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Abstract

Metamaterialwith adjustablesometimesnusuapropertie®ffer advantages ovesnventional
materials witlpredefinedmechanicgbropertiesn manytechnological applicatioms groupof
metamaterials, called modular metamaterials or metastructucks;ebmgedthrough the
arrangement ofmultiple, mostly similarbuilding blocks. These modular structwas be
assembled usipgefabricatednodules and reconfiguredmimmote efficiency and functionality.
Here ,we developda novel modular metastructure by taking advantage of the high compliance of
preprogrammable doub$piralsFirst, wesimulated the mechanical behavior fouamodule
metatructure under tension, compression, rotation, and sliding using teéfimstet method.
Then, ve used3D printing and mechanical testiogillustratethe tunable anisotropic and
asymmetric behaviaf spiralbasedmetastructuein practice Our results show thsimple
reconfiguratiorof the presented metastructure towtel desiredunctiors. The mechanical
behaviorof single doublepiralsand the characteristicthat can beachievd through their
combinations make our modular metastructure suitablariousapplicationsn robotics

aerospace, and medical engineering.

Keywords Mechanicalntelligence structured material§unctional designfinite-element

method 3D printing
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1.Introduction

Sructuredmaterialsvith unprecedented tunalpeopertieshave beeincreasinglgeveloped in
recent yeaandfoundapplicationg robotics [1,2] electronicg3], energyharvestingystem$x1,
x2], biomedicaéngineerindd], arospacengineeringp,6] structuralengineering7], etc [8,9 x3.
These materialsvhich are referred to as metamateaigdsengineered &xhibitproperties that
arederived from themrchitecturerathethanconstituentateriad[10,11]Negativeswelling ratio
[8], negative thermalpansioroefficien{12] negative Poisson’s rgtld] negativenoduli[14],
anisotropidoehaviof15,16], reversiblenon-lineardeformability{17,18], programmability1920]
andshapeanemorability [# aresomeof the obtainednechanicgroperties.

Modular metamaterials consist of rationally desigoeider unit cells linked to each other.
In these materialdesirednechanicairopertiexan be achieved kngineered deformation of the
consistingnodule [21-23] Hence, knowing the charactizs of each module is crucial when
developing a metamaterial. The g&ymmaterial composition, and spatial aemaegt of
modules are key factdrat determinghe behavior of modular metamatewusder different
boundary conditions and laags Structures used as modules for the development of modular
metamaterials vafiypm rotating rigid shapg&4-27] the wide range ¢dfoneycomluesign$28
30],andre-entrant structurd81-33]to horseshoghaped structurgg], bio-inspired doubiayer
hinges [34],foldable obeliskke unitg21] helical structuresgxandmany other different designs

[216,19853¢].

The aim of this study is tovestigatéhe potential opreprogrammable compliant double
spiral structuresvhich have beercently introducdoly our teamwhenused as the modules of a

metastructureAdjustable design, multiple degrees of freedom, high extensibility, and reversible

non-linear deformabilitgreproperties ofhedoublespiralghatmake them particularly interesting
for the development of deformelstructuref37] Weexpect thgbreprogrammabldoublespiral
moduleswill enab¢ us to control the mechanical propertief a metastructure in different

directionsn a passivautomatic way

Usingthe finiteelement method (FEMye simulate the mechankethavioof afour-module
metatructure under different loading scenafesalso manufacturgo modular metastructige
using 3D printing and illustrate their performance in practic@ur resultsshow that the
combination of different doub$piralscanlead to théunableanisotroy, asymmetric behavior,
preprogrammable shape changpatial heterogeneitgnd simplereconfigurationof the

developed metastructure
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2. Methods

2-1. Modeling and finiteelementanalysis

Following the method adoptedJafarpour et gi37] we used the equationlogarithmic spiral
in the polar coordinate systeequation 1o plot spiral curveasingthe programming software
MATLAB (MathWorks).

rore (1)
In the above equatipn, is the radius of the spiral & 0, andk is the polar slop&8]

We plottedwo logarithmicspiras with different initial radiirg, 13.5 mmrandr,, 15.0 mn

) butan equal polasiope(k 0.2) from O to 1.5 pradiars. We thenrotatel them around the
origin of the coordinate systesnpi radiarto generate twother spira These four spiralirves
formedtwo spiral surfacgEig. 1a). After connecting thbases anitheends of spiralwithstraight
lines,the plot wasimported to the finitelement software package ABAQUS/Standard v. 6.14
(SIMULIA) to develop thewo-dimensional (2Djumerical model diie firstdoublespiral named
doublespirall (Fig. 1b).

The same procedure was used to develop a geometrically differersipdalbdeinvestigate
the behaviorof a combination of doubbpirals employed as tmeoduls of a modular
metastructuréVe setlte initial thicknesgpolar slope, and angle of rotatbthe doublespiral 2

tobe 3 mmi, r,, 15 12 3.0 mn), 0.1, and 3 pi radians, respectidy (b). The values

of the design variables were selected to obtain mattelgnificantly differenjeometries

Doublespiral 1 is extremely shorter, thinner, and more curved compared tcpicallite

A modulametastructurein which doublepiral modulewereconnected to blocks forming a
squarewas designed hdfgg. 1c). We employed twmodes of eachdoublespirals 1 and @&
develop aour-module metatructure(Fig. 1d). We used this planar model simulateits
mechanical behavisubjected tin-plane loading scenarios in Abadihe modelvasmeshed
using fownode bilinear plargress quadrilateral elements with reduced integration (CPS4R). A
mesh sensitivity analysis was conducted to set the size of the elementsarmhaebrients
resulted in accurate solutions in reasonable compaltaiioe. We used he €lf-contact

formulation in Abaqu® define the physical contacts between interacting s{B&jces

The material propertiesf the hermoplastic polyuretha@exfill TPU 98A, Fillamentum
addotive polymers, Czech Repulghicesented ifable 1 wereassignetb themodel[40].



98 We usedthe Abaqus implicit solvey simulate ie quasstaticbehaviorof the modelunder

99 different loadingcenariasn all loading scenarijdise boundary conditiomsid loadsvere applied
100 to the rigid blocks that were connected to the depirials. We avoidéite large strain behavior
101 of the elements and focused on reversible elastic deformations by limiting the loatievalues.
102 following loading scenarios were simultezharacterize the performarafethe spirabased
103  modubrmetatructurgFig. 2):

104 (1) Tensionin this loading scenayiwe onceextendedhe model irthe vertical andhen in
105 horizontal direction@vith respect tehe horizon) In both cases, wadamped the modeh one
106 sideandpulledthem on the opposite side until toaiblespiralseacledtheir maximuntengths
107 (Fig. 2a).

108 (2) Compressiortiere we compressed the mddate in two perpendicular directions, while
109 the blockson the opposite sidaeere fixedFig. 2b). The compression was accomplished by
110 applying &-N force

111 (3) Rotation Under rotation, thenodel waslamped ahetwo oppositéblocksblandb3 and

112 then only one of the two other blogke. b2, wassubjected to eounterclockwisgdCW) moment
113 (equal to 50 N.mmYnder the sameading andoundary condition, viken rotatedhe same
114  blockclockwis€ CW)(Fig. 2¢).

115 (4) SQiding:In this loading scenariirst we fixedthe blocks on one sideerebl and bdand
116 pulled one of the two other blocks,,b3, downward by 50 mm, wherbascould mog only
117  vertically We then clamped the moded different side, i.&3 and bdandpulledb2 horizontajl
118 toreachhesamalisplacementvhile bl was restrictedthe vertical directio(Fig. 2d).

119
120 2-2. Prototyping and mechanical testing

121 We manufactureivo doublespiralsfrom the numerical simulations, with an FDM 3D printer
122 (Prusa i3 MK3S, Prusa Research, Praha, Czech Reptdsithéir behavior and validatee

123 results of thesimulations.Doublespiraé and fixtures were printedusing asemiflexible

124  polyurethane filamegFlexfill TPU 98A, Fillamentum addi(c)tive polymers, Czech Republic) and
125 a polylactic acid (PLA) filament (Prusa Research, Praha, Czech Republic), regpectively
126  ZwickiLine uniaxial testing machine (Zwick Roell, UIm, Germany) equipped with a 5@eIN load
127 (Xforce P load cell, Zwick Roellas used to quantify the tensile behavitteahanufactured

128 doublespiras. Threespecimensf each doubtsepiral were teste@hchhreetimes under theame

129 loading and boundacgnditionsusedn the numericaimulations of the tensi@Rig. 3).
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In the next step, wabricated three doubdpirals with distinct geometnsing TPU filament
andcomected them to each other ustognecting blocksade ofPLA to develop modular
metastructuresgith adjustable properties. We ttesstedther mechanical performance in practice.
Thevalues selected for design variables to obtamo@Bls othedoublespiralsand 3D printing
settings are given Trable 2 We assembled the printed parts to make alideeand a cubic
metastructurand characteridegheir behavior in two different experimehisst, we fixedne
end of thebeamstructureand applieda 256N.mm moment to its other erd investigate its
behavior in bendingFig. 4). Then ve usedour uniaxial testing machite quantify the
compressive behaviof thecubic structure in three different directifg. 5).

3. Results

3-1.Finite-element analysis

Thedoublespirals, their arrangementhie preseredmetastructuse andusedoading scenarios
areonly a fewexample®f the manypotential combinationsf designloading and boundary
conditionsWe presentethese specific combinatidwsillustrate the potentsadf our modular

metastructuréor arange opractical applications

The frcedisplacemendiagramresulted from the simulatiai tensionshowedthat both
tensile force and displacementhmvertical directionvereabout twiceghosein the horizontal
direction(Fig. 2a). The forcedisplacemendiagramcorresponding tthe compressiorshowed
that themetastructurevas about six times more compliant under compressionhioritental
directionthanin the verticatlirection(Fig. 2b). Thesetwo loading show theanisotropy of the

developed metastructure.

Rotatinga block of the model (b2 iRig. 2c) in two opposite direction€{ and CCW
demonstraiits asymmetribehavior Although therotatioral deflectiosof b2 subjected to the
same momenin two directionsvere notmuch different, the work requiréor the CCW
deformation was about four tintbatfor the CW deformationThe momentrotation diagram
showghe differenstiffnesesof the metastructuie the two directions and their variations as the

deformation increasdsd. 2c).

The forcedisplacemertiagramdlustrate the netinear behavior of the metastructuetated
to the specific phases of the deformation of the dspbkds under different loading scenarios

(i.e., initial clearance, unrolling, and unfold@g)The tension and rotation of the metastructure
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in two different directions ocawith an inersion of anisotropy. In tensi@&N forceis enough

to unroll the doublspiral 1 horizontally and reach the {sigffness unfolding phase (around 60
mm displacement). However, the verticaNGdrce extends the doubipiral 2 bynly 10 mm.
Neverhelessthe metastructure has higher extensibility in vertical dingsbgonis subjected to
larger tensile forceBhe same scenaligsbehindtheinversion of anisotropy in the CW and CCW

rotations of the metastructure.

We usedthe sliding scenarit indicatehe behaviorof the free block whichwasnot loaded
(b2 inthe vertical sliding and b1 ihe horizontal slidingFig. 2d). In the vertical loading, the
displacement dhe loaded block (bBd toalmost the sandisplacemerdf the free blockb2)
However in the horizontal loadingvhen we movethe block (b2jhorizontally, thdree block
(b1 did not move andtherefore the whole structure shoveedifferentdeformation pattern
compared to the vertidabding(Fig. 2d).

3-2. Prototyping and mechanical testing

Here we3D printecthedoublespirals used in numerical simulation€hachcterizettheir tensile
behavior experimentally verify the validity of the simulations. To this goal, we averaged the
forcedisplacement curves frahe experimentn=9) and comparethat tothe numerical foree
displacement curveig. 3). We measured the quality of the fit by comparing the average force
values resulted frothetwo methodsit the same displacemeiiitee comparisonshow thafor

both doublespiralsa good agreememxists betweetihe numerical anelxperimentalshaped

curves

Two spiralbased metastructunesre manufactured and tested in the next stepabiesti
like modulametatructure was developed usilogiblespirat 1and 2that were horizontally
connectedo threeblocks(Fig. 4). Two geometrically different doubl@ralsvere employeith
eightarrangementgixing one end of these structuresapmying an equal momentheirfree
endresulted irdifferent deformation patterrihe deflectiorof themiddle poinbf beams varied
from 21 mm to 55 mm, andthe deflection otheir tip variedfrom 53 mm to 118 mm This
demonstratethe asymmetric behavior anhablestructural stiffness of the developed strusture
that resuls from the different combinations ofwo doublespiralswith differentthicknesses,

lengths, and polar slopes

Wethenuseal thedoublespiralsl, 2, and 3 connect eightlocksin the formof aculke and
developed three cubiodular metastructiedFig. 5a). The irst cubevas made up alouble
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spiral lonlyand was expected to have the same compressive stiffnéseadatctions othe
Cartesiarcoordinate syste(frig. 5a-i). The second cubeonsisted of doublgpirals 1 and 2,
could behavihe same ir andz directionsbut different iry direction(Fig. Sa-ii).

To have a cubic metastructure vétepecific mechanical characteristic in each direction, we
used four of each doukdpirals 1, 2, and 3 and developed the third (EudpeSa-iii). The
compressive behavior tfis cube was quantified in three direct{fig 5b). We placedt
between two plates\dused a 108 force todisplace one plate towards otiger onehat was
fixed Repeating thiestfive times in each directioasulted ir29 (x 0.1)mm, 93 (= 0.3)mm,
and B9 (x 0.4)mm displacementf the platein x, y, and z direction, respectivé@lye
compression of the doubdpiralstarts wittalow-stiffnessleformation phase, which origins from
the free space between their coils, and contintnes gvadual increase the stiffness which
resuls from the contacbetweenthe coils[37. The different compressive behawoof the
metastructure in x, y, and z directions are ntan$ed bthe differentfree space between the
coilsof the doublespiralsand theithicknessesvhich can be adjusted changinghe values of

thedesign variables.

4. Discussion

Modular metastructuresnsisting of exchangeatrledules canbeused irdifferentapplications

in whichsimple adjustabilitga requirementn this studywe used only tvihree geometrically
different doublespiras as modules of spiralbased modulametatructurs to obtain distinct
mechanicabehaviors under the same lo@dr results showed thahe geometrial design
variable of the doublespiras can be used tpre-program théehaviorobservedThe spatial
arrangement @fiedoublespirals, type of loading, and boundary condition determine the behavior

of the spirabased modular metastructure.

Using our double spirals in thevelopednetatructureenabled us ttune the stiffness of the
metastructure in differedirectionsas well as hoivchangseduring the application of the external
loads Our results illustratetthe high reversibleextensibity, variablestiffness anisotroy, and
asymmetric behaviorttie developeahetastructuseWecouldtuneall these featurbg changing
the design variables of the dotggeals andontrollingthe structural stiffness in each direction.
Thesecharacteristiasan bea great advantage to many enginegrincfuressuch asnechanical
hingeqd41,42]biomedicalmplants[16] asymmetric casts and splid] flexible body armors

[44] andloadbearing yet collision resistance kit&k



225 Programmedhape change response to mechanitzddsis anothemterestingpropertyof
226 the metastructureéShape changes @amable engineering structicetransform intgredictable
227 shapes whelpadedto change their performanaed/or improve theiefficiency[19,20]In this
228  study, he diding loading scenarenductedorizontally and verticallgsulted in two different
229 deformation patterng=ig. 2d). The difference is due to thieternalboundary condition that
230 doublespiralpassivelgpplyon each blockNumerical anéxperimentaksultssuggest that this
231 shape change canre-programmedby usingdifferent doublespirals wittsuitable geometac
232  designvariabls (Fig. 2d, 3. Varying the orientation of the modules fribra horizontal and
233 verticaldirectiongo angled directioris another strategy thn also change the local boundary

234  condition on the blocks amtfluencehe behavior of the metastructure.

235 Sincelte modular metastructuteveloped hemmprisesdividualmodule, the dimensions
236 of the metastructure can be easily chdibyeadding or removindoublespirals. Employing
237  doublespirals with various mechanical behsinoa larger structumuld result irthe spatial
238 heterogerity or gradientof propertiesHowever, there is @nstraintagainstincreasinghis
239 heterogeneitC omplex periodic architecturesuldhinderthe desiretlinctionalityof a structure
240 andprevenits coherent and predictable respdt8eq. Thereforeanydesignshouldprovidea
241 tradeoff betweerthe high level of contrtzbilityand complexity

242 In this study wepresented the concept of using compliant deagirials as the modules of a
243 modular metastructur&he resultsshoved the potential of doublgpiralsfor this purpose
244  Considering thatur simulationsvere conducted on small assemblies of depivis future
245  studies should focus characterizing the behavidrspiralbasednetastructusdn large scales
246 A combinatorial design thegt®] an inverselesign method [x6], and a structural stiffnassx
247 based computational mettjgd,x8] are a few examplest can be used poedictthe mechanical
248  behavior of large spitahsed modular metastructuFesther investigatiorshould examindé
249 performance dhedoublespirals with different geometri@sl material compositiamsderdong
250 termloadirgs Atrtificial intelligencéAl) hasprogressethe research on metamaterials and their
251 application$x3], and can besed in the future studigsobtaindoublespirals with geométs
252  optimized for specific applicatisn The arrangement of the modules the developed
253 metastructure is another factor tteahains to be testéa improve the mechanical behavior of

254  the metastructure.
255

256 5. Conclusion
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In this article, wpresented modular metastructubat consistef compliant doubtspiras and
investigateds mechanicdlehaviounderdifferentloading scenariogQur results showed that by
combining doublgpirals irspecificconfigurations, we can exploit desired propeirigading
tunable anisotroy, asymmetc behavioy preprogrammableshape changeand spatial
heterogeneitpesides the advantageous features of single-gpuale, such as simply adjustable
design, multiple degrees of freedom, high extensibility, and reversiinleana@®formability
Furthermoreif anyunexpectedodification isiecessaryheuse ofindependently exchangeable
modulesin the modular metastructure makeseitenfiguratiofeasiblelndividual doublepiras
could be printedast at low costs using a singlenaterialand be ready assembtl The
metastructurpresentecth this study can offer an alternative design for engineered materials that
are currently in use in various engineering f@spact, yet highly extensible dospleals
make the metastructure adequate for aerospace engineering products whibtle peetie
and stowablédighly tunableon-lineardeformatiosof thespiralbasednetastructure in different
directions suggest it could provide an efficient solttidhe development obiomedical
engineeringlevices for rehabilitatiomhe metastruttire comprisedore-programmale double
spiralswhichcontrol the motion of componentsarmpassivautomatic wagould beof particular

interest imrticulated robots.
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424  Tables

425 Table 1 Mechanical properties of the thermoplastic polyurethane filament (Flexfill TPU 98A,
426  Fillamentum addi©tive polymers, Czech Rep(#dic)

Density (kg/m)
1230
Poissors ratio
0.3
StresgMPa) Strain
0 0

12.1 0.1
22.1 0.5
28.4 1.0
37.8 3.0

427

428



429 Table 2. Doublespiral models developed for Bbnting,besides their corresponding values of
430 design variables, and settings used for 3D printing.

3D modeling

Doublespiral 1| Doublespiral 2| Doublespiral 3}

Developedioublespirals

Polar slope 0.10 0.20 0.05
Design variable SInitial thickness (mm 3.0 2.5 1.0
Angle of rotation (rad) ° ° °
Extrusion heighfmm) 20 20 20
3D printing settings
Filament type Thermoplastic polyurethane Polylactic acid
Filament name Flexfill TPU 98A PLA
Produced by FiIIamenct:qu;i?]dgc;)F;[iL\J/s”EoIymers, Pruggeiﬁs;:;cuhb,”?ar a,
Filament diameter (mm) 1.75 1.75
Nozzle diameter (mm) 0.4 0.4
Extrusion temperature (°c 240 215
Bed temperature (°c) 50 60
Layer height (mm) 0.2 0.2
Fill pattern Gyroid Gyroid
Fill density (%) 20 20
431
432
433

434
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Figure captions

Fig 1. Development of the 2D model of the dougpérals and foumodule metastructure. a)
Plotting four spiral curves to generate two spiral surfaces for developinggi@ifileblpouble
spiral 1 and 2 models. c) A modular metastructure consisted ofsgoablaodules connected
to blocks. d) Employing doukdpirals 1 and 2 to develop a fmodule metastructure.

Fig 2. Simulation of the mechanical behavior of therftadule metstructure model. Results are
given for the following loading scenariopiame a) tension, b) compression, c) rotation, and d)
sliding. Shaded areas show the fixed boundary conditions, and arrows show the direction of the

applied loads.

Fig 3. 3D printing and testing two doukdpirals from the numerical simulations. Comparison of
the forcedisplacement curves and force values obtained from the numerical and experimental

tensile tests on the doulsigirals 1 and 2.

Fig 4. 3D printing and testingeeamlike modular metastructure. Eight structures were developed
using doublspirals 1 and 2 arranged in eight different ways. The structures were fixed at one end
and a 250N.mm moment was applied to their free end. Shaded area shows the fixed boundary
condition, and the arrow shows the direction of the applied mdinewieflections of the loaded
structures can be compared using the displacement values written next to the blocks and the

diagrams illustrating their deflections all together.

Fig 5. 3D printing and testing a cubic modular metastructure. a) three cubes were developed using
doublespirals 1, 2, and 3. b) The third cube was placed between two plates;Mridracl @@s
used to displace one plate towards the other one that was fi¥edcé&dhieplacement diagrams

show the anisotropic behavior of the cubic metastructure in x, y, and z directions.
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Fig 1 Development of th@D model of thedoublespirals andour-modulemetatructure. a) Plotting four spiral
curves to generate two spiral surfaces for developingsimitddid. bpoublespiral 1 and thodelsc) Amodular
metatructureonsisted ofloublespiral modules connected to blodkEmploying doubigpirals 1 an# to develop
afour-modulemetatructure.
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Double-spiral 1 Displacement Ffem Fexp (s.d.)

35 - i (mm) (N) (N)

30 2@} 10 0.41 0.63 (0.08)
251 20 0.70 0.96 (0.11)
Z
8 201 30 0.71 1.02 (0.13)
2 5

40 0.85 1.16 (0.15)

27 50 1.36 1.65 (0.19)

5 fem
———exp 60 3.88 4.07 (0.29)
0 2 === ———- . i ,
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471 Fig 3. 3D printing and testing two dowsgirals from thenumerical simulation€omparison of the foree

472 displacement curves and force values obtained from the numerical and experimental tenbéed@sidespirals

473 1and 2.
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Fig 4. 3D printing anddsting a beaiike modular metastructure. Eight structures were developed using double
spiralsl and Zarranged in eight different ways. The structures were fixed at one end &hdchen2BOment was

applied to their free end. Shaded area shows the fixed boundary candittemarrow shows the direction of the

applied momenthe deflections of the loaded structures can be compared using the displacement values written next
to the blocks and thaiagramdlustrating their deflections all together.
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Fig 5. 3D printing and testingcabicmodular metastructueg.threeeubesvere developed using dougpérald, 2,

and 3b) The third cube wasaced between two platasda 100N forcewas used to displamee platéowards the
other one that was fixetheforcedisplacement diagrasows the anisotropic behavior of the cubic metastructure
in x, y, and z directioriBhe average values of the maximum displacém®htind their standard deviations are

written next to the correspding curves.



