vol. 52(5), pp. 2534-2548, (2017).

[15] Javadi, A.A., Faramarzi, A., and Farmani, R., "Design and Optimization of Microstructure
of Auxetic Materials", Engineering Computations, Vol. 29, pp. 260-276, (2012).

[16] Kaminakis, N.T., Drosopoulos, G.A., and Stavroulakis, G.E., "Design and Verification of
Auxetic Microstructures using Topology Optimization and Homogenization", Archive of
Applied Mechanics, Vol. 85, pp. 1289-1306, (2015).

[17] Gao, J., Xue, H., Gao, L., and Luo, Z., "Topology Optimization for Auxetic Metamaterials
Based on Isogeometric Analysis", Computer Methods in Applied Mechanics and Engineering,
Vol. 352, pp. 211-236, (2019).

[18] Wang, Y., Zhao, W., Zhou, G., and Wang, C., "Analysis and Parametric Optimization of
a Novel Sandwich Panel with Double-V Auxetic Structure Core under Air Blast
Loading", International Journal of Mechanical Sciences, Vol. 142, pp. 245-254, (2018).

[19] Wang, F., "Systematic Design of 3D Auxetic Lattice Materials with Programmable
Poisson’s Ratio for Finite Strains", Journal of the Mechanics and Physics of Solids, Vol. 114,
pp. 303-318, (2018).

[20] Zheng, Y., Wang, Y., Lu, X, Liao, Z., and Qu, J., "Evolutionary Topology Optimization
for Mechanical Metamaterials with Auxetic Property”, International Journal of Mechanical
Sciences, Vol. 179, Article Number. 105638, (2020).

[21] Rozvany, G.lI., "A Critical Review of Established Methods of Structural Topology
Optimization™, Structural and Multidisciplinary Optimization, Vol. 37, pp. 217-237, (2009).



Vor e 3l ool b LectS8l Slge LsLe i) 6 dige ook

[22] Bendsge, M.P., and Kikuchi, N., "Generating Optimal Topologies in Structural Design
using a Homogenization Method", Computer Methods in Applied Mechanics and Engineering,
Vol. 71, pp. 197-224, (1988).

[23] Bndsge, M.P., "Optimal Shape Design as a Material Distribution Problem”, Structural
Optimization, Vol. 1, pp. 193-202, (1989).

[24] Allaire, G., Jouve, F., and Toader, A.M., "Structural Optimization using Sensitivity
Analysis and a Level-set Method", Journal of Computational Physics, Vol. 194, pp. 363-393,
(2004).

[25] Du, Y., Luo, Z., Tian, Q., and Chen, L., "Topology Optimization for Thermo-mechanical
Compliant Actuators using Mesh-free Methods", Engineering Optimization, Vol. 41, pp. 753-
772, (2009).

[26] Kolken, H.M., and Zadpoor, A.A., "Auxetic Mechanical Metamaterials”, RSC
Advances, Vol. 7, pp. 5111-5129, (2017).

[27] Guo, X., Zhang, W., and Zhong, W., "Doing Topology Optimization Explicitly and
Geometrically—A New Moving Morphable Components Based Framework™, Journal of
Applied Mechanics, Vol. 81, Article Number. 081009, (2014).

[28] Zhang, W., Yuan, J., Zhang, J., and Guo, X., "A New Topology Optimization Approach
Based on Moving Morphable Components (MMC) and the Ersatz Material Model", Structural
and Multidisciplinary Optimization, Vol. 53, pp. 1243-1260, (2016).

[29] Zhang, W., Li, D., Yuan, J., Song, J., and Guo, X., "A New Three-dimensional Topology
Optimization Method Based on Moving Morphable Components (MMCs)", Computational
Mechanics, Vol. 59, pp. 647-665, (2017).

[30] Howell, L.L., "Compliant Mechanisms", 21st Century Kinematics, First Edition, Springer,
London, pp. 189-216, (2013).

[31] Ananthasuresh, G.K., and Howell, L.L., "Mechanical Design of Compliant
Microsystems—A Perspective and Prospects”, Journal of Mechanical Design, Vol. 127, pp.
736-738, (2005).

[32] Albanesi, A.E., Fachinotti, VV.D., and Pucheta, M.A., "A Review on Design Methods for
Compliant Mechanisms", Mecanica Computacional, Vol. 29, pp. 59-72, (2010).

[33] Kota, S., Joo, J., Li, Z., Rodgers, S.M., and Sniegowski, J., "Design of Compliant
Mechanisms: Applications to MEMS", Analog Integrated Circuits and Signal Processing, Vol.
29, pp. 7-15, (2001).

[34] Eschenauer, H.A., Kobelev, V.V., and Schumacher, A., "Bubble Method for Topology and
Shape Optimization of Structures”, Structural Optimization, Vol. 8, pp. 42-51, (1994).

[35] Novotny, A.A., Feijoo, R.A., Taroco, E., and Padra, C., "Topological Sensitivity Analysis
for Three-dimensional Linear Elasticity Problem”, Computer Methods in Applied Mechanics
and Engineering, Vol. 196, pp. 4354-4364, (2007).



VO b cpom ojlod o)l 9 Conn Jlo Ol SlSe (pwiiges & 25 \of

[36] Novotny, A.A., and Sokotowski, J., "Topological Derivatives in Shape Optimization™,
First Edition, Springer Berlin, Heidelberg, (2012).

[37] Sokolowski, J., and Zochowski, A., "On the Topological Derivative in Shape
Optimization™, SIAM Journal on Control and Optimization, Vol. 37, pp. 1251-1272, (1999).

[38] He, L., Kao, C.Y., and Osher, S., "Incorporating Topological Derivatives into Shape
Derivatives Based Level-set Methods", Journal of Computational Physics, Vol. 225, pp. 891-
909, (2007).

[39] Deng, S., and Suresh, K., "Multi-constrained 3D Topology Optimization via Augmented
Topological Level-set”, Computers and Structures, Vol. 170, pp. 1-12, (2016).

[40] Ansola, R., Vegueria, E., Canales, J., and Tarrago, J.A., "A Simple Evolutionary Topology
Optimization Procedure for Compliant Mechanism Design", Finite Elements in Analysis and
Design, Vol. 44, pp. 53-62, (2007).

[41] Krishnakumar, A., and Suresh, K., "Hinge-free Compliant Mechanism Design via the
Topological Level-set”, Journal of Mechanical Design, Vol. 137, Article Number. 0314086,
(2015).

[42] Takalloozadeh, M., and Yoon, G.H., "Implementation of Topological Derivative in the
Moving Morphable Components Approach”, Finite Elements in Analysis and Design, VVol. 134,
pp. 16-26, (2017).

[43] Svanberg, K., "The Method of Moving Asymptotes—A New Method for Structural
Optimization", International Journal for Numerical Methods in Engineering, VVol. 24, pp. 359-
373, (1987).

[44] Sigmund, O., "On the Design of Compliant Mechanisms using Topology Optimization”,
Mechanics of Structures and Machines, doi.org/10.1080/08905459708945415, Vol. 25(4), pp.
493-524, (1997).

S soled cow b
b asl p
b gl psis by DV

oledl o)lels g

iN oyl as 0 4 ooy Jlael axlg (g9, Hlop F

out solyl ax 0 aoals Jlael axly g9 o F,
s3> osle

S ol K

plar Jsb Ly


https://doi.org/10.1080/08905459708945415

VOO

e 3l ool b LectS8l Slge LsLe i) 6 dige ook

s i oo N
Slal gl ol Bis glp ) 5l 5SS, 00e p
U ool plaw cod 26,8 655 S,
Uy pbolr plae cod (255 (65,1 Soy
Rlite (22555 555 S
s SOl dadi Vo clbes 11,1
Seisles 3 T Tour T
el gl gy
N olil a0 j0 oy (g9 cov bl Hloae Uy
OUt gl ax 0 40 axly (5w v olul> loe U,
$395 bl Uy,
97 2l Uy
S5y Wi W W oy
2 5 o B8l aaize X,
232 Syl aaie Y
ls sloolod Cow pgs
o5 el 6
oS el g
ple o )lads lodl colus s AAS
Sae 6y
oyb> Jlosl G ojls px>
oy Jlacl b o3l e )
O3l copd v



VEY 50k e 0)led ooz g S Jlo Olpl Sl qwaige & 55 VOF

.
9 X

139 oo A 0y galal, Gl @ Cango ol 4o

T
out — ul Ku2 — Smut (\/\)
u  u'Ku, S
in 1 1 in
Jheel Jomo Pas au 150 s j0 1, (VY) US40 sads 00ls (6,138 )L g gy 0 Ll LT, Q b als
uout o JiL" ")‘“’l‘gs" PZ alad; e )LE:";‘ S0 gs'?ﬁ)"'> C)Li“’ )""""‘" uout 9 ol Fl ‘”"9 99,9 S

Input port

Output port

3959 bt yo axly Jleel L -V JSCo

F =KU; doles J> b sgasme ledl (g, 5l 00,5 (gomasiis [, (1Y) S 40 89290 03k ol (sl
alyo ul(j) oS Sl Olgise ) JSS A ]y Bas al nlpls el ale Uy plmlr by
dlige Uy Sloy 50 (63559 abais bl alo U (i) Uy oy g5 gabi ool

M—ul(.j) (1)

A cpl o 00 JL°-°‘(P2)L5-?'3)5 Galaii 0 axly (69, SO YL ol b wlS 5,8 K00 ‘5':.1L> 4O
ol plp aS Poahaii 4 bgrpe a0 3 4 0l oo yio plp By el (5955 0 slaaslys slos
dwle Uy obul> oy (B, = KU, dolee J> b sgaze oLl g, 5l lsaze () JS2) cosl

)



VoV e 3l ool b LectS8l Slge LsLe i) 6 dige ook

Input port

Output port

as Fz oy o j UL Fl oy, i o leds slaaslys 5> 4 Fz 9 Fl syl p sloals ol

u,(J) _R'xy
u (i) R xu,

(v-)

oo sl ol 0 ool bl aiil oo oo 8 50 o5AST o o9, slaasl,s a5 cul S5 a3y
1Dgu oo Adgs ) D A jS D0 o JouS Lo - o anad jl oolaiul b ol o

T T

F, ><ul:F1 xu,
T T

F xu, K xu,

(YY)

g g0 oy dolee 4y Bua &b Jolw galal, b gy jlo polie 6,135 L

.
U _ Uy Ku,
u, UKy,

n

(V)

il b Bk 5l e Cews K=IBTDBdV ikl 5l e Gl wgase Lol g, o
Lg)‘».&i’l} La ».\.)5.‘.0‘54 c\.».wbw o =Ds¢ 9£=Bu.b.3|9) )‘ O g w; LQLQWJJLQ s‘j.!l.‘?ul} LQLQ)L)).}

ey o0 ) ollae galaly 4 (YY) gadaly )0 Llg, oyl

mut (Y \Aa)



VO b cpom ojlod o)l 9 Conn Jlo Ol SlSe (pwiiges & 25 VOA

1 1 :
56, «$39,5 555 551 Siy :chl:sldgﬁ Jlize 255 6550 Sy 25_[62 15 dQ ol s a8
0 0

P oS O 8 58 s B By aaly ey 5 (56 gy basme p0 85 i i 4 Oy
Jlax b ol e (6 pduBllas] 0,5 aicin JLoo a4 a5 (pl poogdle 55l o5l Pl o
Jo Jlesl (g9, Con g ans ploul o 4 1y g0 Jlasl gaadsg wilgn b ol aslls 1) o5¥ s
e 3,8 Jlael 1 U <UL 0 lgs o wojle sl JBlas e caley ekaie 4 ol plis 05 (sl
Bl o Joles a5 aily ity ere e 3l 0yl (6955 ,b cov bl 45wl oo ol 0sd ol
30 (o 348) oole (soguzme e 3385 b ¢ )5 5le 050100 (59lanei (sbaings Al cpl by .l o3lu

Sy oo ALy py JSb 4 (b aals

Maximize M
Subjectto: V<V (YY)

sl a5 055 e oapel (Slle oo M jlaie il o jlxe slmlr g oz iy @ Uy gV &S

- one . AR g . . . . . : e .
by p sabuly b g ol &l1'05650 5 lawg 0,509, (nl .l (63959 S9p  (Z9> Sem Camd

A YW
M :i:% (Y0)
I:in Sout

1 .
5 ol 2ty (55, B SN 55 5351 Sy = 2 [0(,):8(, )40 558 s, s

o
Bas oS 85l a5l Sl Cuge ile, iSTae 4y ol [Fo] Gdow jo ail oo (9,5 sakais
Codgazme azx Baa w0 ol solatul Jglite Ban b 5l sl (>9,5 (5955 o yidon JlS! )]
M Goa 2l Sz 10 a5 gsb @ sl oad Jlosl a2 Sjgo U <UL (60955 bl
0,559, onl 5l eolatuwl b ol pl .auS sgamma 1) (65,9 o lula U 0gd oo adlal S SawVl 25,57 (65,
9> bl Cans 50,5 dnion Saa b ceul a8 5 18 ool 5,90 allie (pl jo a5 ol San &b

S ol gy IS8 4 (e Blas a8 0,5 Bl 5 6955 4

Smut
(¥7)

l// ) Sin + Sout

'Sigmund



V04 e 3l ool b LectS8l Slge LsLe i) 6 dige ook

Abstract

The application of the negative Poisson’s ratio materials (auxetic materials) is growing rapidly.
Although these types of materials were found in nature, these materials are designed and made
for industrial applications. The layout of the microstructure of auxetic has a big effect on their
Poisson’s ratio. The present study aims to design the microstructure of auxetic materials by
utilizing shape optimization of some moving components and by finding their position to
minimize Poisson’s ratio. The shape of components is defined by a few variables explicitly
which is a great advantage in the manufacturing of the final design. Due to the periodic structure
of auxetic materials, the design problem is defined as the compliant mechanism topology
optimization of one cell. A first-order method called the method of moving asymptotes (MMA)
iIs utilized to solve the optimization problem. The core of the first-order methods is to find the
gradient of the objective function and constraints with respect to design variables. The
topological derivative for the compliant mechanism is utilized for this purpose. The obtained
microstructure shows the efficiency of the proposed approach. Moreover, a sample of the
designed structure is made using an additive manufacturing technique.



