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Abstract: Cellular ceramic structures (CCSs) are promising candidates for structural components in 
aerospace and modern industry because of their extraordinary physical and chemical properties. 
Herein, the CCSs with different structural parameters, i.e., relative density, layer, size of unit cells, 
and structural configuration, were designed and prepared by digital light processing (DLP)-based 
additive manufacturing (AM) technology to investigate their responses under compressive loading 
systematically. It was demonstrated that as the relative density increased and the size of the unit cells 
decreased, the mechanical properties of one-layer CCSs increased. The mechanical properties of 
three-layer CCSs were more outstanding than those of the CCSs with one and two layers. In addition, 
structural configurations also played a vital role in the mechanical properties of the CCSs. Overall, the 
mechanical properties of the CCSs from superior to inferior were that with the structural 
configurations of modified body-centered cubic (MBCC), Octet, SchwarzP, IWP, and body-centered 
cubic (BCC). Furthermore, structural parameters also had significant impacts on the failure mode of 
the CCSs under compressive loading. As the relative density increased, the failure mode of the 
one-layer CCSs changed from parallel–vertical–inclined mode to parallel–vertical mode. It was worth 
noting that the size of the unit cells did not alter the failure mode. Inclined fracture took a greater 
proportion in the failure mode of the multi-layer CCSs. But it could be suppressed by the increased 
relative density. Similarly, the proportions of the parallel–vertical mode and the fracture along a 
specific plane always changed with the variation of the structural configurations. This study will serve 
as the base for investigating the mechanical properties of the CCSs. 
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1  Introduction 

Mass reduction and load bearing are always critical 
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drivers for structural components in aerospace and 
modern industry [1,2]. The emergence of cellular 
structures, which contain cellular polymer structures 
(CPSs), cellular metal structures (CMSs), and cellular 
ceramic structures (CCSs), makes the load-bearing but 
lightweight structural components a reality [3–8]. 
Because the cellular structures are able to decrease the 
mass without compromising the mechanical properties 
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of components per unit mass. On the one hand, the 
combination of characteristics of superior strength, 
extraordinary high-temperature resistance, and 
undisputed low density of the CCSs make them 
promising candidates for aerospace and modern 
industry. On the other hand, the subsequent development 
of additive manufacturing (AM) technologies makes 
the CCS a topic of growing concern and research [9–15]. 

The CCSs refer to the ceramic components composed 
of periodical unit cells with tailored structural parameters 
arranged in a three-dimensional space. The unit cells 
are usually divided into lattices, triply periodic minimal 
surfaces (TPMS), and mixed cells based on the structural 
configurations [1]. Numerous works have been 
deployed to explore the mechanical properties of the 
CCSs. Mei et al. [16] proved that the mechanical 
properties of Al2O3 CCSs depended on their structural 
configurations. The Al2O3 CCSs with an Octet structure, 
i.e., a typical stretching-dominant structure, performed 
more extraordinary load-bearing capacity than that 
with a representative bending-dominant body-centered 
cubic (BCC) structure. Not only compressive responses 
but also flexural performances of the CCSs were 
significantly influenced by the structural configurations 
[17]. Zhao et al. [18] clearly testified that the flexural 
strength of additively manufactured ZrO2 with a 
Kelvin structural configuration was more excellent 
than that with the Octet structural configuration. The 
TPMS is further adapted to the CCSs, aiming to alleviate 
the stress concentrated on the joint of struts and increase 
their mechanical properties. Interestingly, mixing the 
diverse unit cells into the CCS made it exhibit a hybrid 
failure mode concerning fracture path and orientation 
under compressive loading [19]. Besides, no matter 
whether the structural configuration was P-cell or 
Neovius, Shen et al. [20] testified that stress–strain 
curves of the CCSs got upside as the numbers of the 
unit cells in the x, y, or z axis increased. Furthermore, it 
had been extensively illustrated that the mechanical 
properties, i.e., compressive strength, flexural strength, 
and Young’s modulus, were significantly impacted by 
the relative density. With the increase of the relative 
density, the mechanical properties of the CCSs got 
close to those of additively-manufactured dense ceramics 
at an exponential rate [21,22]. Besides, the size of the 
unit cells needs to be considered when studying the 
CCSs. Zhao et al. [23] fabricated the CCSs with the 
same Octet structural configuration but different sizes 
of the unit cells. It was revealed that the compressive 
strength of the CCSs increased from ~10 to ~70 MPa 

as the unit cell decreased from 10 mm × 10 mm × 
10 mm to 2 mm × 2 mm × 2 mm. All these works testified 
that the mechanical properties of the CCSs could be 
tailored by the structural parameters. Furthermore, the 
failure mode of the CCSs was simultaneously revealed 
when investigating the mechanical properties. Lu et al. 
[24] and Shuai et al. [25] primarily analyzed the stress 
distributions in the unit cells and whole CCSs under 
the compressive loading in the elastic range, respectively, 
demonstrating the stress concentrated on the joints and 
somewhere parallel to the loading direction. Zhang et 
al. [26] and Mei et al. [16] illustrated that the crush of 
the Al2O3 CCSs always happened on the joints located 
at a specific plane. 

Plentiful works and splendid achievements of the 
mechanical properties of the CCSs have been deployed 
and harvested with the endeavor of research. However, 
the additively manufactured CCSs remained far from 
applications. Because most work, which had been 
extensively carried out, just focused on how one or two 
structural parameters influence the mechanical properties 
of the CCSs. In fact, the effects of the structural parameters 
are not isolated. Those are always influenced by each 
other. 

Herein, the responses of digital light processing (DLP)- 
based additively manufactured Al2O3 CCSs under the 
compressive loading were characterized systematically. 
Firstly, the CCSs with different relative densities, 
layers, sizes, and structural configurations were designed 
and fabricated by the DLP-based AM technology. The 
mechanical properties and failure modes of the CCSs 
were investigated entirely. Most importantly, we 
comprehensively concluded a particular radar map to 
evaluate the effect of the structural parameters on the 
CCSs. This study provides a database to systematically 
tailor the mechanical properties of the CCSs based on 
the obtained results, accelerating the successful 
development of programmable CCSs. 

2  Materials and methods 

2. 1  Structure design 

The CCSs with different structural parameters (relative 
density, layer, size, and structural configuration) are 
designed to reveal the influence of the structural 
parameters on the mechanical properties of the CCSs. 

Five structural configurations with a 40% relative 
density are introduced in Group D to investigate the 
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influence of the structural configuration on the 
mechanical properties of the CCSs. The relative density 
refers to the volume ratio of the CCSs occupied in a 
cube with the same length, width, and height. As listed 
in Table 1, the unit cells of the CCSs with a 6 mm × 
6 mm × 6 mm size are arranged in a 5 × 5 × 5 array. 
Among five structural configurations, the BCC, of 

course, is the most familiar and typical bending- 
dominated structural configuration originating from the 
arrangement mode of atoms. The modified body- 
centered cubic (MBCC) is created based on the BCC 
by dividing BCC into two parts along the central plane 
and the overlapping two parts with each other in height. 
The Octet is the most typical stretching-dominated  

 
Table 1  Dimension parameters of CCS’s unit cell 

Group No. Array  
Relative 
density 

Length Width  Height  Diameter 

Dimens. (mm) SCR (%) Dimens. (mm) SCR (%) Dimens. (mm) SCR (%) Dimens. (mm) SCR (%)

O 

O15 3 × 3 × 1 
Des. 15% 10.00 

18.70 
10.00 

20.20
7.07 

20.93 
1.44 

15.97
Meas. 15.6% 8.13 7.98 5.59 1.21 

O25 3 × 3 × 1 
Des. 25% 10.00 

19.50 
10.00 

20.70
7.07 

21.07 
1.92 

16.15
Meas. 25.2% 8.05 7.93 5.58 1.61 

O35 3 × 3 × 1 
Des. 35% 10.00 

19.20 
10.00 

20.20
7.07 

21.50 
2.36 

18.64
Meas. 35.6% 8.08 7.98 5.55 1.92 

T 

T15 3 × 3 × 2 
Des. 15% 10.00 

19.00 
10.00 

19.20
7.07 

22.21 
1.44 

15.28
Meas. 14.9% 8.10 8.08 5.50 1.22 

T25 3 × 3 × 2 
Des. 25% 10.00 

19.80 
10.00 

20.00
7.07 

21.92 
1.92 

16.15
Meas. 25.3% 8.02 8.00 5.52 1.61 

T35 3 × 3 × 2 
Des. 35% 10.00 

19.60 
10.00 

20.10
7.07 

24.05 
2.36 

20.76
Meas. 34.6% 8.04 7.99 5.37 1.87 

TH 

TH15 3 × 3 × 3 
Des. 15% 10.00 

18.50 
10.00 

19.50
7.07 

22.77 
1.44 

16.67
Meas. 15.7% 8.15 8.05 5.46 1.20 

TH25 3 × 3 × 3 
Des. 25% 10.00 

19.60 
10.00 

22.70
7.07 

23.01 
1.92 

16.15
Meas. 25.8% 8.04 7.73 5.44 1.61 

TH35 3 × 3 × 3 
Des. 35% 10.00 

19.80 
10.00 

20.60
7.07 

23.06 
2.36 

20.34
Meas. 35.6% 8.02 7.94 5.44 1.88 

H 

H15 3 × 3 × 1 
Des. 15% 7.78 

19.02 
7.78 

20.05
5.5 

20.36 
1.12 

19.64
Meas. 16.1% 6.30 6.22 4.38 0.90 

H25 3 × 3 × 1 
Des. 25% 7.78 

19.54 
7.78 

20.44
5.5 

20.18 
1.50 

17.33
Meas. 26.3% 6.26 6.19 4.39 1.24 

H35 3 × 3 × 1 
Des. 35% 7.78 

18.89 
7.78 

20.18
5.5 

22.00 
1.84 

18.48
Meas. 25.8% 6.31 6.21 4.29 1.50 

D 

BCC40 5 × 5 × 5 
Des. 40% 6.00 

20.67 
6.00 

23.17
6.00 

21.00 
1.93 

20.21
Meas. 38.9% 4.76 4.61 4.74 1.54 

Octet40 5 × 5 × 5 
Des. 40% 6.00 

20.17 
6.00 

22.17
6.00 

21.00 
1.24 

18.55
Meas. 41.4% 4.79 4.67 4.74 1.01 

MBCC
40 

5 × 5 × 5 
Des. 40% 6.00 

19.83 
6.00 

22.83
6.00 

20.33 
1.65 

19.39
Meas. 41.0% 4.81 4.63 4.78 1.33 

Schwar
zP40 

5 × 5 × 5 
Des. 40% 6.00 

19.50 
6.00 

19.67
6.00 

23.17 — — 
Meas. 39.4% 4.83 4.82 4.61 

IWP40 5 × 5 × 5 
Des. 40% 6.00 

20.17 
6.00 

20.17
6.00 

22.33 — — 
Meas. 42.6% 4.79 4.79 4.66 

Note: SCR is the abbreviation of sintering contraction ratio; Des. and Meas. mean designed and measured, respectively; Dimens. means dimension. 
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structure. The models of the SchwarzP and IWP are 
established by Eqs. (1) [27] and (2) [28], respectively: 

coskx + cosky + coskz = 0 (1) 

(coskxcosky + coskycoskz + coskzcoskx)  
− (cos2kx + cos2ky + cos2kz) = 0 (2) 

where k is the constant determining the relative density 
of the CCSs. 

The structural configurations of the CCSs involved 
in other groups are the MBCC. As described in Table 1, 
the length, width, and height of the as-designed unit 
cells in Group O are fixed at 10, 10, and 7.07 mm, 
respectively. The unit cells are repeatedly arranged 
three, three, and one times in the x, y, and z axes to 
generate the CCSs in Group O, respectively. The 
relative densities of O15, O25, and O35 are 15%, 25%, 
and 35%, respectively, to discover the effect of the 
relative density. The only difference between the CCSs 
in Group O, Group T, and Group TH is the layers. 
There are one, two, and three layers of the unit cells in 
the CCSs in Group O, Group T, and Group TH, 
respectively, which are used to explore the effect of the 
layers. The CCSs in Group H are obtained by shrinking 
the CCSs in Group O to 77.8%, which is used to 
investigate the mechanical properties of the CCSs with 
different sizes of the unit cells. 

2. 2  Fabrication 

The CCSs were fabricated from an Al2O3 photosensitive 
slurry by a DLP system (AutoCera, Beijing 10 Dimensions 
Science and Technology Co., Ltd., China). The 
photosensitive slurry comprised Al2O3 coarse powders, 
Al2O3 fine powders, photosensitive resin monomers, 
photoinitiators, dispersants, and sintering aids. Detailed 
information about the slurry was listed in Ref. [29]. 
The exposure density and time of ultraviolet light were 
set as 12,000 μW/cm2 and 4 s, respectively. The 
as-designed models of the targets were sliced at a 
thickness of 100 μm. After the DLP, the as-accomplished 
green bodies were immersed in ethanol to a clean 
redundant slurry. The subsequent debinding and 
sintering of dried green bodies were executed at 550 ℃ 
(heating rate = 1 ℃/min) and 1650 ℃ (heating rate = 
5 ℃ /min) in muffle furnaces (FMJ-07/11 and 
FMJ-05/17, respectively, HeFei Facerom Thermal 
Equipment Co., Ltd., China) to obtain final products. The 
atmosphere in muffle furnaces was air. It has been 
measured that the forming accuracy of the DLP system 
reaches as high as 99.5%, meeting the requirement. 

Besides, the porosity and density of additively 
manufactured bulk Al2O3 are 7.03% and 3.70 g/cm3, 
respectively. Its compressive strength and flexural 
strength are 523.6 and 178.84 MPa, respectively [30]. 

2. 3  Characterization and testing 

The dimensions of the CCSs were manually measured 
by a digital micrometer (211-101, Anyi Instrument Co., 
Ltd., China). A scanning electron microscope (SEM; 
EVO18, ZEISS, Germany) operated at an accelerating 
voltage of 5 kV was used to observe the micro- 
morphologies of the CCSs. The mechanical properties 
of the CCSs were examined by a universal testing 
machine (LD 23, Shenzhen Labsans Testing Machine 
Co., Ltd., China). Loading speed was set as 0.2 mm/min. 
To alleviate friction, Teflon films were placed between 
the tested CCSs and pressure heads. Three specimens 
were repeatedly tested to verify the reliability. 

3  Results and discussion 

3. 1  Morphology of CCSs 

The macro- and micro-morphologies of the MBCC 
CCSs in Group O, Group T, and Group TH are displayed 
in Fig. 1. It was observed that the macro-morphology 
of every CCS was in accord with the as-designed 
model. The diameters of the struts in the CCSs got 
thicker as the relative density increased. What was 
different from the established models, on the one hand, 
was the surface morphology of the CCSs. As depicted 
in Fig. 1, apparent step-wise morphology, rather than a 
continuously smooth surface as designed, could be 
observed on the surface of the struts. Such 
discrimination was attributed to the layer-by-layer 
forming characteristic of the DLP technology, which 
may deteriorate the mechanical properties of the CCSs 
to some extent [31]. Luckily, the step-wise morphology 
depended on the inclination angle of the struts. Apart 
from the CCSs in Group D, the inclination angle of 
every MBCC CCS was 45°. Hence, the effect of the 
step-wise morphology on the mechanical properties of 
the CCSs was not taken into consideration in the 
analysis. On the other hand, as listed in Table 1, the 
dimension parameters of the CCSs significantly 
deviated from that of the as-designed models. 
Apparent contraction happened during the sintering 
process. Such contraction was caused by the removal 
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Fig. 1  Macro- and micro-morphologies of MBCC CCSs 
with different relative densities and layers. 

 
of resins and densification of Al2O3 powders in the 
sintering process [32]. Besides, due to the 
inhomogeneous distributions of ultraviolet light in the 
x and y axes, the as-printed green bodies embodied the 
diverse dimensions in the x and y axes, leading to 
different SCRs. Significantly, the SCR was slightly 
higher in the z axis on the whole, which was attributed 
to the more extensive solidified resins in the z axis. In 
brief, the dimension of the CCSs could be preciously 
controlled based on the calculated dimensions and 
corresponding SCRs. 

Furthermore, the one-layer CCSs belonging to 
Group H are shown in Fig. 2(a). The effect of unit cell  

size on the mechanical properties and failure mode of 
the CCSs was revealed by comparing the performance 
of the CCSs in Group H and Group O. The multi-layer 
CCSs in Group D with the BCC, Octet, MBCC, SchwarzP, 
and IWP structures and a 40% relative density are also 
presented in Fig. 2(b) to investigate how the structural 
configurations influenced the response of the CCSs 
under the compressive loading. 

3. 2  Effect of relative density 

The compression test was conducted on the MBCC 
CCSs belonging to Group O, Group T, and Group TH 
to examine how their mechanical properties changed 
along with the relative density. Typical stress–strain 
curves of the MBCC CCSs are plotted in Fig. 3. The 
exhibited stress and strain are calculated based on the 
detected force and displacement. It can be seen in Fig. 3  

 

 
 

Fig. 2  Macro-morphologies of CCSs belonging to  
(a) Group H and (b) Group D. 

 

 
 

Fig. 3  Representative compressive stress–strain curves of MBCC CCSs with different layers: (a) one layer, (b) two layers, and 
(c) three layers. 
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that, most stress–strain curves exhibited a similar 
variation tendency, i.e., the stress linearly increased 
with the oscillation at the initial stage (marked by 
colorful cubes). The initial loading stage before the 
stress climbing to the highest value was defined as a 
linear elastic stage based on the characteristic of the 
stress–strain curve of the CCSs. It was worth noticing 
that not only elastic deformation but also inelastic 
deformation happened in the defined linear elastic 
stage. That is to say, although the MBCC CCSs were 
destroyed partially, they were still capable of bearing 
the increased loading. As the test went on, the stress 
reached the maximum. At the maximum, the MBCC 
CCSs had been completely destroyed and would not 
provide support anymore. Hence, the stress–strain 
curves of most of MBCC CCSs decreased at the end of 
the linear elastic stage. For example, the stress–strain 
curve of TH35 dramatically declined as the stress climbed 
to the maximum value of 14.96 MPa. Significantly, 
something different happened on O35. The stress– 
strain curve of O35 still increased after reaching the 
first maximum value of 12.58 MPa instead of declining 
immediately. It just began to decrease at a strain of 
0.12 with a stress of 22.76 MPa. Such difference was 
ascribed to the geometric effect resulting from the 
height–width ratio of the MBCC CCSs [21]. When 
examining the load-bearing capacity of O35, the room 
between the upper and lower pressure heads was too 
narrow to accommodate the position adjustment of 
broken struts. The broken struts of O35 would get 
overlapped with each other. The broken O35 continued 
to provide support in the following test. On the whole, 
the stress–strain curves went upward as the relative 
density increased, which was not changed by the layers 
of the MBCC CCSs. That is to say, increasing the 
relative density could significantly increase the load- 
bearing capacity of the MBCC CCSs. 

In order to quantitatively analyze the mechanical 
properties of the MBCC CCSs, the compressive strength, 
Young’s modulus, energy absorption, and strain extracted 
from Fig. 3 are demonstrated in Figs. 4(a), 4(b), 4(c), 
and 4(g), respectively. Here, the compressive strength of 
the MBCC CCSs was defined as the max stress in the 
stress–strain curves apart from O35, whose compressive 
strength was the first max strength. The Young’s modulus 
was the slope of the stress–strain curves in the linear 
elastic stage. The strain used here was equivalent strain, 
i.e., the variation of the strain in the linear stage of the 
stress–strain curves. The energy absorption referred to 

the energy that the MBCC CCSs absorbed before the 
stress got max, which was represented by the area under 
the stress–strain curves from the start to the strain 
corresponding to the max stress. 

It is concluded from Fig. 4 that, when the layer of 
the MBCC CCSs was one, all compressive strength, 
Young’s modulus, and energy absorption obviously 
increased with the increase of the relative density. 
Similarly, the compressive strength, Young’s modulus, 
and energy absorption of the MBCC CCSs with two 
and three layers also increased as the relative density 
increased. As listed in Table 1, the increased relative 
density of the MBCC CCSs was achieved by the 
increased diameter of the struts in the MBCC CCSs, 
which further led to the enhanced compressive strength 
and Young’s modulus. It seems that the strains were 
not influenced by the relative density, as depicted in 
Fig. 4(g). Because the equivalent strain of the MBCC 
CCSs contained their elastic deformation in elastic 
limit and inelastic deformation from the position change 
of the broken struts. The inelastic deformation of the 
broken struts dominated the strain of the MBCC CCSs, 
which was related to the layers but not influenced by 
the relative density. Hence, the strains were scarcely 
influenced by the increased relative density. There was 
no doubt that the area covered by the stress–strain 
curves and the x axis was dependent on the stress and 
strain. Under the comprehensive function of the increased 
compressive strength and less invariable strain, the 
energy absorption of the MBCC CCSs similarly kept 
incremental along with the increased relative density. 
Furthermore, as listed in Eqs. (3)–(5), the relationships 
between the relative density and the compressive 
strength, Young’s modulus, and energy absorption obeyed 
the exponential law [21]. 

2.37 0.18
O

3.08 0.17
T
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Fig. 4  Summarization of mechanical properties of MBCC CCSs in Group O, Group T, and Group TH: (a) compressive strength, 
(b) Young’s modulus, (c) energy absorption, (d) specific compressive strength, (e) specific Young’s modulus, (f) specific energy 
absorption, and (g) strain. 

 
where ρ͞ is the relative density of the CCSs; SO, ST, and 
STH are the compressive strengths of the CCSs with 
one, two, and three layers, respectively; YO, YT, and 
YTH represent the Young’s moduli of the CCSs with 
one, two, and three layers, respectively. Likely, the 
energy absorption of the CCSs with one, two, and three 
layers are represented by EO, ET, and ETH, respectively. 

Specific mechanical properties of the MBCC CCSs 
were further taken into consideration to measure the 
lightweight efficiency and load-bearing capacity 
simultaneously. Specific compressive strength, specific 
Young’s modulus, and specific energy absorption are 
calculated and exhibited in Figs. 4(d), 4(e), and 4(f), 
respectively. It was clearly observed that although the 
gaps among the specific mechanical properties of the 
MBCC CCSs with different relative densities were 

narrower than the huge disparity among the mechanical 
properties, the CCSs still performed an increasing 
characteristic in the specific mechanical properties as 
the relative density increased. The increased relative 
density facilitated the mechanical properties and 
specific mechanical properties but lowered the light 
weight. In other words, the light weight and load- 
bearing capacity of the MBCC CCSs seemed to be 
contradictory. Achieving the light weight and extraordinary 
mechanical properties of the CCSs simultaneously is 
still a challenge. 

The final states of the MBCC CCSs after testing 
were extremely beneficial to further understanding 
their behaviors under the compressive loading. It is 
concluded from Fig. 5 that, there were three fracture 
forms in the MBCC CCSs, containing lateral, vertical, 
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and inclined fractures. The fractures mainly originated 
from the pores and interfaces between the layers. 
Porosity of the additively manufactured bulk Al2O3 
was 7.03%, meaning that some defects containing the 
pores and microcracks existed. In the loading process, 
the microcracks initiated from the micropores and 
easily merged with each other. The extended cracks 
resulted in the fracture of the struts in the inclined and 
vertical forms. Besides, the lateral fracture was 
attributed to the interfaces between the layers [33]. 
Extensive defects appeared on the interfaces between 
the layers after sintering, leading to weak interface 
strength [34]. Under the compressive loading, inclined 
struts in the CCSs tended to rotate around the joints. 
The rotating tendency tore the struts along the weak 
interface, making the appearance of the lateral fracture. 
Furthermore, as the relative density increased, the 
proportion of the inclined fracture dramatically decreased, 
which was perhaps attributed to the incrassated struts. 
The failure modes of the MBCC CCSs with two and 
three layers were consistent with that of the one-layer 
MBCC CCSs. That is to say, the increased relative 
density altered the failure mode of the MBCC CCSs, 
making it change from a parallel–vertical–inclined 
mixed mode to a parallel–vertical mode. 

3. 3  Effect of layer 

The stress–strain curves of the MBCC CCSs exhibited 
in Fig. 3 are rearranged in Fig. 6 to clear the effect of 
the layers on the mechanical properties of the CCSs. It 
is found in Fig. 6 that, no matter what the relative 
density was, the slopes, i.e., Young’s modulus, of the 
stress–strain curves of the one-layer and two-layer 
MBCC CCSs were basically the same. However, the 
compressive strength of the one-layer MBCC CCSs 

was slightly higher than that of the MBCC CCSs with 
two layers. For instance, the average Young’s moduli 
of O25 and T25 revealed in Fig. 4 are 0.14 and 0.14 GPa, 
respectively, and the average compressive strength of 
O25 was 5.16 MPa, slightly higher than that of T25 
(4.07 MPa). Meanwhile, the Young’s modulus of the 
three-layer MBCC CCSs was obviously greater than 
those of others. However, the compressive strength of 
the three-layer MBCC CCSs was not always the 
maximum. Furthermore, the energy absorption of the 
MBCC CCSs decreased as the layers increased 
because of the decreased strain. Significantly, the 
layers also affected the specific mechanical properties 
of the MBCC CCSs in the same way as that affected 
the mechanical properties, as illustrated in Fig. 4. Also, 
the gap between the specific mechanical properties of 
the CCSs with different layers also narrowed. 

Besides, the exponents in Eq. (3), fitting the 
compressive strengths of the MBCC CCSs in Group O, 
Group T, and Group TH, are 2.37±0.18, 3.08±0.17, and  

 

 
 

Fig. 5  Final states of CCSs in Group O, Group T, and 
Group TH. 

 

 
 

Fig. 6  Representative compressive stress–strain curves of MBCC CCSs with different relative densities: (a) 15%, (b) 25%, and 
(c) 35%. 
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3.54±0.29, respectively. The exponents in Eq. (4) 
calculating the Young’s moduli of the one-layer, 
two-layer, and three-layer MBCC CCSs are 3.04±0.49, 
3.37±0.20, and 3.64±0.42, respectively. Eq. (5) is used 
for fitting the energy absorption of the MBCC CCSs 
with one, two, and three layers, and the exponents in 
Eq. (5) are 2.10±0.25, 3.61±0.44, and 3.80±0.28, 
respectively. Something interesting could be concluded 
that the exponents in Eqs. (3)–(5) increased as the 
layers increased. That is to say, the influence of the 
structural parameters on the mechanical properties of 
the CCSs was not independent, and they will be altered 
by each other. As the layers increased, the influence of 
the relative density on the mechanical properties, not 
only the compressive strength but also the Young’s 
modulus and energy absorption, of the MBCC CCSs 
were magnified. 

As mentioned in Section 3.2, the failure mode of the 
MBCC CCSs changed from the parallel–vertical– 
inclined mixed mode to the parallel–vertical mode as 
the relative density increased. The same thing happened 
on the CCSs with more layers. When the number of the 
layers increased to three, just part of the joints was 
destroyed instead of all joints. The broken joints 
tended to focus on a specific plane. The more layers, 
the more apparent this failure mode [16,26]. Because 
once the joints in the multi-layer MBCC CCSs were 
destroyed, the complete joints at neighboring were 
forced to share more loadings to make the CCSs stable 
again. Hence, the neighboring joints would get damaged 
earlier because of the higher force. In brief, the MBCC 
CCSs were inclined to fracture along a specific plane 
as the layers increased. That is to say, the inclined fracture 
took a greater proportion in the failure mode of the 
multi-layer CCSs. It was noteworthy that the incremental 
relative density would stop the transformation of the 
failure mode from the parallel– vertical–inclined mode 
to the fracture along a specific plane, leading to a 
decreased proportion of the inclined fracture. 

3. 4  Effect of size 

Here, we analyzed how the size of the unit cells 
influenced the mechanical properties of the CCSs 
combined with Ref. [33]. The designed sizes of the 
unit cells in Group O and Group H were 10 mm × 
10 mm × 7.07 mm and 7.78 mm × 7.78 mm × 5.5 mm, 
respectively, i.e., narrowing the unit cells in Group O 
to 77.8% will obtain the unit cells in Group H. As 

depicted in Figs. 7(a) and 7(b), although the values 
exhibited in the stress–strain curves of the one-layer 
MBCC CCSs in Group O and Group H were different, 
there was great consistency in the morphologies of 
their stress–strain curves. Furthermore, the one-layer 
MBCC CCSs with a smaller dimension performed 
more outstanding mechanical properties and specific 
mechanical properties, as illustrated in Figs. 7(c)–7(h). 
The increasing compressive strength may be ascribed 
to the shortened length of the struts. The strains of the 
one-layer MBCC CCSs in Group O and Group H were 
basically the same. Thus, the energy absorption was 
mainly dependent on the compressive strength. Hence, 
the high-strength CCSs in Group H exhibited higher 
energy absorption ability [33]. It was surprisingly 
concluded that appropriately reducing the size of the 
unit cells could efficiently improve the mechanical 
properties without sacrificing the lightweight of the 
CCSs. 

As revealed in Fig. 8, with the increase of the 
relative density, the failure mode of the one-layer 
MBCC CCSs in Group H changed from the parallel– 
vertical–inclined mixed mode to the parallel–vertical 
mode, agreed with that of the MBCC CCSs in Group O. 
That is to say, the failure mode of the CCSs was 
independent of the size of the unit cells. 

3. 5  Effect of structural configuration 

The structural configuration was proved to be a 
significant factor in altering the response of the cellular 
structures under the compressive loading [35]. Herein, 
we combined our work about the CCSs to analyze how 
the structural configurations influenced their mechanical 
properties [26]. The CCSs with the structural 
configurations of the BCC, Octet, MBCC, SchwarzP, 
and IWP, as depicted in Fig. 9(a), were fabricated to 
examine their mechanical properties. It is found in 
Figs. 9(b)–9(e) that the MBCC40 CCS had the highest 
compressive strength (23.90±2.74 MPa), followed by 
the Octet40 CCS (12.48±1.72 MPa), SchwarzP40 CCS 
stepped (10.58±0.76 MPa), and IWP40 CCS stepped 
(8.39±0.19 MPa); the BCC40 CCS was the poorest 
(6.72±0.66 MPa). The order of the Young’s moduli 
from high to low was the MBCC40 CCS (2.73±0.01 GPa), 
Octet40 CCS (2.19±0.35 GPa), SchwarzP40 CCS 
(1.55±0.27 GPa), IWP40 CCS (1.02±0.06 GPa), and 
BCC40 CCS (0.97±0.26 GPa), which was consistent 
with that of the compressive strength [26]. That is to say,  
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Fig. 7  Stress–strain curves of one-layer MBCC CCSs in (a) Group O and (b) Group H. Comparison between mechanical 
properties of one-layer MBCC CCSs in Group O and Group H: (c) compressive strength, (d) Young’s modulus, (e) energy 
absorption, (f) specific compressive strength, (g) specific Young’s modulus, and (h) specific energy absorption. 

 

 
Fig. 8  Final states of one-layer MBCC CCSs in Group 
O and Group H. 
 

the mechanical properties of the CCSs were closely 
associated with their structural configurations. As a 
typical bending-dominated structure, the mechanical 
properties of the BCC40 CCS, without a doubt, were 
the poorest among those of the five CCSs [36]. The 
Octet was a representative stretching-dominated 
structure that had been extensively investigated. Of 
course, the mechanical properties of the Octet40 CCS 

were more outstanding than those of the BCC40 CCS. 
The MBCC structure was designed based on the BCC 
structure, aiming to alleviate the bending tendency of 
the struts [33]. It was expected that the MBCC40 CCS 
performed the most outstanding compressive strength 
and Young’s modulus with the help of the decreased 
bending tendency and increased inclination angle of 
the struts [37,38]. Also, that was exactly what happened. 
The TPMS structures were introduced to alleviate the 
stress concentrated on the joints [39]. However, this 
was not the way that things turned out. The compressive 
strengths and Young’s moduli of the SchwarzP40 and 
IWP40 CCSs were not superior to those of the MBCC40 
CCS, just being intermediate between those of the 
Octet40 and BCC40 CCSs. The unexpected mechanical 
properties of the SchwarzP40 and IWP40 CCSs may 
be caused by the decreased thickness of walls. Besides, the  
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Fig. 9  (a) Unit cell models of multi-layer CCSs. (b) Compressive stress–strain curves of CCSs in Group D. Summarization of 
mechanical properties of CCSs with different structural configurations: (c) compressive strength, (d) Young’s modulus, 
and (e) energy absorption. Reproduced with permission from Ref. [1] for (a), © The Authors 2022. 

 
theoretical ranking of the energy-absorbing ability of 
the CCSs should be consistent with those of the 
compressive strength and Young’s modulus. However, 
the energy absorption of the IWP40 CCS (0.12±0.02 
MJ/m3) was distinguished, which was almost as high 
as that of the MBCC CCS (0.13±0.02 MJ/m3). Because 
the as-prepared IWP40 CCS severely cracked along 
the interlayers resulting from their structural 
characteristic, as shown in Fig. 2. The existing cracks 
were gradually closed under the external loading by 
the progressive fractures. Although the compressive 
strength of the IWP40 CCS was comparatively lower, 
fundamentally the same as the compressive strength of 
the BCC40 CCS, its strain was much higher than those 
of others. Hence, the IWP40 CCS exhibited inferior 
compressive strength and Young’s modulus but 
superior energy absorption. Because of the same relative 
density, i.e., 40%, the varying tendency of specific 
mechanical properties of the CCSs in Group D was the 
same as that of the mechanical properties. In a word, 
the structural configuration significantly influenced the 
responses of the CCSs under the compressive loading. 

It was manifested in Section 3.3 that the CCSs are 

inclined to fracture along a specific plane as the layers 
increase. Meanwhile, the incremental relative density 
would decrease the proportion of the inclined fracture. 
Something changed when the structural configuration 
was taken into consideration. The BCC40, Octet40, 
MBCC40, SchwarzP40, and IWP40 CCSs had the 
same relative density and layer. However, there was a 
relatively large difference in their failure mode. For 
example, the BCC40 and Octet40 CCSs apparently 
fractured along a specific plane, whose inclined angle 
was closely related to the structural configuration. 
Nevertheless, the inclined fracture was not apparent in 
the final state of the MBCC40 CCS. The parallel– 
vertical mode was predominant. Of course, such failure 
mode happened on the CCSs with not only the lattice 
structures but also the TPMS structures. As illustrated 
in Fig. 10, the cracks in the SchwarzP40 CCS initiated 
from somewhere parallel and vertical to the loading 
direction. Although some interlayer cracks existed on 
the IWP40 CCS, most fractures still focused on a   
45° plane. In a word, the structural configuration 
played a key role in the failure mode of the multi-layer 
CCSs [16]. 
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Fig. 10  Final states of multi-layer CCSs with different 
structural configurations: (a) BCC40, (b) Octet40,   
(c) MBCC40, (d) SchwarzP40, and (e) IWP40. 

4  Conclusions 

The mechanical properties of the CCSs were essential 
for their application in aerospace and modern industry. 
Here, we systematically investigate the mechanical 
properties of the CCSs with distinct structural parameters. 
The conclusions obtained from this research, as 
visualized in Fig. 11, were listed as follows:  

1) To systematically investigate the effect of the 
structural parameters on the mechanical properties of 
the CCSs under the compressive loading, the CCSs 
with different relative densities, layers, sizes, and 
structural configurations were prepared by the DLP- 
based AM technology in our works. 

2) With the increase of the relative density, the 
mechanical properties and specific mechanical properties 
of the one-layer MBCC CCSs got apparently improved. 
The relationships between the mechanical properties 
and the relative density obeyed the exponential models. 
Besides, the failure mode of the MBCC CCS changed 
from a parallel–vertical–inclined mixed mode to a parallel– 
vertical mode with the increased relative density. 

3) The compressive strengths and Young’s moduli of 
the MBCC CCSs with one and two layers were basically 
the same, which were relatively lower than those of the 
MBCC CCSs with three layers. The energy absorption 
was the opposite. The same thing happened on the specific 
mechanical properties. Significantly, the increased 
layer amplified the effect of relative density. Besides, 
the MBCC CCSs were inclined to fracture along a 
specific plane as the layers increased, which was 
suppressed by the increased relative density to some 
extent. 

4) The size of the unit cells did not affect the failure 
mode of the MBCC. However, the mechanical properties 
and specific mechanical properties of the CCSs were 
improved by shrinking the size of the unit cells. Shrinking 
the size while decreasing the relative density may be 
an effective method to keep the load-bearing capacity 
of the CCSs without sacrificing the light weight. 

5) The mechanical properties of the multi-layer 
CCSs were hugely influenced by their structural 
configurations. The MBCC40 CCS had the highest 
compressive strength and Young’s modulus, followed 
by the Octet40 CCS, SchwarzP40 CCS stepped, and  

 

 
 

Fig. 11  Influence of structural parameters on mechanical 
properties and failure mode of CCSs in a radar map. 
Except for failure mode, the values here were calculated 
by dividing the difference between maximum and minimum 
into the maximum. An example is given to calculate 
influence of relative density on mechanical properties of 
CCSs, which is represented by A where A is defined as the 
influence factor, which represents the effect degree of 
each structural parameter on the mechanical and failure 
modes of the CCSs. Compressive strengths of O15, O25, 
and O35 are 1.82, 5.15, and 11.82 MPa, respectively. 
Compressive strengths of T15, T25, and T35 are 1.14, 
4.07, and 11.23 MPa, respectively. Compressive strengths 
of TH15, TH25, and TH35 are 1.57, 5.01, and 14.96 MPa, 
respectively. A is calculated by (A1+A2+A3)/3, where Ai is 
calculated by Ai max min max) /(S S S  . That is to say, 

1 O35 O15 O35 2 T35 T15 T35( 0.8) /5/ , ( )A S S S A S S S     

3 TH35 TH15 TH350.90, and ( 0.) / 90A S S S   . Hence, 

A = 0.88, which exhibited a dot. Standard deviations of A1, 
A2, and A3 represent the range of colorful error band 
around dots. Effect of structural parameters on failure 
mode was estimated by proportion of dot fracture along a 
specific plane. The greater the fracture along a specific 
plane was, the higher the value was. 
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IWP40 CCS stepped; the BCC40 CCS was the poorest 
one. The energy absorption of the IWP40 CCS was 
extremely high because of the existing fabricating 
interlayer cracks. The proportions of the parallel–vertical 
mode and fracture along a specific plane always 
changed with the variation of the structural configurations. 

This study comprehensively concluded how the 
structural parameters acted in the mechanical properties 
and failure mode of the additively manufactured CCSs, 
which will serve as a foundation for investigating and 
designing the CCSs with the specific mechanical 
properties. 
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