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Abstract: Corrugated sandwich structures, known for their exceptional specific stiffness, specific strength, lightweight
characteristics, and superior energy absorption capabilities, are extensively used in the structural design of aerospace
equipment. Given that aerospace equipment structures are prone to external impact loads during use, and considering the
high demands for ensuring the safety of equipment and personnel, as well as the reliability of structural components, it is
imperative to enhance the impact resistance of equipment structures. This paper introduces a novel biomimetic variable
gradient corrugated sandwich structure based on biomimetic principles and constructs finite element models of five
different gradient distributions of corrugated sandwich structures under impact loads using numerical simulation
technology. The study systematically analyzes the influence of gradient distribution on the impact resistance of
corrugated sandwich structures. The research reveals that the biomimetic corrugated sandwich structure with a 3-6-3
variable gradient distribution exhibits excellent impact resistance, offering a new design approach for more efficient
anti-impact equipment structures. The study further investigates the impact of sandwich structural parameters on the
impact resistance of corrugated sandwich structures and employs genetic algorithms for structural parameter
optimization. The results indicate that the optimized corrugated sandwich structure panels not only achieve a significant
enhancement in impact resistance but also realize structural lightweighting.
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1 Introduction

Sandwich structures, known for their high specific
strength, high specific stiffness, and excellent energy
absorption capabilities, are widely used as protective
components, particularly in defense, aerospace, automo-
tive, and marine industries. In the aerospace field, aircraft
wings and cowling skins, which are predominantly sand-
wich structures, are often subjected to impacts from bird
strikes, hail impacts, small stone hits, and tool drops dur-
ing maintenance. These impacts can cause local dents and
damage to the aircraft structural components, significantly
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reducing the stiffness and residual strength of the aircraft
structure, thereby posing a serious threat to the safety of
the aircraft [1]. Therefore, an in-depth study of the impact
resistance performance of sandwich structures under for-
eign object impacts is of significant engineering value and
practical importance for ensuring aircraft structural safety,
extending service life, and reducing maintenance costs.

In recent years, sandwich structures have been rapidly
and widely adopted across various fields due to their
unique mechanical properties. Their impact resistance, a
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critical indicator of structural safety, has garnered signifi-
cant interest from experts and scholars worldwide. Cur-
rent research on sandwich structures primarily focuses on
the impact of different structural configurations, punch
shapes, and impact angles on their impact resistance [2-8].
However, there is a relative scarcity of research on the
impact resistance of gradient-varying sandwich structures.
Consequently, this study employs finite element analysis
simulation software to numerically simulate the dynamic
response of variable gradient sandwich structures under
impact loading. It analyzes key parameters affecting the
structural impact mechanics, aiming to provide a refer-
ence for the impact resistance assessment of sandwich
structures.

2 Structure Design and Numerical
Calculation Model Establishment

2.1 Sandwich Structure Design

Biological organisms in nature have served as a muse
for the design of novel sandwich structures that exhibit
low density, high strength, and exceptional energy ab-
sorption capabilities. A prime example is the mantis
shrimp's raptorial claw, which can apply considerable
force and velocity to fracture the shells of mollusks or
other rigid structures with ease, achieving a maximum
impact force of 1500N without incurring catastrophic
failure [9]. Studies have demonstrated that the raptorial
claw of the mantis shrimp is capable of withstanding
high-intensity impacts and efficiently absorbing impact
energy through its inherent structure, t-hereby showcasing
high strength and superior impact resistance characteris-
tics [10]. Microstructural observations of the im-
pact-resistant region within the raptorial claw (Figure 1)
[11] reveal periodic sinusoidal patterns aligned with the
direction of the applied load, with a gradient variation
distribution observed among these sinusoidal structures.
Based on these observations, this study has adopted a
sinusoidal structure in the coreconfiguration design and
has conducted a gradient variation structure design for the
corrugated sandwich panel. The mathematical expression
for the sinusoidal curve is given by

y=A=sin(B#*x) (1)
In Equation (1), A represents the amplitude of the si-

nusoidal function, and B represents the wave number. To
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examine the effects of gradient variation on the impact
resistance of corrugated sandwich structures, five distinct
gradient-varied structures were designed while keeping
the overall height and the wave number B constant across
all layers. The amplitude A of each sinusoidal layer was
adjusted to create these variations, as illustrated in Figure
2. The nomenclature 3-4-5 indicates the amplitudes of the
upper, middle, and lower sinusoidal core layers are 3 mm,
4 mm, and 5 mm, respectively, with each layer being
separated by flat panels.

AN
(b) Mantis shrimp raptorial claw microstructure
Figure 1 Mantis shrimp raptorial claw structure

(a) 3-4-5 increasing gradient distribution

(b) 4-4-4 horizontal gradient distribution

(c) 5-4-3 decreasing gradient distribution
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(d) 3-6-3 increasing then decreasing gradient distribution

(e) 5-2-5 decreasing then increasing gradient distribution
Figure 2 Gradient distribution of ripple core structure

2.2 Finite Element Numerical
Calculation Model

Figure 3 Variable gradient ripple core structure local impact finite
element model

This paper employs the commercial finite element
software Abaqus to conduct a local impact finite element
analysis of the corrugated sandwich structure, as depicted
in Figure 3. The overall dimensions of the corrugated
sandwich structure are 100mm>100mm>12mm, and the
mass of the impactor is 2.5kg, shaped as a combination of
a hemisphere and a cylinder, with the cylinder's diameter
being 10mm. During the simulation, both the corrugated
sandwich structure and the impactor are modeled using
shell elements. To ensure the accuracy and convergence
of the model, a 5-point integration is used in the thickness
direction of the elements. The boundary nodes of the cor-
rugated sandwich structure are fully constrained, and ‘Tie'
constraints are used to connect the face sheets and the
core, ensuring the structural integrity. The impactor is
defined as a rigid body and impacts the corrugated sand-
wich structure at a speed of 5 m/s. The contact between
the rigid impactor and the corrugated sandwich structure
is set as surface-to-surface contact, with a tangential fric-
tion coefficient of 0.2, and the normal contact is defined

as a hard contact. The face sheets and the core of the cor-
rugated sandwich structure are made of aluminum alloy,
and their basic material parameters are shown in Table 1.

Table 1 Aluminum alloy material properties

Density/(kg/m®) Elastic modulus/(GPa) Poisson ratio

2.77x10° 71 0.33

2.3 Mesh Independence Verification of
Numerical Models

The size of finite element meshes significantly affects
the computational accuracy and required computational
resources of a model. An oversized mesh may lead to a
decrease in computational accuracy, while an undersized
mesh can increase computational costs and time. There-
fore, selecting an appropriate mesh size is crucial for en-
suring computational precision and efficiency. To balance
the computational accuracy and computational time of the
model, this study conducted a mesh independence verifi-
cation on the numerical model, employing four different
mesh sizes of 3mm>3mm, 2mm>2mm, Imm>lmm, and
0.9mm>0.9mm f-or simulation calculations. Figure 4
shows that when the mesh size is refined to
0.9mm>0.9mm, the simulation results of the model are
very close to those of the 1Imm>lmm mesh, with the
time-kinetic energy curves almost coinciding. Therefore,
this study selected a mesh size of Imm>lmm for meshing
the corrugated sandwich structure to achieve the optimal
balance between computational efficiency and accuracy.
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Figure 4 Kinetic energy-time curves of the model impactor at dif-
ferent mesh sizes
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3 Analysis of Simulation Results

3.1 Research on Corrugated Core
Structures with Different Gradient
Variations

Under identical impact loads, corrugated sandwich
structures with different gradient distributions exhibit
varying impact resistance performance. As depicted in
Figure 5, the impact response curves of five corrugated
sandwich structures with varying gradient distributions
under the same impact load reveal these performance
differences.
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(a) Kinetic energy-time curves of impactor with different gradient
distributions
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(b) Displacement-time curves of maximum displacement with
different gradient distributions

Figure 5 Impact response curves of corrugated sandwich panels
with different gradient distributions
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Examination of the curve in Figure 5(a) allows us to
categorize the kinetic energy variation of the impactor
into three distinct phases: In the first phase, prior to
contact with the corrugated sandwich structure, the im-
pactor maintains its maximum kinetic energy. In the
second phase, as time progresses, the impactor begins to
move in the vertical direction along the structure. At
approximately 0.0005 seconds, the impactor makes con-
tact with the corrugated sandwich structure, and its Ki-
netic energy starts to decrease. By the time it reaches
0.002 seconds, the impactor's kinetic energy is converted
into internal energy and frictional dissipation within the
corrugated sandwich structure, dropping to zero as the
impactor reaches its maximum downward displacement,
thus concluding the second phase. In the third phase,
after the impactor's kinetic energy has dropped to zero,
the structure, not being completely destroyed by the
impact load, begins to rebound, causing the impactor's
kinetic energy to increase again. Once the structure re-
bounds to a certain extent, the impactor's kinetic energy
stabilizes. The greater the remaining Kkinetic energy of
the impactor at this point, the less energy the impacted
structure has absorbed during the impact; conversely, the
more energy it has absorbed. Figure 5(a) illustrates that
throughout the entire impact process on the corrugated
sandwich structure, the impactor of the structure with a
3-6-3 gradient distribution has the least remaining kinet-
ic energy, indicating that increasing the amplitude of the
middle core layer is beneficial for energy absorption
efficiency.

Examination of the curve in Figure 5(b) reveals that
the displacement-time curve of the corrugated sandwich
structure is approximately parabolic. The displacement
change can be divided into two stages: the ascending and
descending phases. During the ascending phase, as time
increases, the impactor's downward displacement con-
tinues to rise, reaching its peak at 0.002 seconds, which
signifies the maximum downward displacement of the
structure. Subsequently, the curve enters the descending
phase. When the impactor reaches its maximum down-
ward displacement, its impact velocity drops to zero, and
most of its kinetic energy is converted into the structure’s
internal energy. The structure then undergoes rebound
deformation, and the impactor moves in the opposite
direction of the impact, with the curve change being less
steep compared to the ascending phase. Figure 5(b) in-
dicates that throughout the entire impact process, the
corrugated sandwich structure with a 3-6-3 gradient
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variation has the smallest maximum downward dis-
placement of the impactor, suggesting that increasing the
amplitude of the middle core layer is beneficial for en-
hancing the structure's resistance to deformation.

3.2 Parametric Study of Variable
Gradient Corrugated Sandwich
Structures

Based on the performance analysis of corrugated sand-
wich structures under identical load impacts in the previ-
ous section, it was observed that structures with larger
amplitudes in the middle layer exhibit superior energy
absorption and greater resistance to deformation. Conse-
quently, this section adopts the 3-6-3 gradient distribution
corrugated sandwich structure as the impact model to
further investigate the influence of structural parameters
on its impact resistance performance.

In this study, two key parameters are defined to assess
the impact resistance performance of the corrugated
sandwich structure: SEA andDwma. SEA represents the
structure's lightweight energy absorption capability, that is,
the energy absorption per unit mass, and is calculated
using the following formula [12]:

E
SEA=— 2
; @

where E denotes the energy absorbed by the structure
during the impact, and M denotes the total mass of the
structure.

3.2.1 The Impact of Punch Impact Location on
Structural Impact Resistance
Performance

The impact resistance performance of a structure is in-
fluenced by the location of the impact during the impact
process. This study conducted impact load simulations on
the crest and trough positions of the corrugated sandwich
structure to evaluate the effect of impact location on the
structure's impact resistance performance. The simulation
results indicate significant differences in the impact re-
sistance performance at different impact locations, as
shown in Figure 6.
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Figure 6 Effect of impact position on impact resistance of corru-
gated sandwich structure

Figure 6 presents a comparison of the impact re-
sistance performance of the corrugated sandwich struc-
ture at the crest and trough positions. Analysis reveals
that at the crest impact location, the structure absorbs
more energy, exhibits higher SEA, and experiences a
smaller maximum downward displacement of the im-
pactor. This is attributed to the fact that at the crest im-
pact location, both the face sheets and the core partici-
pate in the deformation, leading to greater energy ab-
sorption by the structure. Consequently, due to the sup-
port provided by the core, the structure undergoes less
deformation, resulting in a reduced maximum downward
displacement of the impactor. It can be concluded that
when the impactor strikes the corrugated sandwich
structure at the crest position, the structure demonstrates
better energy absorption and stronger resistance to de-
formation, thereby possessing superior impact resistance
capabilities.

3.2.2 The Influence of the Order of Sandwich
Structure on the Impact Resistance of the
Structure

Under identical load impact conditions, the impact re-
sistance performance of corrugated sandwich structures
varies depending on the arrangement of the corrugations.
This study conducted impact load simulations on both
regularly corrugated and symmetrically corrugated
sandwich structures to assess the influence of different
corrugation sequences on the structure's impact re-
sistance performance. The simulation results, which
highlight significant differences in impact resistance
between the two corrugation patterns, are presented in
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Figure 7 Effect of arrangement on impact resistance of corrugated
sandwich structure

Figure 7 compares the impact resistance performance
of symmetrically and regularly arranged corrugated sand-
wich structures under identical impact energy conditions.
The results indicate that the symmetrically arranged cor-
rugated sandwich structure absorbs more energy, has a
higher SEA, and experiences a smaller maximum dis-
placement of the impactor. This difference can be at-
tributed to the mutual support between the cores in the
symmetrical arrangement, which enhances the overall
stiffness of the structure and thereby increases its re-
sistance to deformation. Consequently, the symmetrically
arranged corrugated sandwich structure demonstrates
better energy absorption and stronger resistance to defor-
mation, thereby improving its impact resistance perfor-
mance.

3.2.3 Effect of Panel Thickness on Impact
Resistance of Structure

This study aims to investigate the impact of face sheet
thickness on the impact resistance performance of corru-
gated sandwich structures. To this end, impact load simu-
lations were conducted on corrugated sandwich structures

with varying face sheet thicknesses t; while keeping the

core thickness constant. The face sheet thicknesses were
set to 0.6mm, 0.7mm, 0.8mm, 0.9mm, and 1mm. The
simulation results elucidate the specific influence of face
sheet thickness on the structural impact resistance per-
formance, as depicted in Figure 8.
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(b) The influence of panel thickness on the maximum displacement

Figures 8 Influence of panel thickness on impact resistance of
gradient corrugated sandwich structure

As depicted in Figures 8(a) and 8(b), under identical
impact loads, the energy absorption capacity of the corru-
gated sandwich structure increases with the increase in
face sheet thickness. However, an increase in face sheet
thickness also significantly increases the total mass of the
structure, leading to a decreasing trend in the structure's
SEA. Concurrently, the increase in face sheet thickness
enhances the structural stiffness, resulting in a gradual
reduction in the maximum downward displacement of the
impactor, thereby improving the structure's resistance to
deformation. Thus, while increasing the face sheet thick-
ness can improve the structure's resistance to deformation,
it results in a decrease in  SEA. Consequently, in practical
applications, the appropriate face sheet thickness must be
selected based on specific requirements.
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3.2.4 Effect of Sandwich Wall Thickness on
Impact Resistance of Structure

This study aims to investigate the impact of core thick-
ness on the impact resistance performance of corrugated
sandwich structures. To this end, impact load simulations
were conducted on structures with varying core thick-

nesses t, while keeping the thickness of the top, middle,

and bottom face sheets constant. The core thicknesses t,

were set to 0.6mm, 0.7mm, 0.8mm, 0.9mm, and 1mm.
The simulation results, which detail the specific influence
of core thickness on the structural impact resistance per-
formance, are presented in Figure 9.
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(a) The effect of sandwich wall thickness on energy absorption and
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Figure 9 Effect of sandwich wall thickness on impact resistance of
corrugated sandwich structure

Analysis of Figures 9(a) and 9(b) reveals that the im-
pact of core thickness on the structural impact resistance
performance is similar to that of face sheet thickness. As
the core thickness increases, the overall energy absorption
capacity of the structure tends to increase. However, an
increase in core thickness also significantly increases the
mass of the structure, and despite minimal changes in
energy absorption, SEA of the structure decreases. This
indicates that simply increasing the core thickness nega-
tively affects the structure's impact resistance perfor-
mance; while it can enhance the structure's energy absorp-
tion, it also increases the structural mass, thereby signifi-
cantly reducing the structure's SEA. Concurrently, an
increase in core thickness leads to greater structural stiff-
ness, and the maximum downward displacement of the
impactor decreases with increasing core thickness, en-
hancing the structure's resistance to deformation. There-
fore, increasing the core thickness can improve the struc-
ture's resistance to deformation but results in a decrease in
SEA. Consequently, in practical applications, the appro-
priate core thickness must be selected based on specific
requirements.

4 Optimization of Variable
Gradient Corrugated Sandwich
Structure

4.1 Definition of Optimization Problem

To enhance the structural impact resistance during
load impact, it is essential to improve the structure's
energy absorption capacity and its resistance to defor-
mation. In the context of aerospace structural design, the
lightweighting of structures is also a crucial optimization
objective. This study selects a 3-6-3 gradient distributed
and symmetrically arranged corrugated sandwich struc-
ture as the optimized configuration, with face sheet

thickness t; and core thickness t, as optimization

variables. The optimization objectives are to maximize
SEA, minimize the maximum downward displacement
of the impactor Dma, and minimize the total mass of
the structure M . A multi-objective optimization of the
corrugated sandwich structure is conducted with these
defined objectives:
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4.2 Optimize the Process

The Polynomial Response Surface Method (RSM) and
Kriging method are widely used techniques for construct-

ing surrogate models in engineering. The Polynomial
Response Surface Model is favored for its simplicity and
effectiveness in addressing highly nonlinear problems [13,
14]. This study utilizes Isight software to employ a mul-
ti-objective optimization approach based on the RSM
surrogate model to tackle the optimization problem, with
the optimization process detailed in Figure 10.

Y
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Do the results
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constraint
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Figure 10 Multi-objective optimization flow chart of variable gradient corrugated sandwich structure

4.3 Proxy Model and Its Accuracy
Verification

To determine the coefficients of the RSM and to evalu-
ate the accuracy of the response surface surrogate model,
this study employs the Optimal Latin Hypercube Design
(OLHD) to generate 15 experimental set sample points for
experimental design, and the Latin Hypercube Design

(LHD) to generate 10 validation set sample points for
accuracy verification. Based on the response results from
the OLHD experimental design, a response surface model
for the variable gradient symmetrically arranged corru-
gated sandwich structure was constructed, which includes
third-order polynomial response surface equations for
SEA, Dmax,and M, as shown in Equations (4), (5), and

(6).

SEA =336.687 —108.344t, —129.805t, —43.439t,” +6.080t > +47.973t,t_ +25.219t,° +1.148t ° 4)
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Dinax =16.049—10.616t, —7.358t, -+6.286t,” +0.0630t,2 +3.094t,t, —1.905t, +0.660t,’ 5)

M =5.473¢"® +0.111t, +0.102t_+1.156e't,”

In the optimization design process, the accuracy of the
surrogate model significantly affects the results of subse-
quent algorithmic optimization. To ascertain the precision
of the surrogate model, this study introduces four evalua-
tion metrics: the coefficient of determination (R-squared,
R?), the Relative Maximum Absolute Error (RMAE), the
Relative Average Absolute Error (RAAE), and the Root
Mean Square Error (RMSE) [15]. These metrics collec-
tively assess the accuracy of the surrogate model, ensur-
ing the reliability of the optimization process.

4]
(v-%)

RAAE = 21:(3/ _§ij2
S

i=1

R*=1- @)

.MB ,'_LMB

1]
5N

®)

Yi= Y |Y2— Y2 ,K,

4o .
oS-

RSME = %i(yi -y) (10)

i=1

™
RMAE =

wherein: Y, - the calculated value of pointi of the simula-
tion model;

Q - the function value of pointi of the response surface
I

model;
Yi - the average value of ¥, ;

M - the number of sampling points.

When assessing the precision of a surrogate model, it is
generally accepted that the closer R® value is to 1, and
RMAE and RAAE values are, the higher the precision of
the model.

The error analysis of the validation set samples within
the response surface surrogate model is presented in Table
2. The results indicate that R® values are all greater than

+7.236e7°t.* +1.512e "t t_ —4.075¢7%,°

-2.525¢7%° (6)

0.9, RMAE values are less than 0.3, and RAAE values are
less than 0.2, demonstrating that the response surface
surrogate model has sufficient accuracy to provide a reli-
able model for subsequent optimization.

Table 2 Accuracy of response surface surrogate model

Response R? RMSE RAAE RMAE
SEA 0.998 0.011 0.007 0.027
D max 0.980 0.044 0.033 0.010
M 1 0 0 0
Evaluation precision >0.9 <0.2 <0.2 <0.3

4.4 Multi-objective Optimization Results
Analysis

The Multi-Island Genetic Algorithm (MIGA) is an op-
timization algorithm that simulates the natural selection
process of survival of the fittest in the natural world,
evolving by continuously updating the population to
search for the optimal solution and effectively avoiding
the trap of local optima. This paper employs a response
surface surrogate model, in conjunction with MIGA, to
optimize the impact resistance performance of variable
gradient corrugated sandwich structures. The Pareto front
results for the optimization of the impact resistance of
variable gradient corrugated sandwich structures are de-
picted in Figure 11, with the final optimization results
presented in Table 3.
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Figure 11 Pareto optimal solution set
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Table 3 Optimization results of multi-island genetic algorithm

Optimization parameters tf /mm

t./mm

SEA/J/IKg D max /mm M /Kg

Optimal results 0.803

1.064

145.85 6.271 0.198

To validate the feasibility of the optimization results,
this study conducted a finite element simulation of impact
loading on a variable gradient corrugated sandwich struc-

ture with specific parameters: t; of 0.8023mm andt, of
1.064mm. The optimization results from the response

surface surrogate model were compared with the finite
element simulation results, as detailed in Table 4. The
data in Table 4 indicate that the errors for SEA, D max,
and M are all within 1%, thereby confirming the relia-
bility and accuracy of the optimization results.

Table 4 Comparison of optimization results with simulation results

t; /mm t./mm SEA/JIKg D max /mm M /Kg

Simulation results 145.86 6.261 0.198
Predicted results 0.803 1.064 145.85 6.271 0.198

Error 0.01% 0.01% 0.00%

Table 5 Optimized and comparative model parameter results before and after optimization
Gradient Arrangement
Model distribution  mode t;/mm  t/mm SEA/J/Kg D max /mm M /Kg
Comparison 4-4-4 Regular 1 1 130.57 7.245 0.211
Before optimization 3-6-3 Symmetric 1 1 135.42 6.282 0.213
After optimization 3-6-3 Symmetric 0.803 1.064 145.85 6.271 0.198
Table 5 presents a comparison of the impact resistance  drawn:

performance of the variable gradient corrugated sandwich
structure before and after optimization. The optimized
variable gradient corrugated sandwich structure showed
an increase of 7.71% in SEA, a decrease of 0.33% in
D max, and a reduction of 7.16% in M compared to the
pre-optimization state. When compared to the 4-4-4 regu-
larly arranged corrugated sandwich structure, the opti-
mized variable gradient symmetrically arranged corru-
gated sandwich panel structure demonstrated an increase
of 11.71% in SEA, a decrease of 13.58% in Dmax, and a
reduction of 6.68% in M . These results indicate that the
optimized variable gradient symmetrically arranged cor-
rugated sandwich panel structure can effectively enhance
the structural impact resistance performance.

5 Conclusion

To enhance the impact resistance performance of cor-
rugated sandwich structures, this study employed biomi-
metic variable gradient design methods for optimization.
By investigating the influence of structural parameters on
the impact resistance performance of corrugated sandwich
structures and applying genetic algorithms for mul-
ti-objective optimization, the following conclusions were

http://www.mechscieng.com

(1)Under impact loading, the corrugated sandwich
structure designed with a 3-6-3 gradient distribution
demonstrates superior energy absorption and de-
formation resistance compared to the conventional
4-4-4 gradient distribution structure, thus exhibiting
enhanced impact resistance performance.

(2) The alteration of the impactor's striking position,
the arrangement of the core layers, and the parame-
ters of the sandwich structure, such as face sheet
thickness and core thickness, significantly influence
the impact resistance performance of the corrugated
sandwich structure. By selecting appropriate struc-
tural parameters, the impact resistance performance
of the structure can be effectively enhanced.

(3)In this study, a response surface approximation
model was utilized in conjunction with the MIGA
to optimize the design parameters of variable gra-
dient corrugated sandwich structures. The optimiza-
tion process not only enhanced the efficiency but
also significantly improved the structure's impact
resistance performance. The results indicated that,
compared to the original corrugated sandwich
structure, the optimized structure achieved substan-
tial improvements in specific performance metrics.
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The findings of this study demonstrate that optimizing

the parameters of corrugated sandwich structures can
significantly enhance their impact resistance, providing
concrete guidance and reference for engineering designs
seeking to improve structural resilience against impacts.
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