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a b s t r a c t 

Mechanical metamaterials, consisted of periodic arrangements of struts, exhibit excellent specific me- 

chanical properties (kN • m/kg) and are of importance for aerospace applications, lightweight construction, 

bone implants, and energy absorption. However, current mechanical metamaterials are still falling far be- 

hind many biological architectures. On the other hand, biological materials often lack design flexibility 

and controllable structures, and mechanical performances. Here, inspired by the strong and ductile bam- 

boo with a hollow architecture, we constructed three face-centered cubic (FCC) lattice-based mechani- 

cal metamaterials via selective laser melting of Ti-6Al-4 V with high fidelity. Guided by the numerical 

simulation, these biomimetic structures can be easily tailored through tuning the outer and inner (hol- 

low) diameters with widely adjustable performances, resulting in a high compressive specific strength 

(87.19 kN • m/kg) at a low density (1.25 g/cm 

3 ) without losing isotropy in the octet-truss configuration 

( d i = 0.59 mm, d o = 1.10 mm). Our study, therefore, provides a biomimetic strategy to realize simultane- 

ously light-weight and high-strength mechanical metamaterials with a hollow topology. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Despite recent advances in the design and fabrication of 

ightweight architectures, the ability to create parts that possess 

oth lightweight, high strength, and isotropy remains a challenge 

s these properties are often mutually restricted [ 1 , 2 ]. Mechani- 

al metamaterials composed of a periodic or aperiodic arrange- 

ent of unit cells have the characteristics of light-weight, high 

pecific strength, and high energy absorption as well as pecu- 

iar mechanical performances, thereby which were widely used in 

he aerospace industry, biomedical field, vehicle engineering [ 3–6 ]. 

heir magnitude of relative density, geometrical size of a unit 

ell, and distribution of multiple microstructures could be engi- 

eered for specific mechanical performances. Particularly, lattice- 

ased mechanical metamaterials inspired by the “atom-to-atom”

onnection with strong designability and controllable mechanical 

erformances receive extensive research and attention [ 7–9 ]. Nev- 

rtheless, due to the limits of traditional processing methods, me- 

hanical metamaterials with intricate topologies could not be avail- 

ble, resulting in the research remain theoretical expression. 
∗ Corresponding author. 

E-mail address: bosong@hust.edu.cn (B. Song). 
1 These authors contributed equally to this work. 
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In recent years, mechanical metamaterials have been regain- 

ng a remarkably increasing interest, owing to the rapid develop- 

ent of additive manufacturing (AM)/3D printing [ 10–13 ]. Powder 

ed fusion (PBF) can directly form computer-aided design (CAD) 

odels by the interaction of laser and powder models [14] . Se- 

ective laser melting (SLM) and electron beam melting (EBM) are 

he representative PBF processes to manufacture metal parts with 

igh-precision geometrical characteristics, thus acting as an ideal 

ool for manufacturing mechanical metamaterials with a complex 

esign [ 15–17 ]. For example, Ataee et al. designed and fabricated 

ltrahigh-strength Ti-6Al-4 V gyroid lattice metamaterials via SLM, 

hich possessed the specific strength of 36.65 kN 

•m/kg with 0.82 

orosity [18] . However, lattice topological mechanical metamate- 

ials were still largely limited to inefficient strut-geometries, and 

mportantly, are still fall further behind many biological architec- 

ure materials with a unique structure. 

After millions of years of evolution and development, natural 

aterials have formed excellent macro-/micro-structures occurred 

n nature or human system which supports specific functions and 

xhibited particular properties. For instance, the Pantheon dome- 

ike architected metamaterials with a gradient helix could with- 

tand high load while being low density [19] . The whale baleen 

xhibited excellent mechanical strength as well as superior tough- 

ess due to the ordered microstructures [20] . The natural bamboo 

ad characteristics of lightweight and high strength for its special 

https://doi.org/10.1016/j.apmt.2021.101268
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:bosong@hust.edu.cn
https://doi.org/10.1016/j.apmt.2021.101268
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acro and micro hollow structure, which possessed a strength of 

52.57 MPa and far stronger than other natural materials [21] . The 

ollow structures inspired by bamboo currently possessed distinct 

ight-weight levels, specific strengths, and energy absorption per- 

ormances [22] . However, simple biological architecture materials 

ere lack of controllable complexity, designability, and mechanical 

erformance. Besides, nature-inspired structures tended to be su- 

erior in one direction only and showed evident anisotropy. The 

roblem of anisotropy could be well solved by the combination of 

ifferent lattice metamaterials [23] , but different featured sizes in 

he same structure topology would increase the difficulty of struc- 

ure design. Therefore, it was challenging to obtain simultaneously 

ight-weight, high-strength, and isotropic properties which would 

equire suitable materials and delicate structure design. Our pub- 

ished review paper shown that mechanical metamaterials with 

ontrollable geometric topology and physical properties could be 

ealized by using the idea of structural feature combination [24] . 

In this work, inspired by atom packing and bamboos’ mor- 

hologies, a combinatorial biomimetic strategy to realize lattice- 

ased mechanical metamaterials, i.e. FCC, octahedron, and octet- 

russ, with simultaneous light-weight, high-strength and isotropic 

roperties were proposed. The bio-inspired lattice-based mechani- 

al metamaterials (BLMMs) with excellent performance were ob- 

ained by simulation-guided design and fabricated by SLM. The 

anufacturability, mechanical responses, and stress distributions 

f optimized mechanical metamaterials were investigated via 

icro-CT, compression experiments, and finite element method, 

espectively. The underlying mechanisms of the bamboo-like effect 

n the mechanical properties and stress distributions were further 

iscussed. 

. Materials and methods 

.1. Materials and SLM process 

The raw materials of a gas-atomized Ti-6Al-4V powder for SLM 

ere used in this work. The Ti-6Al-4V powder had the following 

eometrical properties of particles: D 10 : 20.0 μm, D 50 : 32.2 μm, 

 90 : 49.6 μm. The BLMMs, i.e. FCC, octahedron, and octet-truss, 

ere fabricated via an M290 type SLM equipment (EOS, Germany). 

he optimized SLM processing parameters were determined as a 

aser power of 280 W, a scanning speed of 1200 mm/s, a layer 

hickness of 30 μm, a hatch distance of 140 μm, and scanning 

irection rotated by 67 ° alternately between adjacent layers. The 

LM-completed BLMM samples were obtained by using wire-cut 

lectrical discharge machining (wire-EDM). Then, adhesive powder 

articles on the SLM-fabricated BLMMs, i.e. FCC, octahedron, and 

ctet-truss, were removed by ultrasonic cleaning in pure ethyl al- 

ohol and thereby shot blasting, in turn. 

.2. Morphological characterization and mechanical tests 

The Ti-6Al-4V particle’s diameter distribution was tested by 

sing Mastersizer 30 0 0 laser diffraction particle size analyzer 

Malvern Panalytical Inc., UK). The SLM additive manufacturabil- 

ty of optimized lattice-based mechanical metamaterials was quan- 

itatively analyzed by SkyScan 1176 X-ray computed tomography 

CT) (Bruker, Germany). The filter used for scanning Ti-6Al-4V sam- 

les was Al + Cu. The reconstructed micro-CT data set had an 

sotropic voxel size of 18.0 μm. These data were further analyzed 

nd visualized by using commercially available image analysis soft- 

are VG Studio Max 3.0 (Volume Graphics GmbH, Heidelberg, Ger- 

any). EPMA-8050 G scanning electron microscope (SEM) (Shi- 

adzu, Japan) was utilized to analyze the surface morphology of 

he SLM-built lattices. Uniaxial quasi-static compression tests were 

arried out at a loading rate of 1.2 mm/min using an AG-IC100 KN 
2 
lectronic Universal Testing Machine (Shimadzu, Japan) at room 

emperature. Meanwhile, a digital camera was used to capture 

rack of observation on the whole deformation process. To have a 

etter understanding of the mechanical responses, Young’s mod- 

lus and compressive yield strength were determined from the 

tress-strain line graphs following ISO 13,314:2011. The energy ab- 

orption capacity of cellular structures was determined using nu- 

erical integration from 0 to onset strain of densification, calcu- 

ating the area under the stress-strain curves. 

.3. Modeling approach of compression mechanics 

.3.1. Representative volume element model 

For periodic BLMMs, To investigate the effect of bamboo-like 

evel and outer diameter size on the elastic properties of BLMMs, 

n ideal representative volume element model composed of a unit 

ell was adopted. The periodic boundary condition was imple- 

ented by setting the equal strain on the different opposite sur- 

aces [ 25 , 26 ]. The void volume fraction, which was the difference

f unit space volume and BLMMs’s volume, the representative vol- 

me element model exacted from CAD software was determined. 

he homogenization theory was used to derive the elastic ma- 

rix [27] . The free tetrahedron mesh element was set as 0.15 mm, 

hown in Fig. S6. Thus, total mesh size ranged from around 64,0 0 0 

o 86,0 0 0 elements for FCC, octahedron, and octet-truss bamboo- 

ike lattice models, respectively, when the mesh sizes of around 

0,0 0 0 elements per unit cell were sufficient to reduce the simu- 

ated discretization errors to marginal level [28] . Due to the cubic 

ymmetry of the BLMM structural designs, the elastic tensor con- 

ained only three independent components (i.e., C 11 , C 12, and C 44 ). 

he equivalent Young’s modulus in [100] direction and the Zener 

nisotropy index for cubic crystals could be calculated using the 

ollowing Equations [26] . 

 

∗ = 

C 11 
2 + C 11 C 12 −2 C 12 

2 

C 11 + C 12 

(1) 

= 

2 C 44 

C 11 −C 12 

(2) 

To compare the normalized Young’s modulus between bamboo- 

ike BLMMs and HS bound, the Hashin–Shtrikman (HS) bound and 

he difference of normalized Young’s modulus was determined as 

1]: 

E HS 

E s 
= 

2 ρ( 5 ν − 7 ) 

13 ρ + 12 ν − 2 ρν − 15 ρν2 + 15 ν2 − 27 

(3) 

E ∗ = E HS − E ∗ (4) 

here ρ was the relative density, v was the Poisson’s ratio, and E s 
as Young’s modulus of the Ti-6Al-4V material. 

.3.2. Quasi-static compression simulation 

To capture the stress distribution and visualizing deformation, 

he nonlinear finite-element (FE) quasi-static compression simula- 

ion was conducted by commercial software COMSOL multiphysics. 

aterial properties of SLM-fabricated Ti-6Al-4V for the FE method 

ere shown in Fig. S7. The BLMMs were sandwiched between two 

igid flat plates, which simulated the experimental compression 

onditions. The top plate only was allowed to move along the Z- 

xis while the bottom plate was fixed in all directions. The fric- 

ional coefficient regarded as static friction between plates and 

amples was set as 0.15. A free tetrahedron element was used to 

esh the model. SLM-built parts were believed to have poten- 

ial metallurgical defects and manufacturing deviations compared 

o designed ones [ 2 , 26 ]. Some assumptions were made in this FE

ethod to simplify the simulated model. The first assumption is 
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Fig. 1. Lattice-based mechanical metamaterials inspired by atoms’ packing and bamboo’s hollow features. (A) The micro-morphology of lattice atoms. (B-C) The macro- and 

micro- morphological characteristics of bamboos. (D) Bio-inspired octet-truss mechanical metamaterials with outer diameter, do, and inner diameter, di. (E) SLM-printed 

three lattice constructions of FCC, octahedron, and octet-truss. (F) The strength of typical biomaterials as well as the specific strength of metals and various topological 

structures [ 17,18,21,30–35 ]. 
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hat the SLM-made BLMM structures are consistent with the as- 

esigned CAD models. The second assumption is that the whole 

aterial property of the SLM-built BLMM specimens is still the 

ame as the materials tested through standard tensile samples. 

. Results and discussion 

.1. Design principle 

Normally, mechanical metamaterial are obtained by periodic 

r aperiodic arrangements of lattices, inspired by crystallographic 

toms, in which lattices can be produced by connecting atoms 

hrough the strut, plate, and shell [ 2 , 5 , 29 ]. Compared to plate- and

hell-based microlattices, strut-based lattices are capable of geo- 

etrical spatial transformation to cater to different design require- 

ents. However, the low stiffness of strut-based lattices is one of 

he reasons for its narrow application range. Natural bamboos with 

igh specific strength have strongly attracted our attention. After 

bserving the macro and micro structures of bamboo, the multi- 

evel hollow structure of bamboos is the key to its light weight 

nd high strength. Therefore, inspired by atom packing and bam- 

oos’ morphologies, a combinatorial biomimetic strategy to realize 

attice-based mechanical metamaterials with simultaneous light- 

eight, high-strength and isotropic properties were proposed. 
3 
Fig. 1 showed morphological evolution of isotropic lattice- 

ased mechanical metamaterials inspired by atoms’ space distribu- 

ions and bamboo’s hollow features. Fig. 1 A presented the micro- 

orphology of lattice atoms. The lattice is a close compact struc- 

ure arranged by atoms and the space distribution affects the prop- 

rties. FCC and octet-truss lattices had the same spatial distribu- 

ion of atoms. Fig. 1 B-C showed the macro- and micro- morpholog- 

cal characteristics of natural bamboos, in which the through-hole 

tructure made it behave with noteworthy mechanical strength. 

esides, the macro- and micro- hierarchical structure contained 

he apparent hollow pores and microscopic void features, result- 

ng in better structural rigidity and energy-absorption capacity of 

amboos comparable with other plants (Fig. S1). Combining lattice 

toms with bamboo hollow structures, bio-inspired octet-truss me- 

hanical metamaterials with outer diameter, d o , and inner diame- 

er, d i were available, shown in Fig. 1 D. Considering the morphol- 

gy of periodic BLMMs, the strut-based solid part and void space 

onstructed a complete unit cell, in which the void space could be 

egarded as apparent pores in bamboos. Then, through introducing 

he bamboo-like levels ( d i / d o ), the second microstructure was em- 

edded into traditional lattice structures, which was equivalent to 

he microscopic void features in bamboos. Thus, the lattice struc- 

ural design and bamboo-like strut together constituted BLMMs, 

hich can further affect the density, mechanical properties, as well 

s isotropy of BLMMs. 
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Fig. 2. Numerical physical properties of FCC, octahedron, and octet-truss bio-inspired lattice-based mechanical metamaterials. (A, D, G) Relative density, (B, E, H) Young’s 

modulus, and (C, F, I) Zener’s anisotropy as a function of the bamboo-like level and the outer diameter. 

Fig. 3. The relationship between normalized Young’s modulus and relative density of (A) FCC, (B) octahedron, and (C) octet-truss bio-inspired lattice-based mechanical 

metamaterials. (D) The difference comparison of normalized Young’s modulus of bio-inspired lattice-based mechanical metamaterials and HS bound. 

4 
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Fig. 4. Ti-6Al-4 V metallic specimens of 28.9% relative density fabricated through SLM. (A-D) FCC bamboo-like BLMMs specimens: A. [111] view, B. [010] view, C. [110] view, 

D. SEM lateral view. (E-H) Octahedron bamboo-like BLMMs specimens: E. [111] view, F. [010] view, G. [110] view, H. SEM lateral view. (I-L) Octet-truss bamboo-like BLMM 

specimens: I. [111] view, J. [010] view, K. [110] view, L. SEM lateral view. (M-O) Three-dimensional surface deviation maps of X-ray CT data analysis and (P-R) statistical 

surface deviation distributions for FCC, octahedron, and octet-truss bamboo-like BLMMs specimens, respectively. (Dp was the peak surface deviation, d -values (D10, D50, and 

D90) indicated the intercepts for 10, 50, and 90% of the cumulative percentage.) 
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Guided by numerical simulation, the FCC, octahedron, and 

ctet-truss BLMMs with outer diameter ( d o = 1.10 mm) and in- 

er diameter ( d i = 0.59 mm) were obtained by 3D SLM printing 

f Ti-6Al-4V ( Fig. 1 E), showing a low density of 0.74, 0.70, and

.25 g/cm 

3 . The unit cell length of BLMMs was all 5 mm and the

verall dimensions were 20 × 20 × 20 mm 

3 . Our BLMM com- 

ines the unique structure advantage of bamboo (strong and duc- 

ile) and the high strength of Ti-alloy ( Fig. 1 F above), thus achiev-

ng a record-high specific strength up to 87.19 kN 

•m/kg, more 

han most materials and structure designs among current liter- 

ture [ 17,18,21,30–35 ]( Fig. 1 F). The current structural design and 

aterial construction can open up a biomimetic strategy to real- 

ze lightweight and high-strength mechanical metamaterials with 

 hollow topology. 

.2. Numerical optimization 

To obtain simultaneously lightweight, high strength, and 

sotropic mechanical metamaterials, numerical simulation was per- 

ormed to guide the structural design using the representative vol- 

me element method. We explored both (1) different atom struc- 

ure designs (FCC, octahedron, and octet-truss BLMMs) and (2) 

arameters mapping of bamboo-like struts (different bamboo-like 

evels, d i /d o and outer diameters, d o ). Fig. 2 presented simulated 

hysical properties of FCC, octahedron, and octet-truss BLMMs. The 
5 
elative density of FCC, octahedron, and octet-truss BLMMs both 

ncreased with the increase of the outer diameter and the decrease 

f the bamboo-like level ( Fig. 2 A, D, G). Analogously, Young’s mod- 

lus of FCC, octahedron, and octet-truss BLMMs both went up with 

he rise of the outer diameter and the decline of the bamboo-like 

evel ( Fig. 2 B, E, H). The variations of relative density and Young’s 

odulus as a function of the bamboo-like level and the outer di- 

meter were similar to each other because there was a Gibson- 

shby relationship between relative density and Young’s modulus 

36] . The Zener’s anisotropy of these three BLMMs had distinct 

elationships with the bamboo-like level and the outer diameter, 

hich were attributed to different lattice topologies ( Fig. 2 C, F, I). 

he Zener’s anisotropy of FCC BLMMs was monotonous with the 

amboo-like level and the outer diameter while Zener’s anisotropy 

f octahedron and octet-truss BLMMs were lack of regularity. It 

howed that the simulation guide could well explore the properties 

f bio-inspired structures with different structures and bamboo- 

ike levels, so as to help choose the appropriate property combi- 

ations in the huge structure design space. 

Under the premise of isotropy and a relative density of less 

han 30%, the higher the strength of BLMMs, the better. We de- 

ermined octet-truss BLMMs with 28.9% relative density and 1 

ener’s anisotropy level as an optimal solution, indicated by the 

ed star point. This optimized octet-truss BLMM also behaved high- 

trength, which would be elaborated in the followed section. When 
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Fig. 5. Experimental mechanical response, deformation processes and simulated strain energy density of SLM-manufactured FCC, octahedron, and octet-truss bamboo-like 

BLMM specimens. (A) Stress-strain curves. (B) deformation processes and fracture modes. (C-E) Distribution of the simulated strain energy density within FCC, Octahedron, 

and octet-truss bamboo-like BLMMs, respectively, subject to uniaxial compression along the vertical direction. (F) The strain energy density versus the load case number. 

Experimental results of (G) Young’s modulus, (H) yield strength, (I) first peak strength, and (J) energy absorption. 
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nder the same bamboo-like level, the different outer diameters 

lso caused different mechanical responses. 

By comparing the Hashin–Shtrikman (HS) bound and the 

trength of bionic lattice structures, the relative density range of 

he optimal structure strength was further determined. The nor- 

alized Young’s modulus of these different BLMMs, defined as the 

atio of the stiffness under uniaxial loading in the [100] direction 

o the materials’ modulus, had different scalings according to a 

ower law of relative density ρ , as expected from the well-noted 

ibson-Ashby relationships [36] . For the same structural configu- 

ation, the larger the outer diameter was, the larger the exponen- 

ial coefficient and constant coefficient of the fitting results were 

 Fig. 3 A–C), which was attributed to the increased relative den- 

ity. With the unvaried inner diameter, the improved outer diame- 

er would result in an increased volume used to resist deforma- 

ion, then aggrandized the strength of bamboo-like lattices. For 

he identical outer diameter, the octahedron BLMMs had stronger 

ensitivity of the relative density compared with the other two 

tructures (Table. S1). The difference of normalized Young’s mod- 

lus was defined as the difference between the Hashin–Shtrikman 

HS) bound and the normalized Young’s modulus of these different 

LMMs. 

The different distributions of normalized Young’s modulus pre- 

ented a parabolic relationship as a function of the relative den- 

ity and incomplete axisymmetry with the 60% relative density line 

 Fig. 3 D). It was shown that the high-strength BLMMs with un- 

er 30% relative density greatly closed to the HS bound. This fur- 
6 
her proved that the above isotropic optimal solution also had high 

trength mechanical properties. The relative density of bamboo- 

ike BLMMs was controllable by the outer diameter and inner di- 

meter together. As illustrated before, the outer diameter deter- 

ined the macroscopic porosity and the corresponding strength 

f lattices while the inner diameter, i.e., the bamboo-like feature, 

chieved the microscopic voids to further regulate the lightweight 

evel, causing the phenomenon that the large outer diameter had 

ncreased E - ρ scaling exponents. Different from the traditional lat- 

ice structures, the hollow bioinspired lattice structures with dif- 

erent outer/inner diameters had a wider space to obtain different 

echanical properties. 

.3. Experimental verification and mechanism analysis 

.3.1. Morphological characterization of SLM-printed samples 

To validate our mechanical property estimates experimentally, 

e used 3D printing of selective laser melting (SLM) to fabricate 

CC, octahedron, and octet-truss bamboo-like BLMMs specimens 

ith a cubic unit cell of 5 mm from Ti-6Al-4V particles ( Fig. 4 A-L).

or octet-truss bamboo-like BLMMs, a relative density of 28.9% was 

btained from the superposition of FCC and octahedron diameter 

arameters of 0.59 mm and 1.10 mm, indicating the relative den- 

ity of 16.72% and 15.92%, respectively. Prior to investigating the 

echanical responses, the SLM manufacturing fidelity of FCC, octa- 

edron, and octet-truss bamboo-like BLMMs specimens was quan- 

ificationally evaluated by the X-ray CT method ( Fig. 4 M-R). The 
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Fig. 6. Comparison of numerical and experimental mechanical responses of bamboo-like BLMM specimens. (A-B) Strain–stress curve and (C) compressive strength compar- 

isons between simulations and experiments. (D-F) FE predicted stress distributions at different strains for FCC, octahedron, and octet-truss bamboo-like BLMMs specimens, 

respectively. 
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hole green color contour showed the surface deviation with ra- 

ional acceptability (mostly below 0.25 mm). From the 3D sur- 

ace deviation comparison, the manufacturing fidelity of FCC and 

ctet-truss bamboo-like BLMMs specimens were the worst and the 

est, respectively (Figs. S2,S3). The maximum deviation that ex- 

sted in the downward surfaces of horizontal struts indicated the 

ed contour, which was due to the lack of support and the melted 

art with a larger weight comparable with raw particles on the 

owder bed. The D 10 , D 90 and D p values of octet-truss bamboo- 

ike BLMMs specimens were −0.048, 0.067, and 0.007 mm, su- 

erior to those of FCC ( −0.096, 0.127, and −0.116 mm) and oc- 

ahedron ( −0.070, 0.068, and −0.004 mm) specimens. This was 

ttributed to the that the decreased relative density of lattices 

ould cause a larger molten pool to attract incompact particles 

nto the surface of molten solid parts. In contrast to octahedron 

amboo-like BLMMs specimens with an approximate relative den- 

ity, SLM-manufactured FCC lattices had larger manufacturing off- 

et due to the overhanging topology. Sub-peak negative deviations 

ere overtly presented in those specimens. This was contributed to 

he that the intricate bamboo-like features easily produced print- 

ng defects and overhanging struts increased the risk of dross and 

eformation. The outer surfaces of bamboo-like BLMMs and the 

pper surface of struts opposite to the location of dross defects 
s

7 
ould result in manufacturing difficulty and even collapse of the 

rinted layer, then form negative deviations. Generally, the SLM 

orming BLMMs had good consistency with the original design 

nes and fine manufacturing fidelity. The manufacturing deviation 

s strongly related to the building process of metal AM and laed to 

he inconsistency of the parts due to its complexity. Recenlty, Sing 

t al., took the integration of machine learning into the different 

tages of L -PBF process chain, which potentially lead to better qual- 

ty control [37] . Qin et al., proposed an automatic determination 

ethod of the part build orientation for laser powder bed fusion, 

n which the volumetric error, surface roughness, build time and 

uild cost were evenly considered [38] . The further improvement 

f manufacturing fidelity could be realized by utilizing datasets ob- 

ained at various stages of the SLM process chain. 

.3.2. Mechanical properties of SLM-printed samples 

Fig. 5 exhibited the experimental mechanical response, de- 

ormation processes and simulated strain energy density of 

LM-manufactured FCC, octahedron, and octet-truss bamboo-like 

LMMs specimens. All lattices experienced three typical deforma- 

ion stages: elastic-plastic stage, stress oscillation stage, and densi- 

cation stage ( Fig. 5 A). The FCC and octet-truss bamboo-like BLMM 

pecimens with a close relative density showed a similar stress- 
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Fig. 7. Octet-truss bamboo-like BLMMs with excellent strength and moderate stiffness in existing lattice metamaterials for their corresponding density. (A) Young’s modulus 

and (B) compressive strength Ashby property maps [ 17 , 39-47 , 49 ]. 
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train curve but displayed different deformation characteristics. 

he former showed the proximal layer destruction while the lat- 

er presented an inclined 45 ° fracture, which was ascribed to the 

ifferent topologies ( Fig. 5 B). The octet-truss bamboo-like BLMM 

pecimens also presented the inclined fracture model but along 

ith a high-stress undulant platform to resist external loads. 

We also performed the finite element simulation on these three 

LMMs to understand their mechanical behaviors. As shown from 

he predicted spatial strain energy density distributions derived 

y the representative volume element model ( Fig. 5 C-E), the po- 

itions of connectivity nodes happened a concentration of strain 

nergy density, which was corresponding to the observation of 

xperimental sequential deformations that the connectivity nodes 

ere earlier to break down through buckling than the inclined 

truts in all three structures. In different load cases, the octet- 

russ bamboo-like BLMM had the highest strain energy density 

ue to more struts to disperse stress. The Young’s modulus, yield 

trength of octet-truss bamboo-like BLMM specimens, 3.38 GPa 

nd 109.52 MPa, were slightly lower or nearly equaled to sum 

f those of FCC, 1.93 GPa and 50.20 MPa, and octahedron speci- 

ens, 1.89 GPa and 49.55 MPa, respectively ( Fig. 5 G-J). The first 

eak strength and energy absorption of octet-truss bamboo-like 

LMM specimens, 146.52 MPa and 26.65 MJ/m 

3 , were surpassed 

o sum of those of FCC, 61.08 MPa and 7.31 MJ/m 

3 , and octahedron

pecimens, 59.70 MPa, and 7.98 MJ/m 

3 . In the view of lightweight, 

trength, and isotropy, the octet-truss bamboo-like BLMM speci- 

en had excellent comprehensive mechanical properties. 

Given the elastic-plastic nature of the metallic constituent ma- 

erial, the plastic yield response could not be quantified from the 

iner-elastic simulation models. Instead, another series of compres- 

ion mechanical simulations were conducted to study the yield 

trength of BLMMs using a rate-independent model. Fig. 6 pre- 

ented the numerical mechanical responses and stress distribu- 

ion of bamboo-like BLMM specimens. Due to the out of the flat- 

ess of specimens’ top surfaces and experimental hard contact be- 
8 
ween specimens and metalheads, the nonlinear stage emerged 

n the elastic-plastic area, which caused the hysteresis of linear 

nd plastic stages ( Fig. 6 A-B). The numerical compressive strength 

f these three bamboo-like BLMM specimens was 85.57, 84.61, 

nd 182.18 MPa, which closed to the strength of 61.5, 62.46, and 

46.53 MPa expected from experiments ( Fig. 6 C). The reasonable 

trength overestimation of numerical calculation was due to the 

nconsistency between the SLM manufacturing samples and the 

esign samples in terms of geometry and material microstruc- 

ure properties. From the Von Mises stress contours, the stress 

oncentration was more evident with the increasing compression 

trains and predominantly distributed in connectivity nodes of 

truts while the horizontal struts always remained low-stress state 

 Fig. 6 D-F). Essentially, the higher amounts of high-stress distri- 

ution in a lattice structure, the higher the strain energy needed 

or bending or stretching deformation of struts, therefore, the po- 

ition of stress concentration was consistent with that of strain 

nergy density concentration distributions. It was noted that the 

aximum von Mises stresses observed in the central BLMMs were 

venly distributed nearby the wherein nodal points but formed 

ocalized high-stress bands along the diagonal line of the whole 

LMMs. With the increase of compressive strains, plastic buckling 

f oblique struts was developed, leading to early plastic hinges for- 

ation in the junctions of peripheral BLMM cells. Besides, from 

he von Mises stress distributions plots in the BLMM cells, ar- 

as of stress concentration and low stress were uneven distribu- 

ion within a lattice cell. For FCC lattices, the higher amounts 

f high-stress distribution in longitudinal struts than horizontal 

truts. Similarly, the stress was more concentrated in longitudinal 

truts than in horizontal struts for octahedron lattices. On the con- 

rary, for octet-truss lattices, the stress was evenly distributed on 

he joints and struts, in which areas of low stress were not sig- 

ificantly presented, however, high-stress concentrations were ob- 

erved on lattice nodes. This owed to the high strut to node ratio 

f the octet-truss lattices, for which the motion of nodes would be 
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[

nevitably limited by struts and the deformation was more strongly 

ependent on the bending/twisting of strut members than the FCC 

nd octahedron lattices. 

The analytical calculations of these bamboo-like BLMMs were 

ompleted to understand the underlying mechanism of mechan- 

cal responses shown in Figs. S4,S5. Pure contact force-acted in- 

lined struts with the number of 8, 4, and 12 and 45 ° angle of 

lope consisted of the FCC, octahedron, and octet-truss bamboo- 

ike BLMMs, respectively. It was noted that FCC and octahedron 

attices had strut-node connectivity of Z = 2 and Z = 8, as well

s Maxwell number of M = 12 and M = 0, respectively, therefore, 

ere bending-dominated and stretching-dominated lattice topolo- 

ies, respectively. With high nodal connectivity of Z = 12 and 

axwell number of M = 0, octet-truss lattices provided a solu- 

ion for high-strength stretching dominated topology, further with 

lorious energy absorption capacity derived by the bamboo-like 

eature. 

.3.3. Comparison with other lattice metamaterials 

Fig. 7 displayed Young’s modulus and compressive strength 

shby property maps comparing to various existing lattice meta- 

aterials. The octet-truss bamboo-like BLMMs with excellent 

trength and moderate stiffness surpassed most lattice or porous 

etallic foam architectures. The stiffness and strength of SLM-built 

amboo-like BLMMs were superior to SLM-manufactured Gyroid 

39] , rhombic dodecahedron [40] , TPMS shell lattices [41] , but only 

eak on the stiffness and equal on the strength to snap-fit lat- 

ices [ 42–45 ], which was due to their flawless materials and re- 

nforced nodes, however, the lengthy manufacturing process lim- 

ted mass production. The specific stiffness and strength of novel 

hellular lattices [46] and hollow lattices [ 47 , 48 ] were comparable 

o our SLM-built bamboo-like BLMMs. The strength of our SLM- 

uilt octet-truss bamboo-like BLMMs also significantly preceded 

omogenous solid truss Al 2 O 3 and Al-based octet lattices [ 47 , 49 ]. 

. Conclusion 

Inspired by geometrical morphologies of the atom and the 

amboo, we proposed a combinatorial biomimetic strategy to 

ealize bio-inspired lattice-based mechanical metamaterials with 

ollow struts and simultaneous light-weight, high-strength, and 

sotropic properties. Guided by numerical simulation, we ex- 

lored different structure designs as well as bamboo-like lev- 

ls and obtained optimized performances in an octet-truss de- 

ign ( d i = 0.59 mm, d o = 1.10 mm). The additively SLM-manufactured 

LMMs show high manufacturing fidelity with a superior specific 

trength (87.19 kN 

•m/kg) at a low density (1.25 g/cm 

3 ), benefited 

y our combinatorial biomimetic strategy. The comparison of stiff- 

ess and strength confirmed that the proposed BLMM architec- 

ures remained stiffer and stronger than most lattice or porous 

etallic foam architectures. This work provided a train of thought 

or conceiving high-performing engineering architectures through 

he way of multiple bionic strategies. 
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