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Abs tact

A full me cahic hc h a cetisa # nof thre aype sf 3 D printe da tic e @ rswa spe fo me d
to e ala ¢ the fe ahility o fusing a ditive ma nfa cuting (AM) o flig hwe g h polyme
ba & dsa dwic hpa nd fo rstruc tra la plic aotn. E f  tof the sha p of thre esed e td
la tic estruc tire so nthe ¢ o pre sio nshe aa d be ding stre g h ha sbe e @ ge ime tally
inve §g aetd The spe ané u te t¢ dwe @ ma mfa cute dwith a no p nso uc efuse dfilame h
fa bic alot sba @ d3 P printe r The ¢ sa dwic hstruc tre sc oside ¢ dha dskins ma d o f
po ypro ple a (P P-fla xbo de dto the po flac ic a di(P TA) la tic estruc dre ¢ @ wsing bi-
c mpo n he p ¥ a de iwe. The P Pfla xa d the PLA ¢ @ struc tire swe e te te¢ e p a ¢ 3
a swe lla sbo de dto gtlee 1to eva da ¢ the struc dira Ipe fo ma n e ssa dwic hpa mls. The
c mpre sio nte 8 we @ ¢ arie do 1 to a se s the in-pla n a d o @ o fpla n stiffne s a d
stre g h by sed dng a re pe & ta tve numbe 10 fce lb. She ala d a d pla sic hing e we &
o be ve dduring the in-pla a te . The she aa d thre eo nt be ding te t we e pe fo me d
a ¢ aling to the sta da d to e sure re p ta Hity. The wo k ha spro ide d ninsig h into the
fa lure mo d o fthe diffe @ i sha p sa d the fo ¢ elispla ¢ e mhisto ¥y ¢ mve swe & linke d
to the pro gemive fa lure me cahisms e ge ie 0 e dy the struc tre sOve all the re @lts of
the thre etruss-like la tic ebio p yme mo msto cahkic struc tre sinve g aetdha ® indic te d
that the ya e we llsuite dto be use dfo rpo ¢ tia limpa c & plic aiot 5 be ¢ se wf the 1 hig h
she aad o o fthe pla B co mre sio nstre g h. The e re ¢lts demo ntra ¢ the fe aildlity of
AM te cnhd g n ma mnfa cuting o flig hweig h po jme 4ba & da dwic hpa nls fo mpo ¢ tia 1

struc tra luse s
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Ke words ma tira fibre ¢ o pn #e sla tic etruc tre sP IA, sa dwic lstruc tre sto cahsic

struc tre shio p jme &

1. I troduction

Sa dwic hstruc tire sa ¢ a sa ha g esdourstruc tral a plic aiot n e kibiting lo wwe g h,
hig Istiffne s a d hig he a g ya bo ptio n[l 3]. D e @ ding o nthe industry sta da ds a d
functio a lre gire m t8, sa dwic hc cersc o anin diffe @ h fo ms a d ma ¢ in d inc dding
ho a ¥ obhna d me dls fo rae @ pa ¢ [d, 5| a d ma ime a plic aiot B [6], na tra lc mpo ®e s
[7 ]fo ambada ad wo o doratomive [2] ad ma g othe ra plic aotn inc uding
¢ ostruc i n[8]. Sa dwic hpa nls ¢ osists o ftwo thin fac eshe e skins ¢ otmbuting to the
fle mra Istiffne s of the pa n,lwhe @ athe co @ is re po mible fo rthe she atra sfe the we e n
the skins. The ¢ cerc a mdo ¢ otmbute to the o ¥ allfle nra la d ¢ mpre sive stre g h o f
the pa m.l Cellila rc ecersa dwic hstruc tire sha & bee nde ¥d p dfo rva io m struc tra 1
re gire m t8 in o de rto de wd plig hweg h a d a d ga ¢ly stiff a d stro g co mo #e s
Adva n eanh in a ditive ma nfa turing (AM) te cnhd g ha sle dto the e m g ecneof
me glic ¢ cerin the fom of ¢ Bula rho a § ohbnstruc tire sa d truss-like struc tre s
spe did Hy fo rhig hpe fo ma n eme cahic agro p tie stypic dyluse din lig hweg he ag y
a bo bing pro dc £ [9 1 2.]Muc Ia te tio na d de #d me h a tivitie sha & bee nde it ae td
to pro dc eo pimise dme # lic struc tire sthro g himpro & dde ig n a d build paa m ¢ &
[1 3 The @ is a po ¢ tial to use ¢ Hula rho a ¥ mb struc dre sin polyme ra plic aotn a s
we ll but rerifo ¢ e go yme s a d polyme rco mo #e swo 1d be pre & e dfo rimpro & d

me cahic hstre g h. A co mre & sive study by Ya zadhet.a 1|l 4d oew dthe the it g 1
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nume ic ad d e pe ime ta la pe & tof the g eme ty o pimisa o no f3 Dprinte dce lila r

c erfo ®© ag ya bo ptio m plic &dot B

Bo-c opo #e ma ¢ ind o # rthe pro nse to impro ¥ susta na Hity a d func io ality
¢ mpa e dto oil-de ive dpo yme rmate mls. 3-D printing (3 D Pthe & ma ¢ mls fo rfuture
a plic a@otn be ¢ sew fg e ectmic fle #ility (eg. ho n ¥ mb lig hwe g h struc tre } is o f
pa tic la rinte e 5[1 5 Na wra lfibre (NF)-ba ¢ dc o po #e sha ® re ¢ "ynattra ce tdinte e
due to the inc & aesde clog ihc ocneng in g d h lindustry sinc eissue so fma mfa turing -
ba ¢ de ag yburde 5 re ccy Hity a d e miro me ta lsad ¥ be cie the ¢ etme o fne w
ma ¢ ials a d pro dc ¢ de ®lo me ts [1 61 7. Amo g the @ na tra lfibre slig o dlalo &
ba t-fibre ssuc ha sfla x hemp a d jute a & widely use dfo rre rifo ¢ e emh o fthe mo fa sic
po yme g The reinfo ¢ e emh of re 8 w ke so nc e go yme g with fla xfibre sis e o orm g e d
due to their lo wde sity, g o onie cahic hpro p tie sa d lo we miro me tal impa c #la x
a d poypro ple a (PP )ha sbe e sho wm to be c¢ mpa ible fo r ma kg hig hqua ity
c mpo #e s[l 8 ] Altho g hP Pc a be printe dit is mo ¢ ¢ hlk gng tha nthe na tra I
po yme s po flac it a di(P IA), whic his the mo s ¢ mmo nfuse dfila m h fa bic tio n
(FFF)/fuse dde p #io nmo dlling (FDM) 3 D printe dpolyme r D to its lo wme ting
te mpe a tire a d ea @& o fprinting PLA ca ne & nbe use dby co mume g to ma k finishe d
pro dc ¢ [1 9 The mec h ic apro p tie © FFF/ IDM P IA a e well e ta Lishe d2 -8B a d
their ¢ & 1t art ista n ds ado kno w [2 4 PLA ha salso bee 1uc c sfully use dn a numbe r

of po yme ma tix ¢ o po #He §2 B-)
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The s a da n ein sa dwic Istruc dre s d po yme f n tra fibre ¢ o po #e © p mp the
po ¢ tia 1to o @ me o n o fthe prima y limitatio B o fFFF/ DM in lo a de aing
a plic dot & hig ly a iso to jc pro p tie da ing pa tic la by lo wstiffe ma d stre g h in the
dire dotmo fla ¥ e p ®io n(z dire dotn [3 13- A re ie wby Ng ce fal. [3 psumma ise dhe
man me lio d ¢ omo 1y utilise din a ditive ma nfa turing a m g whic hFDM wa s
disc sse d In FFF/FD M thre edime sio n lpa ts direc ly impo te dfro mCAD mo dls a e
fa bic aetdba 6 d o n the de p #io n of melte dfila @ I8 to ce& aetano e c & sa
¢ mpo #io no fse ¥ a lo ¥ In ping la g9, whe @ e a clehyg ris ¢ opn & do fa ¢ otimuo =
be a & trude da d de p #e dwhic hsoilifie sby ¢ oling [3 1 JAmo g6 the ¢ ople x
g enwe tie gha tc a be pro dc e wbing FFF/FD Mis the la tic @ 1wce lilla struc dre fo do a-d
be ang a plic tio B, a d it is e pe e tdtha tthe me cahic a pro p tie so fthe sa dwic h
ce lila rstruc @re sfo rlo a-de amg a plic aotr ¢ oldi be impro & dby fibre rerfo ¢ e d

the mo fa sic s

In o de 1to pro b the & po ¢ fials, a study wa sde ig a dto ta k a da ta g e fthe mo @
a &a n e wo k in P Pfla xc mpo #e $o ma k up the to pa d bo to mla ¥ o fthe sa dwic h
struc tre a d P IA to fo m 3-D printe dtruss-like la tic eunits o f no msto calkic structure s
ma kg up the inte mad The am o fthis wo k thus wa sto ¢ delc dufficd h me cahic a 1
pro p tie 0 fthre ese dc ¢ da tic e¢o plo giof P IA a d P P+fla x¢ o po #e o be use din
the struc tire o pimisa # npro ¢ £ f rsa dwic hstruc tire s Me cahic a te t inc dde d
¢ mpre sio nbo h in-pla na do tof-pla n (e g eise a d fla wise ,)c ceshe aa d sa dwic h

fle mra l Fo ¢ evs displac eemh ¢ mwe swe ¢ g eemte d whic h we & the n pro c s «l
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a ¢ aling ¥ to inte pret the ac e & dre wlts a d late wisc sse dthe o & allre po re to dra w
¢ oclusio B 0 nstre s distributio n within the struc wre sa d ide tify hig kstre s re © in
whic hma yre gire re1ifo ce m ha d lo wstre sre g in whe @ with po ¢ tia we g hsa ing s
The po ¢ tial fo FFF/ DM to pro ide lo a-be aing struc tre do a io ma plic aot n with

the sma ¢ in d a & disc sse da d ¢ ocnlsio na & dra w.

2. Mate ials and me hodology

2.1. Lattice s tucture s

Ce lila 1s0 ills a e divide dinto two man g o ps: 1 )sto calsic struc tre so rfo ms) a e
cla sifie da ¢ oding to ther po o #y type o p it B o rcd e eell whe @ a 8 )the no n
sto calsic a € ca ¢ giserda ¢ ading to ther building unit ¢ B e the r2 D la tic eunit
(ho n § mb) o r3-D la tic eunit (truss-like )[3 6 |The lattice struc tre is a truss-like
struc tre with a re p anfg unit ce llthat fo ms inte se dnfg struts a d no d swith a spe did
re cruing a ra g e eanh o € 1a vo wme ttic re ® nThe inte ma lde ig no fthe & struts whe he r
holb w circ 1a rsqua &€ o ra ¥ de ive dsha p c @ s se dotm is a plic io nde p de h a d
mo e spe ific dylde p de o nthe stre g h a d stiffne s re gire m ts [3 . Ka gne truss
¢ cestruc tre e fo m be e tha nc ova tio nl ho B ¥ o lmco & struc tire dn te ms of their
spe did ¢ mpre sive a d she a gtre g h. In o de rto ma kmise the ¢ mpre sive a d she a r
stre g h of the ka g cemtructure ,the inte mal a gd ¢ a he a juste dcde rto 4 50 16 0
re pe dve s. The thre eunit ce llstruc tre swe & de ®lo p dwith the CAD so ttwa ¢ CATIA
V5 (Daswmatl Systemes, Velizy-Villacoublay, Fra n e )mo ivate d fro m the pre io sly

inve Hg aetdstructure dn lite a tire. Ho w & mo dic #io nto the g e e my a d dime sio B



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230
(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

ha & bee na plie dto impro & the print quaity a d re dc ema nfa turing time s La tic e
struc wre s @ g eermm ¢ by re p ting unit ¢ Bs, whic Ia @ ¢ kindric astruts built a tdiffe ¢ ©
oie ta o nc ona k¢ dhro g Imo d sFo 1 o pa iso mpurpo & @ fixe & med po fwidth a d
heig ho fl Ox1 Omm is use dThe STL file ©f the de ig B ca nbe fo nd at the Ope 1Scd o e

Frame w k [3 Ba d a ¢ sho w in Figure 1.

a) b)

Fig ve 1 - a JLa tic el: B (C-Z struc dre b) La tic € circ mfe e tial re @ tg 1n pa te m of
4 ve tic astruts a d ¢ JLa tic &: B (C unit ¢ B witho t the ve tic astrut.

Lattice 1 is a diamo d de ig ntha tha sa ve tic astrut tha truns thro g hthe middle
of the unit ¢ B. The ve tic astrut in the ¢ etme o fthe ¢ B ha sa dia mte © 25 mm whilst
the rema ning dia g alwstruts ha  a re dc e thic ke s o fl 5 mm. With the ve tic hstrut
pre & h in the la g t of the unit c¢ 4, lthe ¢ mpre sive ¢ aapilitie so fthe ¢ B sho 1d se e
g & te impro ¥ m hco mpa e do the sa m de ig nwitho . Fo 1the se ¢ d wnit ¢ 4, h ¢ he -
like fo ma tha sbee mtilise dwith five ve tic astruts (4 o rea ¢ & e with 1 in the ce tre )
a d eg hsmalle struts that me eat the middle of the ve tic hstrut in the ¢ etme o fhe ¢ B.
Simila rto unit ¢ @ 1 ,the ve tic astruts ha & a thic ke $ 0 25 mm whe @ a the smalk r
dia g alnstrut be a & thic ke $ o f15 mm. This cell struc tre is e pe t¢ dto pe fo m

e pe ia lly we llunde rc mpre sio ndue to a ninc & aesn ma s a sa re slt of the a ditio nl
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ve tic astruts in ¢ mpa iso nto unit ¢ B 1 .The third unit ce llto be o ke ve dis a ce lltha t
also ta k& @ dia m d fo m like tha tof unit ¢ ¢ 1 Ho w & rit diffe ¢ in the fa c that it do e s
no tha ® the ve tic askrut pre ¢ hin the ¢ etme o fthe cell As a re slt, it is e gec & dto
pe fo m to a lo w sta da d to unit ce 111 unde r© mpre sio nD w® to the a be o ef ve tic a |
struts in this ce 1l the thic ke s o0 fthe struts is ma g na liy thic & tha nthe o he two ¢ ds]

with a diame ¢ ©f 2 mm inste a ol the o igina 1.5 mm.

2.2. Manufacturing

Ma nfac tring o fspe ané 8 wa sc arie do @ using a no p nso nc eUltima k r3
E te de ddua le trude r(Ultima k rthe Nethe I ds) e gippe dwith 0 4 mm no zezsb na
2 1%2 1 @mm he 2 tdgla s build pla ¢ CAD file sve @ impo te dnto Cura 2.70 [3 9ih STL
fo ma tto be slic e, dd d a list o fprinting pa & m ¢ ¢ wa sa juste da ¢ dingryf. The &
instructio mn a @ subse ge fly g eerw ¢ dn a G-¢ oedc ipt, whic hthe printe mse go pe fo m
the printing. A pro ¢ sosffine tuning the printing pa @ m ¢ g to a tan a no pimum qua iky
whe & a visua linve g $io no fprinte dpa ts wa sca rie do t to ide tify physic ade € s,
whic hco id po ¢ tially yield inc osiste f re slts follo wng [4 O No suppo t ma ¢ in lwa s
use dfo rall printing o p a 0 B in o de rto ma k this me lio do fma nfac tring sa dwic h
struc tre sre Hstic in ma s pro dc io nln a ditio nprinting witho t suppo tre dc eessa g y
a d ma ¢ ials, whic lre dc ece ts a swell a £ miro me ta Impac t

The ¢ mple ¢ list o fpa & m ¢ suse do 3 P print a lltype © Hpe ané ns sho wm in T able 1.
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Ta b 1 - 3-D printing pa @ m & s use do ma nfa cute the sa mle ge t dn this wo k.

Laye rT hickne s @mm) 0.1

I fill de = tiy (%) 100

Print te npe ature (°C) 225
B uild be dte npe ature (°C) 60
Print s p e ¢dmm/s ) 15

Flow rate (%) 100

B uild be dadhe som Glue stic k
2.3 Mate ials

The fe estb ¢ fo rthe 3 D printe dc eersuse din this study wa sa PLA filame hma d o f
sta ¢ hpro m ing its bio d gard Hity a d bio cmpa ibility. Spo @ bf blue PIA 7 5 §o 2.7 5
mm diame & r me ting tempe a tire ra g eof 1 4 51 6°C a d a spe ific de sity of 1.2 4
purc h e dfro mR S Co mo a t8 Ltd, UK. The me cahic h pro p tie so fbulk P IA we &
re p te din the da 4 ke e [ 1+With a te sile mo dlus o 2 8 5MP aa d yied stre so 3 &.

MP awhic lwe ete ¢ dna ¢ do w evith ISO5 2 7 .

Na tral fibre ¢ mpo #e s(NFC) fa e she e tma d o fdisc otimuo m fla xfibre sa d
po ypro ple a a d pre d me dwith a ma s co he hraio 5 2 8Fla ¥ P we @ pro dc e d t
E ¢ e Enllin Ltd, Ca rhridg ehire UK. The & ¢ osmida ¢ dma ¢ ¢ del dfibripla & she & & @
a mixture o fdisc otimuo = fla xfibre sa d P Pinte lo cekdusing ne eledpunc hpro e s with
3 M 0 fle eladf sre wlting in the a ear lweig ho fl 2 Ogn. Co no iHa fo nusing he te dpre s
with a plie dpre sure o f2 OMP aa d 1 2°Q te 1pe a tire fo r5 minute syied a re dc e d
thic ke o f2 mm. The mo iva i nfo rthe use of NFC a so po & dto the use o fvirgin

po dpro ple a is the e cfoie dline s of fla x fibre sa d re dc e & abo n fo optint.
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Furthe mo e ,po ypro ple a is a fo sil fuel ba & dthe mo ta tic with a ma knum te sile

mo dlus of 1.5 GP aa d stre g h of 3 OMP a4

Fo 1the sa dwic Ipa al’s pro dc io nthe a e i® o fthe 3 D printe & ceto the NF fa c e
she e twa sa cicdhe dusing Araldite 2 0 1(AV5 3 0 Y5 3 01P bi-c mpo n h e p ¥ pa te
a fe ive purc h ¢ drom R SCo mo n ts Ltd, No tha hs, UK. The two pa re p xre ina d
ha de a rwe @ mixe din a ne ga la m nts a d alb w dto re a tfo r5 minute sin ro o m

te e a tire befo @ being a plie & nthe fa c she e 6 1y.

2.4 Me hanical te sidg

2 4 1 Tensile testing o fNF C

The te sile pro p tie s (i.e .stiffne s a d stre gh) o f{NFC we a e ala ¢ din
a ¢ oda n ewith ISO 5 241+ 9 9a7d sta da d te s spe ané ntype 1 Bwith no e d ta bing
using the ed adt mc h it atk sing Tinius Olse n2 5ST with 2 5kN lo a d ¢ [(Figure 2).
Te 8 we @ pe fio me do nspe ané nof 1 5 & 2 Ox 2 mm in dime sio na ta cro she a d
displac e emh o 2 mm/min a d g agude g h of 5 Omm of a re dc e width o fl Omm. Te ts
we @ ¢ aie do tta tro o 1he 1mpe a tre ,a d a tle at ghree re ptitio n we @ pe fo me da d

ra wre slts we ¢ a ¥ a g etada me a walue with Tinius Olse nHo iz o so tfwa e.
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!

Fig ve 2 - a JTe sile te sse tup fo the NFC, b) fla ¥ P Pspe aneé 15 e @ my.

2 4 2 Comp essio ntesting o fco & la tice structures

Qua Bsta ic co mre so nte & in-pla aa d o to 4pla B we & pe fio me do nthe three
¢ e1la tic estruc tre susing the sa m Tinius Olse 12 5ST ma cide In-pla a te salso ¢ deld
e g eise ¢ mpre o nis a me lio dto de & mine the ¢ o pne sve stre g h a d stiffne sin the
dire dotnpa & lk lto the sa dwic hfa mg pla n. Spe ime & te t&¢ dwe @ o 1y la tic ec s
witho @ fa ¢ she e tthe e d &€ buc kng wa sinsig ific atnThe & te 8 we & ¢ ostruc ¢ dto
re bc aetthe ASTM C3 6 9 Ssta da d a scd ely a spo sible with so m mo dfic aotn to the
g enw ity fo r dmping purpo € sD ine sio B o fthe ¢ hic te & dpe ané mwe ade p de ho n
the unit ce lldime sio B ho w & fo r© o pa 8o npurpo 8 she numbe © frelb wa s« b e m s
4x4x1celfin the x, y a d z dire dotn, re pe tive t a ssho w in Figure 3. No 1na 1
dime sio B a d weg hs we & ve ifie dfo re a hspe ané nbe d € ca rying o t co mre so n
te t8. Fo rthe co mre sio nte s the ¢ @ she a displa ¢ @ mra ¢ wa set at 1 mm/ nn, lo a d

cellre ¢ ding the a plie dfo ¢ eThe o trof-pla a o rfla Wwise ¢ o pne sive te Hing c osists o f

11



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230
(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

subje dng the thre ela tic estruc tire sto a unia il lo a @ the z direc ib nno ma Ito the
pla n o fthe fac eshe e.tSinc ehe to pa d bo to mof spe ané ma e fla fthe lo aimg pla ¢ n
tra mmit the fo ¢ ewith no g e etmc hmo dic aiot . Whe & a strut bra celg like o nthe
Lattic el a d 3 spe ané 1e @ elsa ® be e 92 de ddo w to ¢ & te a fla tsurfa ¢ @ nbo h the

bo to ma d to pe ds o nwhic lthe lo aiulg plate mre sa dllustra ¢ dn Figure 4.

c)

r

4 cells

T T

A

Fig ve 3 - 3 Dprinte dP IA ce lhla dattice fa bic aetdo 1 o pre sio e & a JLa tic € D)
Lattic € ¢ JLa tic 6, d) o %o 4pla n ¢ mpre so nte se tp.

Sanded struts

T e T i s W

Fig ve 4 - In-pla B ¢ mpre sio nte sse tup: a Jinc ihe dtruts sa de dlo w, b) pe fec t
aig me f ¢ Jo a kine dire dotmwith spe ané minde te &ing .
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2 4 8 Sh e rtesting o fco e la tice structures

A ¢ sto nse dshe a te 8 se tup fixture wa sde ig m dto re hc te the pro ¢ are
de @ ibe din the ASTM C2 7 @ OShe ate s fo rthe ¢ cestruc tire swe @ to de & mine their
stre g h a d mo dlus pa alk ko the pla a of sa dwic h'The te & we e ¢ oduc & d&o dly o n
the ¢ cerma ¢ il bo de dto the thic klo aiug pla ¢ s This metho dpro ide sthe lo a-d
de 8 1o nbe h io n of ¢ cewstruc wre swhe nlo aeddpa & lb lto the fa ing s Ho w & r this
me lio dof te ing do e mo tpro dc epure she a a sthe se ¢ dany fo ce s dnfg no ma ko the
fa ¢ eas pre ¢ f, but the pre @ ibe dspe amé nge oemty a d fixture se tup re dc ethen
e Hc ¢ o nthe o baine dre wlts. Te s spe ané ndime sio B we & de ide da ¢ ading to the
ASTM re cnome da o B a sthe thre einit ¢ Bs heig h we @ within the 1 Omm e melo p the
1 2 fm lo g ¢ ceme tthe 1 2time shic ke $ minimum re gireme ha d 6 Omm width. The
¢ el de i® nto the ste kpla ¢ wa s cidhe dusing Araldite e p x o nthe pla ¢ in the 5 b 0
by we g h mixture a d ¢ e cat 5 0C fo 4 ho vs to o ba 1 the o pimum la pshe astre g h.
The e e ma llo a d plie do nthe she ate s rig pro dc e s ro 4tio no fthe ste kpla ¢ sha t
c asel sse ¢ dany pe énp stre se sa tthe inte fia ¢ with the ¢ cer.Sinc ethe de ize dfa lure
mo dis 1 0% she a spe ime e pe e ning co h iwve fa lure swe @ re gc ¢ dTe sile lo a da s
a plie do nthe rigd pla ¢ thro g hthe botle dbra cektto the stee lpla ¢ sa tc @ she a d

displac e enhra ¢ of 1 mm/ nn. Figure 5 illustra ¢ she deta ls o fhe te ting me ho d
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Loading Line

Fig ve 5 - a Yime sio Bof the te e & @,rb) sa 1ple pre p a o nc) te sse wp a d lo aiung
dire dotn

The ¢ otm c & & a fthe ¢ ceilattic estruc tre sha & a ne & c & nthe qua ity of a de i nto
the ste epla ¢ sIn o de 1to mitig be the pre m tre de b ding o fthe 3 P printe & e rdfro m
the ste epla ¢ sthe re @ ina jh € h to the bo ding surfa ¢ estyuts we & mo die d The
diame & ro fthe struts wa sinc & aesdo ty at the e ds of the struts to do ble the ¢ otac t
a € a Shis mo dfic aot nwa sno tne eeddfo rthe co mre sive a d fle mra lte 8. The da 4 fo r
lo a-de 8 dotnc a he use dto de ive the e #c itve she a mo dlus a d the ultima ¢ she a r

stre g h using:
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Whee T, P, L ad b ae the ¢ cershe a stre s (MP a, )lo a d nspe ané n(N), le g h of
spe ané m d width of spe ané n(mm), re pe dve jt. E qua o n2 use she spe ane g e etmy

a d the lo a-de 8c i mre po Be to de ive the she amo dlus G of the co @ :

St
G=7p (2)

Whe @ S a d t a e the slo p of the initia Ipo tio nof lo a-de 8 dotnc mwe (N/ mm) a d

thic ke sof the ¢ ;e fmm).
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2 4 4 Flexura ltesting o fsand wch p mels

Fle mra Ibe h io u o fthe sa dwic hstruc tre sis a #c ¢ dby the a Hity of the ¢ er
she alimits a sit unde g o elefo ma i na spa t of the o v allbe m displa ¢ € m Whe a a s
the fa mg @ € re po mible fo 1the te sile a d ¢ o pre sive lo a d arying pro iding dire o n 1
stiffne s a d stre g h while be 1ig pro ¢ e tdby the ¢ el gmstilo ¢ duc kng .Thre o nt
be ding te 8 we @ co duc ¢ do nthe NF/ 3 DR ema dwic hpa ad a ¢ ding to ASTM
C3 9 @ 6to de ¢ mine their fle mra Ipro p tie s A Tinius Olse nte &ing ma cie e yippe d
with 2 5kN lo a ¢k llwa suse dto pe fo m the be ding te 8 with a lo aiug ra ¢ o flmm/ nn.
Sa 1ple pre p & i nusing the 3-D printe da tic ec cerspe ma n tly bo de dto the NF fa ¢ e
she e twith Araldite 2 0 1ebp ¥ rein in a 5 (b Oby wegd h mixture .Spe ime a with
dime sio so fl 6 thm le g h, 4 Omm width a d o & allthic ke so fl 2nm we & put unde r
te Hing with a se wp o fpa nle g h o fl 2 mm, suppo ta d lo aimg no e ra dis o H mm a s
illustra ¢ din Figure 6. The NF fa c she & tve @ ¢ 1o fla pa n lusing a la & © tte 1n the
a b gme tio B ddime sio n a d 2 mm thic ke &« To a v d inde ta i nfa liire within the
fa c she e b fac doc cera o of 1:5 wa s d pe d4 3 |Sa dwic lbe a swe e the wpla e dn
the o & nfo 1 ho s fo ¢ ning. The lo a H a d the ¢ @ she a displa cne h we e re ¢ derd
Fo ¢e de 8 dotnc mve swe e plotte da d subse ye tly fle mral stiffne s a d fa lure lo asd
we @ dete mine d Thre epiec e ® fspe ime npe rte 8 ¢ oditio nwe & te &8 din ro o m

te me a tire 2 3+ 2°C a d 5 (% humidity.

16



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230

(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

a) b)

Fig ve 6 - a Spe ané wwith la tic € e bo de do the NFC skins, b) sa dwic lpa n He wra 1
te se tup.

The lo aiml mec h ism in te ms of no & loc aot nwith re pe ¢ tb the inte ma lg e cetmy o f
the ¢ e struc wre ha da ne & ¢ o nthe o bane dre slts. In pa tic la ra diffe @ he & cwa s

0 be ve dwhe nthe mo ing no & wa spla ¢ elidec Ity o ma ve tic hstrut o whe 1t wa pla ¢ e d
be we e two incline &truts, whic lwa so ty a ¢ ocnenwithin Lattice 1 a d 3. The e # o f
this po #io ing wa squa tifie dn the a n ysis.

3 Re slts and dis us on

3.1 Te sile re slts of NFC

Figure 7a) sho wthe te sile stre svs stran ¢ mwe ©f the fla xeinfo ¢ e P It is cd atha t
the be h io n o fsuc hma ¢ i lis he aily no line a a sthe ta g etnmo dlus re dc e with
inc @ aesdstra n. Thre espe ané 8 we @ te ¢ dunde rthe sa m ¢ oditio m a d pro dc e d
re p ta e re wlts in te ms o fstiffne s a d stre g h. The failure of sa mle swa sinitiate dby

ma tix ¢ ac kg due to inc e ae sdstrain, whic hco me ge tly pro m ¢ dthe g @ da ldec @ 2es
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in stiffne sa te 105 % stran. Also a clo & 1o o & the fale dhig lig he dh ¢ an Figure Tb,
it ¢ a he cd ayrse e the pa tial failure o ffla xfibre sunde rte sio n whic he plains the
e te de do a d mve to stran e se eing 2 %. The ca d late dYo ng s mo dlus o nthe initial
pa t o fthe slo p re & ke dbe h io n of a na v a g stiffne s vade o f1 6 GP a It ha sbe e n
o be ve dtha tthe stre g h pro p tie swe @ a ff te dby the fibre ¢ otem ho 5 2% a sthe fibre
ma tix inte fia e dicta ¢ swhe lie the fibre will impro ® the pro p tie s fthe ¢ mpo #e Dby
tra sfe mng the a plie dlo a.dibre distributio na d g e @ iy in te ms of sle de me s ra io
also ¢ aserlo cl va iatio nof failure me cahisms. The stre g h o fsa mle swa sc oside e da s
the hig b # point o nthe stre sstrain ¢ we a sa na va g evhde of 1 .MP a The
disc otimuity a d le g h va iatio nof the fla xfibre simpe d the pro p rdistributio na d
alig me hof lo a rkb @lting in a she alike e & clte 0 do w pro p tie sHo w & © oside ing
the stran e a g yde m stra ¢ dunde 1the e ke de dc mwe sfe whibre sho ding the hig hlo a d
fo re te de dstrains a so be ve din Figure Ta within the uphed a ta cnle h ac @ s the

falurea e a .
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Fig ve 7 - Te sile te sof NFC: a ktre s vs strain fo three sa mple re p itio 8 S1 S2a d S3 ,
b) fa lure a ¢ ainde e sio mwith fibre @ ta cehdh te ma tix failure

3.2 Compre s enire slis of core lattice s tucture s

The lo a-displac e emh ¢ mwve so ba ne dfro mte sing the thre epro p e dlattice de ig n
unde tffla wise a d e de Wwse qua Bsta it ¢ o pre §io B a @ summa ise din Figure s8 and 9
it a pe as tha tthe inte ma lg e e my of the la tic estruc tre s # e tdtheir be A io n The
re po Be sin allc aesswe e e d tic follo w dby e the ra pla ¢ a a slo a &a sma ntaine dfo r
hig b rdisplac eemh a so be ve dwithin Lattice 1 o ra dip o flo a d& tke rre a ing the
ma ¥mum o ¥ m lo g edispla € m ha s be ve din La tic eXa d 3. La tic € re pe s te d
in Figure 8b de i ¢ da va ia Hity o ® rthe thre ere p e dme ause m ts, whic hc a he
e plane dby the va ia Hity o fspe ime nma nfa cuting a sL2 S1 fa lure me cahisms of its

ve tic astruts a she glo b buc Kkng is cle dyro be ve dn Figure 8d.
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Fig ve 8 - Lo a ds displa e m h ¢ mwe so bane dfro mthe o o 4pla B ¢ mpre sio nte &
sho vng the thre esa 1ple re pitio nde a ¢ d S1 S2 a d S3: a) La tic el b) La tic €, ¢ )
Lattic @ a d d) L2 S1 de d matio nme cahism with ve tic hstruts frac dre z.
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The stiffne s re ¢ derdfo rthe thre estruc tire swa so ba e dfro mthe slo p of the lo a-d
displac e emth ¢ mwve. It wa so be ve dtha tc mpre sive stiffne s o flLa tic €l o trof-pla n wa s
1 B kN/m whe e a the hig h & stiffne s wa sfrom Lattice 2 pe ackda t1 & 2kN/m a d the
lo w sre ¢ derdwa sfrom La tic €3 a t8 5 kN/m. The ma kmum pe a kb a d d the stiffne s
value © be ve do msimila da tic etruc tre se p te dn lite a tire [4 44 pa e co mpa a ke to
tho @ me aume dfo rLa tic el a d La tic €. Ho w & rthe me cahic alle h io no fLattic
is lo w rtha nthe o he rtwo struc tre saltho g hit is ¢ opa a ke to re ults re p te din
lite ature [4 b fo rme dllic ¢ s An e & ¢ of the inte ma 1g e @tmy o nthe me cahic a 1
re po Be of the o ® allstruc tire ¢ a e cd ayrno i e id a wa ythat the ve tic hstruts te d
to withsta d hig hc mpre sive lo asdh thig h e d ma o nThis phe o m a is the rfollo w d
by the de sific aiot no fthe struts to ac tlike bulk ma ¢ in d a sthe lo a thc & aessa thig b r
displac eenth Ho w & rin so m c¢ @ sswhe @ the printing pro ¢ & Isa sa ne #Hc to nthe
pe fo ma n ethe ve tic astruts te d to buc ke unde thig hc mpre sive lo asdwhic le plains
the rela ive 3t ma imum lo a d arie dby the struc tre be d @ plumme ing with no sig nof the
de sific aiot npha & The buc kng mec h ism a sillustra ¢ din Figure 8d initia ¢ sa tmid-
dista ne thro g hthe struts heig h whic hthe ntrig g ® the o v all struc tre side w §
¢ Ba pe .Co mide ing L1 ,L.2 a d L3 ¢ mwe sa ssho wm in Figure 9, theri pe fo ma n e in
te ms of stiffne s a d stre g h valde s a he cd sifie din a de @ eding o de 1© f.2, L1 the n
L3 a sthe c wcdl ¢ otributio nof the ve tic hstruts to w ds the struc tra linte gty wa s

demo ntra ¢ d

21



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230
(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

700 700 = =
5o
a) 600 ) g %
600 g /
AT ¥/ > '
R ) N, y
500 I a 500 o N J
174 4 . —
17 .\\"w‘, ’F, o \’/’_.‘R“--.L,;——’
400 rf g 400 F . #

z . i & " gl
=1 !{r S 3 [/ t\ v,
5300 i . = 300
fi g
200 :e" 200 _

K - ) —12 81

100 | F ™~ - 100 1 A L2 82
- —-12 83

—-L1 53

0 1]
o 0.5 1 1.5 2 25 3 s 4 1] 2 4 6 8 10
Displacement (mm) Displacement (mm)
800
C
700 ) e
600 - ’:;;.’,7"'“
e
=0 =7
& g
2 400 e
g - =
300 P
=
P
200 P
\_ < —L3_81
w | L3 _S2
—=-L3_83
0
o 02 0.4 0.6 08 1 12
Displacement {(mm)

Fig ve 9 - Lo a ds displa € m h ¢ mwe sfro mthe in-pla B ¢ o pre sio nte t fo rthe thre e
re ptitio n with the o ke ve din-situ de d matio nduring a d a tfe 1te sing :a) La tic el b)
Lattic € a d c¢) Lattice 3

The in-pla B ¢ mpre so nte & pe fio me do nthe L1, L2 a d L3 re & ke dthe 1 struc dra 1
diffe @ 0 e in te ms of stiffne s a d stre gth in a ditio nto the 1i fa lure me cahisms. All
spe ané 8 sho wtypic ad h a cetistic so fc dula rstruc wre se kibiting a ne d sic re po Be
re ® nyield, pla sic strain ha de ing up to a pe a b a d d po tyield buc kng o rfra cute .
Ove a llthe ma &num lo a th k by e a «thuc tre wa smuc Ho w 1o mpa ¢ do the o tro £
pla ain the ra g eof 5 0 8 7 0 M. The in-pla n te ting direc i nis no ma lto the printing
dire dotn(i.e la ¥ by la ¥ rthe e d e, the inte In ¥ 1ho ding stre gh ise a ne ¢ L1 a d
L2 demo stra ¢ dhig h rstrain e a g yc aapility a sthe lo a dva smainta ne dfo rhig b r
displac eemha d a na pa e hduc ite failure me cahism thro g hthe struc tre wa 0 be ve d
a 18 the thre ae gtitio n. In ¢ otma it i no f.3 fo rwhic hthe fa lure a s all re p itio B
wa <« osiste fily brittle with minima ldefo ma # malo g the displa ¢ e mdire dotnThis ¢ a n

22



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230
(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

be e mlane dby the missing ve tic a dtruts, whic hsupplie dLL1 a d L2 with a ditio a1

suppo t allo vng lo a distributio nflo Wng thro g hthe ¢ ostitue ts struts o findividua lunit

ce k. La tic e sa mle ge dtocolh pela g by la g 1 sghe ¢ ona dng struts fo d trig g img

side mo ¥ m t8 0 fla g & It ¢ a e no i e tha tthe slo p a d ma ¥mum lo a tkc ode dfo r

the te ¢ dpe ime mwho w drivia va ia Hity with L1 S1 de m stra ¢ dthe hig b # stiffne s

a d stre g h this ca nbe rela ¢ dto the printing pro ¢ & Struc tra limpe fe o a within

a ditive 3t ma mfa cute dpa ts ¢ a be ¢ @ tg iserdinto mic @-po € © mo mnifo m dia m & r

of struts whic hdire dyta fic tthe de d matio nme cahism within the la tic estruc tre sD w®

to the le s de se struc wre o fLa tic el ¢ opa ¢ dto La tic €2 ,a ned g aetdre ® inof

dia g almtruts buc kng befo € de sific io no fthe bo tom ro wo fc Bs wa so be ve da s

illustra ¢ din Figure 10a. Apa t fro mLa tic €3 in whic hminimal defo ma #© ndue to the

po tyied ha de ing, whic ho ¢ rrardat lo wstrains folb w dby a sha p dro pof lo a d

sig ifying a brittle fra cute ,La tic el a d 2 displa g dshe a lva d re ® B due the bro & n

dia g alstruts in the ve tic ¢ the ¢ a @ sho w in Figure 10b. She aha d fo matio ndue to

be ding of the dia g @ htruts re wlts in the fo matio mof pla tic hing e s

Fig ve 1 0- D eofmatio nme cahisms o fla tic estruc tre sunde rin-pla a ¢ mpre sio nte ts:
a )La tic el sho w la g 1by la ¥ ¢ Ha pe thro g hno d ro 4 fo nb) La tic €2 she alva d
fo ma o mwith stre ¢ hdo nna h defo ma # o o to mla g r

23



Lyes Azzouz, Yong Chen, Mauro Zarrelli, Joshua M.Pearce, Leslie Mitchell, Guogang Ren, Marzio Grasso. Mechanical properties of 3-D printed truss-like
lattice biopolymer non-stochastic structures for sandwich panels with natural fibre composite skins, Composite Structures 213:220-230
(2019).https://doi.org/10.1016/j.compstruct.2019.01.103

3.3 She a re slis of core lattice s tucture s

The she ae pe ime ts pro ide the e givale hstiffne s a d stre g h of the diffe @ hc cer
struc tire swith the i ¢ ose ge f fa liire mo d sThe inc @ ae sdc ota ¢ surfa ¢ e we e the
3 DP inte dco € a d the plate mimpro & dthe a He i® mstre gh a d re dc e the de b ding
e fc ¢ induc e due to the minima lbe ding e & ©.tCo mmo nfa lure lo ctim n fo rall thre e
la tic estruc wre swithin strut joints a sinte se dotnpo nts re pe & tthe we aeks link o fthe
struc tre a sillustra ¢ din Figure 11. Co niste h re slts fo rall te 8 in te ms o fstiffne s
thro g hlo a s displac e anh slo p re p aatlity, re po se sin allthre ec ofig ma o B we @
line a e@d tic folb w dby e the ra brittle fa lure (La tic €2 a d 3 )o rg a da llo a dro pat
inc @ aing strans. The she a stre gh a d mo dlus ha ¥ be e wo mute dfrom the
e pe ime tml re wlts using e ga i n(l) a d (2 )a d the a pa e hcro s se dotna e alt ¢ a n
be se e tha tLa tic € e kibite dthe hig h tsshe a a aapHitie swith ma kmum ta & nlo a d f
1 kN e givad fito a she astre g h o 2.3 MP aa d she amo dlus of 1 B MP a The sha p
lo a dro p within Lattice 2 a d 3 a tfe 1 5 mm displa ¢ e msig ify the brittle failure of the
o ® all struc dre a tits ¢ itic hc ona dot npo nts co ma & do the elo g aetdlispla € m tifo r
Lattic €l up to 3 mm with g a da llo s o fstre g h. Co ma img the o baine dre wlts whic h
a ¢ summa ise din Figure 11d, it ¢ a e c d ayrnotic e tha tthe slo p a d ma ¥num lo a d
(i.e. stiffne s a d stre gh) a ¢ a ffic ¢ dby the inte ma lto plo g gf ea ¢ Ia tic estruc tre .
The ve tic hstruts within La tic el pro ide struc dral sta Hity unde 1she alp aimg a sthe
she a mo dlus is ma ntaine da t1 B MP aa d a slig h re dctio no fstre gh to 2 MP aa s

pro gewsive fa liire o fincline &truts unde ® & esive be ding ca se ¢he imme ithte lo a dro p
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with a te sile fa lure o fc ona dng struts be we e a ¢h ¢ & unit ¢ HBs. Figure 11b e gla s
the o # all re po re o fLattic €2 a sthe hig hlo a d aapity is o w dto the ve tic adtruts
ta kng mo o fit, but a sthe ¢ ona dng struts within individua lc Bs fa liunde m ¢ o hine d
te mile a d co mre sive mo d s a subse ge h a bupt lo a dro pis a so @& dwith a
ha mo ise dla g mslide clo & 1to the mo ing pla ¢ s pa alk lto the lo aimkg pla a Altho g h
the simila rfe aute sbe we e ha tic el a d 3 a p t from the missing ve tic h strut, it is
e ide f tha tLa tic €3 suffe @ da re dc e she astre gh a d mo dlus o f1.7 MPaa d 1 %.
MP are pe dvely a ghe individua k Bs shifte da d g the displa e m fdire dot nthro g hthe
dislo ¢ i mo fthe we aeks link a tthe inte se dng no d (Figure 11c). In a ditio nto the
la te ra ne e h ro & i no fdia g a istruts a srupture o ¢ rsw tho h uppe ra d lo w r

no d slue to e x eive be ding.

Load (kN)
0

(1] 02 0.4 0.6 0.8 12 14 L&
Displacement {mm)

c)

Load (kN)
Load (kN)

—L351
weem L3 S2 2
==L3 53

0 02 0.4 0.6 0.8 1 1.2 14 1.6 LB 0 0.5 ] 1.5 2 2.5 3 k]
Displacement (nm) Displacement (mm}

Fig ve 1 1- Lo a ds displa e m © ¢ mwe sfro mthe she a te 8 o fbo de dc cerla tic ea )
Lattic e b) Lattic € ¢ JLa tic 8 a d d) Co 1pa iso mo fhe three struc tre s
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D do ma i nme cahisms o fthe thre eo e lattic etruc tre sinde she alo aimg sho vng the
c Ba pe a d frac dre o fthe struts a e illustra ¢ din Figure 12: a) Lattice 1 the ve tic a 1
strut pro ide shig hstiffne s a d e e de ddefo ma i nwithin the pla sic re ® na sduc ite
fa lure wa sdemo stra ¢ db) Lattice 2 cle a brittle fa liire a sha p ¢ ts de wd pthro g hthe
thic ke 8 ¢) La tic 6 de e ree sdstiffne sa d lo w she alo a rb ista n @ sto pa d bo to m

no d sho wa brittle fra cute |,

Fig ve 1 2 Failure me cahisms of the thre e ceta tic etruc tre sinde she a a )La tic e,
b) La tic &€, c) La tic & .
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3.4 Flexural re slts of s adwich pane 4

Ha ing inve tig aetdthe ¢ mpre sio na d she a be h io nu o fthe 3 DP inte dc er

struc tre sthe o baine dre wults pro ide a ninsig h into the sig ific acneo fbe ding lo asd n

the sa dwic Istructure In fle wra e ting the a plie de ding mome tha d tra sve ge she a r

lo a d e distribute dbe we e the ¢ ostitue ts o fa sa dwic hpa n li.e fa cshe s & d ¢ oy

re pe dve yt). Figure 13 illustra ¢ sthe lo a ds de fc o nunde rthe fle mral te &g thre e

spe ané 8 ha ¥ be e te ¢ dunde rthe sa m c oditio n to e sure the finding sinte gty.

Ho w & rte &5 re & @& ldinc osiste n ya ste ting o fo n lattic estruc tre sho w ddive gng

re po Be dn te ms o fle wra ktre g h a d pla sic stra ns afte the po & yielding po nt.

—LIL_8!
-=L1_82
=-LI1_53

900
800 b)
700

600

n
]

Load (N)
gt
=

-1

200

0 2 4 6 H] 10
Displacement (mm)

600

12

6
Displacement (m

500

400

300 A

Load (N)

200

100

c)

B 10
Displacement (mm)

16 18

8
m)

Fig nve 1 3 Beding ¢ h a cetistic © $a dwic hpa nls sho w o nthe lo a v displa € = h
Thre esa mle re p itio mto sho wre p aatiity: a )La tic e, b) La tic € a d ¢ La tic &8

The o w allre po me of the allc B to pd giswa sc osiste tly hig ly no tine a a sthe

initia Ipo tio no fthe ¢ mwe re pe & te dthe fle wra Irig dity o fthe sa dwic hpa a lup to a
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displac e enh o £~2 mm. The sa dwic hpa nls ¢ otimue to withsta d inc & ang lo asdunde r
hig hpla tic de d matio n be g d the ela &ic limit po it up to a cro she a displa e m h of
~1 Omm. It ha sbee no ke ve dtha tthe failure me cahism a d fle wra Istre g h ha ¥ be e n
a # & dby the mo ing no e pla e m f with re pe ctb the inte ma lg e etmy of the la tic e

struc tire.

In a set up in whic hthe mo ing lo a i pla e ddire dyto na unit ¢ B, a ninc & aesdo a-d
be amg c aapdyi wa so be ve dwith minima lde 8 dotna d ¢ osam gye h te sile failure o f
bo to mfa c she- e Whe e aif the lo a i a plie d ® 1the inte se dng no d o ftwoa ¢gh c £ n
celk, ¢ opne so no fthe to pfa c-she e ihitia ¢ dfolding into a V-like sha p pro mting the
pa B ke ag ya bo ptio na tthe ¢ o ®» fits fle mra Istre g h. D epite the la te rthe stiffne s
ha ® no tbe e m # e tdin whic hre p aatHity wa svalida ¢ dby the c osiste f initia Islo p.
The a w a g estiffne s vade sre c derdfo rL1 L2 ad L3 wee 1 4,24 83 d 16 RN/m,
re pe dvest. Go o dkin-c ;era He i® nwa so be ve dthro g b tt all te & dspe ime & a sno
e ide n @ fde dmina i nwa s be ve dwhic hmplie gha tit ca nbe elimina ¢ d s va ia ke

to unde sta d the pe fio ma ne .

Figure 14a sho w La tic el (L1 S1) lo ¢ alislo ¢ i@ ho fthe dia g a tstrut alo g the
lo aiwg line due to stre ¢ Ing whe & a the bo tom fac ehe e exhibite dte sile fra ture The
ma kmum lo a df this pa tic 1a rte & wa s4 2 B, whic hwa sc oside @ dlo w rtha nlL1_S2
(Figure 13a) e kibiting 4 6 X a sthe to pfa cshe e wrinkle sa tinc e aing de fc i na d
ma nta ne dlo a.dll S3 e pe ie o e simila rre po Be to L1 S1 a ta ma kmum lo a Hded

within a ne givale h de f o nre ® n~63 mm, ho w ¥ rbe y d 8 mm de 8 to nlo a d
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dro pe dthro g htwo sta g eThis dissimila ity ca nbe e mlaine dby hig h stre g h o fthe

bo to mfa c she e & sthe te smile fra cute wa sle s se & ¢ within L1 _S3 ,he n ethe strut

dislo ¢ i@ tmdista n e The pro gemive dia g a tstruts fa lure alo g the pa al width o nthe

—+

no mal pla a to Figure 14 is a so @ i dwith the ne apla ¢ a lo a Hefo e the sha p dro po
lo a.R ewdts o ba ne dfrom Lattice 2 te t8 we @ ¢ osiste hin te ms o fthe hig hstiffne sa d
ma kmum lo a d swella sthe failure me cahism due to its de s to p d g.yThis ha sa do
re dc e the wrinkling e # to fthe to pfa c-she e a d pro mte dthe te sile frac tre o fthe
bo to mfa ¢ @ d struts disloc aiot nat sig ific athy hig b 1o asd-7 6 B due to the rela tvely
hig ly pa cekdstruc tire with ve tic a dtruts. Ge o entic a diffe & 0 e ke we e hl a d L3
being the missing ¢ etma lve tic adtrut a d inc & aesddia m & rof a ll struts pro ide dthe
la te mwith slig hly impro & dstiffne sa d stre g h. The re slts re p te dn o npa p m & in
¢ oelr me with se wal studie so nthe failure me cahisms o fthe sa dwic hstruc tre s
c mpo n ts [4 7-§ Altho g hthe re p te dstudie sfo cset do nme 4 lic truss ¢ ces the
pa a mte g a ff ting the e pe e ta lpro garmme a ¢ the sa m Mo e oevyr Zo ke tal [5
de ®lo p dme cahism ma p fo rpo sible fa lure so fpyra nda lmeta lic truss ¢ ersha & do n

be m the oywith re pe cto fa c@ d ¢ e dime sio B
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No wrinkling

Strut
dislocation

Strut
dislocation

Face-sheet
wrinkling

Strut
dislocation

©)

Fig e 1 4 De dt ib m d fa lure me cahisms unde be ding lo ain: a )JLa tic €, b) La tic e
2 ¢) Lattic 8 .

In the pa 5, ma § re & acrh g ha ¥ studie dthe po ¢ tial use of AM lattice struc tre do r
va io 8 a plic io B [5 15-f Yo o wt al. [5 5 Inve tig actdthe c¢ o pne sive stre gh a d
mo dlus o f3 D printe dABS e gne erdtra b clairbo a a d ho m ¥y mb bio nme ic
struc wre s Rewts pro ¥ dtha t3 D Ptec hod g ¢ oldi be a nefficd h te cnlque fo r
c mpa a tve studie s Le ead Ka g [5 b ¢ aie do tt a ne ge ime tal a nsis o nthe
¢ mpre sive be h io 1 o fwo ¥ nKa g o mtainle s ste k wire sa sa pe ib it ce llila rme 4l
struc tre within two stee lfa ¢ ghe es;tthe yfo nd tha ta sthe numbe ro fla g g inc & aess
alo g the o u o fpla n direc ib nthe stre gh de e ressIn o de rto study the e #c ¢ o f
va Iatio nin strut dia mte 1 nthe ¢ mpre sive ela tic mo dlus a d ¢ dal pe stre s of ce llila r

la tic e Raare tal[db Jfa bic aetdPLA la tic estructure susing FFF fo rthe me cahic h
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c hateivaionad ado de ¥d p dbe a na d soid eleme ts ba &€ dFE M. To a cidhe
re Hstic ed sic mo dlus a d stre gh e a csthrut ne eeddto be divide dinto te na d twe e
e gally spa ¢ einfe va d re pe dve st. The re slts fo nd in this study ¢ mplime fthe @ pa &
wo ks a sthe yc a e use dto pre it tme cahic a pro p tie sof a pro pia ¢ 1 mo dlle d

sa dwic lstruc tre s

The ma ¥mum lo a #alue so baine dfrom a ® a gng the thre ema ¥mum lo asdre ¢ derd
from sa mle sre pitio B ha ¥ be e no ma ike dwith the no 1na lweg h a d re p te din
Ta ke 2 .From the ¢ opn iso n the diamo d struc tre with ve tic h strut (La tic el)
pe fo ms the be tin ¢ mpre sio no @ o fthe pla an a d she a whilst the diamo d struc tre
witho tve tic astrut (La tic & )pe fo ms be tte mnde x© o pre sio nin pla na d thre o it
be ding lo a.do w & rthe latte dia m d struc tre wa smo die dnc e aing the dia m & w©f
the struts fro ml.5 mm to 2 mm. This ¢ h g €¢ustifie ghe inc & aedn no malise dna kmum
lo a b 1the in-pla n a d the fle wra kinc do the dia g a Btruts a e prima ily ¢ otributing

to the be ding a d in-pla nstre g h o the cell

Ta b 2 - Ma smum lo a da e sno ma ike dwith the no nmnal we g h.

Normalis e thaximum load* F / n{IN /g)
Lattic el La tic & La tic &
Compre s eniout-of-
5090 5000 2306
plane
Compre s aniin-plane 290 164 368
She a 830 533 724
Fle xiral 3 2 26 3 4

The & re wlts a ¢ promising .Ho w & rthe @ a ¢ se & a llimita o a to this study tha t

¢ a he impro ¥ din future wo k. First, the to pa d bo to mshe e tma d of the P Pfla x
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¢ mpo #e we @ diffe @ h ma ¢ in d tha nthe struts (PLA), a d the ywe e he d to gtlee with
a na Hle ive .Altho g hno dela nnatio no ¢ rreudin te ®ing, a d the efo e the re ults a e
relia ke ,this intro dc e & ssubo pimal me ho do fa se 1hly a d ma ¢ in 4 mixing into the
fina ka dwic Istruc tire. As bo h NF P TA ¢ o pn #e cha ® be e pre o sly inve g te d d
P P3 D is po sible jt wo 1d be inte e sing to inve g te sing d mate in ka dwic bstructure
of bo h P P-fla xa d P [A+fla xin the future. To ma k this re Hstic fro ma ma nfa cuting
pe spe dve the lattic estruc tre < oldibe printe dn a multi-he a 3D printe 115 B using the
she e ta ssubstra ¢ s The fina lla g rof the sa dwic hc oldi be bo de dthe ma ly o rwith
a de ive sIn a ditio nthe lattice structure swe e fa bic te dusing re dtively thin la g g using
a hig hre e utio nno zezthat is ina d ga ¢ fo rtime 3t ma mfac wring .Future wo k sho id
inve sHg actla g ela g 1thic ke s¢ §ro ma la g eno zeztd e a ke ra pd ma nfa cuting of bio
¢ mpo #e sa dwic hstruc tre s Finally, wo k sho 1d e pa d a plic dotr be y d fla tbio
¢ mpa ible sa dwic hpa ad with na tiral fibre ¢ o po #e skins to mo & a &a n e sha p
whe @ the skin itself ¢ oldibe 3-D printe d

4 Conclus dns

In this pa p rFFF te cnhd g wa suse dto ma nfa cute lattice struc tire suise da s ¢ e ifo
bioc o pa ible sa dwic hpa ndwith na tra libre ¢ mpo #®e skins. The me cahic hpro p tie
of 3 DHPLA co & sunde r© o pne sio nbo h in-pla a a d o to 4pla a she aa d fle wra lo
the bio sa dwic hpa B ha & be e @ arie d @ The ke yfinding se ta kishe din this wo k a €

liste & dolb w
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e A c mpa iso nbe we e the inve Hg aetdg e ecetmie sho w that the dia m d struc wre
with ve tic astrut (Lattic el )pe fo ms the be tin ¢ o pne sio no tof the pla na d
she awhilst the diamo d struc tre witho @ ve tic hstrut (La tic 63 )pe fo ms be te r
unde © o pre sio nin pla m a d thre o it be ding lo a.dhe be tte we po ve fo 1the
diamo d struc tre wa sa cidhe dthro g hmo dying the dia mte 1o fthe struts from
1.5 mm to 2 mm sinc ehe dia g alwstruts a ¢ prima ily ¢ otmbuting to the be ding
a din-pla astre gh o fthe ¢ B.

e The te sile te t8 o nthe natura fibre sho w dtha tthe failure wa sduc ite with ma tix
fa lure first folb w dy stre ¢ Ing o fthe fibre aintil ¢ o ple & fa lure .

e The failure me cahisms of the ¢ cestruc tire so be ve dunde rthe diffe & © lo aiug
¢ oditio n ha ¥ be e disc sse dUnde r© mpre sio nin-pla nshe aha da dro & i n
of the struts ha ¥ be e n be ve d Fo rthe ¢ mpre sio no t o fpla a ,the man
me cahism is pla sic hing e follo w dby de sific aiot nIn so m ¢ aesbuc kng o fthe
ve tic astruts ha she e no ¢ dUnde 1she alo a,dhe fa liuire g eemlly o ¢ rrerda tthe
no d swhe a@ the dia g a tstruts inte se c the ve tic a dtrut. In a ditio nfo rthe
diamo d struc tre witho t ve tic hstrut, the fa lire a do sta ts in the middle pla a
a tthe inte se crto d Unde ifle ura llo a,dhe fa liire alwa y a pe aerdin o a o fthe
lo w ddia g a ktruts clo & tto the middle pla a unde tte sio nlo a.d

¢ On the ba ® o fthe e pe ime ta Ire wlts, the thre sha p dnve tig te d e well suite d
fo rimpa c¢ 4 plic aota be ¢ sewf the hig hshe a a d o t of pla a ¢ opne sio n

stre g h.
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¢ The e pe me ta lre @lts disc sse din this wo k pro & the fe aldlity of AM
te cnhd g yn the pro ¢ £ ¢ fma nfa cuting lig hwe g h po yme 4ba & dsa dwic h
pa ad fo rstruc tra la plic aiot B. B aesdupo ne ge ime tal re @lts this ¢ te g v of
¢ cewstruc tre sc oldic o pate with hig hpe fo ming ho a § o Imstruc tre suse dfo r
a eompa ¢ & plic aotn. Ho w & ra squaibty a sura n eo fpa ts pro dc e dith this

te cnhd g,ve p aatiity is still a nissue to be a dre se d
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