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Energy absorption and deformation modes of origami sandwich
panels under blast loading

XIANG Xinmei!, HUANG Hongda', LI Wengin!, LIU Yijie!

(1. School of Civil Engineering’and’Transportation, Guangzhou University, Guangzhou 510006, Guangdong,
China)
Abstract: Origami-inspired sandwich»panels*have attracted increasing attention in blast-resistant design owing to their light
weight and high energy-absorption/capacity; yet most existing studies have focused on quasi-static compression, and experimental
evidence of their response/under real blast loading remains limited. This work manufactured origami-core sandwich panels by
three-dimensional printing/andéevaluated their blast resistance, focusing on the number of core layers, the graded arrangement of
layer heights, vertical ribs and face-sheet thickness. The AlSi10Mg core was fabricated by selective laser melting and 2A12 high-
strength aluminium alloy.as used for the face sheets. Two- and three-layer uniform cores (ORI-2 and ORI-3), three-layer
gradient cores (ORT-3-GRA-1 and ORI-3-GRA-2), ribbed cores (ORI-2-RIB and ORI-3-RIB) and a gradient ribbed core (ORI-
3-GRA-1-RIB) were manufactured and tested. Quasi-static tensile and compression tests were first carried out to obtain the
intrinsic mechanical behaviour, followed by blast tests in a four-cable ballistic pendulum, in which emulsion explosive with a
TNT equivalence of 0.7 (70 to 100 g) was detonated at a stand-off distance of 100 mm and the impulse was derived from the
pendulum swing. The permanent deflection of the back face sheet and the deformation/failure modes of the panels were recorded,

and the ratio of residual deflection to impulse (DP/I) was adopted to compare the blast resistance. All cores exhibited a typical
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three-stage quasi-static response of elasticity, plastic plateau and densification. Adding vertical ribs changed the dominant
deformation mode from buckling of the cell walls to axial compression of the ribs, increasing the peak crushing force, mean
crushing force and specific energy absorption by about 867%, 417% and 257%, respectively, relative to the uniform three-layer
core. Under blast loading, ribbed and graded designs and a larger number of layers all reduced the permanent deflection of the
back face sheet. It is concluded that a graded core with higher density in the upper layer adjacent to the loading face, combined
with vertical ribs, provides the most favourable blast resistance, because the gradient induces progressive, layer-by-layer collapse
and the ribs increase the structural stiffness. The results offer a design basis for lightweight, blast-resistant sandwich panels.

Keywords: Origami core; 3D printing; Sandwich panel; Blast loading

it

1 5l

SRR R R AR (B BT e R, ERITS TR . STIE IS A A 2 S g At 15 38 1)z
R o RERAETUR A B, SR R DS ) e MR e 0 At ik pidtk fe T 52 2 AL 7E
BN R 1, SRS AE A RO IR 5 R Z AN S G 52 A5 L2 BRI, et fiss
PEREANOUAH T AR BUARMRFE 55 A O SR I LT PR 253 DIFORGA . 22 P S BnAR AE AR A o ol
N Bh A RS RE IR AL B TR AR BT GEEER, N SRR RS I TURERE, BT
ITRR T Z MO R SR A5, W E iR 1, JEIRETERAL R & 2R 075E, X7y
KA BT R TR B SRR AN BT

FEREIET T, IR K AR AR 200 e e B R R /I 4 M e B VE R OQ . SJoAR v RER I
AR TR A AR AR L SOORL e il TR T SR Jho R S0 7181, X AR TR AN e AR
Pk fe, W T HAE SRR A P i e MR Sl o 5 A M AN 1R e AR 25 R R R A s R
RIS TR, W LY SR A B v A A S i, B, e i bt (O  RE AN AR ) SRR, T
DU Rt s ) AR AR AR 2, AT 5 vt EL AR M b o T B PERELS19200, gk, X R AT R R
gtit, A BRI G A RERCRE2 U /NI ARG, TEEok, REE X S5t mim 2
INREALTR SR WTHEC,  FHOB S MBS i e B SR I OVIB DI 5K . Frakality
Corigami) , VEA—MEIHT MR, ARy AT Jr SRR g A2 A e 70, et ke
SRS 1B R

IR AL A i AN 4T B A ORI = AR B S5 4, BRelfiAT AU Miura 4088
Prof a8 O il SOSDNT BN, BT U AR AT IR A7 AR A X S 254 BAT I 57 (0 70
PERE, AP RNIEZR2RY Gk L4, WIS A AR RS K R R R, 7 52 3 i 2027
SRt B v T RE R CCBA)RE /T . Zhang %5 NZSIBEHY 1 i A5 W0 N2 RO M52 784 LA R Miura #4850 70 0
FEVI0 A R A5(X i) N5 9B EA BRI 122 o Ly 5 2OVRT B AF B0 4RI AT T
S A oG U T 5, AERD T AR AR RE R R s T Liu SRS 4R HEAT T T A0 46
=S N A S A = AR G, o AT AT TR ST eAh, EEMEHEMRE M T
BB SR RERHE O R ERIRCY, AN RIS BT R B 45 M i) b i 5 5 PP 5 IR B e it 32
WS, ATANRWEFCBSIRN, AU VEREAE T B AR T A A AL R JE N EE S . Du S5O0
T M I 4RI ORI 1 AT BRI REAT THEIT, $87R T 3 AR R SR S AR A AR A T S B2 o
Xiang [F]BAB73806¢ =3 fr 4CJ A 4 M AN T =i Ir AR a5 HEAT HERT S 1A 4 ERE 7T, SRR B, 5F
SRS S LA g P A e 5 5 R AR L, FraREE e RE b B B B W bk, 25 M A BT YA
BN BAT L B (NI BERNSR I, R AE IS 2 280 F T, AR P 9 SR 38 58 Ty T A5 5 T
M RFE. BEA, Xiang SFERPWEFT T AN FIBE G I 3D T EVECAR I f AN A 45 4 7E HE i S T 4 T
UL AT A B BB SN, 4 SRR IB6 SEA R L3S SIRT LR AT B e (O L BRI (SEA) -



mOE 5 &
Explosion and Shock Waves

gi Lk, SRRSO Z TR, R, BT ARG KR R S5 PR dr vk e R AT
BRI, H TR 2 S e R A e b, T S RN I TR A R, ST AREE R RS
R A 380 F N AT R EAR RS A R0, FEpR i 8T, Heimbs SEMEIS — 251 (1 S 46 AN EU(E
WETE, BRI T I aRIO RSP ER L],  CAE b dr e R Basily S5H2THE T B HOR S % 744t
FEARL, R VAR R T ph ol R ARG, R I R A AR RE R RE SR T A R
Zhang ZFI0 =T 4R SR BGIEAT 1 SRIE PRI, T T AN R R S A R AR B AR T
MBERMIRLR ; Zhang P, Li XCEE BT T HA 408 K X0 158 2 RAE SIS K E R T w0 5,
XL AREE ) R R (AR RE BRSO ek T P RE 7 TR AR SRR SE K . BEAh, Harris A1
McShanel*1 LA} Kshad SFUSIRATFUAR 7R 1 K ISR O 18 PR 32 1Y) 37 AR S5 M 18 ool i 2801 (078
Ji

AHEFCE 3D T ENBORBIE S ARG IO, ARG T AR E B RAUBE N . % T
A R SCHRAIE 782 W] S AR PR 1 e DIC T ) o S AR S Lo AR 14047), - AR TR S oA 1 Bt v ol
VEREREAT VAL, ANSARRL 1 SO BEEAT ELB o SRATPRS R I S 4RSS M I T AT L TR MR J5 5 55
DR B A M S AR I DURR I RE, DA S EE SR 48 S N R BT 7 NIRTB e AL B 5 D S AR ) 18
THEHEE T, RN A ARSRAE N RIS T BS54 22 A SR A3t B O mT St s o

2 JUHREY

2.1 #h@

I 1@, A Miura HFAREERI LI, RO T AL TAT TG ¥t ot SR 1 16 Joe
ANFAMIEHT R B, TR b2 TP AMTAUTBE TR BT A0S 2 1 S, P pE
Hoh, W (R, IESh, W 1QFFR, 76N FARLE TSI T R, B %
SR TT IR b R0, IR 7 25 R

(L
R

(a) Top yiew/of the Miura-ori structure (b) Folding schematic of the structure
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(c) Geometric parameters of a unit cell (d) Miura-ori core with vertical ribs
K’ 1 Miura #r4R P 4544

Fig.1 Miura-ori unit cell structure
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Table 1 Substrate material properties YA
BB B (kg m) PR HR/GPa T3 MPa <, AL
AlSil0Mg 2710 73 102 \\/ 0.3

2A12 2770 72 0.3

A
3 SRHER S EESI Y%

3.1 X
SR R R FE A Miura $r48458) (&l 2 Arw 250 TSRS REMIEARSEL,
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ribbed core; (d) two-layer uniform core
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( Table 2 Basic parameters of the multi-layer Miura-ori core

R 7 52 BE . fmm SR g GEAREH R
ORI-2 0.75 50.488 15/15
ORI-3 0.75 68.742 10/10/10

ORI-3-GRA 0.75 66.608 30 8/10/12
ORI-3-RIB 0.75 86.609 10/10/10

3.2 ERERSRIEEE

AW TR BT B RARIGHL (LS. WDW-50E, Wi 3(a) Fis) , #dE ASTM C365 hrif,
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Table 3 Evaluation parameters for mechanical performance of the gofe

N Frea/kKN Foue/kN D/mm U= Fpear/Faye EA/T SEA/(J-gh)
ORI-2 6.72 4.02 26.39 1.67 106.04 2.10
ORI-3 7.63 5.97 24.40 1.18 145.57 2.12

ORI-3-GRA 7.03 6.31 22.69 1.21 143.24 2.15

ORI-3-RIB 73.74 30.85 21.24 2139 655.38 7.57

XTFAMA Miura #7462, ORI-2. ORI-3 Fl & B 15 ORI-3-GRA Hr 4845 /4 M 4R IEAE /)
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4 RGN
Table 4 Structural design parameters ofithe,sandwich panels

R4 2 E TR /g 28 Himm

(2)ORI-1 m 0.45 30
(b)ORI-2 RN 0.55 15
(c)ORI-2-RIB :::::::: 0.7 15
(d)ORI-3 Sau— 0.65 10
(¢)ORI-3-GRA-1 &*:::\ﬁ 0.75 8410412

(HORI-3-GRA-1-RIB - 0.8 8+10+12
(2)ORI-3-GRA 2 :‘k\\::::‘: 0.75 6+10+14

#ERE: ORI RRPTAUSE; HEHTFHRIRGZES; GRA XIRHE BT (GRA-1/GRA-2 435
SN2 E 8/10/12 5 6/10/14) ; RIB Fonhii.
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(a) Unit cell (b) Stiffened unit cell (c) Sandwich panel (d) Specimen
Kl 6 S K 3D 4T B fF

Fig.6 Sandwich panel configurations and 3D printed specimen
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Table 5 Experimental data

i N FEZ 2 H/g HE 2 EE B /mm T AR B /mm
A-1 ORI-2-RIB 70 100 1.00
A-2 ORI-2-RIB 100 100 1.00
A-3 ORI-3-GRA-2 70 100 1.00
A-4 ORI-2 70 100 1.00
A-5 ORI-3-GRA-1 70 100 1.00
A-6 ORI-3 70 100 1.00

10
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A-7 ORI-3-GRA-2 100 100 1.00
A-8 ORI-2-RIB 85 100 1.00
A-9 ORI-3-GRA-1-RIB 100 100 1.00
A-10 ORI-2-RIB 100 100 2.00
A-11 ORI-2-RIB 70 100 1.00

5 IRIESCIEERFITIE

5.1 KIGLER

6 HIH T ISR IILE R, W TR AR O s AR AR TR FEE LA R R T THI AR P A A
KA, SIS R R BRI ARICER I TR AR AR L LR 2N T3 SI 4 AR I o i EAR R ME 244
2, AT ITAEE, RIMMFRRTRET K EHE 2 1) IO SRR P E/N . B
TIHIRGE 1R 2 5 RIERRAA M, AHFREZ = T EE 25, Fikigihorr,
O AR TSR 4 B bt Bk b BRI B2 B T 5K it
T AR 5 A 6 P ) B O b AR I, 1 SIS AR (AR TERR S, 0 DP/T A ACIA R /NI TR S AR PRI 4K AR T g
Jiitt. IWFE 6 RERATEIL: EH L1 ORI-3 MiEL T ORI-2, 43 ¥/NK DP/L; Nl 45+
(ORI-2-RIB) 1] DP/I {A LI ERLEH (ORI-2) Z/)N 61.29% i a] LLK IR $2 T+ IS AR S TR T )
RE 7. TRR Vi RIARE AT LK RIS i i DP/T AR, MBI AE, 45— Mk it (ORI-3-
GRA-1) [ DP/IW/NT 73%, {HEZE ZFERIE BT CORIBGRA-2) WITE AR5 e H gz f b k4 T 85
TIWEIR

NS FR S R RN, ARSI E R A-1 5 A-11 NHHE T4 (ORI-2-
RIB. 70 g 45 1.00 mm [ AR ASIANGG, <15 740 5124 35.30Ns 5 34.22Ns CRHX i 224
3%, BEEVERL) , DPA4Hlk 0.12 5 0.15, PRI EEMRT AR, ORI-2 1) 0.31, By he
A —3 ., HAR T2 RIS AR B S 6 PR K PR PR 1) R FH B U
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Table 6’4 Blast test results of the sandwich panels

o _— JEZ 2R THHREE)E . GGV S . Ei‘%”ﬁ GLES
Ig /mm %/ mm 2SN Sy
A-1 ORI-2-RIB 70 1.00 35.30 4.216 0.12 | I
A-2 ORI-2RIB 100 1.00 55.39 12.603 0.23 I 1
A-3 ORI-3-GRA#£2 70 1.00 28.50 3.904 0.13 G-D G-D
A-4 ORIF2 70 1.00 32.01 10.003 0.31 G-D G-D
A-5 ORI-3-GRA-1 70 1.00 29.16 3.1207 0.10 I 1
A-6 ORI-3 70 1.00 34.15 5.006 0.15 G-D G-D
A-7 ORI-3-GRA-2 100 1.00 55.97 - - T T
A-8 ORI-2-RIB 85 1.00 40.21 9.305 0.23
ORI-3-GRA-1-
A-9 RIB 100 1.00 50.16 - - T T
A-10 ORI-2-RIB 100 2.00 53.53 8.210 0.15 I I
A-11 ORI-2-RIB 70 1.00 34.22 5.181 0.15 1 I

HERE: 1 RRERAE: G-D KRR OB KL LY, T RRBTIER.
5.2 XtBBZASCUGEER
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Table 7 Experimental group and control group information

2H5) Y5 A R Jeit s /kg THIMR 5 2 /k g JEZMiE/g SRUTNT H4iE/g

A-4 ORI-2 0.55 0.9 70 49
A-6 ORI-3 0.65 0.9 70, 49

STHEZE 1 A-5 ORI-3-GRA-1 0.75 0.9 70 49
A-3 ORI-3-GRA-2 0.75 0.9 70 49
A-1 ORI-2-RIB 0.65 0.9 70 49
A-2 ORI-2-RIB 0.65 1 100 70

FHHEZ 2
A-10 ORI-2-RIB 0.65 2 100 70
A-1 ORI-2-RIB 0.65 1 70 49

STHRZE 3 A-8 ORI-2-RIB 0.65 1 85 59.5
A-2 ORI-2-RIB 0.65 1 100 70

52,1 B EEMERG (TR 1)

N T IRNIRGT I 2 M TG 1A [E A0 R ot SR 5 A e VERE 2 i, 36 7 Rt R ZE 1 ik 7 R
FUAN RS R ISR, FREAE RINEZ) 2 2 R PR PR MERE AT TR LLadr . SRBe s RBoR, 78
FAIRIIEZ G A EE B 260, X DU FPAS [R) S5 A S AR o0 s e B2 T 2R304 1K Wi 8(a)
FTA R JZ S5 RIH IL R, (e R = A T S NER 7 A R IR« Rl & ORI-3 F
ORI-3-GRA-2 £5Hy, ¥r=iE 7Bl R B i ik,  BITIRR b o (0 ) 7 U H . 1 8(a) PO Fif
OB ARCER R 28 M1 3 SRR ORI-3-GRA-2. ORI-2-RIB. ORI-3 F1 ORI-2, X2 B2 %
KRR BEVTE DL B v 25 58 B 3R AR AR T e R . ] 8(d)Fs, B Rk =
E BN, WS RIIT ARG R R I BRI R AR . R = 2 ARG #1230 52 B
PN 23S0 R S 2K A T DR a7 7N e Rl 1 115 e e ol 2 2 B o 1K 1wl a7 =
PEIJC B FT S, WA AT IR B ARG M TR R AR RO B35, T SR AR B 79 J2 IR a2 FE AR /N
XA T HE BT IRIR S B AR, A% R EUIK, 7R 2 BRI i G TR 45 2% 52, IS 2
SERPRAL T B ORMINIED, AT Rk T AN IR TE

5

5r —=—Exp-ORI2 o— Exp-ORI-3 = °r —#— ORI-2-RIB-0.5-1mm — —=—T70g
’é‘ 4 Exp-ORI-3/GRA2 —— Exp-ORI-2-RIB E —&— ORI-2-RIB-0.5-2mm E o b —e—85g
=) JE— Z 0 E e 100g
= 0 N /‘ b= =
k= X 5} 3 sl
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Fig.8 Back-plate deflection curves and core section views for different test groups
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Fig.9 Deformation modes of the blast-facing panel
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Fig.10 Deformation modes of the Miura-ori coré
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