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Abstract 

The current research of sandwich structures under dynamic loading mainly focus on the response characteristic 
of structure. The micro-topology of core layers would sufficiently influence the property of sandwich structure. 
However, the micro deformation and topology mechanism of structural deformation and energy absorption are 
unclear. In this paper, based on the bi-directional evolutionary structural optimization method and periodic base cell 
(PBC) technology, a topology optimization frame work is proposed to optimize the core layer of sandwich beams. 
The objective of the present optimization problem is to maximize shear stiffness of PBC with a volume constraint. 
The effects of the volume fraction, filter radius, and initial PBC aspect ratio on the micro-topology of the core were 
discussed. The dynamic response process, core compression, and energy absorption capacity of the sandwich beams 
under blast impact loading were analyzed by the finite element method. The results demonstrated that the over-
pressure action stage was coupled with the core compression stage. Under the same loading and mass per unit area, 
the sandwich beam with a 20% volume fraction core layer had the best blast resistance. The filter radius has a slight 
effect on the shear stiffness and blast resistances of the sandwich beams. But increasing the filter radius could slightly 
improve the bending stiffness. Upon changing the initial PBC aspect ratio, there are three ways for PBC evolution: The 
first is to change the angle between the adjacent bars, the second is to further form holes in the bars, and the third 
is to combine the first two ways. However, not all three ways can improve the energy absorption capacity of the struc-
ture. Changing the aspect ratio of the PBC arbitrarily may lead to worse results. More studies are necessary for further 
detailed optimization. This research proposes a new topology sandwich beam structure by micro-topology optimiza-
tion, which has sufficient shear stiffness. The micro mechanism of structural energy absorption is clarified, it is signifi-
cant for structural energy absorption design.
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1 Introduction
Sandwich structures are of wide use in protection engi-
neering owing to their low densities, high specific 
strengths, and effective energy absorption. The impact 
energy is dissipated by the macro- and micro-compres-
sion and the damage development of core materials dur-
ing structural collapse. Over the last decade, many core 
topologies for sandwich panels have emerged, show-
ing structural advantages over monolithic construction 
for quasi-static loading. These include metallic foams 

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-024-01051-3&domain=pdf
http://orcid.org/0000-0002-9707-2734


Page 2 of 17Li et al. Chinese Journal of Mechanical Engineering           (2024) 37:92 

[1–3], honeycombs [4–7], corrugated cores [8, 9], lattice 
materials with pyramidal and tetrahedral arrangements 
[10–13], egg-box structures [14], triply periodic minimal 
surface  (TPMS) structures [15] and cores with negative 
Poisson’s ratios [16–19].

Although the core has several vital functions, such as 
sound absorption [20–25], it must be stiff enough in the 
direction perpendicular to the skins, stiff enough to keep 
the skins nearly flat, and stiff enough in the shear direc-
tion to ensure that they remain the correct distance apart 
and that the skins do not undergo local buckling and slide 
over each other under a bending load. Because the influ-
ence of the material micro-topological configuration on 
the macroscopic structural properties is complex, there is 
a lack of material/structure integrated design theory that 
combines the micro-deformation mechanism with the 
macroscopic properties. The influence of the load history 
and structural elastic–plastic response on the structural 
design variables needs to be considered comprehensively 
in the optimization process, which involves space–time 
non-linearity of the load and the nonlinear effects of the 
material/structure, such as inertial and strain rate effects 
under impact loading conditions, resulting in a complex 
objective function and difficulty in sensitivity analysis. 
Most of the research on these materials and structures 
focused on performance exploration, application devel-
opment, and parameter optimization design [26, 27], 
while the studies on the structural topological design 
have not been sufficiently in depth. Finally, it is difficult 
and costly to prepare specially designed porous materials 
with complex topological configurations. This also leads 
to separation between the design of porous materials and 
their sandwich structures under impact loads and the 
analysis, characterization, and performance evaluation of 
the dynamic response characteristics. There is no unified 
design and analysis system, which significantly restricts 
the development of such materials and structures.

The micro-topological configuration of a cellular mate-
rial is one of the important factors affecting the macro-
scopic mechanical behavior of materials and structures. 
Compared with parameter and shape optimization, 
topology optimization has a larger design space in a 
given design domain, and it is a key and popular topic 
in the field of sandwich structure design [28]. Topology 
optimization may greatly enhance the performances of 
materials and structures for many engineering applica-
tions. It has been exhaustively studied, and various topol-
ogy optimization methods have been developed over the 
past few decades, e.g., the solid isotropic material with 
penalization (SIMP) method [29], evolutionary structural 
optimization (ESO) method [30], bi-directional evolu-
tionary structural optimization (BESO) method [31, 32], 
moving morphable component (MMC) method [33], 

feature-drive method [34, 35], level set method [36, 37], 
independent continuous mapping (ICM) method [38], 
and feasible domain adjustment topology optimization 
method [39].

The main idea of topology optimization is to change 
the material and structural properties by changing the 
micro-configuration, for example, to increase the struc-
tural stiffness by introducing a contact mechanism into 
the cellular structure [40]. In the process of optimiza-
tion, it is necessary to consider the effect of the micro-
structural properties on the macroscopic structural 
performance. For a sandwich structure, because the cell 
size of the core layer is much smaller than the whole 
structure, the effect of the micro-structural proper-
ties of the core layer on the macroscopic structural 
performance can be determined by homogenization 
theory [41–43]. However, a large amount of comput-
ing resources will be required to calculate the effect of 
the micro-structure on the performance of the macro-
structure directly by using the homogenization method 
[28]. In addition, the topological configuration obtained 
based on the homogenization method will contain tran-
sition regions, resulting in unclear structures, which is 
not conducive to manufacturing [43] and cannot reflect 
the scale effect of representational cells [44]. To solve 
these problems, the Kriging model was applied by 
Zhang et  al. [28] to improve the calculation efficiency 
of the homogenization method. Based on homogeniza-
tion theory, the micro-structure can be assumed to be 
uniform in the macro scale to meet the manufacturing 
requirements, and the design variables for the structure 
and the material micro-structure can be independently 
defined and integrated into one system. Liu et  al. [43] 
presented a concurrent topology optimization method 
to simultaneously achieve the optimal structure and 
material micro-structure for minimum system com-
pliance. Under a simply loaded case where the frames 
top boundary was downward loaded, Streket et al. [45] 
employed the SIMP model and found the optimal dis-
tribution for a given amount of material in the sand-
wich-structured composite with minimum compliance. 
Long et al. [46] proposed a two-scale concurrent topol-
ogy optimization method for maximizing the frequency 
of the composite macro-structure. They found that the 
frequencies of the optimal composites with a specific 
range of the micro-scale level volume fraction were 
higher than those of structures made of individual base 
materials. Li et  al. [37] developed a new hierarchical 
multi-scale formulation to account for both the auxetic 
behavior of the micro-structure and the stiffness of the 
macro-structure.

Sandwich structures with core layers formed by effec-
tively combining materials with different properties or 
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different micro-configurations through topology optimiza-
tion have better bearing capacities than traditional sand-
wich structures, but materials and structures exhibit highly 
nonlinear effects under impact loads. In addition, there is 
no unified conclusion on whether the optimal topological 
structure based on quasi-static linear analysis can meet the 
requirements of impact loads or how to regulate the prop-
erties of materials by changing the material composition 
or micro-structure. Additionally, the optimization of mate-
rials and structures under impact loads involves nonlinear 
factors such as elastic–plastic analysis, large deformation 
analysis, strain rate effects, and inertial effects, which 
makes the objective function complex and sensitivity 
analysis difficult, and the optimization cannot converge in 
some cases. In some studies, all kinds of nonlinear effects 
of impact problems were considered first in the process of 
obtaining a topology optimization design, but the updat-
ing rules of the design variables were not obtained through 
analytical mathematical derivation [47–49], such as the 
hybrid cellular automata (HCA) method [50]. Park [51] 
proposed an equivalent static load (ESL) method, which 
was based on a static load that generated the same dis-
placement field as those in non-linear analysis. The ESL 
method can be used for linear dynamic response optimi-
zation, structural optimization for multi-body dynamical 
systems, structural optimization for flexible multi-body 
dynamical systems, nonlinear static response optimiza-
tion, and nonlinear dynamic response optimization. How-
ever, the method is based on the rigid body assumption, 
and the plastic property of the material cannot be consid-
ered [52]. Based on the inertia relief and HCA methods, 
Yan et al. [53, 54] proposed a hybrid approach for struc-
tural topology optimization of crashworthiness. However, 
the response of the maximum impact loading was only 
considered in the optimization process, and it was dif-
ficult to make a definitive conclusion about whether the 
structure was beneficial in the large deformation process. 
Evaluating the dynamic resistance of structures optimized 
under static conditions is also a very important and effec-
tive method of structure design.

For a sandwich structure used for sacrificial cladding, 
the loading condition is more complex, and the defor-
mation often includes strain rate and stress wave effects. 
Especially for the metallic materials, researches [55, 56] 
have been reported that the strain effects have great 
effects on the mechanical response and failure behav-
iors. As is well known, the face sheets of the sandwich 
structure provide a high in-plane stiffness and strength 
to withstand normal and shear stresses caused by bend-
ing moments or in-plane tension. The core layers pro-
vide the normal stiffness and strength of the panel to 
withstand the shear stress generated by compressive and 

lateral forces, and they also support the panel [57]. Thus, 
it is necessary to optimize the sandwich structure based 
on the mechanical characteristics of the structures and 
to analyze and verify the structural performance under 
impact loading conditions.

In the present work, based on the mechanical char-
acteristics of the core layer, which withstands the shear 
stress and deformation of the sandwich beam, the BESO 
[41] method was employed to optimize a core composed 
of a periodic base cell with the maximum shear modu-
lus under a prescribed volume constraint. The dynamic 
response characteristics and energy absorption ability of 
the sandwich beam with the maximum shear stiffness 
core layer under blast impact loading were analyzed by 
the finite element method.

2  Design Optimization Problem
The macroscopic properties of a cellular material can be 
estimated by the homogenization theory [41] when it is 
composed of a periodic base cell (PBC) repeatedly and 
the PBC is smaller than the structure size. The effective 
elasticity tensor (in index notation)  EH

ijkl of a periodic 
material can be computed as [58]:

where |V | denotes the total two-dimensional (2D) area 
or three-dimensional (3D) volume of the PBC domain V, 
Epqrs is the elasticity tensor (in index notation) of the solid 
material in index notation, and εpqij  , εrskl are the superim-
posed strain fields, which can be evaluated by solving the 
base cell equilibrium problem. The detailed description 
of the homogenization method and the implementation 
of periodic boundary conditions can be found in Refs. 
[58, 59].

In order to derive the sensitivity of the macro material 
elastic property, the local material of an element within 
the PBC can be treated as isotropic, and its Young’s mod-
ulus can be interpolated as a function of the element den-
sity [41]:

where E1 denotes Young’s modulus for the solid element, 
p is the penalty exponent, and xm denotes the relative 
density of the mth element.

In 2D optimization problems, the shear modulus of 
PBC can be expressed as:

In this paper, only 2D orthotropic cellular material 
with square symmetry will be considered, the following 

(1)EH
ijkl =

1

|V |

∫

V

Epqrsε
pq
ij ε

rs
kldV ,

(2)E(xm) = E1xpm,

(3)G = EH
1212.
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relationships exist: E1111 = E2222 and E1122 = E2211. Sub-
stituting Eq. (2) into Eq. (1), and according to the adjoint 
method, the sensitivity of the optimization problem can 
be expressed as the derivative of the homogenized elas-
ticity tensor EH

1212 with respect to the design variable xm:

where E1
pqrs is the elasticity tensor of the solid in index 

notation.
To maximize the shear modulus, the sensitivity num-

ber is:

The mathematical model of the topology optimization 
with the maximum PBC shear modulus and volume frac-
tion constraint is expressed as:

where G is the shear modulus of the material; N is the 
number of microscopic cells; Vm and V ∗ denote the vol-
ume of the mth element and the prescribed volume of the 
solid phase, respectively; and xm is a binary design vari-
able with the value of xmin (e.g., 0.001 for a void element) 
and 1 (for a solid element) in the soft-kill BESO method 
[60].

To circumvent checkerboard patterns and mesh-
dependency problems, a mesh-independent filter was 
employed by averaging the elemental sensitivity num-
ber with its neighboring elements based on image-
processing techniques [31]. The elemental sensitivity 
number is given as:

In the nth iteration,

where rij denotes the distance between the center of ele-
ments i and j. w(rij) is the weight factor, which is given as:

(4)
∂EH

ijkl

∂xm
= p

|V |

∫

V

xp−1
m E1

pqrsε
pq
ij ε

rs
kldV ,

(5)αm = 1

p

∂G

∂xm
.

(6)Maximum G,

(7)subject to :
∑N

m=1
Vmxm − V ∗ = 0,

(8)xm = xmin or 1,

(9)α̃m = 1

2

(

α̂m,n + α̂m,n+1

)

.

(10)α̂m =
∑N

j=1 w
(

rij
)

αm
∑M

j=1 w
(

rij
) ,

where rmin is the filter radius.
The overall procedure for the topology optimiza-

tion of a microscopic cell based on the BESO method 
is shown in Figure  1. The material composed of PBCs 
arranged repeatedly will be used in the following 
analysis.

Step 1: Define the BESO parameters with objective 
volume, V*, evolutionary ratio er=0.02, filter radius 
rmin=3, and penalty factor p = 3.
Step 2: Define the orthotropic PBC domain using a 
finite element mesh. Construct an initial design that 
assigns four void elements at the center of the design 
domain, as shown in Figure 2. Young’s modulus and 
Poisson’s ratio of the solid material were selected as 
E1 =70 GPa and μ = 0.3, respectively.
Step 3: Apply periodic boundaries on the PBC. Con-
duct finite element analysis (FEA).
Step 4: Based on Eq. (1), calculate the effective elas-
ticity tensor EH of the PBC.
Step 5: Calculate and filter the elemental sensitivity 
numbers α̂m according to Eqs. (4), (5), and (9−11).
Step 6: Determine the target volume for the next 
design, where Vn is the current volume.
Step 7: Sort the sensitivity numbers and reset the 
design variables xm of all elements. αth is the thresh-
old of the sensitivity number, which is determined 
by the target material volume, Vn+1, and the rela-
tive ranking of the sensitivity numbers [41]. For 
example, there were 10000 elements in the design 
domain and α̂1 > α̂2 > · · · > α̂10000 . If Vn+1 cor-
responds to a design with 500 elements, then 
αth = α̂500.
Step 8: Repeat Steps 3–7 until both the volume 
constraint and convergence criterion are satisfied. 
The convergence criterion is [41]:

where G is the shear modulus of the micro-structure, n 
is the current iteration number, τ is an allowable conver-
gence error, and N is an integer. τ and N were set to be 
0.001 and 5, respectively, in the present study.

(11)w
(

rij
)

=
{

rmin − rij , for rij < rmin,

0, for rij < rmin,

(12)

∣

∣

∣

∣

N
∑

i=1

Gn−i+1 − Gn−N−i+1

∣

∣

∣

∣

N
∑

i=1

Gn−i+1

< τ ,
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The BESO started from the initial design shown in 
Figure 2, which was a 5 mm × 5 mm region discretized 
into 100 × 100 four-node quadrilateral elements.

Convergent solutions were obtained after 138, 92, and 
83 iterations when the volume fractions of the solids 
were 10%, 20%, and 25%, respectively. The final micro-
structures and effective elasticity matrices are shown in 
Figure 3(a)–(c), and their shear moduli were 0.024, 0.050, 
and 0.063. Figure 4 shows the evolution histories of the 
shear modulus (G) and volume fraction (Vf). It was also 
demonstrated that the shear modulus stably converged 
after the volume constraint was satisfied.

3  Geometry Model and Material Properties
3.1  Anatomy of Human Upper‑Limb
Imitate the traditional configuration of 2D cellular mate-
rials (e.g., honeycombs, corrugated cores), based on the 
optimization results, the core layer of sandwich beams 
were modeled by extruding the PBC, as shown in Fig-
ure 5. Model V10, Model V20, and Model V25 represent 
the sandwich beams with cores of 10%, 20%, and 25% 
volume fractions, respectively. The following parame-
ters were used: The beam width B=30 mm, overall side 
length L=250 mm, thickness of the core layer Hc=30 mm, 
thickness of front and back face sheets Hf=Hb=1 mm, 
and beam thickness H = 2Hf +Hc . The masses of the 
beams are shown in Table  1. Solid C3D8R (eight-node 
linear brick, reduced integration, and hourglass control) 
brick elements with reduced integration were selected 
owing to the high capacity to withstand distortion and 
computational efficiency. Average edge lengths of 0.1 and 
0.4 mm were employed to mesh the core layer and face 
sheets, respectively. Mesh sensitivity studies revealed 
that further refinement did not significantly improve the 
accuracy of the calculations.

3.2  Material Properties
The original aluminum-alloy material was simulated by an 
isotropic and kinematic hardening plasticity model. The 
following properties were used: The density ρf = 2700 kg/
m3, Young’s modulus E = 69 GPa, and Poisson’s ratio μ = 
0.33. Face sheets were made of 1350-H19, whose yield 
stress σfY = 165 MPa and ultimate tensile strength σfU = 185 
MPa. The original aluminum-alloy material of the core 
layer was 1350-H14, whose yield stress σcY = 95 MPa and 
ultimate tensile strength σcU = 110 MPa.

Figure 1 Procedure for micro-structure design
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3.3  Loading Condition
A near-by explosion condition ( RW < a ≤ 10RW  ) was 
considered in this study, where a is the distance of the 
obstacle surface from the charge center, and RW is the 
radius of a spherical trinitrotoluene (TNT) charge [61]. For 
the TNT charge blast in air, W is the charge mass, and x 
is the distance of a point on the obstacle surface from the 
hypocenter, as shown in Figure 6.

In the present study, the blast pressure was determined 
using the ConWep code in the finite element simulation. 
This method has also been validated in Refs. [62, 63]. The 
pressure–time curve p(t) of a 20 g TNT charge blast at an 
80 mm standoff distance is shown in Figure 7. The maxi-
mum incident pressure (pi) was 9.313 MPa, the maximum 
reflection pressure (pr) was 86.394 MPa, the arrival time 
was 0.18 ms, and the duration was 0.05 ms.

The maximum dynamic impulse I was calculated as 
follows:

(13)I =
∞
∫

0

pr(t)dt.
The normalized impulse is:

(14)I = I

L
√
σfY ρ

.

Figure 2 The initial design domain of PBC

Figure 3 Micro-structures and effective elasticity matrix 
of orthotropic PBC with maximum shear modulus for various volume 
constraints

Figure 4 Evolution histories of shear modulus and volume fraction
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4  Results and Discussion
4.1  Evaluation of Impact Resistance of the Sandwich 

Structure
Since personnel or objects shielded from blast attacks 
are usually behind barriers such as sandwich panels, 
the mid-span deflection [64–66] of a specimen is con-
sidered to be the main response of interest. Because 
sandwich structures should protect people or objects 
located on the other side of the explosive, the deflection 
of the face sheet is another important characterization 
parameter. The maximum deflection (wmax) and the 
residual deflection (wresidual) can be used as dimension-
less parameters to evaluate the blast resistance of struc-
tures. The dimensionless parameters are defined as:

where w is wmax or wresidual, and L is the span of the 
structure.

The energy absorption ratios of the components of the 
sandwich structures are usually employed to evaluate 
the performances of structures [67]. Because the energy 
absorption of the face sheets and core layers can be only 
obtained from numerical simulations, the energy absorp-
tion ratio can be computed as follows:

where W int
c  is the internal energy of the face sheets or 

core layers, and WTotal is the total plastic energy of the 
structure. The specific energy absorption (SEA) is defined 

(15)w = w

L
,

(16)κ = W int
c

WTotal
,

Figure 5 FE model of the sandwich beams

Table 1 Deformation process of V10 mode

t (ms) Core Beam deformation mode

0 

Initial mode

0.020

The initial deformation first occurred at the center

area of the front face sheet

0.045

The core layer was compressed progressively. The

first lattice layer of the core was densified

0.15

Due to the asymmetric core layer configuration, the

sunken deformation spread to one side

0.3

The structure presented an asymmetric deformation 

mode accompanied by a large deformation of the core

layer

0.675

The deflections of the face sheets reached the

maximum values. After that, oscillations were

observed until the structure came to rest

1.500

Final deformation mode

Figure 6 Sketch map of the charge condition
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as the ratio of the total energy absorption (W) to the mass 
of structure (M), as follows:

Under intensive blast loading, the damage and failure 
of structure may be an other way for energy dissipation. 
In present study, we are focus on the dynamic response 
process and the energy dissipation by the large deforma-
tion, so the loading intensity is not very large and the 
damage and failure of aluminum alloys in FEM can be 
ignored [68].

4.2  Deformation Mode
Under the action of an explosion load, the deformation 
process of a sandwich structure can be divided into three 
stages: The over-pressure action stage, core layer com-
pression stage, and overall structure bending deforma-
tion stage. Tables 1, 2 and 3 show the typical deformation 
process of the structure.

In Table 1, it can be seen that the deformation of V10 
presented an asymmetric deformation process. The 
sunken deformation spread to one side, especially for the 
large core compression stage due to the asymmetric core 
layer configuration. Compared with the core stiffness 
of V20 and V25, the core stiffness of V10 was relatively 
small (as shown in Figure  3), so the core compression 
stage was longer.

It can be seen from Tables  2 and 3 that at approxi-
mately 0.020 ms, the explosion shock wave reached the 
front face sheet of the structure and interacted with it. 
The central area of the front panel began to compress the 

(17)SEA = W

M
.

core layer. At the same time, the back face sheet did not 
produce downward displacement, so the core layer began 
to undergo compression deformation. At approximately 
0.040 ms (V20) and 0.036 ms (V25), due to the energy 
diffusion, 50% of the first lattice layer of the core was 
compressed with the deformation area of the front face 
sheet expanding. The second lattice layer of the core and 
the back face sheet began to deform. At approximately 
0.055 ms (V20) and 0.056 ms (V25), the third lattice layer 
of the core began to deform. The first lattice layer of V20 
was densified, but the first lattice layer of V25 was not 
densified. At approximately 0.080 ms (V20) and 0.076 
ms (V25), the deformation of the core layer was finished. 
After that, the overall bending deformation of the struc-
ture dominated. From the ConWep code, the duration 
time of this blast loading was 0.050 ms [69], so before 

Figure 7 Pressure-time curve of 20gTNT charge blast at 80 mm 
standoff distance

Table 2 Deformation process of V20 mode

t (ms) Core Beam deformation mode

0 

Initial mode

0.020 

The initial deformation first occurred at the center 

area of the front face sheet and core layer

0.040 

As the deformation area of the front face sheet 

expanded, 50% of the first lattice layer of the core 

was compressed. The second lattice layer of the 

core and the back face sheet began to deform

0.055 

The first lattice layer of the core was densified. 

The third lattice layer of the core began to deform

0.080

The compression deformation process of the core 

layer was almost terminated

0.345 

The deflections of the face sheets reached the 

maximum values. After that, oscillations were

observed until the structure came to rest

1.500 

Final deformation mode
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0.070 ms, the over-pressure action stage was coupled 
with the core compression stage. The front and back face 
sheets reached their maximum deformations at approx-
imately 0.345 ms (V20) and 0.315 ms (V25). The maxi-
mum deflections of the front face sheets were 10.802 mm 
(V20) and 7.565 mm (V25), and the maximum deflec-
tions of back face sheets were 5.766 mm (V20) and 4.648 
mm (V25). At the end of the deformation process, the 
structures presented a partial depression of the front face 
sheet and arched deformation pattern of the back face 
sheet.

4.3  Blast Resistance and Energy Absorption
The displacement–time history at the central points of 
both face sheets and the core compression strains of 

three types of beams are illustrated in Figure 8. The nor-
malized deflection ( w = w

/

L ) of the front face started at 

the normalized time ( t = t
/

L
√

ρf
/

σfY  ) of 0.015, and 
then it increased gradually and reached a peak at approx-
imate normalized times of 0.727 ms (V10), 0.341 ms 
(V20), and 0.312 ms (V25). After that, oscillations were 
observed until the structure came to rest. The deflection 
of the back face increased at a slower pace than the rate 
at which the front face deformed. Core crushing com-
menced at t = 0.015, and the curves increased sharply 
until about t = 0.223 (V10), t = 0.074 (V20), and t = 
0.060 (V25). Then, the speed of crushing became much 
slower, and the permanent core compression strains of 
V10, V20, and V25 were 0.434, 0.166, and 0.096, 
respectively.

Figure  9 compares the energy absorption histories 
and SEAs of the three sandwich structures. It can be 
seen from Figure  9(a) that when the normalized time 
t < 0.25 , the slope of the energy–time curve of V20 was 
larger than those for the other two, which indicated that 
the energy dissipation rate of V20 was the best. From 
Figure  9(b), the SEA of V10 was the largest, reaching 
2487 kJ/kg, while that of V20 was 1379 kJ/kg, and that of 
V25 was the smallest, reaching 806 kJ/kg. Therefore, the 
energy absorption capacity of V10 was the best. How-
ever, due to the large deformation deflection of the back 
face sheet, V10 is not the best choice for a blast-resist-
ant structure. Compared with V25, V20 had lower mass 
and better energy absorption, and the back face sheet 
deformation deflection was close to that of V25.

To rule out the influence of the structural mass, the 
deflections and SEAs of the beams with the same mass 
per unit area are shown in Figure  10. The front and 
back face sheets of V10 and V20 were thickened to 3.24 
and 1.63 mm to obtain V10-F and V20-F, respectively. 
The overall weights of the two structures were the same 
as that of V25, which was approximately 186 g, and the 
mass per unit area was 2.48 g/cm2. The configuration 
of each beam is listed in Table  4. The other geomet-
ric and material parameters were the same as those in 
Section 3.

The final deformation mode and transverse displace-
ment field are shown in Figure 10. Due to the asymmetric 
core layer configuration of V10-F, the structure pre-
sented an asymmetric deformation mode accompanied 
by a large deformation of the core layer. It is evident that 
with the thickness of the face sheets increasing, the core 
compression and back face sheet deflection decreased. 
Because the inclined core web of the V10-F was apt to 
lose stability, the core compression amount was also 
larger than those of the others, although the face sheets 
were thickened.

Table 3 Deformation process of V25 mode

t (ms) Core Beam deformation mode

0.000

Initial mode

0.020

The initial deformation first occurred at the center 

area of the front face sheet and core layer

0.036

With the deformation area of the front face sheet

expanding, 50% of the first lattice layer of the core

was compressed. The second lattice layer of the

core and the back face sheet began to deform

0.056

The third lattice layer of the core began to deform.

However, the first lattice layers of the core were

not densified

0.076

The compression deformation process of the core

layer was almost terminated

0.315

The deflections of the face sheets reached the

maximum values. After that, oscillations were

observed until the structure came to rest

1.500

Final deformation mode
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From Figure 11(a), it can be seen that when the overall 
mass of the structure was the same, the maximum deflec-
tion gap was evident. Under the same TNT charge condi-
tions, V20-F had the minimum deflection. The maximum 
deflection of V10-F was much higher than those of the 
other two groups; it was 136.49% higher than that of V20-
F. The maximum deflection of V25 was 34.93% higher 
than that of V20-F. From the perspective of residual 
deflection, the residual deflection of V10-F was 46.75% 
higher than that of V20-F, and the residual deflection of 
V25 was 41.64% higher than that of V20-F.

Figure 8 Face sheet displacement and core compression history 
at the center point of beams

Figure 9 Energy absorption history and SEA of the sandwich beams 
with different core volume fraction
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The specific energy absorption amounts of the three 
structures are shown in Figure  11(b). When the overall 
mass of the structure was the same, the energy absorp-
tion of V20-F was the largest, reaching 1301.5 kJ/kg, 
which was approximately 1.37 times that of V10-F and 
1.66 times that of V25. By comparing the specific energy 
absorption amounts of V10 and V10-F, it can be found 
that the thickened face sheet led to a reduction of 61.5% 
in the energy absorption capacity of the structure. This 
was apparently because the deflection and the core com-
pression decreased as the thickness of the face sheets 
increased, which greatly reduced the energy absorption 
efficiency. However, the SEA of V20-F decreased slightly, 
which was just reduced by 5.5%. The energy absorp-
tion ratios ( κ ) of the sandwich beams are shown in Fig-
ure  11(c). The energy absorbed by the front face sheet 
increased from 8% to 17%, the energy absorbed by the 
back face sheet decreased from 8% to 4%, and the energy 
absorbed by the core layer decreased from 84% to 79% 
when the thickness of the face sheet was thickened to 
1.63 mm in mode V20-F. This showed that for the same 
mass per unit area, the structure of V20-F was the best 
blast resistance configuration, the structure of V25 was 
in the middle, and the structure of V10-F was the worst. 
It was demonstrated that only the appropriate combina-
tion of the face sheet thickness and core volume frac-
tion could provide better impact resistance and energy 
absorption characteristics.

4.4  Effects of Filter Radius rmin
The final micro-structures and effective elasticity matri-
ces of PBCs of 20% volume fraction with different filter 
radii rmin are shown in Figure  12. Their shear elasticity 
moduli are compared in Figure  13. The shear elasticity 
modulus decreased with rmin increasing.

The deflections of the back face sheets (W=20 g, a=80 
mm) are compared in Figure  14. Under the same TNT 
charge conditions, three types of beams (rmin=2, 3, and 
4) presented similar normalized maximum and residual 
deflections, which were 0.023 and 0.020, respectively. 
This demonstrated that the filter radius had little effect 
on the deformation of the sandwich beam.

The velocities of the back face sheets are compared in 
Figure  15. Under the same TNT charge condition, the 
velocity–time curves were almost superimposed before 
t = 1.0 . The beam with rmin = 2 had the maximum peak 
velocity, which was approximately 39.54 m/s. The beam 
with rmin = 3 had the minimum peak velocity, which was 
approximately 37.48 m/s. After 1 ms, there were few 
differences between the three curves. The beam with 
rmin =  4 had the highest vibrational frequency, and the 
beam with rmin = 2 had the lowest vibrational frequency. 
This demonstrated that increasing the filter radius could 
slightly improve the bending stiffness of a sandwich 
beam.

With the change in the PBC aspect ratio, the PBCs 
showed different topological structures. Because the 
sandwich core structure was composed of a periodic 
combination of PBCs, the different topological struc-
tures of the PBC were considered to have evolved from 
the basic configuration type-(a), as shown in Figure 16(a). 
There are three methods of evolution. The first is to 
change the angle between the adjacent bars, to make it 
easier to compress and absorb more energy, such as 
types-(c) and -(f ), as shown in Figure 16(c), (f ). This can 
be regarded as the new configuration obtained when the 
angles of the bars in type-(a) were changed. The second 
is to further form holes in the bars so that they can dis-
sipate more energy when deformed, such as type-(b), as 
shown in Figure  16(b). This can be regarded as further 
holing of the bars of type-(a). The third is to combine the 

Figure 10 Final deformation mode and transverse displacement 
field of the sandwich beams with same mass per unit area

Table 4 Configurations of the beams with the same mass per unit area

Mode Face sheets Core layer (g) Total mass (g) Mass per unit area (g/cm2)

Thickness (mm) Mass (g)

V10-F 3.24 65.61 54.67 185.90 2.48

V20-F 1.63 33.01 120.10 186.12

V25 1.00 20.25 145.56 186.06
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Figure 11 (a) Back face sheet deflection, (b) SEA and (c) energy 
absorption ratio of the beams with same mass per unit area

Figure 12 Micro-structures and effective elasticity matrix of PBC 
with different filter radius rmin

Figure 13 Shear elasticity modulus of PBC with different filter radius 
rmin
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Figure 14 Back face sheet deflection of sandwich beams 
with different filter radius (W = 20 g, a = 80 mm)
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first two methods, such as types-(d) and -(e), as shown in 
Figure 16(d), (e).

Due to the different lengths and widths of the PBC, the 
corresponding sandwich beam dimensions (L × H) could 
not be the same. Table 5 shows the specific size parame-
ters of the structure. The mass of the core layer (MC) was 
97 g ± 3%. The length and width of the beam were 253 
mm ± 1% and 22 mm ± 9%, respectively.

Figure 17 shows that the shear moduli of the six types 
of PBCs were between 0.043 and 0.050. Thus, changing 
the number of transverse and longitudinal elements of 
the PBC had little effect on its shear modulus. The back 
face sheet velocities of the six types of sandwich beams 
(W = 20 g, a = 80 mm) are compared in Figure 18. The 

vibrational frequencies of the sandwich beam with type-
(a) and type-(d) configurations of the core layer were 
slightly higher than those of the others, which demon-
strated that the aspect ratio of the PBC also had some 
effect on the bending stiffnesses of the structures.

Figure 19 shows the maximum back face sheet deflec-
tion under different TNT charge conditions. The sand-
wich beam with the type-(d) configuration core layer 
had the best blast resistance. The sandwich beam with 
the type-(a) configuration core layer was in second place. 
The sandwich beam with the type-(c) configuration core 
layer had the worst blast resistance. The deflection of the 
sandwich beam with the type-(c) configuration core layer 
was approximately 1.29 times that of the sandwich beam 
with the type-(d) configuration core layer under the 20 g 
TNT charge condition. With the TNT charge increased, 
the blast resistance advantage of the type-(d) configura-
tion was more distinct.

It can be seen from the above results that although 
the optimal structure may not be always obtained by 
selecting an initial square design domain in the topol-
ogy optimization of the core layer, relatively satisfactory 
results could be obtained. Changing the aspect ratio of 
the design domain arbitrarily may lead to worse results. 
More detailed studies are necessary if further optimiza-
tion is to be achieved.

Although the configurations of types-(a), -(c), and -(f ) 
had the most similar shapes (as shown in Figure 16), but 
the deflections of the sandwich beam with type-(a) and 
type-(f ) core layers were smaller than that of the sand-
wich beam with the type-(c) core layer. Figure 20 shows 
the deformation modes of the two sandwich beams with 
the type-(c) and type-(f ) core layers. The deformation 
mode of the sandwich beam with the type-(a) core layer 
is shown in Table 2. Because the center angle of the type-
(c) configuration was too small, at approximately 57°, it 
was difficult to compress. This configuration was defined 
as Type II [70] for energy absorption structures and is 
disadvantageous for energy dissipation under impact and 
blast conditions. Compared with the type-(c) configura-
tion, the center angles of the type-(a) and type-(f ) con-
figurations were approximately 90°, and thus, they were 
easily compressed. Thus, the energy absorption and core 
compression capacity of type-(a) and -(f ) were much bet-
ter than that of type-(c), as shown in Figure 21.

0.0 0.5 1.0 1.5 2.0

-10

0

10

20

30

40

)s/
m(

ytic
ole

V

rmin=2

rmin=3

rmin=4

/ ( / )f fyt L

Figure 15 Back face sheet velocity of sandwich beams with different 
filter radius (W = 20 g, a = 80 mm)
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Figure 16 Micro-structures and effective elasticity matrix of PBC 
with different aspect ratio

Table 5 Configuration parameters of sandwich beams with different aspect ratios of PBCs

Type (a) (b) (c) (d) (e) (f)

ELEs 100 × 100 115 × 87 120 × 84 125 × 80 145 × 69 150 × 67

L×H  (mm2) 250 × 22 253 × 21.75 252 × 21 250 × 24 253.75 × 20.7 255 × 20.1

MC (g) 100.09 95.78 96.36 97.88 97.82 94.93
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Figure  21 shows the core compression strains and 
energy absorption capacities of the six types of sand-
wich beams under the same charge condition of W=20 
g and a=80 mm. By comparing type-(a) with type-(b), it 

can be seen that forming holes in the bars could improve 
the energy absorption. By comparing type-(c) with type-
(f ), it can be seen that increasing the angle between the 
adjacent bars could increase the core compression and 
improve the energy absorption. However, not all three 
methods could improve the energy absorption capacity 
of the structure. The core compression strains and energy 
absorption capacities of the structures were significantly 
affected by the aspect ratio of the PBC.

5  Conclusions
In the present study, the BESO method was employed 
to optimize the core layer with a periodic base cell and 
extreme shear stiffness. The dynamic responses and 
energy absorption amounts of sandwich beams with 
optimal core layers were analyzed by the finite element 
method. The effects of the volume fraction, filter radius, 
and initial PBC aspect ratio on the micro-topologies of 
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Figure 17 Shear elasticity modulus of PBC with different aspect ratio
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Figure 18 Back face sheet velocity of sandwich beams with different 
filter radius (W = 20 g, a = 80 mm)

Figure 19 Normalized maximum deflection of the six types 
of sandwich beams under different TNT charge (a = 80 mm)

(a) Type-(c) configuration core

(b) Type-(f) configuration core

Figure 20 Deformation mode of the sandwich beams with type-(c) 
and type-(f ) configuration core
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the cores and the dynamic response processes, core com-
pression strains, and energy absorption capacities of the 
sandwich beams with optimal core layers under blast 
impact loading were discussed in detail.

Under blast loading, the sandwich beams presented 
typical three-stage response: The over-pressure action 
stage, core compression stage, and global bending defor-
mation stage. From the deformation process, it was dem-
onstrated that the over-pressure action stage was coupled 
with the core compression stage. Under the same load-
ing and same mass per unit area, the sandwich beam 
with a 20% volume fraction core layer had the best blast 
resistance.

With the filter radius changing, the topology of the 
PBC presented some different configurations, but the 
shear stiffness and blast resistances of the sandwich 
beams were similar, and the bending stiffness of the 
sandwich beams were slightly improved. Upon changing 
the initial PBC aspect ratio, there are three ways for the 
PBC evolution: The first is to change the angle between 
the adjacent bars, the second is to further form holes in 
the bars, and the third is to combine the first two meth-
ods. Although a much bigger angle between the adjacent 
bars and more holes in the bars can improve the energy 
absorption amounts and core compression capacities 
of the structures, not all three methods can improve 
the energy absorption capacities of the structures, and 
changing the aspect ratio of the design domain arbitrarily 
may lead to worse results.
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