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In recent years, many scholars have conducted in-depth and extensive research on the mechanical properties, preparation
methods, and structural optimization of grid structural materials. In this paper, the structural characteristics of composite
intelligent grid are studied by combining theoretical analysis with experiments. According to the existing conditions in the
laboratory, the equilateral triangular grid structure experimental pieces were prepared. In this paper, principal component
analysis combined with nearest neighbor method was used to detect the damage of composite plates. On this basis, the mul-
tiobjective robustness optimization of the structure is carried out based on artificial intelligence algorithm, which makes the
structure quality and its sensitivity to uncertain parameters lower. Particle swarm optimization (PSO) is used in neural network
training. ,e damage characteristics of different grid structures, different impact positions, and different impact energies were
studied. ,e results show that the structural damage types, areas, and propagation characteristics are very different when the
structure is impacted at different positions, which verifies that the grid structure has a good ability to limit the damage diffusion
and shows that the grid structure has a good ability to resist damage.

1. Introduction

Advanced composite materials have the characteristics of
light weight, high strength, high modulus, fatigue resistance,
corrosion resistance, good designability and manufactur-
ability, etc. ,ey are especially suitable for large-scale
structures and integral structures and are ideal aviation
structural materials [1]. ,e use of advanced composite
materials in aircraft can greatly reduce the structural mass of
airframe, improve aeroelasticity and enhance the compre-
hensive performance of aircraft. ,erefore, composite ma-
terials have been widely used in civil aircraft, and composite
materials will replace conventional materials such as metal
and nonmetal and become the main structural materials of
the new generation aircraft airframe [2, 3]. At present, the
research on the static strength of composite materials has
become increasingly mature after decades of development
and can be used in the structural design of composite

materials in the engineering field. Many scholars at home
and abroad have also carried out relevant research work in
the research of dynamic properties of composite structures.

In recent years, scholars at home and abroad have
conducted in-depth research on the mechanical properties
and damage identification of three-dimensional braided
composites. In [4], the damage evolution process of com-
posites with inclusions and microcracks is analyzed by
mechanical method, and the macromechanical character-
istics of composites are predicted according to the estab-
lished mathematical model. Hayashi et al. use carbon
nanowires embedded in three-dimensional braided com-
posites [5], analyze the sensing characteristics of carbon
nanowires in composites, and prove that carbon nanotube
yarns can be used to monitor the internal damage of
composite parts and then use carbon nanowires embedded
in three-dimensional braided composites as tensile sensors
to construct intelligent composites. Borodavchenko et al. use
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statistical methods to study the structural damage of three-
dimensional braided intelligent composites [6]. Liang et al.
predicted the mechanical properties of lattice materials and
designed and prepared a hybrid triangular grid by using the
embedding and locking process [7]. According to the
continuum mechanics method, the equivalent stiffness of
stretch-dominated lattice grid is predicted. In-plane com-
pression test and three-point bending test are carried out on
the specimen, and the feasibility of the equivalent contin-
uum theoretical model and the superiority of lattice mate-
rials are illustrated by comparing the test stiffness and failure
mode of the specimen. Traditional materials cannot achieve
the new properties of composite materials because of their
unitary structure [8]. In the manufacturing process of
composite materials, the properties and components of
composite materials should be designed first. Only by de-
signing composite materials can composite materials be
produced.

Since the 21st century, with the gradual popularization of
big data, the continuous improvement of computer com-
puting power, and the rapid development of Artificial in-
telligence (AI) technologies such as deep learning and
reinforcement learning, related algorithms have been ap-
plied to various disciplines. ,e advantage of AI method is
that it no longer cares about the specific physical mechanism
of the problem. AI, as a technical method, also shows a broad
application prospect in the field of composite materials. In
this paper, in the damage detection experiment of composite
laminated plate structure, the measured frequency response
function data is reduced in dimension by principal com-
ponent analysis, and the damage feature information of the
structure is extracted.,en, the buckling load values of these
samples are calculated by the finite element model, and the
neural network is trained by these sample values. In the
process of training neural network, particle swarm opti-
mization (PSO) in intelligent algorithm is used, and the final
optimization process is completed by genetic algorithm
(GA).

2. Related Work

,e concept of grid structure was first put forward by
McDonnell Douglas Company of America in 1970s. Its basic
idea is that the whole structure is composed of reinforcing
ribs and skin, and the reinforcing ribs are distributed in
regular polygonal grid, and the structure is anisotropic.
Compared with traditional structural forms (such as shell
structure and truss skin structure), the reinforcing ribs of
grid structure are relatively independent, and under the
impact load, one rib is damaged, cracks are not easy to
propagate, and the overall performance is good [9, 10].
Fukuhara et al. simulate the skin and ribs of the grid
structure based on the laminated plate and laminated beam
elements under Mindlin’s first-order shear deformation
theory [11]. ,rough the spatial coordinate transformation
and using the geometric continuity conditions of the skin
and ribs, the element tangent stiffness matrix of the com-
posite smart grid structure is obtained, and the buckling
finite element numerical simulation method of the

composite smart grid structure is given. In [12], the matrix
hybrid method, which is a combination of transfer matrix
method and matrix displacement method, is applied to the
internal force calculation of continuous grid structure, and
its calculation results are compared with those of finite el-
ement method, thus verifying the correctness and practi-
cability of this method. Jennings et al. [13] comprehensively
consider the structural cost and mechanical properties and
put forward the pultrusion-interlocking grid technology,
which greatly reduces the manufacturing cost of the flat grid
structure. Based on the production demonstration of pul-
trusion-interlocking flat composite intelligent grid structure,
Chunxiu et al. [14] put forward several reinforcement and
improvement methods and realize the manufacturing of a
flat composite intelligent grid structure. Tang et al. [15]
propose to use evolutionary neural network to realize the
global nonlinear mapping relationship between structural
design parameters (input) and structural response param-
eters (output), instead of the finite element calculation in the
optimization process. GA is taken as the optimization solver,
and the response surface of neural network buckling stability
is taken as the main constraint to optimize the stiffened
composite grid structure.

Grid structures are mostly composed of composite
laminates. In order to apply the composite intelligent grid
structure to the aerospace field to replace the existing
aerospace structures, it is necessary to conduct in-depth
research on the dynamic characteristics of composite
materials. At present, in the research field of composite
structural dynamics, the analysis and optimization of
structural natural frequencies and the research on
structural impact performance are mainly carried out. In
[16], the natural frequency of square plates with simply
supported and clamped boundary conditions was opti-
mized by changing the laying sequence and proportion
with GA, and the fundamental frequency was improved a
little. Liu et al. use GA based on random constraints to
optimize the fundamental frequency of laminated plates
with simply supported edges [17]. Kumar et al. adopt the
method of combining GA with modal experiment, aiming
at maximizing the natural frequency, and realize the
optimization analysis by changing the layup ratio and
layup sequence [18], which improves the fundamental
frequency of composite plates fixed at one end by 15%. In
[19], GA was used to optimize the ply angle of composite
laminates with a given number of layers under the
condition of meeting the requirement of natural fre-
quency. Li et al. [20] study the low-speed impact damage
of laminated plate structures made of graphite/epoxy
materials by compiling dynamic programs and analyze
and predict the delamination damage and collective
cracking of various laminated plate structures with
various layers through self-determined failure criteria
and compare with the experimental results, which has a
good prediction effect. In [21], the damage of laminated
plates was simulated by using elliptical elastic core with
stiffness reduction, and the damage of laminated plates
and stiffened panels after impact was studied. ,e in-
fluence of several parameters on the residual strength of

2 Computational Intelligence and Neuroscience



laminated plates was analyzed, and the research results
proved the effectiveness of this method.

3. Research Method

3.1. Preparation of Composite Intelligent Grid Structure.
In the smart grid system, many distributed generators will
transmit the generated power to the power grid, and the
power grid can only bear it passively. ,erefore, the power
quality output by distributed generators affects the power
grid system to a great extent. Adding microgrid system can
effectively regulate the active and reactive power in the
system and play a role of regulator for the improvement of
power quality in the power grid. Nanjing YanXu Electric has
many years of experience in scientific research and project
implementation in the power industry and has profound
technical accumulation in the field of power automation and
power grid dispatching automation. On this basis, it has
formed the technical reserve and accumulation of microgrid
system through in-depth participation in relevant demon-
stration projects constructed by the state and power grid
companies.

Combined with the existing conditions in the laboratory,
the composite intelligent grid structure specimen is pre-
pared, and the whole preparation process includes the fol-
lowing processes [22].

3.1.1. Cutting of Glass Fiber Composites. According to the
size of the specimen to be prepared, the glass fiber composite
plate is cut into ribs with equal length and width by using a
jigsaw. Glass fiber composites have different thicknesses. In
order to compare with the finite element simulation results,
materials with thicknesses of 4mm and 1mm are selected,
and the corresponding rib heights are 40mm and 20mm,
respectively.

Place the cut ribs in a row, and cut the ribs into grooves
with a saw, as shown in Figure 1.

At this time, we need to consider three important pa-
rameters: slot spacing, slot depth, and slot width. Because the
specimens we prepared are regular triangular grids, the
slotting spacing is equal, and the slotting spacing of the two
specimens is 50mm and 70mm. respectively. According to
the particularity of preparing the specimen, we need two
kinds of ribs with different slotting methods. One slotting
method is as follows: 1/4 rib height notches are opened on
both sides of the rib; the other is that one side of the rib is
notched with a height of 1/2 rib.

After calculation, the theoretical value of slot width
should be

�
3

√
times of rib thickness. In the actual process of

preparing the specimen, due to some errors in the process, in
order to ensure that the ribs are fully clamped, we generally
choose 2 times the rib thickness.

3.1.2. Preparation of Epoxy Resin Glue Solution. ,e epoxy
resin glue solution is reasonably prepared, so that the epoxy
resin glue solution has better viscosity, actual gel time, and
curing degree, thus ensuring the quality of the specimen. If
the viscosity of the resin is too high, it will cause difficulties

in gluing, while if the viscosity is too low, it will cause the
phenomenon of glue flowing, resulting in the lack of glue in
products and affecting the quality. ,e ratio of epoxy to
coagulant in the curing agent is 1 : 2.

3.1.3. Model Pasting andModel Curing. Splicing the cut ribs,
bonding the slots of the spliced triangular grid structure with
epoxy adhesive, and solidifying at normal temperature,
because the epoxy resin glue will flow, in order to ensure the
good bonding at the slot, it is generally necessary to make up
the glue several times and then curing at normal
temperature.

3.1.4. Grinding and Trimming of Test Pieces. After the epoxy
resin glue is solidified, the specimen is trimmed and polished
according to the designed size with tools such as grinding
wheel and saw, and the surface is polished smoothly, so as to
prepare for the next step of pasting the skin.

3.1.5. Paste the Skin to Obtain the Test Piece. Firstly, prepare
a skin with the same size as the grid plate, and the selected
material of the skin should be equivalent to the grid rib, so as
to ensure the material matching between the skin and the
grid rib and reduce the residual stress caused by assembly.
Lay the skin flat, apply epoxy resin glue evenly to the ribs and
skin with a brush, and paste the prepared flat grid plate on
the skin, requiring the adhesive to be filled.

,is technology is easy to splice ribs, is low in cost, and
does not need special fixtures. ,e skin can effectively
compensate the stiffness by connecting with the clamping
groove, and large plates can be processed and assembled.

3.2. Principal Component Analysis of Frequency Response
Function. In order to facilitate the processing of frequency
response function data by principal component analysis, this
paper defines frequency response function spectral vector
h � [h1, h2, . . . , hp], where hi � (i � 1, 2, . . . , p) is the value
of frequency response function amplitude at the i-th fre-
quency point and p is the number of frequency points of
each frequency response function.

For L structures with known damage conditions, n �

(L × K) frequency response function spectrum vectors h can
be obtained by measuring at K different measuring points,

h

h4
1

h

4
1

h2
1

h

Figure 1: Schematic diagram of notch depth and width.
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and they are assembled into a matrix by rows, which is called
frequency response function spectrum matrix [H]n×p.

,e original p-dimensional vector [H]n×p of each row in
the matrix h is transformed into a new q-dimensional vector
by principal component analysis, which can be realized by
the correlation matrix R of [H]n×p [23].

In damage detection, the frequency response function
spectrum vector h obtained from the test comes from the
intact state ϕi and the damaged state ϕd2 data categories, so
the frequency response function spectrum matrix [H]

contains data classification information. To consider the
classification information of data, we can use the generalized
correlation matrix [24]:

R
∗

� P ϕi( 􏼁Ri + P ϕd( 􏼁Rd. (1)

In the formula, P(ϕi), P(ϕd) are the prior probability of
intact state data and damaged state data, respectively, which is
determined according to their relative numbers; Ri, Rd are the
correlationmatrix of intact state and damaged state, respectively.

After obtaining the generalized correlation matrix R∗,
the eigenvalue (λ1 ≥ λ2 ≥ · · · ≥ λp) and the corresponding
eigenvector of R∗ are obtained. ,e eigenvectors corre-
sponding to the largest q eigenvalues are taken and as-
sembled into a transformation matrix Φ:

Φ � φ1,φ2, . . . ,φq􏽨 􏽩. (2)

,erefore, each row vector h in [H]n×p can be trans-
formed into a new vector by using the transformationmatrix
Φ:

c � hΦ. (3)

After the abovementioned principal component analysis
method is processed, the reduced-dimensional vector c can
be used as the damage feature sample of the structure for
damage detection. Because of q≤p, vector c is compared
with the frequency response function spectrum vector h

before conversion, the dimension of the data is greatly re-
duced, which reduces the difficulty of analysis.

3.3. Robust Optimization of Objective Function of Grid Stiff-
ened Structure Based on AI Algorithm. ,e structure of a
typical feedforward neural network is shown in Figure 2,
where X(x1, x2, . . . , xi) and Y(y1, y2, . . . , ym) indicate that
the network has l input nodes and m output nodes, re-
spectively. Neurons are connected by weights, and nodes in
hidden layer are lost.

hj � f 􏽘
l

i�1
w

in
ji xi + b

in
j

⎛⎝ ⎞⎠, 1≤ j≤ q. (4)

,e output value of the output layer is

yk � f 􏽘

q

j�1
w

out
kj hj + b

out
k

⎛⎝ ⎞⎠, 1≤ k≤m, (5)

in which, f is the transfer function, win, bin are the
weight and threshold of input layer and hidden layer,
respectively, and wout, bout are the weight and threshold of
hidden layer and output layer, respectively. Commonly
used transfer functions include logarithmic S-shape
function, hyperbolic tangent S-shape function, and linear
function.

,e composite grid cylinder is triangular stiffened, and
the unit shape is shown in Figure 3.,e cylinder has a height
of 200mm, a radius of 75mm, and an axial compression of 1
045 kN, and the boundary condition is simply supported.
,e angle of skin layer is ±30°.

PSO is used to optimize the weights and thresholds of
neural network; that is, in the optimization process, the
weights and thresholds are taken as optimization variables to
form particles, and the sum of squares of errors between the
buckling load value Oi calculated by all particles and the
accurate value Ti calculated by finite element is taken as
fitness function. In this paper, 25 samples are selected, and
the fitness function is

fitness(g) � 􏽘
25

i�1
Ti − Oi( 􏼁

2
. (6)

In order to minimize the fitness function, the particle
swarm optimization is carried out, and the optimal particle
obtained at last constitutes a neural network for calculating
buckling load.

Due to manufacturing errors, skin thickness, rib
thickness, and rib height are all uncertain variables, and
the actual values fluctuate around the design values.
Given the tolerance, the fluctuation range is certain. In
this paper, it is assumed that the fluctuation radii are
Δtskin � 0.1mm, Δtrib � 0.1mm, Δhrib � 0.2mm, respec-
tively, and now the robustness of the structure is
optimized.

Firstly, the feasible robust optimization is considered;
that is, the constraint problem under uncertain factors is
considered. According to the parameter analysis in [7], the
buckling load increases monotonously with the increase of
skin thickness, rib thickness, and rib height, so the lower
limit of buckling load corresponding to a set of design
variables can be obtained by substituting the lower limit of
interval corresponding to these three variables into neural
network, so the following model can be used for
optimization:
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min W � ρ · 2Natribhrib

�������������

πRNb

Na

􏼠 􏼡

2

+ L
2

􏽶
􏽴

+ 2πRtribhrib Nb + 1( 􏼁 + 2πRLtskin
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

s.t Fcrit − F
L
buck ≤ 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(7)

,en, the robustness of the objective function is considered;
that is, the sensitivity of the structural quality to the parameter
changes is considered. Taking the lower limit of buckling load
greater than the critical load as the constraint condition, the goal
is to minimize the radius of mass variation interval.

Using the mass expression of triangular grid in the above
formula, the partial derivative of mass to various uncertain
variables can be derived:

zW(x)

ztrib
� ρ 2Nahrib
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􏼠 􏼡

2

+ L
2

􏽶
􏽴

+ 2πRhrib Nb + 1( 􏼁
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zW(x)

zhrib
� ρ 2Natrib

�������������
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􏼠 􏼡

2

+ L
2

􏽶
􏽴

+ 2πRtrib Nb + 1( 􏼁
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,

zW(x)

ztskin
� ρ(2πRL).

(8)

,e interval radius of available mass is

ΔW(x) �
zW x0( 􏼁

ztrib

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δhrib +

zW x0( 􏼁

zhrib

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δhrib +

zW x0( 􏼁

ztskin

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δtskin.

(9)

,erefore, the robustness optimization model is as
follows:

min ΔW(x) �
zW x0( 􏼁

ztrib

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δhrib +

zW x0( 􏼁

zhrib

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δhrib +

zW x0( 􏼁

ztskin

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
Δtskin

s.t Fcrit − F
L
buck ≤ 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)

,e models expressed by test (7) and formula (10) are op-
timized with improved GA, and the results are shown in Table 1.

3.4. 7ree-Dimensional Hashin Damage Failure Criterion.
Since the stress distribution of the damaged parts changes
dramatically after the damage occurs in composite

wij
wkj

B1
B2

x1

x2

xl

y1

y2

yl

Figure 2: Typical 3-layer feedforward neural network.

Figure 3: Triangular grid unit shape.
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laminates, and the damage caused by the damage makes
the bearing capacity of the damaged units decrease sig-
nificantly, it is difficult to use the failure criterion based
on stress to judge the damage. By using the expression of
stress-strain relationship in one dimension, the Hashin
failure criterion can be transformed into a strain-based
description:

σxx � E11εxx, σyy � E22εyy, σzz � E33εzz,

σxy � G12εxy, σxz � G13εxz, σyz � G23εyz,

XT � E11ε
T
11, XC � E11ε

C
11, YT � E22ε

T
22,

YC � E22ε
C
22, ZT � E33ε

T
33,

S12 � G12c12, S13 � G13c13, S23 � G23c23

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (11)

Among them, εT
11, ε

C
11 are the ultimate strain of each

single-layer plate in the direction of 1, which reaches the
tensile and compressive strength, respectively; εT

22, ε
C
22 are

the ultimate strain in two directions of each single-layer
board that reaches the tensile and compressive strength,
respectively; εT

33 is the allowable strain in the thickness
direction of the single-layer plate; cij(i≠ j) is the shear
strain value when the laminated plate reaches the shear
strength limit.

,e strain form of Hashin failure criterion is expressed as
follows:

Tensile break of fiber:

d
2
f �

εxx

εT
11

􏼠 􏼡

2

+
εxy

c12
􏼠 􏼡

2

+
εxz

c13
􏼠 􏼡

2

≥ 1, εxx ≥ 0. (12)

Fiber crushing:

d
2
f �

−εxx

εC
11

􏼠 􏼡

2

≥ 1, εxx < 0. (13)

Matrix cracking:

d
2
m �

εyy + εzz

εT
22

􏼠 􏼡

2

+
1

c
2
23

􏼠 􏼡 ε2yz −
E22E33

G
2
23

εyyεzz􏼠 􏼡

+
εxy

c12
􏼠 􏼡

2

+
εxz

c13
􏼠 􏼡

2

≥ 1, εyy + εzz ≥ 0.

(14)

Matrix extrusion:

d
2
m �

E22εyy + E33εzz

2G12c12
􏼠 􏼡

2

+
εyy + εzz

εC
22

􏼠 􏼡
E22εC

22
2G12c12

􏼠 􏼡

2
⎡⎣ ⎤⎦ − 1

+
1

c
2
23

ε2yz −
E22E33

23
G

εyyεzz􏼠 􏼡 +
εxy

c12
􏼠 􏼡

2

+
εxz

c13
􏼠 􏼡

2

≥ 1, εyy + εzz < 0.

(15)

Delamination damage:

d
2
l �

εzz

εT
33

􏼠 􏼡

2

+
εxz

c13
􏼠 􏼡

2

+
εyz

c23
􏼠 􏼡

2

≥ 1, εzz ≥ 0,

d
2
l �

εxz

c13
􏼠 􏼡

2

+
εyz

c23
􏼠 􏼡

2

≥ 1, εzz < 0.

(16)

4. Result Analysis and Discussion

4.1.Mechanical Property Test of Grid Structure. In this paper,
six groups of strain sensors are attached to the structural
surface of the test piece with the same size as the above finite
element model, and the strain sensors are attached sym-
metrically. Each group includes two 120 ohm strain gauges
and two 120 ohm precision resistors, which together form a
bridge. ,ere are six groups of such bridges.

,e experiment steps are as follows:

(1) One end of the specimen is simply supported and the
other end is fixedly supported.

(2) Turn on the DC regulated power supply for the force
sensor; strain bridge circuit and measuring circuit, in
which the power supply of the force sensor is ad-
justed to 12V, the power supply of the bridge circuit
is adjusted to 2.4V, and the power supply of the
measuring circuit is adjusted to 8V.

(3) Rotate the handle to adjust the output of the force
sensor to 2.5V; that is, the force acting on the
structure at this time is 0N. Turn the handle
counterclockwise until the output of the transmitter
is 0.5 v, and the corresponding pressure value is
100N. Start the data acquisition software program
and save the data of six measuring points.

(4) Change the magnitude of the loading force and
repeat the third step. To eliminate the error caused by
residual strain, the handle should be rotated clock-
wise before changing the load every time, and the
output of the force sensor should be adjusted to
2.5V.

Figure 4 shows the load-displacement curves of the
structure under different loads.

It can be concluded from Figure 4 that the load-strain
curves of measuring point 2 and measuring point 5 basically
coincide; the load-strain curves of measuring points 1, 3, 4,
and 6 also basically coincide. ,e load-displacement curves

Table 1: Results obtained by optimizing mass and mass change
radius, respectively.

Project Optimize W Optimize ΔW
Na 13 9
Nb 5 5
tskin/mm 2.014 2.4471
trib/mm 3.317 2.8631
hrib/mm 3.011 6.0172
FL
buck/kN 1286.1 1228.7

W∗/kg 0.4133 —
ΔW∗/kg — 0.017
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of all measuring points show a good linear relationship. It is
proved that the whole structure of the grid structure test
piece is evenly distributed, the skin and structure are well
bonded, and the grooves of ribs are well bonded, and the
preparation process is mature and stable.

4.2. Impact Damage Characteristics. Composite structures,
as load-bearing members such as skin, are often impacted by
external loads. Impact and vibration are the two main
mechanical environments that packages are often subjected
to in the process of circulation, which cause great damage to
packages. In order to reduce the damage rate of packages in
the process of transportation, as far as the packaging
products themselves are concerned, studying the damage
mode under the action of impact and vibration is conducive
to the design of cushioning packaging. In this chapter, based
on the stiffness reduction law of materials under various
failure conditions, a three-dimensional asymptotic damage
research model of composite laminates under low-speed
impact is established. By compiling stiffness reduction
subroutine and finite element transient calculation, the
simulation and analysis of progressive damage of laminated
plate and composite smart grid structure during impact
process are completed.

,ree-dimensional asymptotic damage analysis
method of composite laminates under low-speed impact
includes three parts: stress analysis, failure analysis, and
material performance degradation model. In the part of
stress analysis, the governing equations of stitched lam-
inates under impact load are derived based on the prin-
ciple of virtual displacement. In the failure analysis, it is
necessary to consider the fiber extrusion damage caused
by the compressive stress on the impact front of the
structure and the fiber tensile break on the back of the
impact specimen. At the same time, after the structure is
damaged, the stiffness of the damaged part drops sharply,

which causes the stress concentration around the dam-
aged part and causes the damage to be transmitted and
spread around.

When the impact energy is huge, it will cause depression
in the impact area, fracture of nearby fibers, and collective
destruction and at the same time produce larger transverse
shear. ,e impact energy cannot be continuously trans-
mitted in the fiber, and the damage area caused by this
damage is difficult to determine, sometimes smaller than the
damage area without penetration impact under the same
conditions.

4.2.1. Impact Damage Characteristics of Different Wing Grid
Models at the Same Position. Figure 5 is a schematic diagram
of impact positions of punches on three grid structure
models. It can be seen that the impact positions are all on one
side of the grille skin. ,e impact position of the model 1 is
the center of a single rib closest to the center of the structure
(Figure 5(a)). ,e impact position of the models 2 and 3 is
the center of the model (the center of the rib plate)
(Figure 5(b)).

Figures 6 and 7 show the fitting curves of punch contact
force and displacement for 200 time steps in 0.005 s with the
impact energy of 4 J. It can be seen that, in the punch
working stage, the time of models 1, 2, and 3 is 0.0032 s,
0.0028 s, and 0.0031 s, respectively. ,e model punch has the
shortest function, themaximum contact force, the minimum
limit displacement, and the minimum elastic deformation of
the grid structure.

,e frequency response functions of several damage
cases are selected to form the sample set of the nearest
neighbor method. And the cumulative contribution rate
curves are shown in Figure 8.

,e contribution rate represents the proportion of the
g-order principal components in the original data infor-
mation, and the cumulative contribution rate represents the
ability of the former k-order principal components to
synthesize the original data information.

It can be seen from Figure 8 that when the order in-
creases, the contribution rate drops rapidly, and the con-
tribution rate after the 15th order approaches zero. At the
same time, it can be seen that the cumulative contribution
rate of the first 13-order principal components has exceeded
99%. ,erefore, only analyzing the first 13-order principal
components can reflect the change characteristics of the
whole original data, greatly reducing the amount of
calculation.

4.2.2. Influence of Different Impact Energy of the Same
Structure on Structural Damage. In this paper, the rela-
tionship between structural damage and impact energy is
observed by directly using different impact energy
without using the speed of punch as a variable. Select the
center point of structure 3 (i.e., the position of a single
rib) and calculate the impact damage under the impact
energy of 3 j, 4 j, and 5 j, respectively. Observe the sen-
sitivity of impact damage to impact energy at a single rib
position.

200 400 600 8000
Load (N)

0

50

100

150

200

250

300

St
ra

in

Test point 1
Test point 2
Test point 3

Test point 4
Test point 5
Test point 6

Figure 4: Experimental study on load-strain curve of grid
structure.
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,e 200 time steps of punch displacement and punch
contact force output during the whole impact process are
fitted into curves, as shown in Figures 9 and 10.

It can be seen from Figures 9 and 10 that when different
energies are used to impact the skin supported by a single
rib, the impact process and time are basically the same, and

skin

(a) (b)

Figure 5: Schematic diagram of impact position of punch on three grid structure models. (a) Model 1. (b) Model 2 and Model 3.
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Figure 6: Curve of contact force of impact punch with time.

0

-0.5

-1

-1.5

-2

-2.5

-3

-3.5

-4

-4.5

Pu
nc

h 
di

sp
la

ce
m

en
t (

m
m

)

0.02 0.04 0.06 0.080
Impact time (s)

Model 1
Model 2
Model 3

Figure 7: Impact versus time curve.

10 20 30 400
Order

0

20

40

60

80

100

120

Co
nt

rib
ut

io
n 

an
d 

cu
m

ul
at

iv
e r

at
e

Contribution rate
Cumulative contribution rate

Figure 8: ,e contribution rate and cumulative contribution rate
vary with the order of principal components.
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the punch finishes working in about 0.0035 s. ,e peak
contact force of punch under three kinds of energy is
1601.3N, 2389.7N, and 2499.8, respectively. ,e limit dis-
placements of the punch are 3.63mm, 4.25mm, and
4.57mm, respectively. It can be seen that, with the increase
of impact energy, the contact force and displacement of the
punch increase smoothly and do not change greatly.

4.3. Optimization Results of Composite Laminates. ,e nat-
ural frequency of composite laminates has always been a
concern in the field of composite dynamics. Many scholars
have given a variety of researchmethods to improve the natural
frequency of composite materials. ,e research method of the
natural frequency of compositematerials designed in this paper
is to continuously change the laying angle of each single layer of
composite laminates from −180° to 180° and to improve the
fundamental frequency of the whole structure by changing the
stiffness and frequency of each single layer.

Firstly, the finite element model of the laminated plate
structure is established in Patran, and the natural fre-
quencies of the two boundary conditions are solved. ,e
fundamental frequencies of the two structures are 89.24Hz
under the simply supported boundary and 169.14Hz under
the fixed boundary.

,en, the optimization problem model is established in
Patran. Optimized contents are as follows.

,e laying angles of eight single-layer boards symmet-
rically laid with laminated boards under two boundary
conditions are respectively associated as optimization design
variables. ,e response is designed as the natural frequency
of the structure; the constraint is that the natural frequencies
of the second- to sixth-order structures are not less than 95%
of the natural frequencies of the second- to sixth-order
structures before optimization. ,e objective function is to
maximize the first natural frequency of the structure.

Taking the bdf card for optimization research of simply
supported plates on four sides as an example, the bdf card

fragments of design variables that need to be modified are
shown in Table 2.

,e above card defines the names of 8 single-layer design
variables, the initial value of the paving angle, the upper and
lower limit variation interval of the design variables, and the
maximum optimized moving step.

,e optimization process curves of ply angle under two
boundary conditions are shown in Figures 11 and 12 (be-
cause the structure is laid with angular symmetry, the design
variable curves of symmetrical single-layer slabs coincide).
,erefore, for the two boundary conditions, only the iter-
ative curves of design variables of the first- to fourth-layer
slabs are given here.

After 7 steps and 15 steps of iteration, the optimization
process of the fundamental frequency of the four-sided
simply supported plate and the four-sided clamped lam-
inated plate converged, and the fundamental frequency
increased by 4.96% and 16.8%, respectively. After opti-
mization, the ply angles are different, which indicates that
the ply angle when the fundamental frequency of the
laminate is maximum is related to the boundary condi-
tions of the structure. Compared with the results in [25,
26] that the optimization effect of fundamental frequency
of laminated plate structure is improved by 1–2% by using
optimization methods such as GA, it has better optimi-
zation effect and faster convergence speed.
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Figure 10: Contact force/time curve of punch.

Table 2: Layout angle design variable card format.

DESVAR 1 com_ply_O1 −45 −180 180 0.6
DESVAR 2 com_ply_O2 90 −180 180 0.6
DESVAR 3 com_ply_O3 45 −180 180 0.6
DESVAR 4 com_ply_O4 0 −180 180 0.6
DESVAR 5 com_ply_O5 −45 −180 180 0.6
DESVAR 6 com_ply_O6 90 −180 180 0.6
DESVAR 7 com_ply_O7 45 −180 180 0.6
DESVAR 8 com_ply_O8 0 −180 180 0.6
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5. Conclusion

At present, composite structures have been widely used in
the aerospace field. Intelligent grid structure is a new type of
lightweight and high-strength composite material structure.
After more than ten years’ development, it has been pre-
liminarily applied in practical aerospace structures. In this
paper, the mechanical properties of composite laminates and
composite intelligent grid structures are studied in depth.
,e results show the following.

(1) Principal component analysis can reduce the di-
mension of the test data, and at the same time, it can
effectively retain the feature information of the
original data.

(2) Impact damage forms, damage areas, and damage
propagation forms at different positions of the grid
are quite different. Under the same impact condition,
the damage area of single rib support is the largest,
and it also has the greatest influence on the structural
strength and stiffness. ,erefore, it should be
regarded as the main monitoring object in structural
health monitoring, and appropriate monitoring
strategies and methods should be selected according
to the damage types and energy transmission paths.

(3) A three-dimensional Hashin failure criterion based
on strain parameters is adopted, and it is integrated
into the subprograms written by users in the sec-
ondary development interface of Abaqus finite ele-
ment software.,e progressive damage of composite
laminates during impact was simulated and studied
and compared with the experimental results in the
literature, which verified the reliability of the re-
search method.

,e manufacturing process of composite laminates is
complex and the manufacturing cost is high. ,erefore, the
research work of this paper is lacking practical application
experimental research. It is hoped that subsequent re-
searchers will verify the experimental work of this paper and
get more and more accurate conclusions.
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