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Abstract
In recent years, thin-walled structures filled with various materials and structures have been of interest due to their high 
energy absorption efficiency and lightweight. The current developments in additive manufacturing technologies provide a 
useful tool to produce low-density core materials to improve the energy absorption performance of thin-walled structures. 
For that purpose, lattice filled thin-walled structures with two types of periodic shellular materials (i.e., diamond TPMS 
and SC-FCC-BCC plate-lattice) were proposed, and the effect of various design parameters, including tube thickness and 
height, on the energy absorption characteristics was tested under quasi-static loading and validated using finite element 
analysis (FEA) and homogenization techniques. Diamond cylindrical core lattices developed diagonal shear bands at the 
early loading stages, while the constituting plates of SC-FCC-BCC lattice tended to bend toward the loading direction. As a 
result of their lower degree of buckling, short hybrid samples showed a higher ability to absorb energy as compared to long 
samples because of the larger induced interaction effect between the considered cores and tubes. These effects were due the 
variations in the deformation mechanism, which subsequently led to an increase in the energy absorption of the structures. 
From an energy absorption perspective, the optimal hybrid structure design with maximum specific energy absorption was 
found to be at 1 mm short hybrid tube samples for both SC-FCC-BCC plate-lattice (22.7 J/g) and diamond TPMS (18.6 J/g). 
This study demonstrates the potential of employing these structures in sectors where high energy absorption is necessary, 
including automotive, aerospace, and protective structures and are, thus, recommended as promising candidates for crash-
worthiness applications.

Keywords  Triply periodic minimal surface (TPMS) · Plate-lattices · Additive manufacturing · Metamaterials · 
Homogenized core · Lattices

1  Introduction

For the case of impact loading protection, thin-walled struc-
tures come as the most prominent choice due to their com-
bined properties of high energy absorption, low cost, light-
weight and ease of manufacturing [1–3]. These structures 
are recognized for their exceptional energy absorption to 
mass ratio, enhancing reliability in sectors where structural 
mass is critical [4]. Thin-walled structures are increasingly 
recognized for their potential across multiple industries 
due to their unique combination of properties [1, 5–8]. In 
the automotive sector, they improve vehicle safety and fuel 
efficiency by enhancing crashworthiness while maintaining 
lightweight [9, 10]. In aerospace industry, they contribute 
to the enhancement of lightweight design in aircraft com-
ponents [11]. Civil engineering also benefits from their use 
in impact-resistant barriers and protective building panels, 
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offering both strength and durability under dynamic load-
ing conditions [12]. Additionally, in the biomedical field, 
the high surface area and tailored mechanical properties of 
thin-walled lattice structures are advantageous in design-
ing implants that mimic the mechanical properties of bones, 
promoting better integration and longevity of the implants 
[13, 14].

Although thin-walled structures show immense poten-
tial in terms of energy absorption, their impact loading 
stress–strain curves display a high peak followed by a sharp 
drop, indicating an undesirable reduction in the structure’s 
strength. To avoid such behavior, the development of thin-
walled structures with unique designs has been of interest to 
many researchers. For that purpose, various cross-sectional 
shapes (e.g., circular, rectangular, triangular), materials 
(e.g., corks, composites, steel), and geometric patterns (e.g., 
functionally graded, windowed) were proposed [15–20].

Attempts to improve the crashworthiness of the thin-
walled tubes were carried out by filling the tubes with dif-
ferent types of low-density porous materials, such as foams 
and lattice structures [21, 22]. Several studies revealed that 
the foam-filled tubes improve the crushing performance as 
compared to empty tubes [23–25]. These improvements 
were related to the advantageous modifications in the buck-
ling modes of the structure, reducing its buckling length 
by inner foam interactions with the thin-walled structure. 
The interaction effects between the filler foams/lattices and 
the supporting structures result in desirable characteristics 
in terms of energy absorption and mass specific properties. 
While aluminum foams have drawn growing attention due 
to their lightweight properties and stable deformation [22], 
a limitation of such foams is their low crushing strength 
which results in a limited energy absorption capacity per 
unit volume [16, 24]. Some alternative cores that can be 
utilized are lattice structures that provide a high capability 
to absorb mechanical loading combined with lightweight 
and stiffness, making them desirable for energy absorption 
devices [26–31]. As a result of the structural complexity and 
fabrication difficulties, lattice structures as inserts were not 
widely utilized in engineering applications. With the rapid 
development of additive manufacturing (AM), fabrication 
and testing of such lattices became effortlessly possible [32]. 
As such, works related to additively manufactured lattice-
filled tubes were recently explored in the literature. The 
most widely studied lattices as thin-walled structures cores 
are honeycombs and trusses. Each of these structures has 
its own unique behavior and advantages. Since 2D cellular 
structures suffer from unstable deformation and premature 
failure, honeycombs are commonly combined with thin-
walled components as hybrid structures. In this regard, Liu 
et al. [33] investigated the influence of combining carbon 
fiber reinforced polymer (CFRP)-based square tubes with 
aluminum-based honeycomb structures under axial loading. 

The authors noted a slight increase of about 2% in specific 
energy absorption (SEA) as compared to the empty tubes, 
with high dependence on the cell width of the inner lat-
tice. Combining different materials might result in distinct 
properties. For instance, low-carbon steel square tubes and 
Vero Gray Full Cure 850 honeycomb cores resulted in 28% 
increase in SEA [34], while 23% increase was reported for 
aluminum honeycomb and square tubes [35]. The wide vari-
ations were attributable to the differences in the interactions 
between the inner lattice structure and the tube, based on the 
material considered. A disadvantage of honeycombs how-
ever, is their high anisotropy [36], which is considered as 
a huge limitation when used for energy absorption. Truss 
lattices, on the other hand, outperform honeycombs in terms 
of specific strength and stiffness [37]. These structures 
were often combined with thin-walled structures as energy 
absorption devices. In their most recent works, Cetin et al. 
[38–40] investigated the mechanical behavior of aluminum-
based body-centered cubic (BCC) and body-centered cubic 
with vertical struts (BCC-Z) as fillers in squared AlSi10Mg 
tubes under axial impact loading. It was noted that the tube 
and the inner lattice highly contribute to the buckling behav-
ior of each other, having energy absorption improved with 
the optimization of the tube thickness and the inner core 
design. Additionally, Liu et al. [41] analyzed the behavior 
of aluminum-based BCC lattices as core structure of sin-
gle, double, and multi-cell tubes with different aspect ratios. 
They noted a higher energy absorption efficiency as either 
strut size increased or aspect ratio reduced, which was a 
result of the low levels of buckling associated with both 
cases.

From an energy absorption efficiency perspective, the 
abovementioned structures do not possess the utmost 
energy absorption capabilities as compared to the newly 
developed triply periodic minimal surfaces (TPMS) [42, 
43] and plate-lattices [44]. TPMS structures are well 
known for their superior mechanical properties as com-
pared to strut-based lattices. Furthermore, the plate-lat-
tices were also characterized with outstanding stiffness 
and mechanical energy absorption performance, and can 
be quite comparable with TPMS when hybridized [28]. 
Indeed, among different plate-lattices, the most promis-
ing are the combined unit cells, owing to their high stiff-
ness and energy absorption performance [44]. For that, 
these lattices can be excellent candidates for lattice-filled 
thin-walled structures. The utilization of these two lattice 
types as core material for energy absorption devices is 
new and not widely explored in literature. Few works have 
investigated the advantages of adding TPMS as cores to 
thin-walled structures, while plate-lattices were not con-
sidered previously. For the case of TPMS, Novak et al. [45, 
46] and Yin et al. [47] experimentally tested the mechani-
cal behavior, under quasi-static and bending loading, of 
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aluminum-based squared tubes filled with TPMS lattices. 
A drastic increase in energy absorption was reported, up 
to 46%, as compared to the sum of empty tube and refer-
ence core. Among different TPMS structures, diamond is 
the most promising in terms of energy absorption [48, 49].

From the abovementioned studies on thin-walled hybrid 
structures, it can be emphasized that there is a need to 
further explore the mechanical performance of different 
combinations of materials, inner lattice designs, and tube 
cross sections and thicknesses. Due to the importance of 
energy absorption components, it is a critical challenge 
to explore the potential advantages of utilizing TPMS lat-
tices and plate-lattices. In this study, diamond TPMS and 
SC-FCC-BCC plate-lattice-filled tubes were proposed, and 
their quasi-static mechanical behavior, in terms of defor-
mation mechanism and energy absorption was analyzed 
for different tube designs. The experimental data were then 
utilized to validate the developed computational model.

The manuscript is organized as follows: Sect. 2 provides 
a summary of the materials and methods used to design 
and characterize the hybrid structure samples, based on 
factorial design. Section 3 is dedicated to provision of 
effects of the distinctive design parameters on the defor-
mation mechanism and mechanical behavior of the hybrid 
structures. Finally, the conclusions, limitations, and out-
look of the present work are summarized in Sect. 4.

2 � Materials and methods

2.1 � Design and fabrication of the samples

The TPMS are surfaces that are defined by zero mean cur-
vature at every domain’s point in three dimensions. Plate-
lattices are formed by placing plates along planes of a crystal 
structure. The two studied structures are diamond TPMS and 
SC-FCC-BCC plate-lattice with a fixed value of relative den-
sity and unit cell length. The CAD files of the SC-FCC-BCC 
plate-lattice were created by combining three types of plate-
lattices (i.e., FCC, BCC, and SC) using SOLIDWORKS 
software. The sheet-based diamond TPMS lattice was gen-
erated using MSLattice software, developed by Al-Ketan 
and Abu Al-Rub [50], using the level-set approximation:

where x, y, z are Cartesian coordinates, and c is a parameter 
representing the level-set iso-value, which controls the rela-
tive density.

The chosen relative densities and unit cell length are 
�R = 40% and Lu = 18 mm for diamond and �R = 50% and 
Lu = 22 mm for the plate-lattice, respectively. These val-
ues are based on the optimized design for structural specific 
energy absorption in [51]. The designed cylindrical lattices 
are shown in Fig. 1.

(1)cos x cos y cos z − sin x sin y sin z = c,

Fig. 1   CAD design of the 
cylindrical lattices considered 
( �

R
 = 40% for diamond and 

�
R
 = 50% for the SC-FCC-BCC 

plate-lattice) and a schematic 
representation of the designed 
lattice-filled tubes
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Three design variables were considered in this work, 
namely tube height ( hT) , tube thickness ( tT) , and tube core 
lattice structure. To fabricate the core structures, fused 
deposition modeling (FDM) 3D printing technique was 
employed, comprising of Triton™ Acrylonitrile butadiene 
styrene (ABS) thermoplastic polymer, via Creatbot F430 
3D printer, equipped with 300 × 300 mm build plate. ABS 
was chosen as the material for the experiments due to its 
favorable mechanical properties, which makes it suitable for 
evaluating the mechanical behavior of polymeric 3D-printed 
cellular materials. The chosen printing parameters were 
based on an optimization process, utilized following [52]. 
The extruder temperature was set to 230 °C, while the build 
plate was heated to 100 °C, the layer thickness and print-
ing speed were set at 0.2 mm and 50 mm/s, respectively. 
To ensure a high-quality print, the printer capabilities were 
respected. In particular, a nozzle diameter of 0.4 mm was 
used, based on the minimum wall thickness of the designed 
structures (1.2 mm), utilizing a diameter that is at least half 
of the minimum feature size. The infill parameter was set to 
100%, to assure fabricating fully dense sheets or plates in the 
lattices. The filament material properties are summarized in 
Table 1.

The extruded tubes were made of Aluminum (Al) 6063-
T6. The original thickness of the tube was 2 mm. The tubes 
were machined to reduce the thickness based on the facto-
rial design of Table 2. Extra thickness at the two ends of 
the tubes was kept at 2 mm to avoid stress concentration 
points (Fig. 1), the tubes were then polished to avoid stress 
concentration. To obtain the material’s mechanical proper-
ties used in finite element analysis (FEA), a plate of the 
same material (Al) was purchased and machined into dog 
bone samples, while ABS tensile samples where additively 

manufactured with similar process parameters as the lattice 
core structures. Based on the factorial design, lattice samples 
with hT= 50 mm and 100 mm heights were fabricated and 
inserted into the tubes with different tube thicknesses. The 
mass of each sample was measured with a 0.001 g accu-
racy scale to evaluate the mass relative density and specific 
energy absorption (SEA).

2.2 � Experimental testing

Upon fabrication, uniaxial compression was employed to 
evaluate the effect of distinctive design parameters on the 
mechanical response of the hybrid cylindrical structures 
using Instron 5969 universal testing machine. The dis-
placement was reported by measuring the movement of 
the crosshead and compressive load was measured using a 
100 kN load cell. The samples were tested until densifica-
tion or when a load limit of 95 kN was reached, with a strain 
rate of 4 mm/min. To ensure repeatability, three replicas 
of each sample were fabricated and tested. Energy absorp-
tion was calculated until the displacement representing the 
onset of densification, which was accurately evaluated using 
the efficiency curve criteria [53]. The crushing behavior of 
all samples was recorded using a high-definition camera to 
investigate the effect of each parameter considered.

2.3 � Finite element analysis (FEA)

FEA and a numerical homogenization technique were uti-
lized to validate the obtained experimental results. Initially, 
the mechanical properties of aluminum and ABS were 
obtained by testing dog bone specimens under tension, based 
on ASTM E8 and ASTM D638 standards, respectively. For 
the core material, the effective mechanical properties of 
the two structures were extracted. Following the procedure 
described by Lee et al. [54], numerical homogenization was 
firstly carried out using the unit cell method, which takes 
advantage of the periodicity of the structures to obtain the 
effective behavior from a single representative cell subjected 
to periodic boundary conditions. The obtained effective 
mechanical properties were then utilized to simulate the 
hybrid structures with a homogenized core, as illustrated 
in Fig. 2.

For that purpose, the CAD files were exported to Abaqus 
FEA software. An isotropic, finite strain, elasto-plastic, and 
rate-independent constitutive material model for both tube 
and inner core was used. Damage and fracture modeling 
were ignored in the current study for simplicity, since most 
of the observed deformation mechanisms are driven by plas-
tic collapse and deformation. A summary of the mechanical 
properties of Al and effective properties for both diamond 
and plate-lattice structures cores is provided in Table 3. 
From this point onwards, the SC-FCC-BCC plate-lattice 

Table 1   Properties of 3D printing ABS

Property Triton™ ABS

Density 1.05 g/cm3

Tensile strength 30 MPa
Filament diameter 1.75 mm
Glass transition temperature 105 °C

Table 2   Factorial design of experiments

Different combinations of the presented values were considered for 
the samples

Parameter Value

Tube thickness [ t
T
 ] (mm) 0.50, 0.75, 1.00

Tube height [ h
T
] (mm) 50, 100

Core structure Diamond TPMS, 
SC-FCC-BCC 
plate-lattice
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and diamond TPMS might be referred to as “PL” and “D,” 
respectively.

A surface contact with friction was defined between the 
tube and the supports, and a general contact with friction 
was defined for the tube and core structure. The friction 
coefficients at the supports and the hybrid structure were 
set to 0.2 and 0.4, respectively. A quadratic tetrahedral ele-
ment (C3D10 per Abaqus notion) was utilized for the mesh 
for both cores and tubes. Mesh sensitivity analysis was con-
ducted until minimal difference in the results was observed.

3 � Results and discussion

The mechanical behavior of the lattice-filled tubes was inves-
tigated under quasi-static axial loading experimentally and 
using FEA. The quasi-static loading was first carried out and 
the force–displacement curves and deformation mechanism 
of each sample was analyzed for core lattice, empty tubes, 
and lattice-filled tubes with different thicknesses and heights. 
The results were then validated using FEA and numerical 
homogenization. The obtained samples were weighted upon 

fabrication and the actual mass relative density was evaluated 
and compared to the CAD models’ relative density, as shown 
in Table 4.

It can be noted from Table 4 that there was a slight devia-
tion in the values of actual mass �R as compared to designed 
�R , with higher differences for the plate-lattice than diamond 
structures. These variations were attributed to the discrepan-
cies of walls thickness and other printing defects associated 
with the process of extrusion-based additive manufacturing. 
The presence of such defects significantly contributes to the 
accuracy of fabricated parts, leading to variations in the total 
volume occupied by the fabricated sample and thus, relative 
density of the structure. The samples were divided into two 
groups, long ( hT = 100 mm ) and short ( hT = 50mm ) sam-
ples. The additively manufactured cylindrical cores and hybrid 
structures are illustrated in Fig. 3.

Fig. 2   Schematic representation of the applied boundary conditions for FEA. Homogenization technique was used to obtain the effective proper-
ties for the lattice core structure

Table 3   Experimentally 
obtained mechanical properties 
utilized in FEA material model

Effective properties were obtained using FEA unit cell method and homogenization technique

Property Tubes (Alu-
minum)

Homogenized diamond 
(ABS)

Homogenized 
plate-lattice 
(ABS)

Young’s modulus (GPa) 66.7 – –
Effective Young’s modulus (MPa) – 2.2 2.4
Yield stress (MPa) 202 – –
Effective yield stress (MPa) – 4.4 9.9
Poisson’s ratio 0.33 0.35 0.35
Mass density (g/cm3) 2.7 1.05 1.05
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3.1 � Quasi‑static axial loading

3.1.1 � Empty tubes mechanical behavior

Reference tubes with different thicknesses and heights were 
tested to identify the collapse mode based on the design 
parameters. The inner diameter of all tubes was fixed at 46 
mm, while tT (0.5, 0.75 and 1 mm) and hT (50 and 100 mm) 
varied. Two important ratios that predict the deformation 

mechanism can be calculated for each sample, namely hT∕D 
and tT∕D , where D represents the inner diameter of the tube 
(i.e., 46 mm). Based on these ratios, the collapse modes of 
different structures were examined and plotted by Andrews 
et al. [55], noting that specific combinations of these ratios 
trigger certain types of collapse modes. The deformation 
mechanism based on design parameters follows the same 
behavior predicted. The obtained deformation mechanism 
from experiments and FEA at 30% strain level (30 mm 

Table 4   Measured mass �
R
 of 

the additively manufactured 
lattice core structures and the 
deviation from the originally 
designed CAD models for the 
different structures and heights

Sample L
U
(mm) Designed 

�
R
 (%)

L
T
(mm) Sample mass (g) Mass �

R
 (%) Deviation (%)

Diamond TPMS 18 40 50 35.89 ± 0.08 39.18 ± 0.21 − 2.0
100 70.04 ± 0.61 39.41 ± 0.86 − 1.5

SC-FCC-BCC plate-lattice 22 50 50 98.06 ± 0.90 51.49 ± 0.92  + 3.0
100 49.63 ± 0.40 52.12 ± 0.80  + 4.2

Fig. 3   Tested samples; empty a long and b short Al tubes; c Diamond lattice-filled long Al tubes; d SC-FCC-BCC plate-lattice-filled long Al 
tubes; e Diamond-filled short Al tubes; f SC-FCC-BCC plate-lattice-filled short Al tubes
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displacement for long tubes and 15 mm for short tubes), in 
addition to the force–displacement curves of the long and 
short empty tubes are provided in Fig. 4.

The deformation mechanism is well captured by the com-
putational model (Fig. 4a). For the short samples, tube thick-
ness highly affects the crushing behavior. At tT = 0.5 mm 
the tubes tend to undergo a mixed mode of deformation, 
which was indicated by the formation of an axisymmetric 
ring followed by sequential folding, resulting due to the 
change of the cross-sectional area of the tube (diamond col-
lapse). As tube thickness increased ( tT = 0.75 and 1 mm ), 
the formation of an axisymmetric ring, starting from one 
end of the tube was obtained. Maximum energy absorption 
can be achieved by the formation of the so-called concer-
tina rings [20, 31, 55]. The formation of these rings can be 
confirmed by the development of two consecutive waves 
with comparable amplitude in the force–displacement curve. 
For instance, the two consecutive peaks at ~ 11 and 25 mm 
displacement for the 1 mm tube of Fig. 4b represent the 
formation of the axisymmetric ring. The long tubes, on the 
other hand, were characterized by mixed collapse modes at 
all considered tube thicknesses. Those were represented by 

a combined formation of axisymmetric rings and diamond 
folds, which are indicated in the force–displacement curves 
of Fig. 4c as random peaks and fluctuations. It is worth not-
ing that mixed collapse mode, in general, negatively affects 
the overall performance of the hybrid structures [31].

3.1.2 � Effect of hybrid structure design on the mechanical 
behavior

In this sub-section, the effects of the parameters studied (i.e., 
tube thickness, height, and core lattice type) on the mechani-
cal performance of the hybrid structures are presented. The 
force–displacement curves and crushing behavior are first 
discussed, and the mechanical properties extracted from the 
curves are subsequently illustrated.

3.1.2.1  Force–displacement curves and  deformation 
mechanism  Experimental and computational mechanical 
responses, indicated by force–displacement curves for long 
and short samples with the three considered thicknesses are 
provided in Figs. 5 and 6, respectively. Simulation curves 
produced using the homogenization technique follow a 

Fig. 4   Experimental vs computational model deformation behavior 
at 30% strain level showing von Mises stress contours in MPa for a 
short and long empty Al tubes and force–displacement curves for b 

short and c long tubes with different thicknesses. The dashed lines 
represent FEA results
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similar trend as the experimentally obtained ones. Stiffness, 
densification displacement, in addition to the plateau crush-
ing force were well captured by the elasto-plastic material 
model for core structures and tubes (empty or filled). Since 
the inner lattice structure in the simulation was homog-
enized, the deformation mechanism differs from the experi-
mentally obtained samples, which are shown by the per-
fectly plastic plateau in the simulation curves, as opposed 
to the fluctuating plateau in the experimental curves, which 
represents the deformation behavior of the inner core lattice.

It can be noted from the force–displacement curves that 
the addition of the inner core highly increased the forces 
developed in the structure, preventing the initial dip in 
the empty tubes’ curves. Furthermore, the SC-FCC-BCC 
plate-lattice had higher stiffness and was able to sustain 
higher loads as compared to diamond. Generally, diamond 
TPMS structures have superior plateau and yield stresses 
as compared to individual plate-lattices [49]. In the current 

study, the plate-lattice had a higher design relative den-
sity ( ρR = 50% ) as opposed to diamond lattice ( ρR = 40% ), 
thus, can sustain higher loads. For all long samples, the 
addition of the core structure to the tube results in the 
reduction in the stiffness, which can be indicated by the 
slope in the elastic region. The value of the stiffness is an 
average of the empty tube and reference core structure. 
Interestingly, the addition of the lattice structures has a 
negligible effect on the stiffness for short samples. In par-
ticular, the slope of the force–displacement curve (i.e., 
stiffness) was identical for all three structures at any tube 
thickness. Tubes with low thickness were noted to fail at 
early loading stages. The failure displacement values of 
these tubes, extracted from crushing videos, is denoted 
in the plots.

To fully visualize the behavior of the hybrid structures 
and the interaction effect, the deformation mechanism of 
the long and short samples with different tube thicknesses 

Fig. 5   Force–displacement curves for long samples: a core lattices; b 0.5 mm tubes; c 0.75 mm tubes; d 1 mm tubes. The dashed lines represent 
computational results
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at 45% strain (45 mm and 22.5 mm displacement) are illus-
trated in Figs. 7 and 8, respectively.

As in the figures, the deformation mechanism for dia-
mond and plate-lattice core structures had distinct deforma-
tion behavior for long and short samples. In particular, dia-
mond cylindrical lattice develops shear bands in the diagonal 
direction in a 45° plane for both long and short samples, up 
to 20 mm displacement for long and 10 mm for short sam-
ples, while the constituting plates of the plate-lattice tend to 
bend towards the loading direction. Furthermore, for both 
diamond and plate-lattice cylinders, buckling due to the 
localization of the stress in the middle was observed. This 
buckling resulted in the early failure of the thin tubes when 
the core lattices were added ( tT = 0.5 and 0.75 mm), which 
was not detected as thicker tubes were utilized ( tT = 1 mm). 
For the short samples, on the other hand, buckling of the 
as-fabricated core structures was less noticeable, which was 
attributed to the ratio of L/D being minimized. As a result, 
failure of the samples at initial loading was only reported 

for structure with the diamond core at tT = 0.5 and 0.75 mm 
tubes. The deformation mechanism of the thicker tubes that 
did not experience early failure appears to be different for 
long and short samples. At tT = 0.75 and 1 mm, short tubes 
filled with plate-lattice and diamond lattice tended to form 
rings around the inner core. The formation of these rings is 
indicated in the force–displacement curves of Fig. 6c and 
d by two dips at the early loading stage (10–20 mm). The 
deformation behavior of the short hybrid structures was 
more stable than that of the long samples, which was highly 
reflected in the force–displacement curves. Particularly, the 
plateau stress was higher for short samples in most cases of 
the various design combinations.

3.1.2.2  Mechanical properties of the hybrid structures  In this 
sub-section, the effects of tube thickness and height, in addition 
to the core lattice type on the mechanical properties extracted 
from the force–displacement response were discussed. One 
can convert the experimentally obtained force–displacement 

Fig. 6   Force–displacement curves for short samples: a core lattices; b 0.5 mm tubes; c 0.75 mm tubes; d 1 mm tubes. The dashed lines represent 
computational results
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diagrams into stress–strain responses by dividing the force by 
the cross-sectional area and displacement by the tube’s length. 
Thus, the properties chosen to compare the mechanical prop-
erties were plateau stress, toughness, and SEA. The plateau 
stress was calculated as the average stress between the range 
20% and 40% strain levels. While toughness was calculated as 
the area under the stress–strain curve up to the strain level rep-
resenting the onset of densification. The densification strain 
determined varied from 60 to 75% strain level, depending on 
the sample. The specific toughness and SEA were calculated 
as follows:

(2)toughness =
∫
�d

0
�(�)dx

mm

,

where �d and �d represent densification strain and displace-
ment, respectively; F is the compressive force, and mm is the 
measured mass of the sample.

The plateau stress values of the long and short samples, 
extracted from the curves, are provided in the bar charts of 
Fig. 9. The effect of tube thickness variation on the plateau 
stress was quite comparable for both short and long samples. 
The value of plateau stress increased with increase in tube 
thickness. This behavior was expected since thicker tube 
thickness allows the structure to sustain more load, and thus 
increases the plateau stress.

(3)SEA =
∫
�d
0
F(x)dx

mm

,

                  Tube thickness

Structure
Core 0.5 mm 0.75 mm 1 mm

Diamond TPMS lattice

SC-FCC-BCC plate-lattice

Fig. 7   Deformation mechanism of the long reference cores and hybrid structures with different thicknesses at 45 mm displacement (45% strain 
level)

                  Tube thickness

Structure
Core 0.5 mm 0.75 mm 1 mm

Diamond TPMS lattice

SC-FCC-BCC plate-lattice

Fig. 8   Deformation mechanism of the short reference cores and hybrid structures with different thicknesses at 22.5 mm displacement (45% strain 
level)
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Variations in plateau stress were more substantial when 
tube height was varied, as opposed to tube thickness. Com-
paring long and short samples, plateau stress increased up to 
70% for short samples than the long tubes. This huge varia-
tion can be directly correlated to the deformation mechanism 
of the structure, since the failure of the tube was less prob-
able as tube height was reduced (Figs. 7 and 8). In a related 
study, Novak et al. [45] tested in situ and ex situ diamond 
TPMS-filled stainless steel squared tubes under axial load-
ing. Contrary to our findings, the authors noted that plateau 
stress increased with tube height. The differences in their 
results were attributed to the variation in the deformation 
behavior between the current circular and their squared 
tubes, in addition to the difference in interactions between 
stainless steel-stainless steel material and ABS-aluminum 
material. The interaction effect between the two materials is 
illustrated in the toughness bar charts of Fig. 10.

The dashed red lines in the figure represent the sum of the 
toughness of the two structures (tube and core) calculated 
individually for different tube thicknesses. Having higher 
values of toughness above these lines for any structure shows 
the advantage of adding the core lattices to the tubes. For 

both short and long samples, the addition of the core lattice 
increased the toughness compared to empty tubes, but the 
interaction effect differs from one structure to another. In 
particular, hybrid structures with thin tubes ( tT = 0.5 mm) 
resulted in negligible interaction effect between the core 
and tube, and thus, a lower or equivalent value of tough-
ness compared to the summed values was obtained. When 
larger thickness was utilized, the interaction effect was more 
noticeable, and higher ability to absorb the mechanical 
energy was achieved. This was likely to occur, since lower 
tube thicknesses typically result in early failure of the tube 
(Figs. 7 and 8). Interestingly, the diamond lattice-filled tubes 
demonstrated considerable toughness for 1 mm tubes, yet in 
the case of the 0.5 mm and 0.75 mm short tubes, the tough-
ness did not reach the levels indicated by the red dashed 
line, contrary to the performance of the plate-lattice sam-
ples. This disparity is related to the failure of the diamond 
TPMS tube at an earlier loading stage as compared to the 
plate-lattice at equivalent tube thicknesses (Fig. 8). The vari-
ation arises from the intrinsic discrepancies in the architec-
tural designs of the two lattice types. Although the diamond 
TPMS typically shows effectiveness in energy absorption, it 

Fig. 9   Experimental plateau stress chart with error bars for a short and b long tubes

Fig. 10   Experimental specific toughness chart with error bars for a short and b long samples. The dashed red lines represent individual tough-
ness summation of the two structures
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lacks the even stress distribution seen in the SC-FCC-BCC 
plate-lattice, leading to more noticeable buckling that com-
promises the tube’s structural integrity at lower thicknesses. 
Broadly speaking, the toughness of the short samples was 
much higher than the long ones, which was due to the ability 
of the structures to sustain higher plateau stresses (Fig. 9). 
Additionally, the SEA charts for short and long samples are 
presented in Fig. 11a and b, respectively.

For both short and long samples, the SEA was higher for 
the plate-lattice hybrid structures at any tube thickness con-
sidered, compared to diamond structures, which indicates 
a more reliable ability of the plate-lattice than diamond to 
sustain load and absorb mechanical energy. In general, short 
samples had greater values of SEA than long samples, which 
is related to the lower buckling of the inner tubes and the 
more stable deformation mechanism for the 50 mm long 
tubes as compared to 100 mm. The maximum SEA obtained 
for diamond short hybrid structures was 18.6 J/g at 1 mm 
tube thickness, while the plate-lattice reached a maximum of 
22.7 J/g at the same thickness. The relative increase in SEA 
was maximum for diamond long samples with tT = 1 mm 
tube, showing an increase of 21%. While for the plate-lattice, 
the increase in SEA against the empty reference tubes was 
maximum for short samples with up to 44%. These varia-
tions were directly related to the interaction effects between 
the inner core and the tube, noted in the deformation mecha-
nism of Figs. 7 and 8, with tubes undergoing formation of 
circular rings.

4 � Conclusions

In this paper, the mechanical behavior of diamond TPMS 
and SC-FCC-BCC plate-lattice ex situ filled aluminum 
tubes was investigated experimentally and compared with 
finite element analyses. Besides filled tubes, the constitu-
ent structures were also tested (i.e., empty tubes and as-
fabricated core lattices). The structures were analyzed at 

different combinations of tube lengths ( hT = 50, 100 mm) 
and thicknesses ( tT = 0.5, 0.75, 1 mm), based on a factorial 
design. The design of the hybrid structure played a critical 
role in determining the deformation behavior. Addition-
ally, the mechanical behavior of both long and short empty 
tubes, as predicted by the computational model using the 
homogenization technique, closely aligned with experi-
mental results, and was achieved at a lower computational 
cost. Experimental results revealed that diamond cylin-
drical lattices develop diagonal shear bands at the early 
loading stages, while the constituting plates of the plate-
lattice tend to bend towards the loading direction. Both 
structures suffered from stress localization initiated at the 
center of the samples, which resulted in different degrees 
of buckling. For all considered structures, short samples 
showed higher capabilities to absorb energy as compared 
to long samples, due to their lower degree of buckling. 
Those capabilities were reflected in the plateau stress and 
toughness curves. The force–displacement curves demon-
strated an interaction effect between the cores and tubes, 
influenced by the lattice design and tube thickness. This 
effect was a result of the variations in the deformation 
mechanism, which subsequently varied the energy absorp-
tion of the structures. From an energy absorption point of 
view, the optimal hybrid structure design with maximum 
SEA was found to be at 1 mm short tube samples for both 
SC-FCC-BCC plate-lattice (22.7 J/g) and diamond TPMS 
(18.6 J/g), suggesting the potential of their utilization in 
impact resistance applications.
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