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Abstract: This paper develops a material-structure integrated design and optimization method
based on a multiscale approach for the lightweight design of CFRP car doors. Initially, para-
metric modeling of RVE is implemented, and their elastic performance parameters are predicted
using the homogenization theory based on thermal stress, exploring the impact of RVE parame-
ters on composite material performance. Subsequently, a finite element model of the CFRP car
door is constructed based on the principle of equal stiffness, and a parameter transfer across mi-
croscale, mesoscale, and macroscale levels is achieved through Python programming. Finally, the
particle generation and updating strategies in the Multi-Objective Particle Swarm Optimization
(MOPSOQ) algorithm are improved, enabling the algorithm to directly solve multi-constraint and multi-
objective optimization problems that include various composite material layup process constraints.
Case study results demonstrate that under layup process constraints and car door stiffness require-
ments, plain weave, twill weave, and satin weave composite car doors achieve weight reductions
of 15.85%, 14.54%, and 15.35%, respectively, compared to traditional metal doors, fulfilling the re-
quirements for a lightweight design. This also provides guidance for the lightweight design of other
vehicle body components.

Keywords: material-structure integration; fabric-reinforced composite; car door; composite layup
process constraints; multiscale method

1. Introduction

The automotive industry is currently experiencing a pivotal shift to tackle essen-
tial issues in vehicle safety, energy conservation, and ecological sustainability affecting
consumers and the global environment [1-3]. An effective approach to addressing the afore-
mentioned issues involves reducing the weight of vehicles to decrease energy consumption.
Research indicates that a 10% reduction in the overall vehicle equipment leads to a 6—-8%
decrease in energy consumption, resulting in a reduction of 1 g/km in carbon emission [1].
Therefore, substantial efforts are being made to develop vehicles that are both lightweight
and crashworthy. To address the seemingly contradictory goals of lightweight design
and enhanced crashworthiness, composite materials, especially carbon-fiber-reinforced
plastic (CFRP), have garnered considerable attention in the scientific community [4-8].
Liu et al. [4] designed a CFRP-based electric vehicle structure, achieving a 28% reduction in
weight compared to glass-fiber-reinforced plastic (GFRP) while also significantly improv-
ing the crashworthiness of the vehicle body. Under the constraints of bending stiffness,
Lee et al. [9] designed, manufactured, and validated the feasibility of a CFRP roof panel.
By adhering carbon fiber to the roof structure components of passenger vehicles, Bam-
bach [10] has managed to increase the strength of the roof, effectively doubling its strength-to-
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weight ratio. Borazjani and Belingardi [11,12] have also conducted extensive research in a similar
vein. However, the aforementioned studies primarily focus on the redesign of vehicle parts;
research on complex vehicle subsystems, such as the door system, is less common.

Cheon et al. [13] designed a CFRP side-door impact beam that, compared to high-
strength steel, achieves a 50% weight reduction while ensuring collision safety. Wu et al. [14]
conducted a discrete optimization of the CFRP layup for the back door, achieving a more
rational optimal solution compared to commercial software. Fang and Li [15] employed
fiber-reinforced thermoplastic in the lightweight conceptual design of a multi-material car
door, successfully achieving a 20% reduction in weight. An important feature of CFRP
is the ability to shape its microstructure during the manufacturing process by selecting
the type of components (i.e., reinforcement and matrix), the number and orientation of
layers [16,17]. However, while the aforementioned studies have focused on the number
and orientation of layers, they have not sufficiently addressed the potential for designing
the microstructure.

Cheng et al. [18] implemented a microscale homogenization and macroscale optimization
method, achieving a 60% weight reduction in the lightweight design of the body-in-white floor.
Through a synergistic approach combining multiscale numerical simulations with experimental
testing, Fang et al. [19] conducted detailed studies on the mechanical characteristics of single-
ply woven composite materials. Gao et al. [20] implemented a three-scale multiscale modeling
approach, which was applied to a woven composite laminate under three-point bending and
to cured woven bias extension tests. Although multiscale methods have been proven effective,
current studies mainly focus on simple samples, with limited multiscale design applied to door
systems. Additionally, most of these designs address only car body structure replacements and
seldom consider the process constraints related to CFRP layup angles. This often results in
optimization outcomes that fail to meet these constraints, necessitating further refinement for
practical engineering applications.

This paper proposes a material-structure integrated design and optimization approach
for a CFRP car door design applied in real-world door development. The outline of the
paper is as follows: Section 2 presents the analysis methods for CFRP car doors at the
microscale and mesoscale and provides a detailed parameter analysis. Section 3 introduces
the load conditions, constraints, and design performance criteria for CFRP car doors.
Section 4 describes, in detail, the mathematical model and solution algorithm for the
material-structure integrated design of CFRP car doors. Section 5 presents the derived
solution outcomes, accompanied by a comprehensive analysis. Finally, Section 6 presents
the main research conclusions of the paper.

2. Multiscale Modeling of Carbon-Fiber-Reinforced Composite
2.1. An Overview of Multiscale Modeling for Carbon-Fiber-Reinforced Composites

The multiscale design process of woven-fabric-reinforced composites encompasses
three scales: microscale, mesoscale, and macroscale, with the structural representation of
each scale illustrated in Figure 1. At the microscale, the microscale cell is composed of fiber
filaments and resin, approximated from the homogenization of fiber yarns.
At the mesoscale, the mesoscale cell consists of fiber yarns with a small amount of resin.
Depending on the weaving pattern of the fiber yarns, mesoscale cells can be categorized
into plain, twill, and satin weaves. Notably, Figure 1 shows the mesoscale cells without
resin, only displaying the woven fiber yarns. At the macroscale, the laminate scale is
formed by stacking multiple single-ply woven composite materials bonded together with
resin. In this paper, the layup design of the car door pertains to the macroscale.
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Figure 1. Flow chart of multiscale design for CFRP car door.

To predict the elastic properties of the representative volume element (RVE), this paper
adopts a two-scale progressive homogenization method, which has been verified as feasible
in the literature and is suitable for multiscale analysis of carbon fiber composites [18,21].
In conjunction with the finite element analysis software ABAQUS, thermal stress is applied
to predict the elastic properties of the RVE. The formula for calculating the equivalent
stiffness coefficients of the RVE is as follows [21,22]:

pi — L [p. (6.5 +a¢’TH dy (1)
ijmn — |Y| ijkl' \ €kmCIn ayl
Y

where DI represents the equivalent stiffness matrix of the composite material, Djjy is
the fourth-order stiffness matrix of the RVE, and the subscripts i, j, m, and n each represent
different directions; Y denotes the region of the RVE; i, J;,, is the product of the Kronecker
tensor, and ¢]"" is the displacement function.

To solve for the equivalent stiffness coefficients DUW1 of the RVE in Equation (1),
it is first necessary to determine the displacement function ¢;"". The solution for the
displacement function can be achieved in ABAQUS by applying thermal stress, and the

functional relationship between thermal strain and temperature is as follows:

where k;,;, represents the thermal expansion coefficient, AT is the loading temperature, and
%, denotes the thermal strain.

Through theoretical derivation, the displacement function in Equation (1) can be
converted into the form of thermal expansion coefficient, as follows:

= / ikl Yi” + oW + k- AT | dY 3)
D Y|/ =i ayz Yk

In ABAQUS, Multi-Point Constraints (MPC) are applied, and the binding constraint
is used to implement periodic boundary conditions. A Fortran subroutine is written to
apply thermal stress, and a Python script is developed to read stress-strain information,
ultimately solving for the homogenization coefficients of the RVE. Due to space limitations,
the two-scale progressive homogenization method is not described in detail; interested
readers may refer to the literature for more information [17,18,21].
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2.2. Microscale Model Simulation Analysis

To achieve the material-structure integrated design of CFRP car doors, understanding
the microscale properties of carbon fiber composites is essential. Therefore, this section
conducts a detailed study of the microscale dimensions of carbon fiber composites, encom-
passing the establishment of microscale cells, multiscale analysis of these cells, and the
impact of microscale parameters on the elastic properties of the composites.

2.2.1. Microscale Model Simulation Analysis Method

The woven yarns in CFRP are composed of fiber filaments and resin, as shown in
Figure 2. The cross-sectional structure of the woven yarns is observed using an electron
microscope (model JSM-IT300LA) to obtain a realistic microscale model, which is then
approximated to an equivalent microscale cell through homogenization. As can be seen
from Figure 2, the microscale cell is composed of carbon fiber filaments, represented by
the yellow area, and resin, represented by the gray area. The geometric parameters of
the microscale cell mainly include the diameter of the fiber filaments, the thickness of the
cell, and the half-side length (x;) of the cell. Previous literature studies have shown that
the main factor affecting the elastic properties of the microscale cell structure is the fiber
volume fraction (V;) [21,23]. Therefore, in this paper, while the fiber diameter and cell
thickness are fixed, different V; are obtained by setting different half-side lengths x; for
the microscale cell, that is, choosing the x; of the microscale cell shown in Figure 2 as the
microscale design variable.

Homogenization
approx1mat10n//\

Microscale cell

Ve
Matrix

Figure 2. Schematic view of microscale cell.

In this study, T700-12k carbon fibers are used, and the resin selected is EPOLAM 5015 RESIN
epoxy. The mechanical properties of both the fibers and the resin are presented in Table 1.

Table 1. Material properties of T700/EPOLAM 5015 RESIN used in the multiscale design.

Ey = G2 =

Material E1/GPa Es/GPa G13/GPa Gy3/GPa H12 = P13 23
Fiber 227.0 13.4 6.8 4.8 0.2 0.25
Matrix 3.3 - - - 0.35 -

A microscale cell model, as depicted in Figure 2, was developed in ABAQUS for
the predictive analysis. In this model, the fiber-reinforced phase is represented by the
yellow region, while the resin matrix is indicated by the gray area, comprising a fiber
volume fraction of 51%. The analysis involved constructing a finite element model of the
microscale cell in ABAQUS, inputting material parameters for each component as listed
in Table 1, specifying material orientations, and setting up a thermal stress analysis step.
The mesh was created using C3D8R elements with a side length of 0.4 mm. A custom For-
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tran subroutine was developed to define specific variables, and binding contact techniques
were applied to enforce periodic boundary conditions on the microscale cell. Computa-
tions were executed in ABAQUS, with Figure 3 illustrating the resultant equivalent stress
distribution in the microscale cell under six distinct thermal stress scenarios. Figure 3a,b
displays the tensile scenarios. Specifically, Figure 3a shows stretching along the fiber
direction, with the fiber serving as the main load-bearing component. The stress levels
in Figure 3b,c are nearly identical, with the primary distinction being a 90° rotation in
the stress distribution around axis one, further validating the reliability of the thermal
stress-based analysis method. Figure 3d—f illustrate shear conditions, whereas Figure 3d,e
exhibits almost the same stress values, yet the stress distribution is rotated 90° around axis
one. Post-calculation, a Python script was employed to extract the results, facilitating the
determination of equivalent elastic properties for the microscale cell.
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Figure 3. Equivalent stress contour result of different thermal stress conditions: (a) S (b) §22;
(c) $%; (d) S1%; (e) S13; (£) S,
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To verify the effectiveness of the homogenization theory based on thermal stress for predicting
the elastic properties of the microscale cell, the computational results of this paper are compared
with experimental values from the literature [20], as shown in Table 2. The table reveals that the
maximum discrepancy occurs in the Poisson’s ratio, with a difference of 3.03%. Considering the
inherent uncertainties in experimental procedures, it can be concluded that this method effectively
predicts the elastic parameters of composite materials.

Table 2. Comparison of simulation results and experimental results.

Material Properties E1/GPa E; = E;/GPa G12 = G13/GPa G23/GPa 12 = Pz 123

Simulation result 115.12 6.04 3.44 48 0.34 0.25
Experimental result 113.57 6.10 3.46 - 0.33 -
Error 1.6% 0.98% 0.59% - 3.03% -

2.2.2. Influence of Microscale Parameters on Elastic Properties

The woven yarns in CFRP are composed of fibers and resin, and the proportion of
each component greatly influences the elastic properties of the composite. To investigate
the impact of the V; in the microscale cell on the elastic parameters of the composite
material, this study conducts an analysis of microscale cells with different V; using the
homogenization method based on thermal stress described in Section 2.2.1. The results are
presented in Figure 4.
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Figure 4. The influence of fiber volume fraction on the elastic properties of CFRP: (a) E;; (b) Ey;
() G12; (d) p12-
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As illustrated in Figure 4, the V; significantly influences the elastic behavior of compos-
ite materials. Generally, an increase in V; leads to a marked rise in the elastic modulus and
a concurrent reduction in Poisson’s ratio, indicating an enhancement in overall mechanical
performance with higher fiber content. Notably, the elastic modulus E; exhibits a near-
linear increment with V%, likely due to the axial properties of fibers being the predominant
factor, considering the modulus of the resin is much lower than that of the fibers. On the
other hand, both E; and G, show an accelerated increase with higher V;. This trend can
be explained by the initial dominance of resin properties when the fiber content is low,
resulting in lower values for E; and Gyp. As the fiber content increases, the influence of
fibers becomes more pronounced, leading to the observed enhanced growth rates of E; and
G1p with increasing V.

2.3. Mesoscale Model Simulation Analysis

To achieve the material-structure integrated design and optimization for CFRP car
doors, it is necessary not only to understand the characteristics of microscale cells but also
to explore the effects of mesoscale cell parameters on the elastic properties of single-ply
woven composite materials. In light of this, this section focuses on the construction and
multiscale analysis of mesoscale cells and examines the impact of mesoscale cell parameters
on the elastic behavior of single-ply woven composites, featuring an extensive examination
of prevalent woven mesoscale cells.

2.3.1. Mesoscale Model Simulation Analysis Method

Two-dimensional woven composite materials are created by intertwining fiber yarns
using various weaving techniques and combining them with a small amount of resin,
resulting in a distinct type of composite material. Depending on the weaving technique
of the fiber yarns, these composites can be classified into plain weave, twill weave, and
satin weave, as depicted in Figures 5 and 6. The current section delves into the mesoscale
cell construction, specifically focusing on plain weave composites. Electron microscope
scans of plain weave composite cross-sections show that fiber yarns form a carbon fiber
fabric with a wavy pattern through weaving. For the multiscale analysis of mesoscale cells,
the mesoscale structure of plain weave composites needs simplification. The division of
mesoscale cells for plain weave composites is illustrated in Figure 7.

s, Mises MPa
Weft yarn Warp yarn (Avg: 75%)
4648.835
4383.733
4118.631
3853.529
3588.427
3323.325
3058.223
2793.122
2528.020
2262.918
1997.816
1732.714
1467.612

@) (b)

Figure 5. The plain weave mesoscale cell structure: (a) Plain weave mesoscale cell structure parame-
ters; (b) Equivalent stress contour result of plain weave mesoscale cell structure.
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Figure 6. Mesoscale cell structure: (a) The twill weave mesoscale cell structure; (b) The satin weave

mesoscale cell structure.

Figure 7. Schematic view of plain weave mesoscale cell structure.

In developing mesoscale cell models for plain weave composites, Ishikawa and
Chou [24] initially introduced the concept of mesoscale cells in fabrics, representing the
yarns as zigzag lines. Pochiraju et al. [25] enhanced this model by substituting the zigzag
transitions with sine curve transitions, thereby bringing the model closer to actual struc-
tures. Further model simplification was proposed by Whitney et al. [26], who suggested
linear transitions for yarn curves. This approach not only simplified the modeling process
but also ensured that the resulting model met design requirements. Consequently, this
study adopts the approach proposed by Whitney to establish the mesoscale structure of
plain weave composite materials, as illustrated in Figure 5a.

From Figure 5a, it is evident that the mesoscale cell primarily comprises warp yarns,
weft yarns, and resin. The geometric parameters of the mesoscale cell are defined as follows:
hg is the thickness of resin between adjacent fiber yarns, iy denotes the thickness of fiber
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yarns, wy represents the width of the yarns, uy is the distance between adjacent yarns,
h indicates the total thickness of the mesoscale cell, gy, refers to the width of the curved
part of the yarns, and w is the overall width of the mesoscale cell. Literature studies have
shown that the volume fraction of fiber yarns (Vy) is a crucial factor influencing the elastic
properties of the mesoscale cell [17,23]. Therefore, in this study, all parameters except wy
and hy are kept constant, and the fiber yarn volume fraction is controlled by adjusting the
widths wy and thicknesses hy of the yarns. That is, wy and hy, shown in Figure 5a, are
selected as the design variables for the mesoscale, denoted as x; and x3, respectively.

In woven composite materials, mesoscale fiber yarns are comprised of numerous
filaments and resin. To predict the properties of woven fiber composites using the thermal
stress method, it is necessary to input the material parameters of both fiber yarns and resin.
In this section, unidirectional fiber yarns with a fiber volume fraction of 51% and EPOLAM
5015 RESIN epoxy are used as mesoscale material inputs, as discussed in Section 2.2, with
specific parameters detailed in Table 3. A mesoscale cell model, as depicted in Figure 6a,
is established in ABAQUS, and the homogenization method based on thermal stress,
introduced in Section 2.1, is applied for analysis. Figure 5b shows the equivalent stress
contour map obtained from the finite element analysis.

Table 3. Material properties of mesoscale cell.

Material E1/GPa Ez = E3/GPa G]z = G13/GPa G23/GPa H12 = 13 H23
Cabon yarn 115.12 6.04 3.44 4.8 0.34 0.25
Matrix 3.3 - - - 0.35 -

Applying the same analysis method as described earlier, the twill and satin weave composites
depicted in Figure 6 are also analyzed, and the elastic parameters of their mesoscale cells are
calculated and included in Table 4. The data in the table indicate that the elastic properties of
mesoscale cells with different weaving patterns do not vary significantly.

Table 4. Elastic properties of mesoscale cell.

Material E, = E,/GPa E3/GPa G13 = G»3/GPa G12/GPa H13 = H23 112
Plain weave 24.09 5.62 1.64 1.73 0.47 0.06
Twill weave 28.65 5.83 1.81 1.69 0.46 0.05
Satin weave 21.05 5.66 1.68 1.82 0.45 0.06

2.3.2. Influence of Mesoscale Parameters on Elastic Properties

Carbon fiber woven composites are composed of fiber yarns and resin, as shown in
Figure 6. The performance of each component greatly influences the overall properties
of the composite material. To study the impact of fiber yarn volume fraction (Vy) in the
mesoscale cells on the elastic parameters of the composite material, this section conducts
an analysis of mesoscale cells with different fiber yarn volume fractions based on the
prediction method described in Section 2.3.1. The results are presented in Figure 8.

Figure 8 indicates that the Vy significantly influences the elastic properties of single-ply
woven composites. Generally, an increase in Vy leads to an increase in elastic modulus and
a decrease in Poisson’s ratio for these composites, suggesting that their overall mechanical
performance improves with higher fiber yarn content. Unlike the influence of fiber volume
fraction on microscale cell elastic properties, an increase in fiber yarn volume fraction in
single-ply woven composites results in an approximately linear increase in elastic modulus.
This trend is likely due to the elastic modulus of fiber yarns in mesoscale cells being sub-
stantially higher than that of the resin; thus, the properties of the fiber yarns predominantly
determine the predicted elastic performance.
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Figure 8. The influence of yarn volume fraction on the elastic properties of CFRP: (a) E;; (b) E3;
(0) Grz; (d) pa2.

3. Carbon-Fiber-Reinforced Composite Car Door
3.1. The Initial Car Door Model

This paper selects a car door under development by a certain automotive manufacturer
as the research subject. The car door system mainly comprises the window frame, lock
core reinforcement plate, glass frame reinforcement, outer panel, inner panel, impact beam
mounting plate, impact beam, hinge mounting plate, door hinge, etc., with each component
illustrated in Figure 9. In the initial design, the total weight of the car door is 15.96 kg, with
the inner panel weighing 6.12 kg, accounting for 38.34% of the total mass. This highlights
the crucial role of lightweight design for the inner panel in the overall weight reduction of
the car door system.

In the lightweight design of car doors, to ensure sufficient comfort and safety dur-
ing vehicle operation and usage, the doors must possess adequate stiffness [14,27]. The
indicators for measuring door stiffness include upper torsional stiffness, lower torsional
stiffness, and sagging stiffness, all of which must meet the design requirements of the man-
ufacturer. In modal analysis, a free modal analysis approach is employed for the car door,
with the requirement that the first natural frequency exceeds 35 Hz to prevent resonance.
Based entirely on the SAIC Passenger Car Door Rigidity Test Specification, the loading
conditions and constraints for the door’s stiffness are depicted in Figure 10. The specific
constraints and design criteria are detailed in Table 5.
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Figure 9. Exploded view of the door assembly.

Upper lateral
load point

Vertical sag
load point

Lock core
position
Door hinge
Lower lateral position

load point
3

2‘J\1

Figure 10. Loading and boundary conditions for car door stiffness.

In the sagging condition, the hinges are constrained in all six degrees of freedom, while
the lock core is constrained in the first and second directions, with a 900 N force applied in the
third direction at the lock core position. The vertical displacement d; at the lock core position
must be less than 4.5 mm. For upper torsional stiffness, the hinges are constrained in all six
degrees of freedom, while the lock core is constrained in the first, second, and third directions,
with a —900 N load applied in the second direction at a displacement of 50 mm below the
window edge, and the upper-end displacement dy; of the door must be less than 10 mm.
In lower torsional stiffness, the hinges are constrained in all six degrees of freedom, while the
lock core is constrained in the first, second, and third directions, with a —900 N load applied
in the second direction at a distance of 50 mm above the door sideline, and the lower end
displacement dy, of the door must be less than 7 mm.
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Table 5. Load and constrained conditions of different stiffness cases.
Stiffness Cases Constrained Conditions Load Conditions Performance Indicators
Constrain the six degrees of freedom
Vertical sa at the hinge, and constrain the degrees Apply a force of 900 N in Displacement in 3 directions at
& of freedom in directions 1 and 2 of the 3 directions at the lock core. the loading point, ds < 4.5 mm
lock core.
af?}?ojtti?;neth:nscllxcgﬁsg; eaeirs1 (t)ﬁérflidfergs Apply a force of —900 N in Maximum displacement in 2
Upper torsional stiffness 8¢, anc con: & 2 directions at a distance of 50 mm  directions at the upper part of the
of freedom in directions 1, 2, and 3 of X
below the window edge. car door, dy < 10 mm.
the lock core.
Constr.am the six degree.s of freedom Apply a force of —900 N in Maximum displacement in 2
. . at the hinge, and constrain the degrees o . N
Lower torsional stiffness 2 directions at a distance of 50 mm  directions at the Lower part of the

of freedom in directions 1, 2, and 3 of

the lock core above the door edge. car door, d, <7 mm.

3.2. Carbon-Fiber-Reinforced Composite Car Door

In the material-structure integrated design and optimization of CFRP car doors, to
ensure that the composite car door achieves a stiffness comparable to that of the original
metal door, this paper adopts the principle of equal stiffness for the replacement design
of the car door inner panel. The specific implementation method involves achieving
similar stiffness properties between the CFRP door and the metal door through preliminary
design, which includes adjusting the microscale cell fiber volume fraction V¢, mesoscale
cell thickness /1, and the number of layup layers N. The specific stiffness criteria constraints

are as follows:
ds(T) < 4.5 mm

dy(T) < 10 mm s
dp(T) < 7mm @
T = [Vi,h, N]'

where T represents the vector of design variables, ds is the sagging displacement, dy; is the
upper torsional displacement, and dy, is the lower torsional displacement.

The preliminary selection range for the V; is between 20% and 70%, the thickness
range for mesoscale cell & is between 0.2 mm and 0.4 mm, and the number of layup layers
N is between 8 and 16. Sample points are selected within the design space for simulation
calculations. The final results show that when the V; is 35%, the thickness of the mesoscale
cell i is 0.35 mm, and the number of layup layers N is 12, the stiffness of the CFRP car door
meets the constraints of Equation (4). The performance comparison of the initial composite
car door design with the original metal door is shown in Table 6. The table reveals that the
CFRP door not only meets the stiffness constraints but also closely matches the stiffness
performance of the initial metal door. Therefore, the initial design of the CFRP car door
is determined with a microscale fiber V¢ of 35%, and the single-layup thickness & and the
number of layup layers N are set at 0.35 mm and 12, respectively.

Table 6. Initial performance indicators of CFRP car door.

Performance Indicators Threshold Initial Car Door CFRP Car Door
Mass (kg) - 15.96 13.47
First-order natural frequency (Hz) >35 38 42
Vertical sag <45 3.66 3.45
ds (mm)
Upper lateral dy (mm) <10 9.85 7.56
Lower lateral <7 6.63 548

dp, (mm)
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4. Methodology for Design and Optimization of Material-Structure Integration
4.1. Definition of the Optimization Model

In the car door design process, multiple, often conflicting, objectives arise [27].
For instance, increasing the fiber volume fraction enhances door stiffness but may com-
promise its weight reduction. To balance various performance indicators of the car door,
this paper selects the mass M of the CFRP car door and the sagging displacement ds as the
objectives, with the upper torsional displacement dyj, lower torsional displacement dy, first
natural frequency f, Tsai-Wu failure criterion TWSI [28], and layup process as constraints.
The optimization mathematical model is constructed as follows:

Find : X

Minimize : M(X), ds(X)

Subject to: dy(X) < 10 mm

dr(X) < 7mm 5)
£(X) > 35 Hz

0<TWSI<1

X = [x1, 2,3, %4+ x15]"

where design variables x;—x3 are continuous variables, variable x; represents the half-side
length of the microscale cell (as shown in Figure 2), variable x; represents the width of the
fiber yarn (as shown in Figure 5), and variable x3 represents the thickness of the fiber yarn
(also shown in Figure 5). Design variables x4—x15 are discrete variables, with each design
variable offering a choice among four layup angles: —45°, 0°, 45°, and 90°.

To ensure that the optimization results comply with the layup process constraints
for composite materials, this paper proposes the following implementation methods for
common process constraints:

e Layup orientation principle, selecting 0°, 90°, and +45° as the layup angles;

Discrete integer variables 0, 1, 2, and 3 are used to represent layup angles of —45°, 0°,
45°, and 90°, respectively, with N, denoting the angle of the uth layup. During the initial-
ization and particle updating stages of the Multiple Objective Particle Swarm Optimization
(MOPSO) algorithm [29,30], the layup orientation constraint is enforced by modifying the
methods for generating and updating particles.

e Balanced symmetry layup principle;

The balanced symmetry layup requires that the laminate is designed with a symmetri-
cal structure during layup design, effectively preventing warping of the laminate under
load. This constraint can be represented by Equation (6):

Nu—ng,,u:OM:LZ,"'6 (6)
In Equation (6), when the layup angle of the uth layer is between 0—3, the layup angle
of the (13-u)th layer is also between 0—3 and appears paired with it.
e  £45° single-ply symmetrical layup principle

To prevent warping deformation of the laminate under load, when there are £45°
layups in the laminate, there must be +45° layups appearing in pairs with them. The
implementation of this constraint is shown in Equation (7):

N]gfu:() N,=2 u=12,---6 (7)
Nizy=2 Ny=0 u=12,---6

In Equation (7), when the layup angle of the uth layer is 2 (45°), the layup angle of the
(13-u)th layer is 0 (—45°); similarly, when the layup angle of the uth layer is 0 (—45°), the
layup angle of the (13-u)th layer is 2 (45°).
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e  Avoiding the consecutive layup of four layers with the same angle.

When a composite laminate has too many identical and consecutive layups, there is
an increased risk of delamination. To prevent this, generally, no more than four layers
of the same layup are allowed in the design of composite materials. This manufacturing
constraint is managed by evaluating the design variables generated during the optimization
process to avoid such occurrences.

4.2. Optimization Design Methodology

The development of advanced computational methods, such as optimization tech-
niques and finite element analysis, has significantly improved the efficiency of engineering
design [31,32]. Building upon this progress, this paper extends the multiscale material-
structure integrated analysis method for carbon-fiber-reinforced plastics (CFRP), introduced
in Section 2, to propose an integrated design method specifically for CFRP car doors, as
illustrated in Figure 11. The approach involves

( Start

! v
Microscale Mesoscale Modeling of
modeling » modeling » CFRPcar
(ABAQUS) (ABAQUS) door
| [ A
Homogenization
Theory based on i-
Thermal Stress Method Mt.ﬂtl scale
modeling of CFRP
Mechanical Read calculgtion
testin results using
& Python
. i ! i MATLAB
Experimental »| Engineering
results | constants for
T N CFRP
CFRP car Constraints Design parameters Construction of
door laminate a;z;lﬁz‘j;'f a“doob}]?::tzlzeashon optimization
| | , problem
v
Improved
MOPSO
algorithm
Improvement of
Validation of optimization algorithms
optimization and result validation
results
N
Y
End

Figure 11. Flow chart of the design and optimization of material-structure integration.

Step 1: CFRP multiscale modeling and elastic parameters prediction.

Python programming is used for parametric modeling of microscale and mesoscale
cells, and the homogenization theory based on thermal stress is employed to predict the
elastic properties of the cells.

Step 2: Construction and parameter transfer of the CFRP car door model.
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Based on the principle of equal stiffness, a CFRP car door model is established, and
programming is utilized to transfer parameters from microscale to mesoscale and then to
the car door material, thereby constructing the optimization model for the CFRP car door.

Step 3: Proposal of an integrated optimization design algorithm for CFRP car doors.

The initialization and updating strategies of particles in the particle swarm algorithm
are improved, enabling the improved algorithm to solve multiscale optimization problems,
including layup process constraints.

5. Results and Discussion

By applying the material-structure integrated optimization algorithm presented in Sec-
tion 4, we successfully addressed the multiscale optimization design challenges for plain
weave, twill, and satin weave composite car doors, considering both scenarios with and with-
out process constraints. The converging Pareto solution sets are shown in Figures 12-14 [33].
Overall, it is observed that the sagging stiffness and the mass of the CFRP car doors are two
conflicting performance indicators. This means that if a solution with a lower door mass
is selected from the solution set, it will inevitably have a larger sagging displacement, i.e.,
lower sagging stiffness, and vice versa. Furthermore, the solution sets considering process
constraints and those not considering them show similar patterns of variation, but their distri-
bution positions are significantly different. Specifically, the solution sets considering process
constraints are mostly located in the upper right area of those not considering constraints,
with this trend being most evident in the twill composite car door, as shown in Figure 13.
The possible reason for this phenomenon is that when process constraints are considered, the
feasible domain of design variables decreases. Some designs with lower mass and higher
stiffness may not meet the layup process constraints of carbon fiber composites. Therefore,
in the Pareto solution set, considering process constraints shifts the set towards the upper
right, losing some performance indicators. To clarify this point further, the solution set within
the circle in Figure 14 is examined: it was found that the solution set not considering pro-
cess constraints includes layup designs with four consecutive layers at 0°, whereas the set
considering process constraints, although slightly compromising on door mass and sagging
stiffness, fully meets the requirements proposed in Section 4.1. In summary, although the
performance parameters of the multiscale design of CFRP considering process constraints
are slightly deteriorated, the solution set meets layup process requirements, avoiding design
flaws due to poor layup design.

5.5
e A Pareto solutions without
g S0 - ° process constraints
£ .. ® Pareto solutions with
= A :
g 45F o A process constraints
g | ® A
5 oA
S 40 A
73 6‘
o
2T ta,
Ll F ‘AA.
Ss0} A%
= "4
25+
°
°
2.0 1 L 1 L 1 L 1 L 1 L 1

13.16 13.30 13.44 13.58 13.72 13.86 14.00
Mass/kg

Figure 12. Pareto solutions for integrated design of plain weave.
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Figure 14. Pareto solutions for integrated design of satin weave.

Although the Pareto solution set offers many feasible alternatives, selecting an ap-
propriate solution for guiding engineering design is crucial in practical applications.
To reasonably balance the conflicting performance indicators of door mass and sagging
stiffness, this paper employs the minimum distance selection method [34], choosing the
best solutions from the sets in Figures 12—14. The optimal solution for the plain weave
car door: microscale cell fiber volume fraction of 59.49%, mesoscale cell fiber yarn volume
fraction of 49.11%, laminate layup angles of [0°, 45°, —45°, 0°, 90°, 0°, 0°, 90°, 0°, 45°, —45°,
0°]. The optimal solution for the twill weave car door: microscale cell fiber volume fraction
of 62.25%, mesoscale cell fiber yarn volume fraction of 49.35%, laminate layup angles of
[90°, 45°, 90°, 0°, 0°, 90°, 90°, 0°, 0°, 90°, —45°, 90°]. The optimal solution for the satin
weave car door: microscale cell fiber volume fraction of 39.37%, mesoscale cell fiber yarn
volume fraction of 70.23%, laminate layup angles of [0°, 45°, 0°, 90°, 0°, 90°, 90°, 0°, 90°,
0°, —45°, 0°]. The chosen optimal solutions all meet the process requirements in terms of
layup angles.

To further illustrate the advantages of CFRP car doors, performance indicators such
as mass, sagging stiffness, and upper torsional stiffness for plain, twill, and satin weave
composite car doors are extracted and listed in Table 7. The data from the table show that,
on the one hand, the optimized plain, twill, and satin weave car doors meet performance
requirements in terms of sagging stiffness, upper torsional stiffness, lower torsional stiffness,
and first natural frequency. On the other hand, compared to traditional metal car doors, the
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mass of the optimized plain, twill, and satin weave solutions is reduced by 15.85%, 14.54%,
and 15.35%, respectively. Overall, compared to the original metal doors, the car doors made
of CFRP demonstrate significant weight reduction effects, with plain weave composite car
doors achieving the best weight reduction of 15.85%. While achieving a lightweight design,
the stiffness of the composite car doors is also substantially enhanced.

Table 7. Comparison of performance indicators between CFRP and metal car doors.

Performance Indicators Threshold Initial Metal Plain Weave Twill Weave Satin Weave
First-order natural frequency (Hz) >35 36.6 37 38 36
Vertical sag <45 9.85 3.55 3.72 44
ds (mm)
Upper lateral dy (mm) <10 6.63 7.55 7.15 8.83
Lower lateral <7 38 5.48 531 6.79
d. (mm)
Mass M (kg) - 15.96 13.43 13.48 13.51
Lightweight level (%) - - 15.85 14.54 15.35

6. Conclusions

In this study, a comprehensive, integrated design methodology for multiscale materials
and structures was developed specifically for woven-reinforced composites, demonstrated
through a case study on a car door system. The main conclusions are as follows:

(1) A predictive model for the microscale and mesoscale elastic properties of woven-
reinforced composites was established. It was observed that as the fiber volume fraction
V¢ in the microscale cells increases, Eq linearly increases, whereas E; and Gj; increase
nonlinearly with an escalating growth rate. Furthermore, increasing the fiber yarn volume
fraction Vy in mesoscale cells leads to a linear rise in parameters like Ey, E3, and Gy;.

(2) The particle generation strategy in the MOPSO algorithm was refined to apply
the layup process constraints for composite materials. The optimization showed that the
enhanced algorithm effectively generates Pareto solution sets meeting process constraints,
thereby boosting the multiscale optimization method’s applicability in engineering.

(3) Applying the proposed integrated optimization approach to the design of plain,
twill, and satin weave composite car doors resulted in significant achievements. Post-
optimization, the CFRP car doors showed a weight reduction of 15.85%, 14.54%, and
15.35% compared to traditional metal doors, meeting all performance and layup process
constraints. These results underscore the efficacy of the developed universal design method
in facilitating lightweight automotive design.
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