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Article Information Abstract
Original Research Paper Open cell structures are architectural cell structures with a determined periodic geometry that can be designed
Received: 26 July 2022 parametrically based on mathematical models or simulations of nature. The silkworm cocoon can be used as a natural
First Decision: 18 September 2022 structure to design open structure cells. The silk cocoon consists of a hierarchical structure with multiple functions,
Accepted: 11 October 2022 which have evolved over millions of years to create optimal conditions for metamorphosis and preserving the life of
the insect against Predators. In this article, inspired by the infinite loop structure used by silkworms in making
Keywords: cocoons, open cell structures were designed to investigate mechanical properties. For this purpose, based on
Cellular structure Maxwell's formula in the design of rod open cell structures, different samples consisting of straight rods or infinity
Sgndvyich panel ring structures with different parameters were made using FDM 3D printing method. After manufacturing the parts,
linfinity structure the axial tensile stress test was performed on the samples. The obtained results showed that the cell structures
3D printing designed based on the rings used in the silkworm cocoon are non-isotropic single layers. Although the infinite cell
Mechanical properties structures have a lower tensile modulus and strength, the larger elastic strain and the gradual process of failure, and as

a result, the conversion of the tensile modulus to bending in this structure, is considered one of their important
advantages, which are used in various applications such as building sandwich panels that bear the duty They don't
have the burden, they can be noticed.
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Fig. 1 Some of the most common different architectures of rod-based
cellular network structures
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Fig. 2 Examples of unit cells dominated by bending and influenced by
tension are shown. M is the Maxwell number, b is the number of bases
and j is the number of nodes

b cos 5 ges bl cos asly slasle 5l olaaises ¥ S
olaxi J g laasl slaw b (JouSle soe M sl oas ools olas pusS
Sl L&bo)f

\&



Ul 9 )by Sums Siluos

b OT Qumngliie 9 ui pal 055 alay 5l 0 3uds 48,3 Ul isdasial JUBLw S0 HUB ) (2 )75 ) 14

90 laasis 6>|).L: (51).3 Al LSS S oS 43;0&&

L s i 5 Skee i iy Sz ool sl il s
oolitwl "M =b—2j +3" & le 3l ol e LSl e
oas ooliiwl oo S olawi j g laasl slaws b ] jo a5 58
ple Jlle ¥V lbaiges 5l plasa glpy wlal cply ol
SsSe b ol @mls 5 s (b o) g s sl el
.[\"Y‘].»“o)f dows Lo

o 3 ,Slas b )lisle oled ¥ Jouz polie wluly
arly> Solate o,Slas cpl Lo )5 5 i lime wlulp Ll wi)ls
Gl 005 0000 ouues o lisle a8 ol o aldl oy
Cool bzl o plaie oo )T slaws 0929 [0 e S5
3l o5k (Sl o ,Sles [0 00ilS sl A aS
S e s oY i

Table 2 Calculation of the number of bases and nodes and the
numerical value of M

5olows g olows ol
T U s
R SO TNV SO 0,5

-y 'Y 'Y \F

) AT \# YA

slaylsls o a5 cul (g 9,0 S5 (nl Gl Grizes
o oole jl eolanul Jdo @y clu iy g oamb 8 Jolo
45,5 000l @Ylie ;5 Logas by 59,3 50 Slse Hlodu il

10

ail> sl oo l,b -Y-Y
oails b coslite 55 o] ety cladiges bl
b S s ol sl s s aly il sl gl
el G yiien &5 0D il glaisS a4 (b gl )l
WAl 352y (greb Agei b oad (b sl jlEle o o0
dlyod 4 oud >hb sl s pear FOUSE Lo il
35 55 b sl el )l ot ools las b sl el

el 00l (5 5910,5 ) Jgax

30 el 0 gl oo cdlin )V Jaax 0 aF aigSles
el o oolial T LS5 g il Lsle slxyl gz b
ool )b sl eolaul b (Ls)eaedd [hd 4 bgye yil )by ¥
2 JS y adl gla Shs ol b s> & ole Lo s Ly
5 Ml Sl o adl> SIS L L e Ly gLy 500 bl ¥
Ly 5 L3) ¥ Lo baiges JB> Lass> Cpz il oo (g950e
Al axsle oS5 ol Ko el b Vg oad eols s il

Fig. 3 Light microscope image of rings made in the shape of
mathematical infinity sign (o) by the silkworm
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Fig. 6 A picture of how the samples are placed in the tensile test
machine
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Fig. 12 failure analysis Sample 2

Y diged CanSlls Jolos VY Sl
0393) 3l e |y ladiged j0 S5 dnwgs o VY SCS
Al Y S e a5 jsbples e oo lis (g ysme S
g 00 Blo bS5 pdine lrals ;o 05d 0 cdwlin
Joss 5 e LS lgin ol (nl 5 ol s lgeal
S S 9 Vb Jode g plSovinl s st Sl UL
o -\ USE o a5 jebles abl e loale Lawgs
3 s 9 00y o2 Bddl> AT and (0 0gd e 00y
Slo bty Joe (O aiges wile) WpSioo H18 505 Cux
SV Jode g plSoninl 5 o5 (235 5l 55 LSl (nl g g

7 oploubs 40993 NE- Y )gapih «wlpal 3ds5 5 wibiv Swie

oz o &S e o -VY S aiges )00 Bk
Qgly oo T Jds 4 05 (o0 )18 (285 )L Cod sog0e
SAoml oo g plotinl Gline (S Sz 4 S oS
by 5l e w0 oo lis 095 51 IV S 4 cond |
o 4 pazie (Shy by bl o adl> )lSle v92g
1545 IS 4y 5,81 e pald | sl cnl s BUI leays
Ol g ol 292y S 530 50 e alex Sl (ol
Sk ceos &S Sl (oled )3 Wl LSl (nl 035 o0 e
sy ans olis sy | JaallpSe 05 e 3 S
Solaie sloo,S olml Coge Wiy oo e lopleans
RS 9 95 Sk e eizres g aYair baylSle (e
@55 B 5o wlgs oo a5 955 (LD 4 (SBES 95 3l O
L¥elass 5L oot s

Sloakeo (Gl 2V US8) Y wigei o 4yl & s b
dgly ST LEES jemme &) Curnd (§3908 Stz 5O priine
Y aiged ool ajlo (G -V IS0 ) diged 4 Gl (650
Sl 5o wS e ar e Jlesl )b blae o Iy (g tin 25
L e 5 Sote (5h8 glajlle Loy (o285 25T diges
53 39 s oaaline a5 jsbijlen 35d oo Jood 2,0 BA 4l;
S 5 g 00ls Cg ks gy9me 5 d € b @ bl
2 by W glaaygly cnlply 00,5 o (SBn 5 & o
olagly 5 adly eitae b ails Sl S 6,08 g
g 009 phe laddl> 1) 0925 (iS5 ol joome 4y S
LA 3] codl ails ples 008 5 sl al )b 5

S 50 ) diges [LEle 0 ClnSls o5l VY S o
) dged GEEle o el sad eols lis (go0ges
S5y oS Sl 0dd mjei atl> LSle 0 Co ey O)g0
Y US55 o8 sloopls Lawss a8 _blE s oo sualie
Ll o] 50 (a5 35 00 00idd Hlis Cawl ol asive Al
Gl ool ools Hlas O SVY SE o aF dsSilen Ll
& S LIS agly L 45 o ol e Jloz o (Satlax
Bl czrge ()b aly cpl wasee &y W3S 3 oo
P S5 drwy ailes 5 0350 by el o 5]
olnl Coge &5 S o Jee odld o Olao OYlall
I 50 (nl et CaaSh pln j5 (Lhp el sl
AVY) (25,5 oy b (255 Gl L) aiges oS o
lie ) ol a5 canl ol ot Ladiges pyls dy Comns (o oo
LS oy g S5 argly il o ojle ;o Sl Joow rals

L o5 @l o)y vz peliine slayd jo a5 Ly agly



Ubled 9 oy Guwma Sibuas

b OT Quglite 9 @iy pal o 55 &g Il 03 4id 5 Ul iniadial YUA s T30 JUB) (T ) 2

@i & Ol ) el pl &5 S e la eSS
Sl Cad o, slass sl 381 40 g4 o e

ul.uo JLA_" 9 o)f o‘..bu u«u‘)ﬁ‘ l; 4_.3! ._\_._‘> 6LD)LOLm )o
e 58, b o)kl vals anl glajlisle o ey
ot 50 sladil> g 0,5 Slass 4 o

2 ol 0,8 bwgs a5 cuidnl lsle sy e Hl
&S s5H Qi pla el slp vy, S A aly sl
drng Bl (hp Jode 4 (LRI Jode fod aiejls

R 00)5 ‘J‘;’."
p3le a8 ols (Las (s 503l 5l ey (sloaigad (gus)
G aS Cwl a8 0l G coan] Lale o el
dil> Lzl 9,0 g W aly 5 Y wil> 65 cux
By g ail> Jlsle o st S Caz wzse by g WI
9 O‘A‘S‘)" ConS blas 39..»&5;7 U;b; ULQD 5o usLn.uo
GLSls g cazge Gl b o Sl ayly obx)

5 &3P iz W el

D9 oo (b Jgde 4 (590

&=y -F

[1] M. Marino, R. Sabatini, Advanced lightweight
aircraft design configurations for green operations,
in: PRCC 2014, Engineers Australia, 2014.

[2] Jansto, S. Steel Producers Respond to Demand for
High Performance Bridge Steels with Niobium;
CBMM North America, Inc.: Pittsburgh, PA, USA,
2020; Available online: www.cbmm.com (accessed
on 15 August 2021).

[3] J.C.Najmon, J.DeHart, Z. Wood, A. Tovar, SAE Int,
J.Transp,Saf, 6 (3) (2018).

[4] Lutsey, N. Review of Technical Literature and
Trends Related to Automobile Mass-Reduction
Technology; Research Report UCD-ITS-RR-10-10;
Institute of Transportation Studies, University of
California: Davis, CA, USA, 2010.

[5] Walton, D.; Moztarzadeh, H. Design and
Development of an  Additive  Manufactured
Component by Topology Optimization. Procedia
CIRP 2017, 60, 205-210.

[6] M. Ashby, Philos. Trans. R. Soc. 4 Math. Phys. Eng.
Sci. 364 (1838) (2006) 15-30.

[7] Rosen, D.W. Computer-Aided Design for Additive
Manufacturing of Cellular Structures. Comput.-
Aided Des. Appl. 2007, 4, 585-594.

[8] X.P. Tan, Y.J. Tan, C.S.L. Chow, S.B. Tor, W.Y.
Yeong, Mater. Sci. Eng. C 76 (2017) 1328-1343.

[9] X. Xia, Z. Zhang, W. Zhao, C. Li, J. Ding, C. Liu, Y.

Liu, Acoustic properties of closed-cell aluminum

Y\

z Y USS ol Gloyet Vg ) ladiges 4 Ced
I ol cde a8 04 oo samlie dil> calisee blis o S p
Sebolea [¥alols cos ails )8 dlge 6,5 x> @ Olei oo
9O 0dd g_;l:> \515.9 6Lm4m) ol yastiie J.A)B o)..v.‘o L oS
=31 g N N VRS G-OWIVK S BP'L S W L OWOUK S-S = e
O Mlee 551 B g esle LSl po (B RS
3 Shp A A S s has g 6551 ST age
st S0 a8 jebilen [ ] 05 o oaus o VY s
So dilais Oygay JLSle o b ad canS s 310 eald
hR GE ep Jeds G ad 5o (gt 03 l oS Cul
O b yemme poasman ¥ Jlail aile a5 04l oo olwl S5 0
GRS & (597 o2iS 5 oo g [V oo S Jae g b
Al 0 005 s ogl G a4 I el mle SEp
Ole 5 (65,8 AWl g a8 Bl ol bl cusls (Ko i

LFY FY]00 5 o ctis g

() (@)

@

Fig. 13 How material breaks in the structure of the infinity ring
Saii] il JlSle j0 Slge Sl 05 VY S

G5 Az =0
R 1 | POy - b= IR VI IUOU S SE S-S B = e
O &5 Wil Sus sl w5 (Neal D50 4 Gl
Oglite Dl o Alike NS 9 5 8, G
23,5 oa

So o GRS Y SO S 4 San] o lisll o
WS s TAEY B AR 5 Wlgs e 00 S Ay G S
TN b il oo g SOy ilS S lade a5 Jb g0
Ol L JgSle Jgo 8 a4y azgi b ol i Soo g

7 oplobs A 0093 NE- N )gapuah el 3do5 5 il wdiie



Ubled 9 oy Guwma Sibuas

b OT Quglite 9 @iy pal o 55 &g Il 03 4id 5 Ul iniadial YUA s T30 JUB) (T ) 2

characteristic analysis of cellular lattice structures
under tensile load. International Journal of Solids
and Structures. 2019 May 15;163:170-7.

[24]Yang X, Ma W, Gu W, Zhang Z, Wang B, Wang Y,
Liu S. Multi-scale microstructure high-strength
titanium alloy lattice structure manufactured via
selective  laser  melting.  RSC  advances.
2021;11(37):22734-43.

[25]Niu J, Choo HL, Sun W. Finite element analysis and
experimental study of plastic lattice structures
manufactured by  selective laser  sintering.
Proceedings of the Institution of Mechanical
Engineers, Part L: Journal of Materials: Design and
Applications. 2017 Feb;231(1-2):171-8.

[26]Maskery I, Aremu AO, Simonelli M, Tuck C,
Wildman RD, Ashcroft 1A, Hague RJ. The BCC unit
cell for latticed SLM parts; mechanical properties as
a function of cell size. In2014 International Solid
Freeform Fabrication Symposium 2014. University
of Texas at Austin.

[27]1Kladovasilakis N, Charalampous P, Tsongas K,
Kostavelis 1, Tzetzis D, Tzovaras D. Experimental

and  Computational  Investigation of Lattice
Sandwich  Structures Constructed by Additive
Manufacturing Technologies. Journal of

Manufacturing and Materials Processing. 2021 Aug
31;5(3):95.

[28]V.S. Deshpande, M.F. Ashby, N.A. Fleck, Acta
Mater. 49 (6) (2001) 1035-1040.

[29]1N.A. Fleck, V.S. Deshpande, M.F. Ashby, Proc. R.
Soc. A Math. Phys. Eng. Sci. 466 (2121) (2010)
2495-2516,2010.0215.

[30]M. Ashby, Philos. Trans. R. Soc. 4 Math. Phys. Eng.
Sci. 364 (1838) (2006) 15-30, 2005.1678.

[31]L. Gibson, M. Ashby, B. Harley, Cellular Materials
in Nature and Medicine, 2010.

[32]M. Hosseini Vajari, S. Dariushi, M. Behzadnasab,
An  experimental investigation on mechanical
properties of 3D-printed bioinspired sandwich
panels based on silk cocoon geometry.

[33]M. Benedetti, A. du Plessis, R.O. Ritchie, M.
Dallago, S.M.J. Razavi, F. Berto, Architected
cellular materials: 4 review on their mechanical
properties towards fatigue-tolerant design and
fabrication, Materials Science and Engineering: R:
Reports, Volume 144, 2021.

[34]S. Boria, Lightweight Design and Crash Analysis of
Composites.  JNjuguna  (Eds.), Lightweight
Composite Structures in Transport, pp. 329-360,
New York:Woodhead Publishing, 2016.

[35]Zaki Alomar, Franco Concli, Compressive behavior
assessment of a newly developed circular cell-based
lattice structure, Materials & Design, Volume 205,
2021.

[36]Yige Liu, Hao Hua, Biao Li, Exploration and design
of knitted composites for architectural application:
The MeiTing project, Frontiers of Architectural
Research, 2022.

[37]Kononova, O., Kraspikovs, A., Harjkova, G.,
Zaleskis, J., & Macanovskis, Characterization of

7 oploubs 40993 NE- Y )gapih «wlpal 3ds5 5 wibiv Swie

foams with different macrostructures, J. Mater. Sci.
Technol. 33 (2017) 1227.

[10]E. Farre’-Guasch, J. Wolff, M. N. Helder, E. A.
Schulten, T. Forouzanfar and J. Klein-Nulend,
Application of additive manufacturing in oral and
maxillofacial surgery, J. Oral Maxillofac. Surg.,
2015, 73(12), 2408-2418.

[11]J. Skibinski, K. Cwieka, T. Kowalkowski, B.
Wysocki, T. Wejrzanowski, K.J. Kurzydlowski, The
influence of pore size variation on the pressure drop
in open-cell foams, Mater. Des. 87 (2015) 650-655.

[12]C. Moon, D. Kim, G.B. Abadi, S.Y. Yoon, K.C.
Kim, Effect of ligament hollowness on heat transfer
characteristics of open-cell metal foam, Int. J. Heat
Mass Transf. 102 (2016) 911-918.

[13]S. Catchpole-Smith, R.R.J. S"elo, A.W. Davis, [.A.
Ashcroft, C.J. Tuck, A. Clare, Addit. Manuf. 30
(2019) 100846.

[14]O. Nematollahi, G.B. Abadi, D.Y. Kim, K.C. Kim,
Experimental study of the effect of brazed compact
metal-foam evaporator in an Organic Rankine Cycle
(ORQC) performance- toward a compact ORC,
Energy Convers. Manage. 173 (2018) 37— 45.

[15]Ivanova O, Williams C, Campbell T. Additive
Manufacturing (AM) and nanotechnology: Promises
and Challenges. Rapid Prototyping Journal.
2013;19(5):353-64.

[16]Tang YL, Dong GY, Zhou QX, et al. Lattice
structure design and optimization with additive
manufacturing constraints. IEEE Trans Autom Sci
Eng 2018;15(4):1546-62.

[17]A. Nazir, K.M. Abate, A. Kumar, J.Y. Jeng, Int. J.
Adv. Manuf. Technol 104 (9-12) (2019) 3489-3510,

[18]L.J. Gibson, M.F. Ashby, Cellular Solids: Structure
and Properties, 2nd ed., Cambridge University Press,
Cambridge, 1999.

[19]Nazir, A., Abate, K.M., Kumar, A. et al. 4 state-of-
the-art review on types, design, optimization, and
additive manufacturing of cellular structures. Int J
Adv Manuf Technol 104, 3489-3510 (2019).

[20] Gorguluarslan, R. M., Park, S., Rosen, D. W., and
Choi, S. (October 12, 2015). "4 Multilevel
Upscaling Method for Material Characterization of
Additively Manufactured Part Under Uncertainties."”
ASME. J. Mech. Des. November 2015; 137(11):
111408.

[21]Hamza Alsalla, Liang Hao, Christopher Smith,
Fracture toughness and tensile strength of 316L
stainless  steel  cellular  lattice  structures
manufactured using the selective laser melting
technique, Materials Science and Engineering: A,
Volume 669, 2016, Pages 1-6, ISSN 0921-5093.

[22] Changjun Han, Chunze Yan, Shifeng Wen, Tian Xu,
Shuai Li, Jie Liu, Qingsong Wei, Yusheng Shi,
Effects of the unit cell topology on the compression
properties of porous Co-Cr scaffolds fabricated via
selective laser melting, Rapid Prototyping Journal,
ISSN: 1355-2546, Article publication date: 16
January 2017.

[23]1Geng X, Lu Y, Liu C, Li W, Yue Z. Fracture

vy



Ubled 9 oy Guwma Sibuas

b OT Quglite 9 @iy pal o 55 &g Il 03 4id 5 Ul iniadial YUA s T30 JUB) (T ) 2

[40] Gabr MH, Phong NT, Okubo K, Uzawa K, Kimpara
I, Fujii T. Thermal and mechanical properties of
electrospun  nano-celullose  reinforced  epoxy
nanocomposites. Polym Testing 2014;37:51-8.

[41]G. Bergmann, et al., Biomed. Mater. Eng. 20 (2)
(2010) 65-75.

[42]Pervin F, Zhou Y, Rangari VK, Jeelani S. Testing
and evaluation on the thermal and mechanical
properties of carbon nano fiber reinforced SC-15
epoxy. Mater Sci Eng, A 2005;405:246-53.

[43]Raei M, Reza Toroghinejad M, Jamaati R.
Nano/ultrafine structured AA1100 by ARB process.
Mater Manuf Processes 2011;26:1352-6.

Yy

Mechanical Properties by Inverse Technique for
Composite Reinforced by Knitted Fabric. Part 1.
Material Modeling and Direct Experimental
Evaluation of Mechanical Properties, E. (2012).

[38]Yuan L, Fan W, Miao Y, et al. Enhanced
mechanical and electromagnetic properties of
polymer composite with 2.5D novel carbon/quartz
fiber core-spun yarn woven fabric. Journal of
Industrial Textiles. 2021;51(1):134-151.

[39]M. Sugavaneswaran, G. Arumaikkannu, Analytical
and experimental investigation on elastic modulus of
reinforced  additive = manufactured  structure,
Materials & Design (1980-2015), Volume 66, Part A,
2015, Pages 29-36.

7 oplobs A 0093 NE- N )gapuah el 3do5 5 il wdiie



