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Abstract: This study is focused on the deformation behaviour of composites formed by auxetic lat-
tice structures acting as a matrix based on the re-entrant unit-cell geometry with a soft filler, moti-
vated by biomedical applications. Three-dimensional models of two types of the auxetic-lattice
structures were manufactured using filament deposition modelling. Numerical finite-element mod-
els were developed for computational analysis of the effect of the filler with different mechanical
properties on the effective Poisson's ratio and mechanical behaviour of such composites. Tensile
tests of 3D-printed auxetic samples were performed with strain measurements using digital image
correlation. The use of the filler phase with various elastic moduli resulted in positive, negative, and
close-to-zero effective Poisson's ratios. Two approaches for numerical measurement of the Poisson's
ratio were used. The failure probability of the two-phase composites with auxetic structure depend-
ing on the filler stiffness was investigated by assessing statistical distributions of stresses in the fi-
nite-elements models.

Keywords: metamaterials; negative Poisson’s ratio; auxetics; re-entrant unit-cell; lattice structure;
failure probability; composite structures

1. Introduction

Architected materials and structures have attracted the atention of researchers as a
novel design and engineering concept in aerospace [1], automotive [2], sports and bio-
medical industries [3]. Recent advances in additive-manufacturing {(AM) methods have
enabled the production of complex three-dimensional structures with tailored properties,
combining their light weight with high impact resistance, compressive strength and
damping abilities [4]. One of the most promising advantages of topological freedom, pro-
vided via additive manufacturing, is the ability to create metamaterials—a class of mate-
rials and structures that are engineered to exhibit properties that are unattainable in nat-
ural or traditionally manufactured analogues. One such specific mechanical property is a
negative Poisson's ratio (NPR). Materials with an NPR behaviour, known as auxetics, ex-
pand laterally under longitudinal tension and contract under compression [5,6]. Such a
deformation mechanism is beneficial in achieve high impact strength, shear, indentation
and fracture resistance. For these reasons, auxetic metamaterials have great potential in
many fields, particularly in the aviation industry [7], sports applications [8], electronics
[9] and biomedical engineering [10]. Focusing on the last of these fields, the advantages of
auxetic metamaterials can be used to produce various biomedical devices with improved
performance. For instance, structures with a combination of auxetic and non-auxetic be-
haviour can be used in hip implants. The auxetic behaviour can improve the contact be-
tween the bone and the implant. In [1], a numerical calculation of free vibration of struc-
tures including a combination of them with negative and positive Poisson’s ratios was

Polymers 2023, 15, x. https:{doLong1003390 o000
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PACYET NIMHEWHOI O ABUrATENA ANA LENEN
BMOHWYECKOIO NPOTE3MPOBAHNA

PaccmatpueaioTes GUOHMYECKWE NPOTEZL! 1 NEPCNEKTHRE! NDMMEHEHWA B HUX NUHERAHEIX NBIFa-
Tened. Mo paHee YCTAaHOBNEHHbIM TPEDOEaHWAM K NapaMeTpaM NpennaragMbi K HCNoNbIOBIHWD LH-
MAHOPWHECKHY NAHEAHBIX BEHTUNEHBIX ABMrETENEA NPOBEOEH PACcYeT, NPUBENEHL! BMD PEeIyNLTATh,
NOCTPOEHE! NpUMEPHBIE 30-Monenw OBWraTenA W ero koMmncHexToR. Uens WoconenoBaHWMA: pac4eT
W NPOEKTHPOBAHME YNPABNRSEMOID LMMTHHOPHYECKOND NHHERHOMND BERTHNBHOM ABWMETENR ANA GHoHM4e-
CHOTO NPOTEIWPOBIHAA, WCNONBIVIOWEND B K3YECTBE WCTOMHMKA MMTAHWA MmanoratapuTHell WCTOMHWK
NOCTOAHHOMD TOKA, KOTOPBIA MOMHO DAIMECTHTE HENOCDEOCTEEHHO B KOpNYCE npoTesa. Metonk:: Pac-
YET BeiNONHANCA B cpene Mathcad, NOCKONBEY WCNONB3I0RANCA WTEDALUWOHHBIA NOOAXOO ONA NOMyYEHHA
HEODXOOWMEX NapaMeTpoB MawKHbl. AnA nocTpoedwA 3D-Mo0enel NPUMEHANECE CPENa © OTKDBTRIM
WEXDMHBIM KOA0M. Pa3ynsTaThi: PACYET NOK33AN BOIMONHICTE COZAAHWA LIMNHHADHYECKOTD NAHERHOM
BEHTWUNBHOMD OBMIATENA ONA WCNONB3I0EAHHMA B NPWBOSax OWOHWYECKHX NpOTe30B. BeUi MomydeHs
TPEXMEPHEIE MOOENH OBMIATENA, B0 KOMNOHEHTOR W MX PACNONCHEHWA B NPeanQaragmMom Kopmyce
npoTeaa. Kopnyc npoTesa paccuMTad Ha 3amellsHue npegnneysa v KMcTH. [euratend npurogHes ona
LANBHEALIEND NDUMEHEHWA B NPOSKTHPOBAHWW NPOTEINE W NOIBONAKT NPEARAPHTENHD OLEHWTE Dac-
NONOHEHWE JBMrATENER B NPOTEIE C LENbH NOCNEOYIOWETo YITYYLUEHHA KOMNOHGBENA, NOBBILEHNA YHW-
WEALMN, PEMOHTONPUIOOMOCTH M NOTEMUMANEHD ANA pa3paboTid MOgYNEHOW KOHCTRYKUMK C BeICTRO-
CHEMHEMI ANeMeHTamy. MpaKTHYeCcKan IHAYMMOCTL: PACYET LUAWHOPWYECKOND NMHERHON ABUraTens
MAN0oA MOWHOCTH NOKA3AN BOIMOMMOCTE NDHMEHEHWA 0AHHOMD TWNA OBMFEATENER B NPHBOOHSIX MEX3-
HHIMAX BHOHMYECKMX NPOTEI0R CPEOHMXK PAIMEDOE C NOTEHLMANOM K NPUMMEHEHHIC B NPOTE3AX LUENEHOA
KOHBUHOCTH, 8 TAKEE NOTEHLMAN B OANBHEAWER MUHHATIODWIALWH W HCNONBI0EAHMA TAKAX NBMraTENERA
B pAIANHMYHBIX HCNOMHHTENEHED YCTROACTEAX.

KnioyeBkie cnoBa: NpoTe3vposaHne, DMOHWYECKME NPOTEak, PACYET, ANEKTPHHECKHE MALUMHE,
MAHEAHEIA DBWrATENb.
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Effect of voids shape on deformation of 3D-printed closed-cell
porous structures

Yulia Pirogova®, Mikhail Tashkinov**

“Perm National Research Polytechnic University, Komsomolsky Prospekt, 29, Perm 614990, Russia

Abstract

The aim of this work is to investigate the influence of the shape of voids in porous 3D printed closed-cell porous structures on their
elastic properties and mechanical behavior using the results of morphological analysis of microstructure based on multipoint
statistical characterization, finite element modelling and experimental data. The geometrical models of representative volume
elements (RVEs) for structures with non-overlapping inclusions of different shapes and parameters were created and produced
using FDM/FFF 3D printing technology. Evaluation of various morphological parameters has been performed based on the analysis
of multipoint statistical characteristics. The elastic behavior and properties of the studied RVEs were modelled using finite element
analysis. The relationship between mechanical properties and statistical characteristics has been analyzed.

© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

A large class of materials used in modern industrial and technological applications can be considered as
heterogencous at certain scale levels. In most heterogeneous materials the microstructure embodies some degree of
randomness. To study such stochastic microstructural features, the concept of a representative volume element (RVE)
is commonly used, which is a finite region of a material sample that is large enough to contain significant local
morphological information, but much less than the characteristic length of a sample (Torquato, 2002).
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AHHOTALIMA:

The aim of this work is to investigate the influence of the shape of voids in porous 3D printed
closed-cell porous structures on their elastic properties and mechanical behavior using the results of
morphological analysis of microstructure based on multipoint statistical characterization, finite element
modelling and experimental data. The geometrical models of representative volume elements (RVES) for
structures with non-overapping indusions of different shapes and parameters were created and produced
using FDM/FFF 3D printing technology. Ewvaluation of various morphological parameters has been
performed based on the analysis of multipoint stetistial charactenistics. The elastic behavior and
properties of the studied RVEs were modslled using finite element analysis. The relabionship betwesn
mechanical properties and statistical characteristics has been analyzed.
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N306perenne OTHOCHTCS K obmactn
BHYTPUTPYOHON AMArHOCTUKM TEXHOJOTMYECKUX,
MIPOMBICIIOBBIX, MaruCTpalbHBIX TPYOOIIPOBOIOB
He(TerazoBoi, XkMUYECKOM OTPACIIM U KOMIUIEKCOB
JKWINIIHO-KOMMYHAJIBHBIX  XO3SMCTB. Pobor
CONIEPXKUT [IBA HECYIIMX OCHOBaHUS C TpeMs
PACIIOJIOKEHHBIMU OTHOCUTEIBHO APYT JAPYyra IMOoJ

yriioM  120° ONOpPHBIMM HOTAMM, OCHOBAHMS
COEJTMHEHBI MEXIy COOON pa3beMHBIM OOJITOBBIM
COETMHEHHWEM.  BHyTpM  KaXIOro  HECYIIero
OCHOBAHUSl  PACIOJIOKEH TIPUBOJl  PACKPBITHS

ONOPHBIX HOT, Ha BBIXOJHOM Bajly KOTOPOTO
pPACIIONIOKEHO Beayllee 3yOuaToe Kojeco, Ha
BHEIIIHEHM CTOPOHE KaXKAOTO HECYIIEro OCHOBAHHS
YCTaHOBJICHBI BEIOMbIE 3y0UaThle Kojieca U OTIOPHBIE
3ybuaTele Kojleca, MPH 3TOM Bemyllee 3ybdaToe
KOJIeCO, BeIOMble 3yOyaThie Kojieca M OIMOPHBIC

Crp.: 1

3y0UaThie Kojieca BXOIAT MEXKIy cOOOM B 3y0UyaToe
3allerieHue ¥ 00pa3yroT MEXaHUYECKYIO 3y0UaTyo
CHCTEMY TIIepeMEIleHUs OMOPHBIX HOTr. BHyTpu
OJIHOTO M3 HECYIIMX OCHOBAaHWM PAaCIIONOXKEH
KOHTPOJIJIEp YIMpPAaBJICHUS U MHOTOAMAIA30HHBIH
paavonpreMonepeIaTIuK, COCIUHEHHBIE MEXIy
cobori. Ha omHOM w3 HeCymMX OCHOBAaHUHN
YCTAHOBJICHA MHOTOJMAINIa30HHASI PaMOAHTEHHA,
COCIMHECHHASI c MHOTO/IMAITa30HHBIM
paaronpuemMornepenaTIukoM. Ha kaxxqom Hecyem
OCHOBaHHUM CMOHTHPOBAHO YCTPOMCTBO BU3yaIbHO-
WHCTPYMEHTAJIBHOTO KOHTPOJIS, KOPITYC KOTOPOTO
BBITIOTHEH C  BO3MOXHOCTBIO  PETyJIUPOBKH.
OOecrieunBaeTcsl NEpEeMEIIEHHE B LIMPOKOM
Jarna3oHe JIMAMETPOB TpybomnpoBoja,
CHJIbHOHAKJIOHHBIM U BEPTUKAJIBHBIM yYacTKaM. 3
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