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A B S T R A C T   

Honeytubes were architectured materials formed by the hybrid of honeycomb and lattice microstructures, which 
exhibited great energy absorption capability. In this work, thin-walled hollow honeytubes (HHTs) were further 
designed, and fabricated using different 3D printing methodologies and electro-chemical deposition technique. 
The compression results indicated that HHTs could possess smaller relative density and their specific strength be 
2.4 and 1.5 times greater than that of solid-walled honeytubes and honeycombs, respectively. Geometrical effects 
on compressive performance of HHTs were examined, and tube configurations that determined the interactions 
with ribs were proved to be vital for the specific performance. Meanwhile, foam filled honeytubes could exhibit 
additional enhancement after properly designed. The specific energy absorption of HHTs especially steel HHTs 
was proved to have superiority among cellular materials. Hollow honeytubes (HHTs) in the present study had 
indicated the guidelines to tailor mechanical properties by microstructure design, which would also provide 
opportunities for artificial intelligence to speed up the development of novel materials.   

1. Introduction 

Environmental pollution and energy crisis have become two social 
problems, which makes lightweight be stringent requirements for the 
development of automotive industry. The present promising lightweight 
materials used in engineering include high-strength metal, high- 
performance fiber reinforced composites and cellular materials [1–3]. 
Architectured materials, which often contain periodic cellular 
micro-architectures, have attracted wide attention because of their 
lightweight and unique mechanical properties unattainable before 
[4–10]. Accordingly, a large amount of work has been focused on 
structural design and fabrication technologies to develop architecture 
materials of different length scales with excellent and extraordinary 
mechanical properties [3,11–18]. 

Biological materials, on the other hand, often exhibit excellent me-
chanical properties that benefit from their delicate microstructures. 
Those bionic factors can be explored to further design new engineering 
materials. Honeycombs are one of the most successful biomimetic and 
micro-architectured materials originated from hexagonal wax cells built 
by honeybees, which are currently widely used. Different architectural 
topologies were studied, including hexagonal honeycombs, square 

honeycombs, triangular honeycombs, kagome honeycomb and chiral 
honeycombs with designable Poisson’s ratio [19–22]. Bio-inspired 
honeycombs containing ordered patterns that extracted from biolog-
ical tissues have been widely studied. Those inspired by the beetle 
elytron exhibiting enhanced mechanical properties and energy absorp-
tion capabilities [23–25]. Bio-inspired vertex-modified honeycombs 
represent a significant improvement over regular honeycomb because 
the tubes change the deformation pattern of bio-inspired honeycomb 
[26]. More recently, a new type of tube reinforced honeycombs named 
as Honeytubes, composed of tubes and ribs like beetle elytron inspired 
honeycombs, has been developed by the hybrid design of hollow pyra-
midal lattice and square honeycombs, which exhibit advantages in 
buckling resistance and mechanical property tunability [27,28]. 

Thin-walled structures have attracted significant interests due to 
their low density, energy absorption and crashworthiness applications, 
and architected 3D thin films are widely studied [13,29–33]. In this 
work, hollow honeytubes (HHTs) were further designed with 
three-dimensional interconnected films formed based on the previously 
developed lattice truss reinforced honeycombs (termed as solid-walled 
honeytubes). Stereolithography (SLA) and Selective Laser Melting 
(SLM) 3D printing technology were used to fabricate those HHTs either 
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directly or combined with electro-chemical deposition, which yielding 
polymeric, steel and nickel HHTs. The anti-crushing performance were 
studied experimentally, and effects of architectures were studied 
through simulation. Finally, the energy absorption capability of these 
hollow honeytubes was examined and compared with other competing 
counterparts. 

2. Experimental 

2.1. Polymeric HHTs 

Hollow honeytubes (HHTs) were newly designed in this study with 
three-dimensional interconnected films based on the previous developed 

solid-walled honeytubes [27,28] as shown in Fig. 1a, together with the 
corresponding square and vertex-modified honeycombs. The represen-
tative unit cell for each type of structure was shown in Fig. 1b together 
with geometrical illustrations. Polymeric HHTs were fabricated using 
stereolithography (SLA) based 3D printing technology, which enabled 
the fabrication of samples with complicated geometries. Using an ul-
traviolet laser, photosensitive resin was scanned according to the shapes 
designed and cured layer by layer at room temperature. A toughened 
resin possessed good fracture elongation of 24% was selected to facili-
tate large deformation of all the structures during the following tests. All 
the printed specimens with 3*3 unit cells were shown in Fig. 1c. 

Fig. 1. a) Illustration for polymeric HHTs together with square honeycombs, solid-walled honeytubes and vertex-modified honeycombs; b) representative unit cells 
for each type of structure and c) the corresponding specimens fabricated by SLA printing. 

Fig. 2. a) Illustration about the fabrication flowchart for nickel HHT; representative unit cells for b) nickel HHTs and c) steel HHTs with geometrical parameters; d) 
nickle HHT sample fabricated by electroplating. Cross-section morphology after deposition observed by microscopy around: e) outer ribs; f) intersections. 
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2.2. Metallic HHTs 

2.2.1. Nickel HHTs by electro-chemical deposition 
Subsequently, Nickel HHTs were also fabricated following three 

main steps as illustrated in Fig. 2a: (1) Polymeric solid-walled honey-
tubes were first printed as template using a castable wax resin which was 
designed for casting molds manufacturing and could be completely 
burned out. (2) Then, the polymeric templates were immersed in coarse 
solution (composed of chromic acid and sulfuric acid) to increase surface 
roughness so that ions can be absorbed on the structure. After that the 
polymeric templates were subsequently immersed in stannous chloride 
solution and palladium chloride solution to make the surface prepared 
for electroless plating. (3) Nickel film was then deposited onto the 
template’s surface through electrochemical deposition in this step. 
During this process, the polymeric templates after surface modification 
were first immersed in an electroless plating solution for about 2 h. 
Then, electroplating was subsequently employed at a current density of 
2 A/dm2 for about 5 h (4) All the samples were then heated in a muffle 
furnace to burnout the template and the hollow honeytube structures 
were obtained. 

The representative unit cell of obtained metallic HHTs based on 
solid-walled honeytubes was shown in Fig. 2b, possessing additionally 
upper and lower surfaces featuring closed ribs. The obtained nickle- 
plated HHTs specimens were shown in Fig. 2d with cross-section mor-
phologies illustrated in Fig. 2e and f. The nickel film thickness in outer 
ribs (Fig. 2e) was about 0.2 mm while that near intersections (Fig. 2f) 
only about 0.04 mm, which was quite uneven and should be attributed 
to the uneven current distribution in such complex microstructures 

during electroplating. 

2.2.2. Steel HHTs by 3D printing 
Besides, another type of metallic HHT was fabricated directly by 

selective lase melting (SLM) 3D printing technology with 316L stainless 
steel as raw material. SLM technology used a laser beam with power of 
about 200 W to object into metallic powder which makes the powder 
melt and combine together, and the whole structure will finally form 
layer by layer. The representative unit cell of steel HHTs was shown in 
Fig. 2c. 

The corresponding relative densities for all types of structures, 
defined as the ratio of solid volume to that of the representative unit cell, 
were respectively deduced as: 

ρ¼

8
>>>>>>>><

>>>>>>>>:

2t=l;  For  Square  honeycomb
½2ð2l � dÞtþπdtc�

�
2l2;  For  Vertex � modified  honeycomb

½2ðl � dÞtþ2πdtc�
�

l2;For  Square  honeytube
½4ðl � dÞtþ2πdtc � 2st�

�
l2;For  Polymeric  HHT

½ð2l � 2d � sÞþπð2d � 2sÞ� 2s�2t
�

l2þ
��

4ðl � dÞs � s2þ4πðd � sÞs
�
t
��

l2H;
For  nickel  HHT

½4ðl � dÞtþ2πdtc � 2st�
�

l2                               For  steel  HHT
(1)  

where l was grid length of honeycombs; t was rib thickness; tc and d were 
wall thickness and outer diameter of hollow trusses; s was the wall 
gapping distance in the rib of HHTs as illustrated in Figs. 1–2; H was the 
height of the structures, which was 20 mm for all the samples. Note that 
measured relative densities of polymeric structure were 10% lower than 

Fig. 3. a) Compressive stress-strain of all types of structures; deformation history of b) polymeric HHT and c) square honeycombs, d) vertex modified honeycombs, e) 
solid-walled honeytubes, f) nickel HHT and g) steel HHT. 
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that obtained from Eq. (1), while 10% greater for those of steel HHTs 
and about 40% lower for Ni HHTs, which was attributed to the uneven 
wall thickness either by 3D printing or electrodeposition. 

2.3. Compression experiments 

Out-of-plane compression tests were conducted on all the specimens 
with hydraulic servo testing machine (Instron 8801) at a loading speed 
of 1.2 mm/min following ASTM C365/C365M. At least three tests were 
carried out for each type of specimens to ensure repeatability. The 
compressive stress-strain curves were plotted in Fig. 3 along with 
deformation history and failure modes. The representative compressive 
response of polymeric HHTs was typical of cellular solid. The nominal 
stress increased almost linearly with nominal strain until reaching a 
stress peak accompanying with rib and tube buckling, followed by crack 
propagation at the rib-tube or rib-rib intersections. However, the 
buckling mode for each type of structures was different as shown in 
Fig. 3c–e. For Ni HHTs, the representative compressive stress-strain 
curves was similar with those for polymer HHTs. Differently, after 

reaching the stress peak, the inner cross connections buckled first as 
indicated in Fig. 3f and then followed by tube buckling. Besides, cracks 
appeared at the folding edge as further compressed, which wasn’t 
observed in the case of polymeric HHTs, and can be attributed to the 
nature of electroplated nickel. Besides, for steel HHTs, the stress-strain 
curve had two linear stages with different slopes before reaching the 
peak accompanying with rib buckling followed by tube buckling as 
shown in Fig. 3g. Subsequently, the stress decreased slightly with strain 
without obvious crushing happened before densification. The mean 
crushing force (MCF) of steel HHTS was much greater than that of other 
structures, which indicated good energy absorption capability of steel 
HHTs by 3D printing. 

3. Finite element analysis 

3.1. Method 

Finite element analysis was carried out to study the mechanical 
performance of HHTs and assist further optimal design based on Aba-
qus/Explicit. The structures were sandwiched between two rigid plates, 
as illustrated in Fig. 4a. All the honeytube structures were modeled using 
SHELL element S4R while loading plates were modeled using S4R 
element. Mechanical properties of 3D-printed toughened resin with 
density ρ ¼ 1.3 g/cm3, were tested following ASTM D695 (see supple-
mentary materials) with Young’s modulus E ¼ 700 MPa, yield strength 
σ ¼ 40 MPa, and Poisson’s ratio ʋ ¼ 0.45. Through mesh convergence 
analysis, the mesh size were chosen as 0.4 mm for honeytube structures 
and 2 mm for the loading plates. The lower plate was fixed during 
compression, while the upper one can only move through compression 
direction. Automatic self-contact was used for the self-interaction of 
honeytubes while surface-to-surface contact between structures and 
loading plates with a validated friction coefficient μ ¼ 0.5 here. 

3.2. Validation 

The simulational compressive responses of polymer HHTs and solid- 
walled honeytubes were both plotted in Fig. 4a, which agreed well with 
experimental results (refer to stiffness and strength values). Also, the 
buckling mode at the stress peaks was rather similar as shown in Fig. 4b 
and c. However, discrepancies still existed after the stress peaks as 
further compressed, which should be attributed to the post-buckling 
behaviour and complex self-contact conditions that were difficult to 
predict accurately. Note that the post-buckling behaviour was not to be 
studied in the present paper, and hence the simulation model would be 
adopted for further parametric discussion. 

Fig. 4. Comparison between experimental and simulational results for HHTs 
and solid-walled Honeytubes: a) compressive stress-strain curves; the corre-
sponding failure modes of b) solid-walled Honeytubess and c) HHTs. 

Table 1 
Summary of geometries and mechanical properties for different types of honeycombs and honeytubes tested.  

Structural type Square honeycomb Vertex-modified honeycomb Solid-walled honeytubes Polymeric HHT Nickel HHT Steel HHT 

l (mm) 20.5 10.25 20.5 20.5 22.5 20 
t (mm) 1 1 1 0.8 0.2 0.6 
d (mm) - 8 8 9.6 8 8 
tc (mm) - 0.8 0.8 0.8 0.2 0.6 
s (mm) - - - 1 1 1 
H (mm) 20 20 20 20 20 20 
ρequation  0.098 0.215 0.155 0.194 0.0581 0.150 
ρmeasured  0.085 0.186 0.135 0.186 0.033 0.173 
ρ(kg/m3)  111.06 241.98 175.87 242.27 293.75 1381.58 
σ(MPa)  2.61 3.92 6.56 6.42 16.45 142.08 
E (MPa) 107.76 104.89 129.32 125.63 1624.33 2939.46 
σ(MPa/(kg/m3))  0.0235 0.0162 0.0373 0.0265 0.0560 0.1028 

E(MPa/(kg/m3))  0.9703 0.4335 0.7353 0.5186 5.5295 2.1276 

SEA (J/g) 1.62 6.42 8.69 11.77 9.48 45.23  
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4. Discussion 

4.1. Compressive properties 

The compressive stiffness and strength, E and σ, for all HHTs with 
different raw materials under compression were calculated and 
compared with other counterparts as summarized in Table 1. The stiff-
ness and strength values of polymeric HHTs were comparable with those 
of solid-walled honeytubes; polymer HHTs were respectively approxi-
mately 1.16 and 1.20 times stiffer, while 2.46 and 1.64 times stronger 
than square honeycomb and vertex-modified honeycomb. Meanwhile, 
nickel HHTs proved to be 12.93 times stiffer and 2.62 times stronger, 
while steel HHTs were 23.40 stiffer and 22.12 times stronger than 
polymeric HHTs. In terms of specific stiffness and strength, defined as E=
ρ and σ=ρ, where ρ is the measured density of each sample, HHTs out-
performed honeycomb constructions and could be superior than the 
corresponding solid-walled honeytubes. Steel HHTs in this study showed 
the greatest specific strength, again demonstrating the superiority of 
HHT architectures. Ashby charts for specific stiffness/strength versus 

relative density, focusing on the micro-architectures without consid-
ering the property contribution of parent materials, were plotted and 
compared with other cellular materials as shown in Fig. 5. HHTs could 
possess greater specific mechanical properties than other counterparts, 
such as polymeric hexagonal honeycombs [34], metal foam [35], 
microlattice [36] and even nanolattice [37]. When comparing with 
solid-walled honeytubes, HHTs could also be designed lighter with 
greater specific mechanical properties. However, HHTs did not always 
outperform the corresponding solid-walled honeytubes. Then, those 
HHTs with different normalized geometries (d/l, s/l, t/l) were modeled 
and analyzed, to explore how structural geometries influence and opti-
mize the mechanical properties. 

4.2. Effects of geometries 

For effects of d/l, honeytube structures with various d/l were virtu-
ally tested with the other two parameters fixed at s/l ¼ 0.0488 and t/ 
l ¼ 0.0390. The strength, specific strength and yield strain at the peak 
stress were compared in Fig. 6a, from which all the data increased first 

Fig. 5. Ashby chart for a) specific strength and b) specific stiffness against relative density of HHTs comparing with other materials.  

Fig. 6. a) The variation of strength, specific strength and yielding strain with d/l; the corresponding failure modes at the stress peak for HHTs with b) d/l ¼ 0.29 and 
c) d/l ¼ 0.58; the variation of strength, specific strength of HHTs with different normalized geometries d) s/l and e) t/l. 
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and then decreased with d/l, indicating an optimal d/l existed for the 
greatest strength and specific strength values. The optimal nominalized 
tube diameter should be related to the failure mode transition as d/l 
varied. As shown in Fig. 6b, as d/l is relatively small, the ribs and tubes 
of HHTs exhibited one-half-wave buckling behavior; meanwhile, as d/l 

is relatively large, different higher-order buckling behavior was 
observed and thus tube-rib interaction was stronger. 

For effects of normalized rib geometries, structures with different s/l 
and t/l were modeled and analyzed. The variation of strength and spe-
cific strength with s/l and t/l were plotted in Fig. 6d and e, respectively. 

Fig. 7. a) Illustrations of five hollow honeytubes with different tube configurations; b) the specific strength for the corresponding structures comparing with that of 
original HHTs; failure modes of hollow honeytubes with c) gradient-thickness tubes and d) bamboo-inspired tubes at the corresponding stress peak. 

Fig. 8. a) Illustration of two novel types of HHTs after employing sandwich strategy comparing with original HHTs; b) the strengthening effects against thickness 
ratios in sandwich ribs; c) specific strength comparison among the three types of honeytubes. 
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The strength and specific strength vary little with s/l as shown in Fig. 6d, 
which may be attributed to the weak coupling effect between the two 
thin-walled plates in each rib. The two plates deform individually when 
being compressed, and thus the rib gapping distance plays an inconse-
quential role in the mechanical performance of HHT. In contrast, the 
strength and specific strength increase significantly as t/l increases as 
shown in Fig. 6e. The failure mode of HHTs are combinations of tube and 
rib failure because the elastic buckling resistance of plates is strongly 
improved [38]. 

4.3. Effects of tube configurations 

The tube geometries will affect tube-rib interactions and the me-
chanical performance of HHTs [27,28]. In this section, four additional 
tube configurations were designed, including those with closed tube, 
cross-rib tube, multi-cell strengthened tube and gradient-thickness tube 
as shown in Fig. 7a, and examined by FE analysis comparing with 
original HHT. Note that the “original tube” model was the same struc-
tures tested in the experimental section, and the “cross-rib tube” model 
and “strengthened tube” model were both bionic design inspired from 
bamboo [39]. In the gradient-thickness tube, we take h1 ¼ h3 ¼ 7 mm, 
h2 ¼ 6 mm; t1 ¼ 0.8 mm, t2 ¼ 1.2 mm and t3 ¼ 1.6 mm. The specific 
strength values of HHTs with four novel tube configurations were 
plotted and compared with original ones as shown in Fig. 7b. The spe-
cific strength for structures with closed tubes is about 17.6% greater 
than that for structures with original tubes, which explicates the 
importance of tube integrity in structural strengthening, and can also 
explain the unexpected results that the un-closed HHTs do not outper-
form the corresponding solid-walled honeytubes in the experimental 
section. Note that all the models in section 4.1 contain closed tubes for 
analysis. Furthermore, among the other three tube configurations, HHTs 
with gradient-thickness tubes exhibit relatively poor mechanical per-
formance, even poorer than those with closed tubes. The corresponding 
failure mode was shown in Fig. 7c, and the thinner-wall end buckled first 
at a very small yield strain of ε ¼ 0.090 while ε ¼ 0.105 for those with 
closed tubes. The uneven stress state in this kind of tubes led to early 
tube buckling and thus reduced load bearing capacity. In contrast, the 
specific strength for HHTs with cross-rib tubes and strengthened tubes 
were 26.8% and 36.6% greater than those with original tubes, respec-
tively. The failure mode of HHTs with strengthened tubes was shown in 
Fig. 7d. The complex internal tube microstructures could increase the 
buckling resistance of tubes and thus be vital to increase the corre-
sponding load bearing capacity of HHTs. Based on the above study, 
polymeric HHTs with strengthened tubes were printed and studied as 
well. During compression, a stress plateau stage appeared after the stress 
peak which is the 1.28 times stronger than that of the non-strengthened 
ones and also showed the potential in energy absorption. 

4.4. Effects of sandwich constructions 

As we mentioned before, the inducing of thin-walled structures had 
broadened the designability of Honeytube structures. In our previous 
study, we had demonstrated hierarchical structures by incorporating 
sandwich construction possesses greater mechanical performance than 
their non-hierarchical counterparts [11,40,41]. Accordingly, to further 
improve the specific properties of HHTs, a similar strategy was adopted 
and two types of sandwich constructions were designed comparing with 
the original monolithic one (termed as Type I here) as shown in Fig. 8a 
accompanying with the critical geometries. Type II was a 
sandwich-walled honeytube while Type III the original HHT filled the 
inner space with polyurethane foam. Mechanical properties of these 
three structures were examined through FE analysis. The mechanical 
properties of polyurethane foam used in this study were: Young’s 
modulus E ¼ 110 MPa, yield strength σ ¼ 3 MPa, density ρ ¼ 0.2 g/cm3, 
and Poisson’s ratio ʋ ¼ 0.4 [42]. For a honeycomb unit cell of 
side-length l0 and height h0 subjected to an out-of-plane compressive 

load, the critical load for elastic buckling read Pbuck ¼ Kπ2D=l20, where K 
was the buckling coefficient depending on the constraint conditions at 
the boundaries, and D the bending stiffness of the constituent honey-
comb ribs [38]. When sandwich ribs (Type III honeytubes) were utilized 
to form the corresponding honeycombs, the overall bending stiffness D 
could be expressed by neglecting the contribution of foam core as D ¼

Ef
1� ν2

f

t0ðs0þt0Þ2
2 , where Ef and νf are the Young’s modulus and Poisson’s 

ratio of face sheet, t0 and s0 are respectively the thickness of face sheet 
and foam core. The critical buckling load for honeytubes were thus 
analyzed by simplifying the tube-integrated ribs as original ribs while 
neglecting the shape factor after integrating tubes. Accordingly, the 
corresponding specific buckling load for each type of honeytube was 
given as followed: 
8
>>>>>>>>>><

>>>>>>>>>>:

PI ¼
Kπ2Ef

1 � ν2
f

t3

6
1

2tρf
                            For  Type  I 

PII ¼
Kπ2Ef

1 � ν2
f

t0ðt0 þ s0Þ
2

2
1

2t0ρf þ s0ρc
  For   Type  II  

PIII ¼
Kπ2Ef

1 � ν2
f

tðt þ sÞ2

2
1

2tρf þ sρc
        For   Type  III

(2) 

The enhancement effect after employing sandwich constructions 
comparing with Type I honeytubes can be plotted in Fig. 8b and then 
analyzed. For Type II honeytubes, the enhancement ratio PII=PI 

increased with t0=s0 first and then decreases, indicating that an optimal 
t0=s0 existed for the best performance; meanwhile, Type III honeytubes 
exhibited a much stronger enhancement effect and could always 
outperform Type I HHTs in terms of specific strength whatever the value 
t=s was. 

These three types of honeytubes were further studied by finite 
element simulation with various geometries. All the specific strength 
were calculated and compared in Fig. 8c. The specific strength of Type II 
honeytube model decreased as t0=s0, and equalled to that of Type I 
honeytube model as t0=s0 ¼ 1.5. Moreover, the specific strength of Type 
III honeytube was the greatest, which again indicated the advantages by 
filling the HHT ribs with lightweight foams. The load could not be 
transferred through the gap between the two rib plates in either Type I 
or Type II structures, which had affected the structural stability and 
load-bearing capacity. 

4.5. Energy absorption 

Steel HHTs exhibited relatively higher mean crushing force (MCF), 
which increased their energy absorption capability. According to 
simplified super folding Element (SSFE) [43–46], mean crushing force 
for steel HHTs can be theoretically deduced (see supplementary mate-
rials). Energy absorption capacities were then analyzed and compared, 
which defined as the area under the force-displacement curve given as 
W ¼

R εD
0 Fds. εD was the densification strain calculated by 

ðdψðεÞ=dεÞjε¼εD
¼ 0, where ψ is the absorption efficiency defined by ψ ¼

R ε
0 σðεÞdε=σðεÞ. Then the specific energy absorption (SEA), defined as 

energy absorption per unit mass SEA ¼ W/m, were summarized in 
Table 1. Among all HHTs structures in this work, steel HHTs have the 
best energy absorption capacity, while polymer and nickel HHTs was 
limited by the fabrication process and properties of parent materials as 
well. SEA of HHT structures were compared with other structures and 
also ploted with relative densities as shown in Fig. 9. HHT structures 
could outperform solid-walled honeytube, polymer foams [47], metallic 
foams [48], metallic lattices [49] and steel lattice-honeycombs [50], 
showing promising potential in energy absorption capacity. 
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5. Conclusions 

Hollow honeytubes (HHTs) were designed with interconnected films 
and then fabricated through different approaches including 3D printing 
and electro-chemical deposition, yielding polymer HHTs, nickel HHTs, 
and steel HHTs. Those HHTs with various geometries, tube configura-
tions and sandwich ribs were comprehensively studied experimentally, 
analytically and computationally. Hollow honeytubes (HHTs) in the 
present study have provided further guidelines for designing and opti-
mizing architectured structures.  

● HHTs could outperform solid-walled honeytubes and bio-inspired 
honeycombs, but stress concentration and cracks were readily to 
initiate at the tube-rib intersections.  

● The additionally normalized geometry s/l exhibited slight influences 
by simulation, due to the weak coupling effects between the two 
parallel rib walls of HHTs; meanwhile, normalized geometries t/l and 
d/l exhibited similar effects on compressive performance of HHTs 
comparing with that of solid-walled counterparts.  

● Tube configurations, especially tube completeness and stiffeners 
were vital for the specific performance of HHTs. Those with 
strengthened tubes which had stronger interaction with rib walls, 
exhibited the greatest specific strength among all the configurations 
discussed and also exhibited excellent energy absorption potential.  

● Foam sandwich constructions were incorporated to further increase 
the specific performance of HHTs. Theoretical analysis and FE sim-
ulational results revealed that HHTs after filling with foam, could 
exhibit much stronger enhancement than sandwich-walled HHTs 
which outperformed the original Type I HHTs only with selected 
t0=s0. 

● Steel HHTs exhibited high mean crushing force and the specific en-
ergy absorption of HHTs could surpass most of existing cellular 
counterparts. 

Microstructure design can tailor mechanical properties of light-
weight materials, which have provided opportunities to combine arti-
ficial intelligence (AI) into materials design and deserve future efforts. 
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