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Fig. 1 Parameters and 3D models of 8 types of lattice structure units and specimens
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Table 1 Process parameters for additive manufacturing
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Fig. 8 Stress-strain curves of hybrid structures of strong units replacing weak matrix and enlarged view of the selected area

XEFIRARG M 5 > 32 2008 th = 9 B0 R e R 41
BT H SR R AEBCEAOR R RS . T
A RS SR, Lk 82522 5w 1 T7E S B
B L H R R 0 I R AR D B . e R
FAITHY i FE ] X s D0 AR 2 5 BOE R O B A
LRSS R N 782 5 B R PR TR R 3
AE 3 b Hh B 22 S 3t A R R A R A i R 3
ARG Z IR I X G B AR 5 IR TR S5 M e 1
AE b= AR BOR W . e Ah Bl A B 0 0 L R
X — PR A L B R A S Y TR RETEAR
RAESE EARE T8 2 B9 PERE. b T B A 55 FRoT
LUSE N AR E5 4 B PR RE 2 i — 20 .

Xt AE 204 F BF 4 &5 KA R Z 4878 T
BEIE SR AR T 5k AT AL A 5 20 A o 3 Rl

58 A6 R B 1 L R IR SE AR B B SR Al b ik — 2 fie fi
BRI AR X — LR B AR 4
) A )X PR 2 A AR Ak S A PR RE B T — B T
RN AL RS T -2 HE AN S 5 R L SR E5 1
ArERE E2h BT WE £ HEIECEAD B SR
TR FE AR RE A1 LA A » 3 ol 45 25 HE % 4 4 13 Dz -
IO 78 pl AR S T A 5 B D R AR L ) 8 T e
AR B

i BB X P S G G TR N A R AR
TR 2 S AL (49 99 A4 A [ 45 O 16 76 7R o
B AERY 2 e ) 2 Pk RE RS 1 45 TR R HH 2K
o7 » 2 HOR B RCR S (A5 B2 R AL
1] B H AR 2 B 5 BE AR BT K 4 B T HOAR B 1 AR T
BTG, HARSR B ML T EA 4145 . FB 41



B O 3 YR R e R B G X b
AE 4. BF HE /T2 5 12 02 B 508 i ik
R A S0 AR AR 5 4 1) ) 2 PR RE R 25 T

3

676 - [E 44 F1 22 4 2025 4EH 46 %
- o i
E-EA1-E F-FB1-F i
o o i
E-EAR-E F-FB8-F i
L
A-AE1-A B-BF1-B i
3
A-AE4-A B-BF4-B
A-AE8-A B-BF8-B
s | ~
B9 e=0.15 Bk 5 5 05 1 AT 3L TE A ) LR
Fig. 9 Comparison of deformation modes obtained from the experiments and simulations at e=0. 15

&g

ARSCEE B IRGRR K 5 A BROCE AL AT T

TR 2% 2 19 B4 T7 X i I 45 4 T 2 Pk e g
FE L B 5 ML L BT A ERAIE R .

(1 B AR A2 B0 32 2008 i R R 2 45

Ay 10 A8 T AL AR I8 22 1Ly 2 PR R S A b X A JE A
BN SRR SR Sl GO P v vic-ab | 7 | I ol N ) P
ARTE » [R) IR X o i 5 A2 T BIL i A1 5 5 AR B 5 A 4

BT HAS B 19 A8 B A U DA G



553 BAEAE

B A AR AR R BT BRI S5 1 ) 2 PR RE S A BIL « 677 -

(2) 55 BT B 5 FEAR 25 15 45 0 A8 TR A =k
Az GEAR AR AR RS T 2 B b 2R 2 (A5 W AR 2%
SRR Y EO B R A B R 2 2 41, 78 6 R 25. 58 %6, I
JR RS 3 000 45, 19 % Fil 26, 07 %. B, o )2 4% 37T
%) HE A A [ 480 B o LT 0] AR 45 1 1 1 R
M 458 /0N o U AS 8 1) B KA 25 78 10. 21 %0 A2 47 °F- 35 1
25/NTF 3.6 %0, Jm M n I3 W)k 18. 38 %6 1 5. 206, iX
FEHT M A 500 o G T 45 R TR 2% 45 4 A
B, AT AR 45 S PR 45 1) 75 5K AR L k.

(3) iR B0 B 4 55 5 4 DU J2 {6 745 205 19 78 R AR 1Y
ATEALET R R 2R R R R S B TR T
RS T ILFAS 5T, &R R4t &
IR HE AR Ry ALY g 2 M B AR AR AR d Y e K i 25
FF 3 22 A0 A F] 10,5 % F1 4. 2%, JE AR v )
14,000 F1 6. 6 %0, )2 I R 3 1 O 4 s B 0% b
B B o S s R0 0 T 2% 4 A 114 7R 2 B ) i 2o AR

(4) 7 TR SE BRI s ok S 7R 25 400 )2 5
PERESS TR B IC 1Y S FE BT E AT B 4 X & 2 3K
G5 RE PR R e DA R $5E OB IR PR R s A B SRR
SR T SL R BT I A MR T R AT B A AR R R R 4
FALE T A8 R R B AE ). X — R R Rl B o
o7 Ll S T RN 5€ L A KR TE TG R B
.

&%k

[1] Wang H, Lyu Y T, Bosiakov S, Zhu H X, Ren Y F.
A review on the mechanical metamaterials and their
applications in the field of biomedical engineering[]J].
Frontiers in Materials, 2023, 10 1273961.

[2] WuLL, XueJC, Tian X Y, Liu TF, Li D C. 3D-
printed metamaterials with versatile functionalities
[J]. Chinese Journal of Mechanical Engineering: Ad-
ditive Manufacturing Frontiers, 2023, 2(3): 100091.

[3] Xiao L J, Shi G Q, Feng G Z, Li S, Liu S, Song W
D. Large deformation response of a novel triply peri-
odic minimal surface skeletal-based lattice metamate-
rial with high stiffness and energy absorption[J]. In-
ternational Journal of Solids and Structures, 2024,
296 112830.

[4] Vrana R, Koutny D, Palousek D. Impact resistance of

(5]

[6]

7]

[8]

[9]

[10]

[11]

[12]

different types of lattice structures manufactured by SLM
[J]. MM Science Journal, 2016, 6 1579-1585.

Nazir A, Gokcekaya O, Billah K M M, Ertugrul O,
Jiang J C, SunJ Y, Hussain S. Multi-material addi-
tive manufacturing: a systematic review of design,
properties, applications, challenges, and 3D printing
of materials and cellular metamaterials[ J ]. Materials
and Design. 2023, 226, 111661.

R, ®moah. BEE. b, e, W,
Alexandrov T V. HE#F il 8 s FF 45 4 Bt ] o B ok
REBFTE LI, A B4 )8R, 2025, 35(1):
34-56. (Liang Z L., Meng Y S, Zhao ] X, Sun Z G,
Guo Y H, Chang H, Alexandrov I V. Research pro-
gress on design, preparation and properties of addi-
tive manufacturing lattice structures[]J]. The Chinese
Journal of Nonferrous Metals, 2025, 35(1). 34-56.
(in Chinese))

Fernandes M C. Aizenberg J, Weaver J C, Bertoldi
K. Mechanically robust lattices inspired by deep-sea
glass sponges[ J]. Nature Materials, 2021, 20(2):
237-241.

Vangelatos Z, Yildizdag M E. Grigoropoulos C P. A
designers challenge: unraveling the architected struc-
ture of deep-sea sponges for lattice mechanical meta-
materials[ J|. Extreme Mechanics Letters, 2023, 61
102013.

YuZ L, XinRL, XuZZ, Sha L. M, Chen L X, Zhu Y
N, Liang P, Zhang Z H, LiuZ Z, Cao Q. Shock-resist-
ant and energy-absorbing properties of bionic NiTi lattice
structure manufactured by SLM[]]. Journal of Bionic
Engineering, 2022, 19(6) . 1684-1698.

Bian Y J, Yang F, i P H, Wang P, Li W W, Fan H
L. Energy absorption properties of macro triclinic lattice
structures with twin boundaries inspired by microstruc-
ture of feldspar twinning crystals[J]. Composite Struc-
tures, 2021, 271, 114103.

Li C L, Lei H S, Zhang Z, Zhang X Y. Zhou H,
Wang P D, Fang D N. Architecture design of period-
ic truss-lattice cells for additive manufacturing[ ] ].
Additive Manufacturing. 2020, 34. 101172,

Gao CF, Shi] H, Tang H P, Tang H, Xiao Z Y, Bi
Y J., Liu Z Q, Rao ] H. Mechanical properties and

energy absorption capabilities of plate-based Al-



678 -

W g 22 4l

2025 42 46 &

[13]

[14]

[15]

[16]

(17]

[18]

[19]

(20]

[21]

Sil0Mg metamaterials produced by laser powder bed
fusion[ J ]. Journal of Materials Research and Tech-
nology, 2024, 30. 3851-3862.

Beloshenko V', Beygelzimer Y, Chishko V., Savchen-
ko B, Sova N, Verbylo D, Voznyak A, Vozniak 1.
Mechanical properties of flexible TPU-based 3D prin-
ted lattice structures: role of lattice cut direction and
architecture[ J ]. Polymers, 2021, 13(17): 2986.
Gumruk R, Mines R, Karadeniz S. Static mechanical
behaviours of stainless steel micro-lattice structures
under different loading conditions[ ]J]. Materials Sci-
ence and Engineering A, 2013, 586: 392-406.

Let HS, Li C L, Meng J X, Zhou H, Liu Y B,
Zhang X Y, Wang P D, Fang D N. Evaluation of
compressive properties of SLM-fabricated multi-layer
lattice structures by experimental test and p-CT-
based finite element analysis[J]. Materials and De-
sign, 2019, 169. 107685.

M. WU, BREE. AL KA. A R
T A0 N7 T R P R O A R A 1 (D, 9
B4, 2024, 52 (11). 111-116. (Li B, Gu H.,
Zhang J. Jiang J, Zhang H, Lu Y H. Compressive
properties anisotropy of BCC lattice structure formed
by fused deposition modeling[J]. Plastics Science and
Technology, 2024, 52(11): 111-116. (in Chinese))
Ma X D, Zhang N. Tian X G. A novel hybrid lattice
structure for improving compression mechanical prop-
erties [J]. Mechanics of Advanced Materials and
Structures, 2023. 1-18.

Li L B, Yang F. Wang P, Guo Z M. A new hybrid
lattice structure with improved modulus, strength
and energy absorption properties[J]. Science China
Technological Sciences, 2023, 66(7): 2119-2133.
LiL B, Yang F, Li P H, Wu W W, Wang . H. A
novel hybrid lattice design of nested cell topology
with enhanced energy absorption capability[ J]. Aero-
space Science and Technology, 2022, 128. 107776.
Vangelatos Z, Komvopoulos K, Grigoropoulos C P.
Regulating the mechanical behavior of metamaterial
microlattices by tactical structure modification [ J .
Journal of the Mechanics and Physics of Solids,
2020, 144. 104112.

Leit HS, Li C L, Zhang X Y, Wang P D, Zhou H,

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Zhao Z, Fang D N. Deformation behavior of heterogene-
ous multi-morphology lattice core hybrid structures[]J ].
Additive Manufacturing, 2021, 37: 101674.

Yang X, Gong Y. Zhao L. B, Zhang ] Y. Hu N.
Compressive mechanical properties of layer hybrid
lattice structures fabricated by laser powder bed fu-
sion technique[ J]. Journal of Materials Research and
Technology. 2023, 22. 1800-1811.

Bouteldja A, Louar M A, Hemmouche L, Gilson L,
Miranda-Vicario A, Rabet L. Experimental investi-
gation of the quasi-static and dynamic compressive be-
havior of polymer-based 3D-printed lattice structures
[yl
2023, 180 104640.

Jin N, Wang F C, Wang Y W. Failure and energy

International Journal of Impact Engineering,

absorption characteristics of four lattice structures
under dynamic loading [J]. Materials and Design,
2019, 169 107655.

Tankasala H, Deshpande V, Fleck N. Tensile re-
sponse of elastoplastic lattices at finite strain[ ] ].
Journal of the Mechanics and Physics of Solids,
2017, 109. 307-330.

LiCL., Lei HS, Liu Y B, Zhang X Y. Xiong J.
Zhou H, Fang D N. Crushing behavior of multi-layer
metal lattice panel fabricated by selective laser melt-
ing[ J]. International Journal of Mechanical Sciences,
2018, 145, 389-399.

YuT, Li X W, Zhao M, Guo X, Ding J] H, Qu S,
Kwok T W J, Li T, Song X, Chua B W. Truss and
plate hybrid lattice structures: simulation and experi-
mental investigations of isotropy, large-strain de-
formation, and mechanisms [ J ]. Materials Today
Communications, 2023, 35: 106344.

Sun Z P, Guo Y B, Shim V P W. Deformation and
energy absorption characteristics of additively-manu-
factured polymeric lattice structures—effects of cell
topology and material anisotropy [ J]. Thin-Walled
Structures, 2021, 169. 108420.

Fleck N A, Deshpande V' S, Ashby M F. Micro-ar-
chitectured materials: past, present and future[]J].
Philosophical Transactions of the Royal Society A
Mathematical, Physical and Engineering Sciences,

2010, 466(2121) . 2495-2516.



553 wA A EHGUR AR MRS 88 M I 45 M i g 2 e g 5 28 e AL « 679 -

[30] Song KH, LiDW, Zhang CD, Liu T T, Tang Y L,
Xie Y M. Liao W H. Bio-inspired hierarchical honey-
comb metastructures with superior mechanical properties

[J]. Composite Structures, 2023, 304(2): 116452,

[31]

Zhang ] W, Yanagimoto J. Topology optimization of
CFRP hierarchical pyramidal structures fabricated by
additive manufacturing[J]. Composites Part B: Engi-

neering, 2021, 224. 109241.



+ 630 - IE A Sy 2 2 4R 2025 4R 46 %

Mechanical Properties and Deformation Mechanisms of Lattice Sandwich

Structures with a Replaceable Hybrid Core Configuration

Zhirong Huang'"* Sheng Ding'* Yibo Lil*
(" Light Alloy Research Institute, Central South University , Changsha, 410083)

(*State Key Laboratory of Precision Manu facturing for Extreme Service Per formance, Changsha, 410083)

Abstract Hybrid lattice configurations that incorporate diverse structural units offer a promising
pathway to tailor the mechanical performance of hybrid lattice sandwich structures. A deeper understand-
ing of the underlying mechanisms governing how hybridization influences global structural responses is es-
sential for establishing rational design strategies. In response to the requirements of mechanical perform-
ance regulation in hybrid structures, this study investigates the influence mechanisms of core-layer unit hy-
bridization on the mechanical performance and deformation characteristics. Based on the specific modulus
and yield stress responses of eight representative lattice structure units, four units with significant geomet-
ric and mechanical disparities were strategically selected, and ten substitution-type hybrid core configura-
tions were developed through spatial arrangement optimization. The corresponding lattice sandwich struc-
ture specimens were fabricated via fused deposition modeling (FDM). Combined with finite element analy-
sis and compressive experiments, the effects of substitution configuration on load-bearing characteristics
and deformation modes were revealed. The results demonstrate that the performance difference between
the substitution units and the matrix units dominates the deformation mode transition in hybrid structures.
Weak-unit substitution in strong matrices induces premature core-layer activation, reducing overall specific
modulus and yield stress of the structure by 41.78% and 25.58%, and 45.19% and 26.07%, respective-
ly, compared to their homogeneous counterparts with all hybrid combinations exhibiting similar mechanical
performance at equivalent substitution volume fractions. Conversely, strong-unit substitution in weak ma-
trices delays core densification while enhancing load redistribution to the upper and lower layers. The spe-
cific modulus demonstrated maximum and average deviations of 10.5% and 4. 2%, respectively, while the
yield stress exhibited corresponding maximum and average deviations of 14. 0% and 6. 6%, respectively.
The results provide useful references for the design and optimization of hybrid lattice cores. In particular,
the findings highlight that the mechanical performance under large-deformation conditions can be enhanced
through selective reinforcement strategies, where stronger units are judiciously introduced into critical re-
gions of the core to replace weaker ones. Such a substitution scheme avoids detrimental weakening effects
while promoting improved load-bearing capacity and damage tolerance. These insights offer guidance for
engineering hybrid sandwich designs capable of meeting specialized demands in extreme service environ-
ments.

Key words lattice structures, hybrid design, fused deposition modeling, mechanical properties, de-

formation mechanisms





