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Experimental and numerical investigation of the effect of 2024 aluminum sheet
and glass fiber composite on the low-velocity impact behavior of 3D-printed PLA
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In this research, the dynamic behavior of sandwich structures with 3D-printed polylactic acid (PLA)
honeycomb cores and heterogeneous reinforcing skins was evaluated under low-velocity impact loading.
The primary novelty of this study lies in the structural interaction analysis and dynamic performance
comparison of the polymeric core with two distinct skins: 2024 aluminum alloy (elasto-plastic behavior)
and bidirectional glass fiber/epoxy composite (elastic-brittle behavior) at energy levels of 10, 21, and 30
Joules. To assess weight-independent efficiency, the Specific Energy Absorption (SEA) index was
introduced, and the dynamic response curves and failure mechanisms of the PLA, PLA/AL, and PLA/Glass
specimens were compared. In addition to the experimental process, a 3D finite element model (3D-FEA)
was developed using advanced progressive damage criteria. The numerical model successfully predicted
and validated the force-displacement curves and energy absorption capacity with an error of less than 10%
compared to experimental data. Finally, a parametric study was conducted to evaluate the effect of
reinforcement skin thickness on the energy absorption capacity. Furthermore, mathematical trend analysis
using regression revealed that the energy absorption rate in specimens with aluminum face sheets follows
a non-linear, saturating pattern, whereas the glass-fiber reinforced structures exhibit a strictly linear and
stable efficiency within the tested energy range.




39940l (5 )9Ud 9 ol Ay yuins

Ued 5 S95)

ribolezls (Sl 6l (cmiiges sloojlo (S LG 5 (o] e 12
Sy B )18, 5 (SlSe 155 Al 4 [13] 0ig 5 (Sho (B o
ol Jengf Il 5 SV (slacs5uelS (slotigni oy 5 il
Pl s a4 S gl aie) CojselS a4 ol las ol oS uzSls
CioeelS s ol (5 9, Shoe e 5 S slagyges] o e (Sl
it 8551 Sl wised rpd Gge3l o cetls il Joing aie
S ooz Slacsl (1S 80 0ai0da (555 (pele Ll 0 5 Qi
W Slao, ol S cwsls g adaYaY (il (So,55 5 5 il
JESL Canglin S 350 31 40 {14] 50 5 (S daons
oS wSl (b Ce e a5 Slislact 6,05,k cov (mnile B
sl sl s aid b sl g1, sl 5 g5 ol a5 ol i s
Sgaze |y 559 by o g SSliwlacs (5,l35,L 50 el las! wilgs o
50485 Sl ol oanline ( By 5l s &5 Wl 1) mmgaile Jlisle g wiS
ot le S 5 Bl S alor 5l ciliee CenS Sl iz dpd il
031> 5 pod b &l g g LSl pgd g SN (y (Sudlaz ((Sob aYay
Aoy 0.3 L zugaile Lol a5 ab sanlie FE-SEM ;LT 5l o .ol
b e 0 ialesT slaylisles sl 4 Cd (g i o515 s ls ol 3456
Lo Cugiti PLA ool 5yl 513, owyp 4 [15] o) Sen 5 Kl
Gyl A o At 45 izl 4zl Sgeg SlSio ol b ais GL
lo wile Lol 5l ks po oslinul 3)50 0y S 5 kL
s 8flae oy [16] olSan 5 Lo amoso olis 1) silug,05>
S 2 SUIL oud cogii PLA jloas axdbo slocy 59050 59) 2 sl r2
Al aseie &S Ay W@l (18 ol e g & b s o 4 bl
Gl s e & oad i s3] U5 5 b 5 Sl oS
sl iy @ (6] oliSen 5 anl 5 abige Gl @ s
Glin aly sl Jslo b ook 5550554 e b e S 3lS
Ol Cepw 4,0 Gt (Gamdn Sy dawgt oal Q> (10 5 8 45 6)
PLA- 5 PLA-Wood PLA Koo sloylisls duglin 4 o5 wizsls
duglio b auBlo ool Gz (6550 Gl 5 65! law 4w o Carbon
8 axly Jokow a5 05d o cumlice wad oolatul olge ol (slo Jglu
bl b 59 Saw dlge sl (go S ow e PLA-Wood (6 e Lo
(7] s 5 S0l5 058 00 2mio g oo 41 5 Sl Ko 5551 i
oS (6 omns ol i LS L3, elylo S LI &S wsls ol
oS sl aded SUI Gl as oS oot Wil g9o5e cnl @ axg b
Fdeel & N g g9dse nl @ [18] GlSen 5 55 5i e ool
oo j5.olS 00iiS o gds 3lgegili g ey jouelS ouisS g giy SLII o glas
59 05l SO Canglie g a0 Eony (S5 o yd 5-2 ) Cewl Blgegil oS wo)e
—apla i Sl SG ple sladn cn St 5 S e o)l Rl
Lo sisels loadyy 1o p0 Com ohig 4 40 die) o S9zse lo
oolazwl gl olyl jo (golge jllagyl sl o 5 ol Jgans locy ;905 4
o ipelS 5l Sl L) oylys [19] 6,3l 5 Chgyme 405 ol ot
Oty Sl @bl 0ad ol )y SI3s2g Sl ) S-S ol
3l i (Sl slopygesl gl (om 30l )3 (2] 090 1y (oS3
Aol (ili8l Coge oSl aine; j0 0al Pl Ly S ogmg oS

S gl & S S a5 LSl (Sojizr g (LEES Jgoe o (5Lid ol

' FML

doudlo -1
Pl b l3ls Ko jiz ylojen 3xali Lo 0 T jonalS= 56 loay Yo
[1]. aslazsl, 63}3‘ o3l b:L..o 5o «5“’}.{5 oKl s‘_é.%)'%.nlf 0\5@ YL o9
6)5._.J)'43Y sae sl O)'S‘S'."‘“ k5151...; L;Lm)t&L.: ._\.Jy ‘)§i‘> S }l
4 Cawl 00,5 sbnl YL cwaie (g pdyBlasl (gamdn Cuy SaS 4
b & lgee sHeiaY slaaSid G 0 ped (S &S sk
«5y5k8 90 cpl oS L [2]ams o | ojle culSs (Seyh gland iy
Siis glodins (g9, cuj9elS caS gt glading 3l oolawl S
Sewdgd Fugdle gloojln a4 glaws Glp cpy GOyl odiiay p
31l oty e 5 5,35 2

v mgiile bojle pl SaleSuny olss 5 (Sl LS,
039 (godnie Olidsy gadge Soliulad 3435 5 lay,s slas IS )L
s )8Y laainn a5 wsls oyles [6] o, Ken 5 sl o [4, 5] o
Ohles g Aae Wl (655 Gdz o oYL ity PLA L saiicas
B el g ol sy e e a5 wilesls olas e (7]
i WS ol onl Lol Sy slapplSe i [0 00 s
3529 HNerl lratug b Siin glodatus blite L6, S0 o0 cwlal
aiwgy 90 LPLA (g)0.054Y ainn G 285 a5 conl ol Lol alis 5)ls
Sy gVl 5, 12024 pgriagll 658 59 iz 5l o eslite SalS
WDy oo 0ailigy o5 Sl L8, b ased BLI o jaelS i 5l 6,58 9
ol Oglas o 4 (eSS cwaie el Lulal Lo o] o Slos duslio
Lo )0)5% 0 (S el JLisl sl iz slap e g oy 5o

45 S9dion iyl 9o (nl 4 g cnl el Jlg ulel cnl 2
S8z adnd B CojeslS gs"ﬁ:""""?ﬂ odS Cugdi  gladiug
B9y A7 A 5 WS o0 055 50 ales ) (Sl CeSl slap S
oy oddbode (5, (oo odsJlo sbasls ol p La:"j L;gl)lf
Ol Sy a0 )8, 025 Sl (R Gl 5 Sae Sasi e L))
zskw ;o PLA/Glass g PLA/AL . o) PLA Joli pleie Ll 4w
el J3530 421 10 55,

OReal gloatug jpa> Sl goae g (225 (omin 4 RgR 2l
Gy ) 65) p (S allated BUI Zyjsals 52024 psiogll 5)0)
el odd aiSlo ol Cy y (5,90508Y PLA gbaiis ol ce
O3S 5 o2l Jae S dnwgi b ol j0 5 00d (uiuly goae anl
2 e St (nl 35 @iz pledily g (B3l Sl %,
ol 5 ooy (ASle] S Bl suifales] slosssl ol
el 00,8

30 8loo i sl oI5 les pudas Sl LB s 4y S e Slge 059 5
Aol Sguge 4 g5 oo Loy oo St dhos 5l a8 wlazdly, calisce sl
o Ll @l 3l 5l eoliinl b aieligr slacyjamlS drug g s g i
[8,9] 5,5

}Ja.; @L.wlz.o 6lk)|}gl )'| 6}.‘:")@. ) 6[::,0)1.{5) » cj)Lc
wlga opl J18; 330 ilwdinne 9 (i Slp (Eyas (ras slaased
ool & L10-12] s o il by lalsd gy ol 5o (salS o2
sl 5 (SHlSe JL8; 385 S50 060 Shos o Sy cnl LS )0 w09z
(Ol Gy a5y oy A Sealins sl cow lajlisle ol ol @



O 5 5900

S3% dus iy 3 b i aidlu (5 94) AV PLA wilabod (59, pe asiuds U ;\g_)‘x.cu}z()z“[o}g*n’JTé)})pfu\séJc}k’_‘)._z'ik’w))a_

LS gy 45 Wiy ol ety &y oSS d g (e
Sy oo it uled mlaw ala) 4y NS.:.....;;T)..:. soisle 7y a5 wes e
Al ansls g5 S ;T)tzéhng'. S SE s g

by g dlge -2
Waiges el -1-2
S sl 5 reile T sk avaia b g)5iaY Siin slaates
5 Giogshee 175 jlad) alls PLA cuadld 5l eolaiul b «jie iile 10x10
byl b o asle Marbin300 Jao FDM gosmans 2 ol
a0 60 iy gles Wl S Sl 4z 210 3L sles Juls ooy
5100% atwn Soiy JE> e Lo 0.2 5,l054Y Culbrs ol 5 il
B9 LSl Cosl Sz w35 pela asl p e oo SO Cypy Sy
w90 dind BL o j90alS 5 e Lie 0.7 Cslses b T3-2024 pgriingl
Cd 4 SIS, e Cov | Sws I8 GY By, 4 Sl 5y b
CajgalS g i lie 0.7 cuslseds b ogaiag)] &g, (1 JS5) oty Juato
3 omieedl] ladyg, b ools 1 ladigai (55, » Az 50 aded SLJI
Cosl 9 PLA aiges £g5 am 15 job 4y ol Olsesl T3-20224 o
PLA ol 5952024 pgiogl] 5,9 b oods oailisgs PLA (izen g ooisS
85518 s 950 A 99 Akl S (L 55alS Az )L L oad eniligy
GISAY cals by, 4 aoye 1 Guill 5 el 13.8 Culs L a5
iload sl g

Golw pb b ), o558 cole 5 (Sl bolgils 5l oolanl 850 (25,
5 iband 25Ty [28] wyo,8 bl HATL sauScses b 5 MLS06
S 005 oo pleil ol Kl a2 50 80 B 25 slos jo o5, onl ooy
Cy dpdiged Col 5l g g 009 (59 wlede ;0 15% (3, 4 caisS Coew
o jliige lakad aiged 20 JS ways S plosl ol Xl azj0 25 gles yo
Aloads sl a5 Wb oo atine
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&5 Ol ) sl o 55 L
. . &5 Olee L . oA yo o> ) Hged Canlses o
g odd i . Al (p)5) 9ol p > 0S5 - R3ad Lged o5’
e | (UDesdods 55 A (aghe)
(5 2 Js (adhee) (Js»
0.1052 7.468 4.83 70.945 gy (9N 2.733 10 13.70 PO1
0.0773 7.081 725 91.501 poinogl] 2.733 10 13.74 PAO1
0.0858 6.741 5.66 78.565 adnd U 2.733 10 13.90 PGO1
- (3485) - 71 gy (9N 5.797 21 13.70 P11
0.1894 17.466 9.24 92.191 poinogl] 5.797 21 13.74 PA11
0.2086 16.782 9.35 80.44 Al S 5.797 21 13.90 PG11
- (358) - 70.578 gy g 0 0 13.70 P21
0.2673 24.372 10.57 91.147 pouiogl)] 8.229 30 13.74 PA21
03116 25.516 9.69 81.872 adols SUI 8.229 30 13.90 PG21
Jle Olsie ar.cdndy O 50 ape 3 dised 2 (55, 555 e o 0 a0 o

£S9S 5797 ouiizarys 2 5 9521 555 b apo talesl (siny PATL o . IS
ool 00 plmil 45 b 1 g paainagl] oS osii g !

10 GladSs ;5 5 oud (o) diged 2 @ bgije Coa 5 9l ol
e 0 00l Liles LT S0l ol 5 ol 00l 17

0012

Fig. 8 Comparison of force-time curves for PLA/AL and PLA/Glass

specimens under 30 J impact energy
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Table 2 Comparison of experimental and FEA impact parameters for model validation
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Table 3 Interpolated values and computational efficiency analysis of energy absorption
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