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To study the synergistic hierarchical arrangement effect, three hierarchical cubic lattice structures and six kinds
of hybrid hierarchical lattice structures are designed based on the synergistic hierarchical arrangement concept.
While studying the synergistic hierarchical arrangement effect on the structural protection characteristics, the
prediction function of structural properties and the constitutive relation of lattice structures are derived. The
structural properties are accurately predicted, and the errors are within 5%. In terms of mechanical properties of
lattice structures, 941 hybrid hierarchical lattice structure, similar to the hybrid hierarchical arrangement inside
the femur, presents the best mechanical behavior, followed by 194 and 419 hybrid hierarchical lattice structure.
The bearing capacity, specific energy absorption, and energy absorption of 941 are more than 100% of those of
other hierarchical or synergistic hybrid hierarchical lattice structures. The results show that the hierarchical and
synergistic hybrid hierarchical lattice structure can effectively improve the mechanical properties of the lattice
structure in different directions, especially the femur-like synergistic hybrid hierarchical structure. To better
determine the excellent performance of the hybrid hierarchical structure, combined with the car seat, the per-
formance of the hybrid hierarchical structure is further studied. Ideas are provided for the subsequent application

of energy-absorbing engineering.

1. Introduction

In recent years, passenger transport safety engineering has been
concerned with the increase in collision accidents in passenger transport
engineering [1-3]. How to ensure the safety of personnel to the greatest
extent under limited cost has become a research hotspot nowadays
[4-6]. In the process of a car accident, it is essential to improve the
survival rate of passengers by absorbing the composite direction energy
through the energy absorption device of the safety seat. The porous
structure in the energy-absorbing unit of the seat is a critical energy-
absorbing part of the seat. Previous studies have mainly focused on
the optimal design of structure cells and the selection of fabrication
materials. In comparison, few studies have been done on the energy
absorption effect of safety seats through the functional properties of the
structure in the assembly of multiple types of lattice structures.

Organisms have acquired powerful energy absorption properties by

utilizing their excellent microstructure, which has aroused the great
attention of researchers [7-9]. Subsequently, the lattice cell structures of
biological bone structures [10-12] and their microscopic compositions
[13-15] have been studied extensively. Chen et al. [16] selected
representative volume cells of shell and aragonite fiber based on the
observation of shell microstructure. They analyzed the mechanism of
aragonite fiber microstructure characteristics to obtain high stiffness
and strength of the shell. Kooistra et al. [17] introduced the bionic hi-
erarchy idea into the bionic corrugated sandwich structure and brought
the two-level corrugated sandwich structure (two-level folded struc-
ture). The plane stress hypothesis and elastic beam theory proposed six
dominant failure modes of the structure. Katayama et al. [18] estab-
lished a biomimetic composite model with honeycomb structure based
on the microstructure characteristics of cancellous bone. They used this
model to predict and analyze the optimization mechanism of compres-
sive stress diffusion. These research results show that bionic design
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based on natural biological composite materials can improve the me-
chanical properties of composite structures in engineering.

However, in manufacturing complex porous structures, traditional
manufacturing methods cannot meet the manufacturing needs of these
complex structures. The emergence of additive manufacturing technol-
ogy provides an effective way for the manufacturing application of
complex structures [19-21]. Yan et al. [22] prepared a series of
AlSi Mg diamond porous lattice structures using SLM technology. They
found that the mechanical properties of AlSi;oMg diamond porous lat-
tice structures formed by SLM were highly controllable. The mechanical
properties of porous lattice structures could be controlled effectively by
controlling the single-cell size and volume fraction. To compare the
mechanical properties of different porous lattice structures, Maskey
et al. [23] manufactured a porous lattice structure with gradient density
by fixing the average relative density of the porous lattice structure at
22 % and studied the mechanical behavior of uniform porous lattice
structure and gradient porous lattice structure. Gorny et al. [24] man-
ufactured Ti6Al4V porous lattice structure using additive manufacturing
technology and studied the microstructure, deformation behavior, and
failure mechanism of the porous lattice structure.

In this study, the mechanical properties of hierarchical and hybrid
hierarchical lattice structures are compared. Based on the same-sized
hierarchical lattice cells, the hierarchical lattices (primary hierarchical
lattice structure 111, secondary hierarchical lattice structure 444, and
tertiary hierarchical lattice structure 999) are composed for studying the
effect of hierarchical cubic configuration on the overall mechanical
properties of lattice structures. Next, to study the impact of the hybrid
hierarchical arrangement on the mechanical properties, the hierarchical
lattice structures are arranged firstly and combined to form the hybrid
hierarchical lattice structures: 149, 194, 419, 491, 914, 941. The ex-
pressions for the names of the hybrid hierarchical lattice structures are
explained using the hybrid hierarchical lattice structures 941 and pri-
mary cubic lattice structure 111 as examples, as shown in Fig. 1(c). To
study the mechanical properties of lattice structures in the composite
direction, the compression of oblique 45 degrees to the x-axis, x-direc-
tion, and z-direction mechanical properties of lattice structures are
reviewed. Ultimately, the mechanical properties of lattice structures are
summarized by comparing simulations, experiments, and theories. The
findings are described. The effect of structural synergistic hierarchical
arrangement on mechanical properties is described in detail.

2. Lattice specimen preparation

The design of hierarchical lattice structures is based on the same-
sized hierarchical cubic lattice cells of aperture scaling as the proto-
type. Three types of hierarchical lattice structures are designed, as
shown in Fig. 1 (c). The 3D printing machine FS403P is used to manu-
facture PA300 Nylon hierarchical lattice samples.

The biological femur can effectively protect the human body [25].
The internal hybrid hierarchical composition of the femur is divided into
three layers: compact bone, bone marrow, and spongy bone, as shown in
Fig. 2 (a). To further explore the effect of the hybrid hierarchical
arrangement of the femur on mechanical properties, the hybrid hierar-
chical lattice structures consist of hierarchical lattice cells surrounded
from inside to outside: 149 hybrid hierarchical lattice structure, 194
hybrid hierarchical lattice structure, 419 hybrid hierarchical lattice
structure, 491 hybrid hierarchical lattice structure, 914 hybrid hierar-
chical lattice structure, and 941 hybrid hierarchical lattice structure, as
shown in Fig. 2 (a;- ¢1) (az- c2). Based on six hybrid hierarchical lattice
structures, the effect of synergistic hierarchical arrangement on the
structural protective performance is studied under different loading
directions.

Since 3D printing parameters significantly influence the mechanical
properties of lattice structures when the 3D printing machine FS403P
manufactures lattice structures [26], the unified printing parameters are
used in this paper to test more accurate properties of lattice structures.
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The 3D printer printing parameters are in Table 1.

In comparing the lattice structures simulation, it is necessary to set
the structural material parameters. As LS-DYNA #24 material can be
directly entered into the material tensile curve for material parameter
setting, lattice structure simulations are carried out with #24 material.
To determine the material properties of lattice structures, the mechan-
ical experiments at room temperature are conducted on the DDL100
testing machine. The tensile and compression force-displacement curves
of Nylon samples are in Fig. 3.

3. Grid sensitivity analysis of the hierarchical lattice cell

Structural grid sensitivity analysis is performed to ensure the accu-
racy of simulation analysis. The convergence analysis, under the four
different cell sizes of 0.5 mm, 0.75 mm, 1 mm, and 1.5 mm, is done for
CB1, CB2, and CB3, as shown in Fig. 4.

It is seen from Fig. 4 that the force-displacement curves of cubic
lattice elements obtained at the sizes of 0.5 mm, 0.75 mm, and 1 mm are
close to each other numerically, which indicates convergence of simu-
lation calculations. The 0.5 mm adaptive mesh refinement method is
used for structure simulation analysis to improve the accuracy and speed
of simulation analysis.

4. Theory analysis of lattice structures
4.1. Mechanical properties analysis of lattice structures

The lattice structure exhibits elastic deformation at the initial stage
of compression. Under the meager structural strain rate, that is, quasi-
static compression, Euler beam theory can be used to calculate the
deformation of the lattice structure whose relative density p/ps is more
significant than 0.1 [27]. According to the Euler beam theory, the micro-
deformation of a structural beam is.
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Fig. 1. Energy absorption lattice structures of the car safety seat. (a) The safety seat. (b) Energy absorption block. (c) Energy absorption lattice structure. (a;), (b;),
and (c;) are the sectional view of CB1, CB2, and CB3. L = 7 mm. (ay) CB1, (b,) CB2, and (c,) CB3 are the hierarchical lattice cells that make up 111, 444, and 999. (a3)
primary hierarchical lattice structure 111. (b3) secondary hierarchical lattice structure 444. (c3) tertiary hierarchical lattice structure 999. (a4) oblique 45 degrees to
the x-axis primary hierarchical lattice structure 111. (b4) oblique 45 degrees to the x-axis secondary hierarchical lattice structure 444. (c4) oblique 45 degrees to the
x-axis tertiary hierarchical lattice structure 999.
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Fig. 2. Hybrid hierarchical lattice structures. (a) Hierarchical structures of the femur. In the femur, compact bone is equivalent to CB1. Spongy bone is equal to CB2.
Bone marrow is matching to CB3. (a;) 149 hybrid hierarchical lattice structure. (b;) 419 hybrid hierarchical lattice structure. (c;) 914 hybrid hierarchical lattice
structure. (a;) 194 hybrid hierarchical lattice structure. (b2) 491 hybrid hierarchical lattice structure. (cp) 941 hybrid hierarchical lattice structure. (az) 149 oblique
45 degrees to the x-axis hybrid hierarchical lattice structure. (b3) 419 oblique 45 degrees to the x-axis hybrid hierarchical lattice structure. (c3) 914 oblique 45
degrees to the x-axis hybrid hierarchical lattice structure. (a4) 194 oblique 45 degrees to the x-axis hybrid hierarchical lattice structure. (b4) oblique 45 degrees to the
x-axis 491 hybrid hierarchical lattice structure. (c4) 941 oblique 45 degrees to the x-axis hybrid hierarchical lattice structure.
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Table 1
FS 403P 3D-printing parameters.
Parameters Scanning speed (mm/s) Build cavity temperature (°C) Laser power (W) Preheating temperature (°C) Jumping speed (mm/s) Material
Tensile sample 7.62 169 22 140 2.54 PA300
c 2\’
1400 | R — = A=) +B (13)
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g 1200 where, A, and B, are the constants.
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Fig. 3. Nylon properties curve. (a) Nylon tensile curve. The parallel length of
the tensile samples is 60 mm. The gauge length of tensile samples is 50 mm, and
the thickness of tensile samples is 4 mm. (b) Nylon compression curve.

That is.
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where, A; and B; are the constants.
The relationship between relative elastic modulus and relative den-
sity of lattice structures in this paper is shown in Fig. 5(a).
The Euler formula determines the bending force.
_ n’mEsl

F= T2 (10)

where, n is the degree of freedom of structural constraints. In the
lattice structures, n = 0.7 [27].

Therefore, the lattice structures are stressed when bending defor-
mation under compression.

F Egl
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That is.

structural yield occurs. ¢p is the strain when the structure is dense. D and
m are constants.

To simplify the loaded relationship and better describe the stress—
strain relationship, Rush Model [28] was proposed.

o =A¢e" + Be", O0<m<1 and l<n<oo (15)

where, the first term on the right side of the equation represents the
elastic segment, and the second term means the plastic stage. Although
the proposed model simplifies the whole compression constitutive
model, its accuracy in describing the compaction stage is insufficient.

When considering strain rate, the constitutive compression relation
of the porous structure can be obtained by analogy with the latest
constitutive relation of porous material [29].

6 = f(e)M(e, &) (16)

where, ¢ is the structural stress. f(¢) is the shape function of strain,

representing the stress—strain relationship at the reference strain rate,

generally expressed by a polynomial. It is a function of the strain and the

strain rate. The quasi-static compression strain rate is constant. M(¢,¢) =
a+be

(5) = 1[30]. Introduce the Avalle improved constitutive model

[31].

o=fle) = A1 - e FO" ) p(LE 8)” a7
where, o is the structural stress. ¢ is the structural strain. E is the
elastic modulus. A, B,C, m and n are constants.
However, in the process of compression, the lattice structure has a
local failure, and the stress will mutate. Therefore, the fracture failure
factor C(e) is introduced in this paper, and Eq. (18) is.

o = Cle)f(e)

Firstly, to improve the computational efficiency and increase the
accuracy, the f(¢) model and the Rush model are improved.

(18)
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Fig. 4. Structural grid sensitivity analysis. (a;) first-order cubic cell (CB1), and force-displacement curve. (b;) second-order cubic cell (CB2) force-displacement
curve. (c;) third-order cubic cell (CB3) force-displacement curve. (a;) CB1 is divided into four grid sizes: 0.5 mm, 0.75 mm, 1 mm and 1.5 mm (by) CB2 is divided
into four grid sizes: 0.5 mm, 0.75 mm, 1 mm and 1.5 mm. (cz) CB3 is divided into four grid sizes: 0.5 mm, 0.75 mm, 1 mm and 1.5 mm.
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Fig. 5. Results contrast. (a) The relation between relative elastic modulus E/Es and relative density p?/p? of lattice structures. (b) The relation between bending

stress o/Es and relative density p?/p? of lattice structures.

fle)= Aé +B(1 _ o (E/C)e(1=0)" ) +D( ie ) )

1—¢

where,Aek, B(1 —e ®/©:1-") and D(li—je)n represent the elastic
segment, the plateau segment and the dense segment of the lattice
structures during compression.A,B, C and D are constants, which are
related to the relative density.i,k, m and n are constants.

Due to the smoothness off(¢), the compression mutation caused by
the local structural failure cannot be equivalent. The fracture failure
factor C(¢) is used to improve the smoothness of f(¢) and improve ac-

curacy.
C(e) = |sin(he?) | (20)

where, h is the constant.

Generate the population satisfying the
conditions and initialize the parameters

Finally, Eq. (19) and Eq. (20) are substituted into Eq. (18) to obtain
the constitutive relation.

o = C(e)f () = [sin(he) |(A€k +B(1 — e B +D( ie )")

The simulated annealing algorithm [32], as shown in Fig. 6, is used
to obtain the theoretical values of constitutive relation in the x and z
directions. The academic data are shown in Table 2, Table 3, and
Table 4.

RSS is the square of the correlation coefficient between the accurate
and theoretical values.

Output operation

result

Calculate new individual
adaptation value based on
Metropolis criterion

Drop to termination
temperature 7k+1

Selection, crossover, mutation

$=S+1, Tkn=aTi(a €[0,1], k=0)

Go up to
predetermined

Increasing
temperature rise

Fig. 6. Flow chart of Simulated annealing algorithm. The initial population is the initial input value.
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Displacement(mm)

Fig. 7. Compressive mechanical curves of lattice structures.(a;-d;) x-direction compressive mechanical curves of lattice structures. (ap-d;) Oblique 45 degrees to the
x-axis direction compressive mechanical properties curves of lattice structures. (as-ds) z-direction compressive mechanical curves of lattice structures.

Table 2
x-direction theoretical value.
A B C D h i k m n RSS

111 689.128 —13.817 7.43 —1107.613 —11.804 3.718 —0.328 77.194 —0.221 0.988
444 4251.33 322.355 73.2 7.635 10.597 1.788 7.802 —4.321 —0.604 0.984
999 588.838 —545.305 0.464 —254.688 3.725 0.435 —0.903 55.278 —0.92 0.958
149 —7985.34 100.96 1835.864 7303.84 11.7 964 0.017 —30.186 0.0113 0.978
194 2285.35 —11.662 6.326 1211.445 11.662 78.730 5.736 68.243 —1.074 0.986
419 4364.44 209.833 160.581 0.1113 —10.26 0.003 6.972 —8.715 —0.814 0.993
491 —3413.7 209.654 126.323 3258.98 —7.976 1.677 0.049 —6.225 0.03 0.993
914 457.86 178.31 6198.004 —-1032.17 2.716 4.054 —0.55 —21.35 —0.332 0.973
941 677.112 —67.983 —0.722 61.629 10.459 1.565 3.423 94.637 —-0.715 0.995
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Table 3
Oblique 45 degrees to the x-axis theoretical value.
A B C D h i k m n RSS

111 223.37 —67.131 0.749 7.796 2.192 3.429 1.657 —9.126 —1.263 0.988
444 221.467 —-13.737 7.832 2.832 3.202 3.52 3.435 —47.465 —1.398 0.998
999 1.062 1.549 —0.0008 —1914.52 19.427 —3.295 —1.43 3.016 13.209 0.995
149 —5.665 6.551 13.157 1.908 9.777 3.091 —0.685 —7.152 —1.105 0.994
194 2.727 0.014 3.396 3.643 5.751 2.921 —1.495 37.346 2.491 0.998
419 2.337 536.153 79.337 —42.832 13.189 —15.04 —1.362 41.9 11.036 0.981
491 —50.061 —166.08 3.841 7.423 3.35 2.445 1.966 9.902 —1.046 0.998
914 22.537 3.554 —58.538 4.895 15.296 —7.002 —-0.937 —11.548 —0.677 0.999
941 —1.147 7.132 —0.483 1.008 12.714 4.963 —1.740 —9.898 —1.498 0.998

Table 4

z-direction theoretical value.

A B c D h i k m n RSS

111 2505.78 —2422.47 18.791 15.821 3.308 0.386 7.532 —5.667 —0.924 0.99
444 456.597 —2350.107 28.806 2419 2.039 5.244 5.083 —8.918 —0.954 0.99
999 4.66 4.053 —6.828 0.0044 10.704 4.587 —0.802 13.186 5.949 0.99
149 10.293 —1420.45 15.709 0.81 6.862 2.917 —1.089 —4.3 2917 0.99
194 —561.681 975.82 39.388 1350.2 5.31 8.892 —0.437 1.56 —0.306 0.99
419 9.36 —1081.349 18.87 0.696 8.33 3.019 —1.082 —9.473 3.252 0.99
491 6.543 —1241.43 13.148 20.181 10.407 1.136 -1.117 —3.385 5.568 0.99
914 6.51 —2494.22 8.895 0.011 8.424 6.988 —-1.219 0.691 3.911 0.99
941 1161.61 85.521 —16.955 -153.1 2.011 1 —0.216 11.04 —0.095 0.99

5. Lattice structures analysis =

o Fdx
SEA ===0— (25)

5.1. Evaluation indicators of lattice structures

This paper comprehensively describes the energy absorption and
failure modes of cubic lattice structures. In the analysis of the corre-
sponding results, the structural protection evaluation indicators are
used: peak force (Fpax), average force (Fayer), energy absorption (EA),
specific energy absorption (SEA) and crush force efficiency (CFE).

Peak force (Fpax) refers to the structural maximum bearing force
during compression, as shown in Eq. (22). Fpnax determines the ultimate
bearing capacity of cubic lattice structures, and the higher the Fy,y, the
stronger the bearing capacity of cubic lattice structures [33].

Faax = Max{F} (22)

where, F is the structural force during compression. F, is the
maximum structural force during compression.

Average force (Fayer) is the structural average force under compres-
sion, as shown in Eq. (23). The average force’s magnitude determines
the structure’s overall bearing capacity in the process of compression,
and the larger the average force, the stronger the overall bearing ca-
pacity [34].

=) Fdx
Xo

Faer = (23)
where, X, is the total compression displacement. F is the structural
force during compression.

Energy absorption (EA) represents the overall energy absorption ef-
fect during compression. EA determines the energy conversion capacity
of the broad structural protection. And the structural bearing capacity
becomes better with the increase of EA [35].

PX=X(
FA = / Fdx

=0

(24)

Specific energy absorption (SEA) is the energy absorption of struc-
tural per unit mass, which is an actual structural design performance.
The structural protection performance becomes better with the increase
of SEA [36].

str

where, My, is the structural mass.

Crush force efficiency (CFE) is the ratio of Fayer toF,x, Which is an
actual performance of structural bearing stability. The closer the CFE is
to 1, the better the structural strength is [32].

Fﬂver

CFE = —
Fmax

(26)

5.2. Mechanical properties analysis of lattice structures

Differ in conventional single-direction compression experiments, the
%, oblique 45 degrees to the x-axis and z directions compression be-
haviors of lattice structures with the synergistic hierarchical arrange-
ment are tested, as shown in Fig. 7.

Fig. 7 shows the mechanical properties of Nylon lattice structures
with the synergistic hierarchical arrangement in different directions.
The curves’ coincidence degree of experimental, simulation, and theo-
retical results is highly consistent. The lattice structures compressed in
the x direction exhibit secondary hardening effects, both in terms of
initial modulus and secondary modulus after buckling strain. But the
secondary hardening effect begins with the structural deformation, and
the elastic deformation is the initial modulus. The initial compression
deformation elastic segment structure, namely the initial modulus,
reaches the yield stage. In the yield stage, the load transfer path is
reduced due to crack propagation in structures. The force decreases.
After the structural deformation reaches the yield stage, the crack
propagates within the structural material, and the load transfer path is
reduced. The bearing force is reduced. And a shear deformation failure
occurs, prompting a reduction in the load-carrying capacity of the
structure. With the increase of compression, the porosity of the lattice
structure decreases. The cracks in the lattice structures close, and the
overall force is stable. The lattice structure enters the second hardening
stage.

The mechanical compression properties of the hybrid hierarchical
and hierarchical synergies lattice structure in x, oblique 45 degrees to
the x-axis and z directions are in Fig. 8.

As can be seen from Fig. 7 (a;-a3) that the overall bearing capacity of
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Fig. 8. Mechanical properties of lattice structures of synergistic hierarchical arrangement. (a;-d;) x-direction lattice structure compression EA, SEA, Fayer, Fmax- (a2-
dy) Oblique 45 degrees to the x-axis direction lattice structure compression EA, SEA, Fayer, Fmax- (a3-C3) z-direction lattice structure compression EA, SEA, F,ye;. (d3) X-

direction lattice structure compression CFE-SEA.

lattice structures can be reduced by hierarchical arrangement when the
relative density remains unchanged. Still, the structural stability can be
improved to some extent. The synergistic hierarchical arrangement can
effectively improve lattice structures’ bearing capacity and structural
strength. In Fig. 8, a comparison of the compressive mechanical prop-
erties of hierarchical lattice structures shows that the hierarchical design
can reduce the EA of lattice structures and improve load stability. Yet,
the synergistic hierarchical arrangement can significantly improve the
mechanical characteristics of lattice structures (EA, SEA, Fnax, Faver)-
The hybrid hierarchical lattice structures (194, 419 and 941) have the
highest performance improved by the hybrid hierarchical arrangement.
The EA of 194 hybrid hierarchical lattice structure, 419 hybrid

10

hierarchical lattice structure, and 941 hybrid hierarchical lattice struc-
ture is 141.7 %, 156.7 %, 156.1 % of 111 hierarchical lattice structure,
respectively. The SEA of 194 hybrid hierarchical lattice structure, 419
hybrid hierarchical lattice structure, and 941 hybrid hierarchical lattice
structure is 136.6 %, 151 %, and 151.2 % of 111 hierarchical lattice
structure, respectively. The CFE of 194 hybrid hierarchical lattice
structure, 419 hybrid hierarchical lattice structure, and 941 hybrid hi-
erarchical lattice structure is 113.6 %, 108.5 %, and 169.5 % of 111
hierarchical lattice structure, respectively. Among the hybrid hierar-
chical lattice structures, the 941 hybrid hierarchical lattice structure is
consistent with the internal hybrid hierarchical distribution of the
femoral structure and has the best mechanical properties.
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Hierarchical and hybrid hierarchical synergies lattice structures have
high SEA and CFE, and the comprehensive performance comparison is
shown in Fig. 8 (d3). The 941 hybrid hierarchical lattice structure has the
best performance. The CFE of the 941 hybrid hierarchical lattice struc-
ture is about 1, which means that the 941 hybrid hierarchical lattice
structure is exceptionally stable under compressive loads. Applying
structures similar to the 941 hybrid hierarchical lattice structure in
passenger transport safety can reduce violent impact and protect human
safety. The SEA of 941 hybrid hierarchical lattice structure is 440 % of
other hybrid hierarchical arrangement structures, which can absorb the
external impact energy to the maximum extent. The results of lattice
structures of synergistic hierarchical arrangement in this paper are taken
as a reference to provide ideas for the application of energy absorption
structures’ manufacturing engineering and play a potential role in the
engineering application of seat energy absorption block. To improve the
survival rate of passengers in a traffic accident, the hybrid hierarchical
lattice structure 941 can be arranged in the energy absorption block of
the passenger seat.

5.3. Lattice structures’ failure mode

Figs. 9 and 10 show deformation modes of lattice structures of syn-
ergistic hierarchical arrangement in the x direction, respectively. The
simulated deformation results of the lattice structure agree with the
experimental deformation in terms of the deformation pattern of the
lattice structure, which further indicates that the simulation stress dis-
tribution is accurate.

As can be seen from the structural compression stress distribution in
Fig. 9 (ag), (by), and (cp), the structural beams perpendicular to the
compression direction are compressed first and plays a supporting role
when the hierarchical lattice structure is compressed. The larger the
supporting structure block, the better the lattice structure’s bearing
capacity. As the structural compression continues, the structural defor-
mation increases and the cross parts of the structure (circled in red in
Fig. 9 and Fig. 10) have shear action.

The stress distribution of the lattice structure is more uniform (the
stress color distribution is more consistent) when the hybrid hierarchical
lattice structure is compressed, as shown in Fig. 10. According to the
compressive stress—strain contour of hierarchical and hybrid hierarchi-
cal lattice structures, it can be found that the hybrid hierarchical lattice
structure can effectively disperse structural stress and reduce stress
concentration.

(ar)

(b))
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6. Engineering application

When an automobile traffic accident happens, the passengers bear
the energy input from the outside. Too much power is the key to pas-
senger damage. Therefore, the car’s back seat should absorb more en-
ergy from the passenger when the passenger is impacted. In this way, the
energy in the passenger body can be effectively dissipated, thus
achieving the goal of ensuring passenger safety. Among them, the lattice
structure design of the automobile seat is an important means besides
changing the strengthening material. Taking the Audi E-Tron car seat as
an example, the steel ball compression test of the car seat filled with the
hierarchical lattice structure is carried out. The hierarchical lattice
structure is placed at the back of the back chair and fixedly connected
with the back chair, as shown in Fig. 11.

In the car seat performance test, the car seat bottom is fixed; that is,
the x, y, and z direction of the seat bottom and the three degrees of
freedom of rotation around x, y, and z axis are completely constrained.
The compression energy absorption test of automobile seats is carried
out by moving the steel ball. The displacement of the steel ball is 16.01
mm, and the test time is 0.1 s. The experimental results are shown in
Fig. 12.

As seen from the seat stress nephogram in Fig. 12, the stress distri-
bution is the same when the steel ball compresses different seats.
However, the high-stress concentration of the original seat can be
observed at the compression center. The stress of the improved seats
concentrates on both sides of the improved seats. The interlayer effec-
tively disperses stress and dissipates energy effectively. The force shown
in Fig. 12 (by) is the force change in the contact between the seat and the
steel ball. Among them, the maximum force of 194 seat is 3960.1 N, the
maximum force of 419 seat is 3912.5 N, and the ultimate force of 941
seat is 2718.9 N, which are 586.7 %, 578.4 %, 371.5 % of the original
Audi E-Tron seat respectively. Squeezing the mezzanine seat at the same
distance absorb more energy, of which, 194seat, 419 seat, and 941 seat
absorb 463.9 %, 457.3 % and 287 % of the original Audi E-Tron seat,
respectively. The improved seats can improve energy absorption ca-
pacity. When the body reclines and compresses the seat, it absorbs more
energy to keep the body safe. The design ideas can be used in the micro-
design material, with a wide range of applicability.

7. Conclusion
In this study, the hierarchical lattice cells are designed using the

hierarchical concept. Based on the hierarchical cubic lattice cells, the
hierarchical cubic lattices (111, 444, and 999) are composed for

OMpa NS s 50Mpa

(a2)

(c) §

Fig. 9. Compression deformation modes of hierarchical lattice structures. The strain corresponding to the experimental and simulation figures from left to right is

0.062, 0.131, 0.200, and 0.323.
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Fig. 10. Compression deformation modes of hybrid hierarchical lattice structures. The strain corresponding to the experimental and simulation figures from left to
right is 0.062, 0.131, 0.200, and 0.323.

(a) : (b) (b1)
| |

Fig. 11. Audi E-Tron car seat. (a) The view of Audi E-Tron car seat. (a;) Head pillow connection. (ay) Backrest part connection processing. (as) Seat rotation. (b) The
rear view of Audi E-Tron car seat. (b;) 194 hybrid hierarchical lattice structure. (by) 419 hybrid hierarchical lattice structure. (bs) 941 hybrid hierarchical lat-
tice structure.

studying the effect of hierarchical configuration on the overall me- hierarchical lattice structures: 149, 194, 419, 491, 914, 941. The
chanical properties of lattice structures. Next, to study the effect of the following conclusions are obtained by analyzing the mechanical prop-
synergistic hierarchical arrangement on the mechanical properties, the erties of different directions and the cars’ engineering applications.

lattice structures are arranged and combined to form the hybrid

12
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Fig. 12. Simulation results of the Audi E-Tron seat. (a;) The stress nephogram of the Audi E-Tron seat of 1.75 mm, 6.98 mm, 11.05 mm. (a») The stress nephogram of
the 194Seat of 1.75 mm, 6.98 mm, 11.05 mm. (a3) The stress nephogram of the 419Seat of 1.75 mm, 6.98 mm, 11.05 mm. (a4) The stress nephogram of the 941Seat
of 1.75 mm, 6.98 mm, 11.05 mm. (b,) The force-displacement curve of car seats. (by) The energy absorption diagram of car seats.

(1) The Euler predicted function and improved constitutive relation
have a high degree of accuracy. The mechanical analysis results
of the enhanced constitutive model obtained by the global
simulated annealing optimization algorithm are very accurate
compared to the experimental and simulation results, within 5 %
error.

(2) When the mass of the lattice structures is the same, the hierar-
chical arrangement of the lattice structures will decrease the
overall structural bearing capacity. The hierarchical arrangement
of the lattice structure can improve compression stability. The
synergistic hierarchical arrangement can effectively improve the
bearing capacity of the lattice structures and make the lattice
structures absorb more energy. In the x, oblique 45 degrees to the
x-axis and z directions, 941 with a similar hybrid hierarchical
arrangement inside the femur has the best mechanical properties.
Its bearing capacity, specific energy absorption, energy absorp-
tion, and specific strength exceed 100 % of those of other lattice
structures.

(3) The energy absorption effect of the car seat with the hybrid hi-
erarchical lattice structure is 287 % higher than the original car
seat. Hybrid hierarchical lattice structures can achieve excellent
performance in engineering applications.
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