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Abstract: The design of lightweight lattice structures with excellent specific mechanical properties
has received great attention in recent years. In this paper, inspired by the hierarchical structure of
biological materials, a novel hierarchical circular-cell configuration of a lattice structure was proposed.
The advantage of the new lattice configuration is that the use of a smooth circular cell is able to
alleviate the stress concentration induced by the intersection of straight struts. Additionally, the
consideration of structural hierarchy can bring improved mechanical properties of lattice structures.
The hierarchical circular lattice structures with 5 × 5 × 5 unit cells were fabricated through a digital
light processing (DLP) 3D printer, using the hard-tough resin. The mechanical properties of the lattice
structures were investigated by a compression experiment and a numerical simulation. Results show
that the interaction effect of structural hierarchy was the potential mechanism for the enhancement
of mechanical properties. The designed hierarchical circular-cell lattice structure exhibits improved
stress distribution uniformity, enhanced mechanical performance, and energy absorption capacity.
The maximum improvement values are ~342.4% for specific stiffness, ~13% for specific strength,
~126.6% for specific energy absorption (SEA), and ~18% for crash load efficiency (CLE). The developed
hierarchical circular-cell lattice configuration will enrich the present lattice systems and be useful for
future multifunctional applications.

Keywords: lattice structures; configuration design; mechanical properties; structural hierarchy;
energy absorption capacity

1. Introduction

Lattice structures have attracted tremendous interest in many industrial application
fields because of their excellent mechanical properties, e.g., ultralight, high impact resis-
tance, and exceptional energy absorption capacity [1–4]. The flexible forming capability
of additive manufacturing (AM) has greatly promoted the development of novel lattice
structures with unique physical and mechanical performance [5–8]. For example, it is of
great significance to fabricate lattice structures with ultralight and high specific mechanical
strength in the aerospace industrial fields [9–12].

In the past few years, a large number of research had been conducted, and various
configurations of lattice structures were designed, fabricated, and evaluated, in order
to satisfy the requirements of different fields. In those previous works [5,13–24], the
body-centered cubic (BCC) [13,14], face-centered cubic (FCC) [15], rhombic dodecahedron
(RD) [16,17], octet [18,19], as well as their corresponding derived configurations of unit
cells [5,20,21], were widely investigated. Sun et al. [17] proposed a hybrid lattice structure
by combining the octet and rhombic dodecahedron cells. The effect of geometrical hybrid
on energy absorption of the lattice structures was investigated. The hybrid structure
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displayed high stiffness and strength comparable to the octet structure and showed stable
post-yielding behaviors that were similar to the rhombic dodecahedron lattice structure.
Qi et al. [20] investigated the lattice structures of octet-truss and truncated-octahedron,
of which both the uniform and tapered beams were considered. It was shown that node
enforcement can be used to improve the modulus and reduce the mechanical anisotropy.
Li et al. [22] proposed a modified configuration of the BCC lattice, of which the deformation
mode and energy absorption capacity can be optimized by adjusting the body center’s
relative position. White et al. [23] proposed the concept of multi-body interpenetrating
lattices, of which different lattices interlaced each other without direct connection. The
energy transfer can be controlled by surface interactions, resulting in the improved energy
absorption of interpenetrating structures. The design of the above configurations were
essentially based on the modification of traditional lattice structures and the straight struts
were widely adopted [5,13–24].

It has been reported in many works [21,25,26] that the intersection of straight struts
easily forms sharp joints, which usually induces high-stress concentration. The potential
yielding, damage, and failure behaviors can happen at high-stress concentration joints
during the deformation processes of lattice structures. Those factors will cause a significant
decrease in mechanical performance [26,27]. To solve this problem, some researchers re-
sorted to curving design strategies [25,27]. Alomar et al. [25] designed a circular lattice. The
configuration of the unit cell resembled two interlocked rings along perpendicular planes.
Bai et al. [27] investigated the deformation behaviors of lattice structures with curving
struts, of which the representative configurations of BCC, FCC, and their combined lat-
tices were considered. Numerical and experimental results in those works [25,27] showed
that the use of a circular-based unit cell is able to remove sharp edges, bring uniformly
distributed stress, and stronger mechanical strength. The cellular materials also received
great attention for their ultralow density, smooth curved shell, and excellent mechanical
properties [21,28,29]. Novak et al. [28] investigated the quasi-static and dynamic compres-
sion properties of four triply periodical minimal surface (TPMS) lattices: diamond, gyroid,
IWP, and primitive under different relative densities. Chen et al. [21] designed a new class
of shell lattice (SL) with stretching-dominated mechanical properties and a high specific
energy absorption capacity at low relative density. It still has vast space to explore the
novel lattice structures, e.g., mimicking the biological structures of nature materials [30–32],
which would bring surprising physical and mechanical performance.

In recent years, learning from nature has been regarded as one of the most attractive
strategies to design structural materials [1,32,33]. In particular, the structural hierarchy is
often observed for many natural materials with ultralight and excellent mechanical perfor-
mance, such as spongy bones [1,34,35], tendons [36,37], graded structures in wheat [38,39],
and so on. Over millions of years of evolution, those nature materials possessed complex
phases arranged in hierarchical architectures across different length scales [32,40]. The
special hierarchical structures of those natural materials and their excellent physical and
mechanical properties have provided valuable inspiration to the design of man-made
architected materials [31,36,39]. Inspired by the structural hierarchy of biological materials,
researchers have designed different hierarchical cellular structures, such as hierarchical
sheet design for TPMS lattices [41], hierarchical honeycombs with shape integrity [42],
and self-similar hierarchical octet-truss lattices [43–46]. Their mechanical properties were
compared with conventional structures. The designed hierarchical cellular structures ex-
hibit excellent geometrical and mechanical performance and show a bright prospect for
multifunctional application in the future. Therefore, it is of great significance to introduce
the bio-inspired structural hierarchy into the design of circular-cell lattice configurations.

In this paper, the novel hierarchical circular-cell lattice configuration was developed
based on the inspiration of biological structures. The use of circular cells will avoid the
sharp joints caused by the intersection of straight struts, and alleviate the stress concentra-
tion during the deformation processes of lattice structures. Additionally, the mechanical
performance and energy absorption capacity can be effectively improved because of the
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consideration of structural hierarchy in the designed novel circular-cell lattice structure.
The mechanical properties and deformation mechanisms of the lattice structures were
investigated through compression experiments and numerical simulations. The present
work is organized as follows. The design strategy of the circular-cell lattice structure is
described in Section 2. The manufacturing of lattice samples, compression experiments,
and finite element simulations are described in Section 3. The results and discussion are
presented in Section 4, and the conclusion is summarized in Section 5.

2. The Novel Circular-Base Configuration of Unit Cell with Structural Hierarchy

The design strategy for the novel circular-cell hierarchical lattice structure is shown
in Figure 1. In the study, the evolution of circular-cell lattice is based on the conventional
BCC lattice structure. The BCC lattice structure has received great attention for its smooth
compression mechanical response and excellent energy absorption capacity [13,14]. In
Figure 1a, another geometrical configuration of the BCC lattice from its periodic structure
is shown, in order to utilize the inner geometry space and mechanical advantages. The four
apexes on each cross plane of the BCC lattice, e.g., plane ACFD or plane BCED, are further
shown in Figure 1a. The design of the circular-cell lattice (CirC) configuration is realized
by introducing the elliptical rod to replace the original straight one on those cross planes.
So, the elliptical rod will cross the four apex points, e.g., point ACFD, to form the circular
lattice structure. In Figure 1a, the major and minor radius of the ellipse is denoted as a and
b, respectively. So, a =

(√
2L
)

/2, b = L/2, and L is the length of the unit cell.

Aerospace 2022, 9, x FOR PEER REVIEW 3 of 24 
 

 

sharp joints caused by the intersection of straight struts, and alleviate the stress concen-
tration during the deformation processes of lattice structures. Additionally, the mechani-
cal performance and energy absorption capacity can be effectively improved because of 
the consideration of structural hierarchy in the designed novel circular-cell lattice struc-
ture. The mechanical properties and deformation mechanisms of the lattice structures 
were investigated through compression experiments and numerical simulations. The pre-
sent work is organized as follows. The design strategy of the circular-cell lattice structure 
is described in Section 2. The manufacturing of lattice samples, compression experiments, 
and finite element simulations are described in Section 3. The results and discussion are 
presented in Section 4, and the conclusion is summarized in Section 5. 

2. The Novel Circular-Base Configuration of Unit Cell with Structural Hierarchy 
The design strategy for the novel circular-cell hierarchical lattice structure is shown 

in Figure 1. In the study, the evolution of circular-cell lattice is based on the conventional 
BCC lattice structure. The BCC lattice structure has received great attention for its smooth 
compression mechanical response and excellent energy absorption capacity [13,14]. In Fig-
ure 1a, another geometrical configuration of the BCC lattice from its periodic structure is 
shown, in order to utilize the inner geometry space and mechanical advantages. The four 
apexes on each cross plane of the BCC lattice, e.g., plane ACFD or plane BCED, are further 
shown in Figure 1a. The design of the circular-cell lattice (CirC) configuration is realized 
by introducing the elliptical rod to replace the original straight one on those cross planes. 
So, the elliptical rod will cross the four apex points, e.g., point ACFD, to form the circular 
lattice structure. In Figure 1a, the major and minor radius of the ellipse is denoted as 𝑎 
and 𝑏, respectively. So, 𝑎 = √2𝐿 2⁄ , 𝑏 = 𝐿 2⁄ , and 𝐿 is the length of the unit cell. 

 
Figure 1. The basic design strategy for the hierarchical circular-cell lattice structure: (a) BCC and 
CirC; (b) HCirC; (c) front view of HCirC. 

Figure 1. The basic design strategy for the hierarchical circular-cell lattice structure: (a) BCC and
CirC; (b) HCirC; (c) front view of HCirC.

In Figure 1b, the bio-inspired structural hierarchy is considered. The length of the
minor radius of the CirC lattice configuration is scaled downward, and then it is assembled
with the original CirC lattice to form a hierarchical circular-cell lattice structure. The
novel circular-cell structure is denoted as HCirC. Figure 1c shows the planar view of the
designed hierarchical circular-cell lattice structure. In Figure 1, the inner and outer cells
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of the hierarchical circular-cell lattice structure are denoted as the slave and master cells,
respectively. This definition can also be found in the work of [47]. The slave/master cells
are defined to better describe the deformation and interaction between inner and outer
cells. For the typical BCC lattice structure, its relative density can be expressed as:

ρBCC =

(
4
√

3L
)

L3 × π

(
d
2

)2
=
√

3π

(
d
L

)2
(1)

where d is the rod diameter of the lattice structure.
For the CirC lattice structure, the length of the circular rod on each cross-plane (e.g.,

plane ACFD in Figure 1b) is denoted as S. So, S = 2πb + 4(a− b), according to the basic
definition of the ellipse equation. Therefore, the relative density of the CirC lattice structure
is expressed as:

ρCirC =
2
[
π + 2

(√
2− 1

)]
L

L3 π

(
d
2

)2
− δCirC

(
d
L

)

=
π
[
π + 2

(√
2− 1

)]
2

(
d
L

)2
− δCirC

(
d
L

) (2)

In Equation (2), the second term δCirC is used to take account of the coincident volume
at the joints of the lattice cell, so that the relative density can be accurately calculated. It
is obtained by curve fitting using computer-aided design models, and it is expressed as:

δCirC

(
d
L

)
= −2.7754

(
d
L

)2
+ 0.8929

(
d
L

)
− 0.0482.

For the HCirC with an inner hierarchical structure, the major and minor radius of
the elliptical rod are defined as aM and bM for the master cell. The parameters aS and bS
are defined as the major and minor radius for the slave cell (see Figure 1c). According to
the geometrical relationship for the unit cell of lattice HCirC, aM = aS =

(√
2L
)

/2, and
bM = L/2, the ratio between bS and bM is defined as m = bS/bM. The rod diameter value of
the slave and master cells is defined as dS and dM, and its diameter ratio is defined as k,
with k = dS/dM.

Therefore, the relative density of the HCirC lattice structure is expressed as:

ρHCirC =
2
[
πL + 2

(√
2− 1

)
L
]

L3 π

(
dM

2

)2
+

2
[
πmL + 2

(√
2−m

)
L
]

L3 π

(
dS

2

)2
− δHCirC

(
dM

L
, k, m

)

=

[
π + 2

(√
2− 1

)]
+ k2

[
πm + 2

(√
2−m

)]
2

π

(
dM

L

)2
−δHCirC

(
dM

L
, k, m

) (3)

Here, in Equation (3), the second term δHCirC is also used to take account of the coincident
volume at the joints of the lattice cell. It is obtained by curve fitting using computer-aided

design. It is expressed as δHCirC

(
dM
L

)
= 15.76

(
dM
L

)2
− 2.4038

(
dM
L

)
+ 0.1057, where k = 1

and m = 0.5.
Figure 2 shows the effect of parameters k and m on the geometrical configuration

of HCirC. In Figure 2a, the parameter k is fixed at 1.0 and m is varied from 0.0 to 1.0. In
Figure 2b, the parameter m is fixed at 0.5, and k is gradually changed from 0.0 to 1.0. As
can be seen from Figure 2 that the geometry configuration of HCirC will change with the
variation of parameters k and m. When k = 0.0 or m = 1.0, the lattice HCirC reduces to the
configuration of CirC. When m is within a properly defined range and k 6= 0, the lattice
HCirC will exhibit an obvious hierarchical structure. So, the geometrical parameters k and
m can be used to tailor the relative density and mechanical properties of the lattice structure.
In the study, the influence of parameters k and m on the relative density and compression
mechanical properties of the HCirC lattice structure will be discussed in Section 4.2.
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3. Experiment and Simulation
3.1. Fabrication of the Lattice Samples Using the 3D Printing Technique

The commercial 3D printer (digital light processing, NOVA 3D Bene 4) was used to
fabricate the lattice samples of the BCC, CirC, and HCirC. Figure 3a shows the designed
CAD models, according to the geometry parameters defined in Table 1. Then, the ge-
ometry files of those lattice structures were sliced and inputted into the printer using
the stereolithography (STL) format. In order to avoid the inconsistencies of the printed
samples, a number of pre-printing experiments were performed to obtain the optimized
printing parameters. The maximum printing speed of the printer was 55 mm/h, with a
layer resolution within 0.025–0.01 mm. The bottom and normal exposure times were 15 s
and 1.8 s, respectively. The printing layer thickness was 0.05 mm. When the printing task
was finished, each sample was carefully washed by using isopropyl alcohol. Then, the
samples would undergo the curing processes by using UV light, and the heating tempera-
ture was 60 ◦C. Figure 3a shows the CAD models of the designed lattice structures of the
BCC, CirC, and HcirC. Figure 3b shows the fabricated lattice samples by using the DLP
printing technique.
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Table 1. The geometrical parameters used in 3D printing and the relative density of the fabricated
lattice structures BCC, CirC, and HCirC.

Group Number Specimen Dimension L (mm) d (mm)
Relative Density

Theoretical Experiment

1
BCC

5 × 5 × 5 7.5 0.60
0.03482 0.03461

CirC 0.03444 0.03457
HCirC 0.05982 0.06008

2
BCC

5 × 5 × 5 7.5 0.65
0.04087 0.04035

CirC 0.03850 0.03811
HCirC 0.07120 0.07037

3
BCC

5 × 5 × 5 7.5 0.70
0.04740 0.04659

CirC 0.04336 0.04375
HCirC 0.08220 0.08299

4
BCC

5 × 5 × 5 7.5 0.75
0.05441 0.05267

CirC 0.04902 0.04889
HCirC 0.09284 0.09255

In the study, four groups of lattice samples with diameter values ranging from 0.60 mm
to 0.75 mm were fabricated by using the 3D printing technique. Table 1 listed the geometry
parameters of these four groups of samples. All those printed samples possess uniform
dimensions of the cell, as L = 7.5 mm, and also 5 ×5× 5 unit cells in each printing direction
(e.g., the three orthogonal directions of the geometry coordinate). Here, the right-hand
principle is considered the geometry coordinate. In the experiment, for the HCirC structure
with inner hierarchy, the same rod diameter value was considered for both the slave and
master cells (the value of k is 1.00), and the value of m is fixed at 0.50. The effect of
parameters k and m on the mechanical performance of the HCirC lattice structure will
be discussed in Section 4.2. The relative density obtained by Equations (2) and (3) are
compared with the experiment-measured results, as shown in Table 1. The theoretical
values are close to the experiment.

The hard-tough resin material (provided by Esun company, Shenzhen, China) was
used in the 3D printing of lattice samples. This material belongs to the urethane acrylate
photo-curable resin, which is very suitable for DLP printers. Its mechanical performance is
comparable to the ABS filament, e.g., high toughness and impact strength. The measured
density of the 3D-printed resin material is 1.232 g/cm3. The mechanical properties of
the resin material were obtained by using the tensile experiment, and the results are
1649.7 MPa for elastic modulus and 45.4 MPa for yield strength (0.2% offset). Figure 4
shows the stress–strain curves of matrix material and the dimension of the tensile specimen.
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3.2. Compression Experiment

The compression experiment of the lattice samples was performed by using the in-situ
electro-mechanical testing platform at room temperature, as shown in Figure 5. The bottom
plate was fixed. The upper plate was used to compress the lattice samples until densification.
The constant loading rate of 4 mm/min was used. Before the experiment, the surface of
two plates was lubricated, in order to reduce friction and avoid lateral deformation.
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In the experiment, a high-resolution video camera was used to record the deformation
and collapse behaviors of the lattice samples during axial compression processes. The
geometry of the BCC lattice is symmetric along the x, y and z coordinates. So, only one
compression direction is needed to quantify the performance of the BCC lattice. It is noted
that the manufacturing process (e.g., the 3D printing) of the lattice structure may induce
slight anisotropy of the base material, such as the molding direction of the 3D printer, and
the curing processes by using UV light. In the present study, the main attention was focused
on the influence of geometry design on the mechanical anisotropy of the designed lattice
structure. The BCC lattice is used as a reference to compare the mechanical properties of
the CirC and HCirC lattice structures. So, the mechanical properties of the BCC lattice are
assumed as isotropic along three orthogonal directions. In the experiment, the compression
direction for the BCC lattice samples is along the x-axis, as the geometrical coordinate
defined in Figure 3. The compression properties of the circular-cell lattice structures CirC
and HCirC are anisotropic. According to the geometrical models in Figure 3, two different
compression directions are needed for quantifying the mechanical properties of the CirC
and HcirC lattice samples. In the experiment, two compression directions along the x and z
axes were considered for the CirC and HCirC lattice samples.

3.3. Finite Element Models

The finite element (FE) method was widely adopted as an efficient protocol to capture
the deformation behaviors of lattice structures [48–50]. In the study, compression behaviors
of lattice structures were simulated by using the Abaqus/Explicit commercial codes [51].
The established FE model and geometrical coordinates are shown in Figure 6. Here, only
the simulation model of the HcirC lattice structure along the z-axis compression direction
is shown. The same boundary constraints were also applied to the BCC and CirC lattice
samples. In the FE model, the compression direction can be changed by adjusting the lattice
sample along the y-axis. The upper plate was vertically moved to compress the lattice
sample until the lattice sample was densified. The lower plate of the model was fixed.



Aerospace 2022, 9, 786 8 of 23

The R3D4 element type was used for the rigid plate. The lattice sample was modeled by
using the C3D4 element type. The convergence of the FE model was checked by varying
the element size from 0.2 mm to 0.8 mm, and the global size of 0.2 mm was adopted to
obtain more accurate simulation results, e.g., stress distribution. The actual density value of
1.232 g/cm3, as well as the elastic–plastic constitutive behavior of the matrix material, were
used in the FE simulation. The general contact was considered in the modeling process
with a friction coefficient of 0.3. The FE simulation is mainly used to reveal the deformation
and interaction effects of the designed lattice structures. So, the friction coefficient is a
minor factor in the simulation model [14,25]. The geometry parameters used in the FE
simulation were the same as the CAD models in the 3D printing processes.
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The stress–strain curves obtained from the FE simulation was compared with the
experiment, as shown in Figure 7. Additionally, the kinetic energy (ALLKE) and internal
energy (ALLIE) curves obtained from the FE simulation are also plotted together. In
Figure 7, the experiment and simulation curves exhibit nearly the same evolution trend,
with a very small discrepancy. This discrepancy may ascribe to the neglect of damage and
failure behaviors of the resin material in the modeling process [14,48]. The kinetic energy
is far less than the internal energy, which indicates the simulation can be regarded as a
qua-static process [14,51]. So, the established simulation model is effective. The simulation
model will be used to describe the compression and collapse behaviors of the BCC, CirC,
and HCirC lattice structures.

Aerospace 2022, 9, x FOR PEER REVIEW 8 of 24 
 

 

modeled by using the C3D4 element type. The convergence of the FE model was checked 
by varying the element size from 0.2 mm to 0.8 mm, and the global size of 0.2 mm was 
adopted to obtain more accurate simulation results, e.g., stress distribution. The actual 
density value of 1.232 g/cm3, as well as the elastic–plastic constitutive behavior of the ma-
trix material, were used in the FE simulation. The general contact was considered in the 
modeling process with a friction coefficient of 0.3. The FE simulation is mainly used to 
reveal the deformation and interaction effects of the designed lattice structures. So, the 
friction coefficient is a minor factor in the simulation model [14,25]. The geometry param-
eters used in the FE simulation were the same as the CAD models in the 3D printing pro-
cesses. 

 
Figure 6. The FE model, geometry coordinates, boundary constraints, and local meshes. 

The stress–strain curves obtained from the FE simulation was compared with the ex-
periment, as shown in Figure 7. Additionally, the kinetic energy (ALLKE) and internal 
energy (ALLIE) curves obtained from the FE simulation are also plotted together. In Fig-
ure 7, the experiment and simulation curves exhibit nearly the same evolution trend, with 
a very small discrepancy. This discrepancy may ascribe to the neglect of damage and fail-
ure behaviors of the resin material in the modeling process [14,48]. The kinetic energy is 
far less than the internal energy, which indicates the simulation can be regarded as a qua-
static process [14,51]. So, the established simulation model is effective. The simulation 
model will be used to describe the compression and collapse behaviors of the BCC, CirC, 
and HCirC lattice structures. 

 
Figure 7. Comparison of compression stress–strain curves between experiment and simulation, and 
the comparison between internal energy and kinetic energy during the simulation process. 

Figure 7. Comparison of compression stress–strain curves between experiment and simulation, and
the comparison between internal energy and kinetic energy during the simulation process.



Aerospace 2022, 9, 786 9 of 23

4. Results and Discussion
4.1. Compression Behaviors and Mechanical Properties

The stress–strain curves of the BCC, CirC, and HcirC lattice structures obtained from
the axial compression experiment are compared, as shown in Figure 8a for compression
along the x-axis, and in Figure 8b for compression along the z-axis. In the experiment, two
independent compression tests are performed for each lattice type, and the compression
curves are plotted together. Here, the same rod diameter value, d = 0.65 mm was considered
for the BCC, CirC, and HCirC lattice structures, with k = 1 and m = 0.5. In Figure 8, it is
shown that the repeatability of the compression experiment is acceptable. The relative
density values of BCC, CirC, and HCirC are also shown in Figure 8. It shows that HCirC
exhibits the highest relative density and that the relative density of the CirC is larger than
the BCC. In the study, the compression curves will be used to reflect the specific stiffness
and strength of the lattice structures. Additionally, it is also used to quantify the energy
absorption capacity, e.g., the enclosed area under the compression curve.
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In Figure 8, the stress–strain curves of BCC, CirC, and HCirC show obviously three stages
(they are denoted as I, II, and III in Figure 8), as the initial elastic loading, yield, and plastic
plateau, as well as the densification stage. In the first stage, the compression stress will
increase linearly with the increase in strain. Then, the compression stress deviates from its
initial elastic stage and the yielding behavior occurs. In the second stage, relatively large
compression deformation, progressive collapse, and failure behaviors can be observed. In the
third stage, the rods of the lattice structure will contact each other, resulting a rapid increase in
compression stress.

In Figure 8, all the compression stress curves of BCC, CirC, and HCirC show rela-
tively long stress plateaus, and smooth yielding and stress transition processes. When the
compression direction is along the x-axis, the compression curves of the BCC and CirC
lattice structures are relatively smooth. Obvious stress oscillation behaviors are observed
for CirC when compressing along the x-axis, and also for HcirC when compressing along
two directions. Overall, the compression curves of HcirC exhibit the highest stress plateau
(see stage II) than the BCC and CirC in both compression directions. The mechanical
properties of BCC, CirC, and HCirC are extracted from the corresponding compression
curves, and they are listed in Table 2. The specific mechanical properties are obtained by
dividing the stiffness and strength values by relative density. The comparison of stiffness,
strength, specific stiffness, and specific strength of the BCC, CirC, HCirC lattice structures
is shown in Figure 9, respectively, in Figure 9a–d for compression along the x-axis, and in
Figure 9e–h for compression along the z-axis.

As can be seen from Table 2 and Figure 9 that the HCirC lattice structure exhibits
the highest mechanical performance in both x and z compression directions. When the
compression direction is along the x-axis, the improvement values of mechanical properties
are 253.7 % for stiffness and 75.2% for yield strength. When the compression direction is
along the z-axis, the improvement values of mechanical properties are 671.5% for stiffness
and 154.2% for yield strength.

Table 2. Compression mechanical properties of lattice structures BCC, CirC, and HCirC.

Lattice Structures Stiffness
(MPa)

Strength
(MPa)

Specific Stiffness
(MPa·cm3/g)

Specific Strength
(MPa·cm3/g)

BCC 0.3190 0.03183 6.4018 0.6387

Compression along x-direction

CirC 0.3145 0.02627 6.6821 0.5582
HCirC 1.1283 0.05577 12.9824 0.6417

Compression along z-direction

CirC 1.0019 0.06469 21.2890 1.3746
HCirC 2.7526 0.1569 31.6732 1.8054

In terms of the specific stiffness and strength values, the improvement of the HCirC
lattice structure is also very obvious with respect to the BCC lattice. When the compression
direction is along the x-axis, the improvement values of specific mechanical properties are
102.8% for specific stiffness and 0.5% for specific strength. When the compression direction
is along the z-axis, the improvement values of specific mechanical properties are 342.4%
for specific stiffness and 13.0% for specific strength. For the CirC lattice structure, the
improvement of mechanical properties is not stronger than the HCirC, and even lower than
the BCC lattice structure (e.g., see Figure 9b,d when the compression direction is along the
x-axis). It is noted that in the designed configurations of unit cells, only the HCirC lattice
possesses the bio-inspired structural hierarchy. Therefore, the bio-inspired hierarchical
design is the factor that causes the improvement of mechanical properties of the HCirC
lattice structure.
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4.2. Deformation Mechanism and Failure Behaviors

Figures 10–12 show the compression behaviors of BCC, CirC, and HCirC, respectively,
in Figure 10 (in XZ-view) and Figure 11 (in XY-view) for compression along the x-axis, and
in Figure 12 (in XZ-view) for compression along the z-axis. The deformation behaviors of
lattice structures obtained from FE simulations are also shown in Figures 10–12, in order
to reflect the deformation and collapse processes of the lattice structures. Additionally,
the deformation processes of those lattice structures obtained from the FE simulation
are close to the experiment. In Figures 10–12, three distinct deformation stages can be
observed for those lattice structures under axial compression. They are the initial bulking
deformation, progressive collapse under relatively large compression strain, and the final
densification stages.

In Figures 10 and 11, when the compression direction is along the x-axis, the lattice
structures of BCC, CirC, and HCirC exhibit very uniform deformation and progressive
collapse behaviors. At the initial loading stage (e.g., ε = 0.2), the upper and bottom layers
start to deform. Then, it is followed by successive collapse behaviors under relatively large
compression strain (e.g., ε = 0.4), until the deformation reaches the final densification stage
(e.g., ε is larger than 0.6). Those distinct deformation stages can also be observed in Figure 11
under the XY-views, and the deformation mode shows clearly the X-type shear band for
the BCC, CirC, and HCirC lattice structures. Results indicate that the deformation mode of
the BCC, CirC, and HCirC lattice structures is bending-dominated when the compression
direction is along the x-axis. Here, in Figure 11, the experiment shows layer-wise failure
that starts with the bottom layer. This may be because the experienced UV light is not very
uniform (e.g., the UV light will easily be shaded by the lattice itself, as the bottom layer
received less UV light than the first layer), thus causing the slight mechanical heterogeneity
of the lattice sample.
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Figure 10. The compression behaviors of BCC, CirC, and HCirC (in XZ-views, and the compression
direction is along the x-axis).

Figure 12 shows the compression behaviors of CirC and HCirC lattice structures, and
the compression direction is along the z-axis. In Figure 12, the deformation of the middle
layers is relatively uniform at the initial stage (e.g., ε = 0.2), and bulking behaviors were
observed for the upper and bottom layers. For the CirC lattice structure, the bulking of
the upper and bottom layers corresponds to the first peak stress on the compression stress–
strain curve (see Figure 8b). With the increase in compression strain, the bulking of the
middle layers (e.g., ε = 0.4), as well as the local shear behaviors, was observed (e.g., ε = 0.6).
For the HCirC lattice with structural hierarchy, the outer cell (e.g., master cell) of the upper
and bottom layers will collapse first, bringing a short initial stress plateau, as shown by the
compression curves in Figure 8b. Then, the further collapse of outer cells can be observed
and they will be in contact with the inner cells, resulting a further increase in compression
stress (see the stress peak in Figure 8b for the HCirC lattice structure). With the increase in
compression strain (e.g., ε = 0.4) all the outer cells collapsed, then the inner cells (e.g., slave
cells) began to deform (e.g., ε = 0.6), and the compression stress was increased accordingly
(see Figure 8b, the strain around 0.5). The enhancement of mechanical properties of the
HCirC lattice structure is ascribed to the structural hierarchy and interaction between inner
and outer cells.
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In the study, the Gibson–Ashby model [52,53] was used to describe the relationship
between the relative density and relative stiffness of the lattice structures. This theoretical
model is very popular in explaining the deformation mechanism and predicting the mechan-
ical properties of porous structures [25,52]. Based on the classic theory of this model [52,53],
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the deformation mode is bending-dominated if the exponent is 2, and stretching-dominated
if the exponent is 1 [52,53]. The Gibson–Ashby model can be expressed as:

Ex

Es
= Cx

(
ρ

ρs

)nx

and
Ez

Es
= Cz

(
ρ

ρs

)nz

(4)

where, Es and ρs are the stiffness and density of the matrix material. ρ is the density of the
lattice structure. Ex and Ez are the stiffness of lattice structure along the x and z directions,
respectively. Cx and nz are the fitting parameters obtained from the x direction, and Cz and
nz are the fitting parameters obtained from the z direction.

The fitting parameters of the Gibson–Ashby model [52,53] are listed in Table 3 for
the BCC, CirC, and HCirC lattice structures. In Table 3, the exponent value is 2.120 for
the BCC, which is coincident with the bending-dominated deformation behaviors of the
BCC lattice structure. The exponent values of the HcirC lattice structure are 2.067 for
compression along the x-axis, and 2.066 for compression along the the z-axis. The exponent
values are very close to 2 for the BCC and HcirC in both compression directions, and their
deformation mode is bending-dominated. For the CirC lattice structure, the values of
the exponent are 2.537 for compression along the x-axis, and 2.909 for compression along
the z-axis. According to the bulking and deformation processes of CirC lattice structures,
the deformation mode of the CirC tends to be bending-dominated in two compression
directions. The fitting results of the relationship between relative density and relative
modulus are also compared, as shown in Figure 13a for compression along the x-axis, and
in Figure 13b along the z-axis. In Figure 13, the relative stiffness is comparable at the same
relative density for the BCC and HcirC when the compression is along the x-axis. The
HCirC and CirC exhibit superior relative stiffness than the BCC at the same relative density
when the loading direction is along the z-axis. When the rod diameter of the lattice structure
is the same, the HCirC will have higher relative density and mechanical performance (in
two loading directions) than the CirC and BCC, because of the more efficient space and
volume utilization. The hierarchical design is helpful to enhance mechanical properties
with respect to the conventional BCC lattice.

Table 3. Fitting results of the relationship in Equation (4).

Lattice Structures Cx nx Cz nz

BCC 0.198 2.120 - -
CirC 0.837 2.537 7.842 2.909

HCirC 0.146 2.067 0.417 2.066

Figure 14 shows the comparison of stress distribution of lattice structures BCC, CirC,
and HCirC under the same compression displacement (at strain value of 20%), respectively,
in Figure 14a for compression along the x-axis, and in Figure 14b for compression along
the z-axis. Here, the local views of unit cells located at the center of the 5 × 5 × 5 lattice
structures were shown. In Figure 14, a very high-stress concentration can be observed
on the nodes (e.g., see node 1) of the BCC lattice in both compression directions, while
the stress on the center of the strut was relatively low (e.g., see node 2). The scale bar of
the stress distribution is defined as the same range values so that the stress distribution
situations on different lattice configurations can be compared. For the circular-based lattice
structure CirC and HCirC, it shows obviously that the stress concentration on the joints
of lattice structures can be reduced and nearly uniform stress distribution can be found
on the center of the circular rods (e.g., see nodes 3 and 4). This phenomenon is especially
obvious when the compression direction is along the z-axis, e.g., see Figure 14b. The
stress concentration during compression processes should be an important consideration
for the geometrical design of lattice structures. The sharp joints are easily formed by the
straight struts, which usually induces a high-stress concentration and potential failure
and damaging behaviors [26,27,54]. The uniform stress distribution of circular-cell-based
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lattice structures was also reported in the previous works [25,27]. In the geometrical design
of lattice configurations, the bio-inspired structural hierarchy was not considered. In
Figure 14b, for the hierarchical circular-cell-based lattice structure proposed in the present
study, the outer cell (e.g., master cell) exhibits similar stress distribution of the CirC lattice
structure, and it is better than the BCC lattice. Additionally, the stress distribution of the
inner cell (e.g., slave cell) is very uniform, see Figure 14b, and lower than the outer cell
(master cell). The consideration of structural hierarchy in the designed circular-cell lattice
structure will be very helpful to alleviate the stress concentration and improve specific
mechanical properties, which are very useful for the multifunctional application of lattice
structures in the future.
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In the designed circular-cell lattice configuration of HCirC, the structural hierarchy is
a factor that will cause the improvement of mechanical properties. As was discussed in
Section 2, k and m are two geometry parameters that can be used to tailor the mechanical
properties of the HCirC lattice structure. To investigate the enhanced effect of structural
hierarchy and reveal the effect of parameters k and m on the mechanical properties of
HCirC lattice structure, further compression experiments are performed. Table 4 listed
the different combinations of parameters k and m in the 3D printing experiments and
the relative density of the lattice samples. Figure 15 shows the effect of parameter k on
the compression curves and mechanical properties of the HCirC lattice structure, and the
relative density values are also presented. Figure 16 shows the effect of parameter m on
the compression curves and mechanical properties of the HCirC lattice structure. The
detailed definition of SEA will be presented in Section 4.3. Here, only the results from the x
compression direction are shown, and the results obtained from the z-axis show similar
hierarchical enhancement trends.

Table 4. The geometrical parameters of hierarchical lattice HCirC with different m and k values, and
the mass of the fabricated samples.

Lattice Type m k Dimension L (mm) dM (mm) Relative Density

HCirC 0.50

0.00

5×5× 5 7.5 0.65

0.03811
0.60 0.04833
0.80 0.05836
1.00 0.07037

HCirC

0.00

1.00 5×5× 5 7.5 0.65

0.05592
0.25 0.06931
0.50 0.07037
1.00 0.03811

It can be seen in Figures 15 and 16 that both the geometry parameters k and m
have obvious effects on the mechanical properties and the energy absorption capacity
of the HCirC lattice structure. In Figure 15, when the parameter m is fixed at 0.50, the
stiffness, yield strength, and relative density will monotonously increase with the increase
in parameter k, and all of those compression curves exhibit a relatively long stress plateau.
It is noted that, when m is 0.50 and k is 0.00, the lattice structure will reduce to CirC. In
Figure 15b–d, the mechanical improvement of the HCirC lattice structure with respect to
CirC is also shown. The optimized enhancement effect can be achieved when k is 1.00 and
m is 0.5, and the improvement values are 94.3% for specific stiffness, 15.0% for specific
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strength, and 59.7% for SEA. In Figure 16, the value of k is fixed at 1.00 and the value of
m is varied from 0.00 to 1.00. It can be seen in Figure 16 that the stiffness, strength, and
relative density will increase with the increase in m. The maximum enhancement effect
is achieved when m is 0.5, and then the mechanical properties and relative density will
decrease when m is 1.0. So, the optimized enhancement effect can be observed when m is
0.50. The maximum improvement values of mechanical properties are 94.3% for specific
stiffness (m is 0.50), 57.7% for specific yield strength (m is 0.00), and 59.7% for SEA (m is
0.50). Results in Figures 15 and 16 further proved that the bio-inspired hierarchy design
in the present study is effective, and it is beneficial for the improvement of mechanical
properties of lattice structures.
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4.3. Energy Absorption Capacity

Energy absorption has been widely used as a significant mechanical indicator of lattice
structures [26,33,34]. The specific energy absorbed (SEA) is defined as the ratio between
total energy absorbed (TEA) and the mass of the lattice structure [26,34], and it is expressed
in Equation (5):

SEA =
TEA

M
=

∫ U
0 Pidu

M
(5)

where Pi is the compression load, U the maximum compression displacement, and M
the mass of lattice samples. The total energy absorbed (TEA) is defined as the integra-
tion of compression load with compression displacement, as TEA=

∫ U
0 Pidu, and u is the

compression displacement.
The energy absorption efficiency is defined as the ratio of the absorbed energy of

materials up to a given compression strain to the ideal energy absorber when they produced
the same stress peak [26,34]. Energy absorption efficiency is defined as:

η =

∫ ε
0 σ(ε)dε

σ∗
(6)

where σ(ε) and ε are the stress and strain values obtained from the axial compression
experiment. σ∗ represents the peak stress at a given strain. ηmax is used to represent
the maximum energy efficiency. Its corresponding compression strain is defined as the
densification strain [26,55].

The plateau stress can be expressed as [26]:

σpl =

∫ ε
0 σ(ε)dε

εd
(7)

The ratio between plateau stress σpl and initial peak stress σpk is defined as the crash
load efficiency (CLE). It is used to reflect the uniformity of the compression stress–strain
curves. The higher CLE value usually indicates stronger energy efficiency under the same
magnitude of transient loads. The crash load efficiency is defined as [26,34]:

CLE =
σpl

σpk
(8)

where σpl represents the plateau stress and σpk the initial peak stress.
Figure 17 shows the comparison of specific energy absorption, energy efficiency,

and compression curves for BCC, CirC, and HCirC lattice structures, respectively, in
Figure 17a for BCC, in Figure 17b,c for CirC, and in Figure 17d,e for HCirC. Additionally, the
maximum value of energy efficiency and the densification strain are also shown in Figure 17.
Here, the densification strain εd corresponds to the strain value with maximum energy
efficiency, according to the definition in the works [26,55]. As can be seen in Figure 17, this
definition of densification strain is effective for the BCC and CirC lattice structures without
structural hierarchy. For the HCirC lattice structures, when the compression direction
is along the z-axis, the energy efficiency curve shows clearly two inflection points and
their corresponding compression strains were defined as εd1 and εd2 , respectively. As
was discussed in Section 4.2, in the designed hierarchical circular-cell lattice structure,
the interaction effect between slave and master cells causes the increase in compression
stress (see Figure 8b at a strain around 0.6). So, the energy efficiency curve will reach its
maximum value much earlier than the simple lattice without structural hierarchy. Overall,
the CirC lattice structure exhibits higher maximum energy efficiency and densification
strain values than the BCC lattice. Additionally, the HCirC lattice structure also exhibits
excellent energy absorption capacity, e.g., a higher maximum energy efficiency and a
comparable densification strain (e.g., compression along the x-axis) with respect to the BCC
lattice. Additionally, when the compression direction is along the z-axis, the HCirC lattice
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shows a higher densification strain and a comparable maximum energy efficiency with
respect to the BCC lattice structure.
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Figure 17. The comparison of compression stress, energy efficiency, and SEA curves along different
compression directions: in (a) for BCC; in (b) and (c) for CirC; in (d) and (e) for HCirC.

Table 5 listed the extracted SEA and CLE values of the BCC, CirC, and HCirC lattice
structures. The results obtained from two different diameter values, 0.65 mm and 0.75 mm,
are compared. Figure 18 shows the comparison of SEA and CLE values for the BCC, CirC,
and HCirC lattice structures, respectively, in Figure 18a for SEA and in Figure 18b for CLE.

As can be seen in Table 5 and Figure 18 that the SEA and CLE values will increase with
the increase in rod diameter. The HCirC lattice structure shows the highest SEA and CLE
values compared to the CirC and BCC. For the HCirC lattice structure, the improvement
values are 23.6% (along the x-axis) and 126.6% (along the z-axis) for SEA, and 21.5% (along
the x-axis) and 18.0% (along the z-axis) for CLE, with respect to the BCC lattice. The
SEA and CLE values of the CirC lattice structure are slightly lower than the BCC lattice,
e.g., even a 22.3% decrease for SEA and 19.1% decrease for CLE with respect to the BCC
lattice structure (when the compression direction is along the x-axis). Results indicate the
hierarchical design of lattice structures will possess higher energy absorption capacity. In
the study, the specific energy absorption values of different lattice structures were compared
by dividing their mass values. The considered rod diameter values were relatively narrow.
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The comparison of the energy absorption capacity of different lattice structures with more
wide mass ranges will be further investigated in our future work.

Table 5. Comparison of the energy absorption properties of lattice structures BCC, CirC, and HCirC.

Lattice Structures d = 0.65 d = 0.75

SEA (J/g)

BCC 0.7462 0.9719

Compression along x-direction
CirC 0.5478 0.7555

HCirC 0.8751 1.2015

Compression along z-direction
CirC 1.2093 2.0497

HCirC 1.8237 2.8788

CLE

BCC 1.6341 1.8284

Compression along x-direction
CirC 1.3223 1.3246

HCirC 1.9859 1.9052

Compression along z-direction
CirC 1.1511 1.2087

HCirC 1.7843 1.6051
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5. Conclusions

In this paper, the novel hierarchical circular-cell-based configuration of lattice struc-
tures was developed by taking inspiration from biological materials. The hierarchical
circular lattice samples with 5 × 5 × 5 unit cells were fabricated through a DLP 3D printer,
using the hard-tough resin material. The mechanical performance of the designed lattice
structures was investigated by compression experiment and numerical analysis, and a
potential mechanical enhancement mechanism was revealed. The main conclusions are
summarized as follows: (1) the use of a circular-cell is able to alleviate the stress concentra-
tion induced by the intersection of straight struts; (2) the bio-inspired structural hierarchy
and interaction between slave and master circular cells can improve the mechanical prop-
erties; (3) the parameters k and m are two geometrical variables that can be used to tailor
the enhanced mechanical performance and energy absorption of the circular-cell lattices
with structural hierarchy; (4) the optimized enhancement effect is achieved when k is 1.00
and m is 0.5, and the improvement values are 94.3% for specific stiffness, 15.0% for specific
strength, and 59.7% for SEA, with respect to the CirC lattice with no structure hierarchy;
(5) the designed hierarchical circular-cell lattice structure exhibits improved mechanical
properties and energy absorption capacity with respect to the BCC lattice, and the max-
imum improvement values are 342.4% for specific stiffness, 13.0% for specific strength,
126.6% for specific energy absorption, and 18.0% for crash load efficiency.
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