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Abstract: As one of the most complex and critical components of spacecraft, the structural design
of the curved cabin door faces two challenges. On the one hand, it is difficult to obtain innovative
configurations for the cabin door in the preliminary design stage. On the other hand, the traditional
optimization design algorithm is inefficient in the detailed design stage. In this paper, a two-stage
intelligent method for the layout design of the curved cabin door is proposed. In the first stage, the
innovative stiffener layout of the cabin door is obtained based on the topology optimization method.
Then the mesh deformation method is used for rapid modeling and geometric reconstruction. In the
second stage, a recently proposed powerful evolutionary algorithm, named elite-driven surrogate-
assisted Covariance Matrix Adaptation Evolution Strategy (ES-CMA-ES), is employed to optimize
the parameters of the cabin door and its surrounding thin-wall structure. To verify the effectiveness
of the proposed method, a curved cabin door example from the spacecraft (cargo spaceship) is carried
out. Compared with the traditional orthogrid stiffener design, the mass of the optimal design is
reduced by 52.21% while satisfying the constraints, which indicates the excellent optimization ability
of the proposed method and demonstrates huge potential for improving the carrying capacity and
efficiency of the spacecraft.

Keywords: cabin door; mesh deformation; covariance matrix adaptation evolution strategy; topology
optimization; layout design

1. Introduction

The curved cabin door is one of the most complex and critical structures in manned
airtight spacecraft [1,2]. As shown in Figure 1, to obtain higher specific stiffness and
strength, the cabin door and its thin-wall structure are often designed as stiffened shells.
The existing methods of the layout of stiffeners often depend on experience, which generally
needs repeated iteration to obtain the layout that meets mechanical property requirements.
The current design method of the curved cabin door is faced with problems of high
uncertainty, a long design period, and surplus weight. Therefore, it is urgent to develop
an efficient optimization design method for the stiffening design of the curved cabin door
under complex working conditions.
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Figure 1. Schematic diagrams of the spacecraft. (a) Spacecraft thin-wall structure (from 
https://www.flickr.com/photos/nasaorion/(accessed on 12 October 2020)); (b) Spacecraft cabin door 
(from http://www.spacechina.com/n25/n2014789/n2888836/c2929321/content.html (accessed on 29
May 2020)). 

In the preliminary design stage, the topology optimization (TO) method has 
gradually become an important and popular approach to obtaining innovative 
configurations [3]. Typical TO methods mainly include the Solid Isotropic Material with
the Penalization (SIMP) method [4], the level set method [5,6], the bionic growth method 
[7], etc. The SIMP method uses element density as the design variable and has the
advantages of good convergence and simple sensitivity analysis. In the TO of the curved 
cabin door, curved shells with complex shapes may face problems with checkerboards or 
intermediate elements [8]. To this end, some filtering methods [9], stamping constraints 
[10], and dimensional constraints [11] were presented and played an important role in the 
TO.  

For the thin-wall structure, the design with minimum mass or compliance is prone 
to stability problems [12]. Ferrari F. et al. [13] discussed the problem of TO considering 
buckling and concluded that the TO considering buckling is far from being completely 
solved. In addition, Ferrari F. et al. [14] proposed a multilevel method for large-scale TO 
considering linearized buckling criteria. However, the author also clearly pointed out that 
there is still a lack of a reasonable and effective method to solve the local buckling problem 
in the TO of the continuum. Therefore, TO considering buckling is a potential research 
method. However, considering that the research object of this manuscript is the cabin door
structure in a typical spacecraft, its load condition is the pressure generated by the air 
pressure difference between the inside and outside the cabin, which produces difficult 
buckling problems. In the subsequent study, if the axial compression condition needs to 
be considered, we will focus on the effect of buckling in our research. 

After the preliminary design and before the detailed design, feature extraction and 
geometric reconstruction of TO results are required [15,16]. Traditional feature extraction 
and geometric reconstruction methods are challenging for curved shells; which are time-
consuming and prone to low precision. How to transform feature extraction and 
reconstruction on surfaces into planar problems is the first challenge in this study. 

In the detailed design stage, parameter optimization design is utilized to determine 
the specific values of parameters of the curved cabin door, e.g., stiffener height and 
thickness [17]. Considering the existence of a large number of design variables of the 
curved cabin door and the high nonlinear degree of the mechanical responses, the 
traditional gradient-based optimization methods are easy to fall into local optimum while 
the metaheuristic optimization algorithms often result in a large computational burden 
for expensive global optimization [18]. The surrogate model has been widely applied to
replace the original expensive evaluations for improving the computational efficiency of
complex optimization problems, which appears to have tremendous potential concerning 
proceeding with parameter optimization for cabin doors [19,20]. Therefore, it is a difficult 

Figure 1. Schematic diagrams of the spacecraft. (a) Spacecraft thin-wall structure (from https:
//www.flickr.com/photos/nasaorion/ (accessed on 12 October 2020)); (b) Spacecraft cabin door

Aerospace 2023, 10, 89. https://doi.org/10.3390/aerospace10010089 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace10010089
https://doi.org/10.3390/aerospace10010089
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-4146-5635
https://orcid.org/0000-0002-2581-6984
https://www.flickr.com/photos/nasaorion/
https://www.flickr.com/photos/nasaorion/
https://doi.org/10.3390/aerospace10010089
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace10010089?type=check_update&version=1


Aerospace 2023, 10, 89 2 of 14

(from http://www.spacechina.com/n25/n2014789/n2888836/c2929321/content.html (accessed on
29 May 2020)).

In the preliminary design stage, the topology optimization (TO) method has gradually
become an important and popular approach to obtaining innovative configurations [3].
Typical TO methods mainly include the Solid Isotropic Material with the Penalization
(SIMP) method [4], the level set method [5,6], the bionic growth method [7], etc. The
SIMP method uses element density as the design variable and has the advantages of
good convergence and simple sensitivity analysis. In the TO of the curved cabin door,
curved shells with complex shapes may face problems with checkerboards or intermediate
elements [8]. To this end, some filtering methods [9], stamping constraints [10], and
dimensional constraints [11] were presented and played an important role in the TO.

For the thin-wall structure, the design with minimum mass or compliance is prone
to stability problems [12]. Ferrari F. et al. [13] discussed the problem of TO considering
buckling and concluded that the TO considering buckling is far from being completely
solved. In addition, Ferrari F. et al. [14] proposed a multilevel method for large-scale TO
considering linearized buckling criteria. However, the author also clearly pointed out that
there is still a lack of a reasonable and effective method to solve the local buckling problem
in the TO of the continuum. Therefore, TO considering buckling is a potential research
method. However, considering that the research object of this manuscript is the cabin
door structure in a typical spacecraft, its load condition is the pressure generated by the
air pressure difference between the inside and outside the cabin, which produces difficult
buckling problems. In the subsequent study, if the axial compression condition needs to be
considered, we will focus on the effect of buckling in our research.

After the preliminary design and before the detailed design, feature extraction and
geometric reconstruction of TO results are required [15,16]. Traditional feature extrac-
tion and geometric reconstruction methods are challenging for curved shells; which are
time-consuming and prone to low precision. How to transform feature extraction and
reconstruction on surfaces into planar problems is the first challenge in this study.

In the detailed design stage, parameter optimization design is utilized to determine
the specific values of parameters of the curved cabin door, e.g., stiffener height and thick-
ness [17]. Considering the existence of a large number of design variables of the curved
cabin door and the high nonlinear degree of the mechanical responses, the traditional
gradient-based optimization methods are easy to fall into local optimum while the meta-
heuristic optimization algorithms often result in a large computational burden for expen-
sive global optimization [18]. The surrogate model has been widely applied to replace the
original expensive evaluations for improving the computational efficiency of complex opti-
mization problems, which appears to have tremendous potential concerning proceeding
with parameter optimization for cabin doors [19,20]. Therefore, it is a difficult but crucial
task to develop an appropriate surrogate-assisted algorithm to balance the efficiency and
global optimization ability for curved cabin door optimization. This is the second challenge
in this study.

To solve the above two research challenges, an intelligent mesh deformation modeling
method and an elite-driven surrogate-assisted Covariance Matrix Adaptation Evolutionary
Strategies (CMA-ES) algorithm are employed in this paper, serving for the preliminary
design and detailed design of the curved cabin door, respectively. The rest of this paper is
organized as follows. In Section 2, the proposed two-stage intelligent layout design method
for the curved cabin door is described in detail. In Section 3, an engineering example of the
cabin door is studied and discussed. The conclusion of this work is given in Section 4.

http://www.spacechina.com/n25/n2014789/n2888836/c2929321/content.html
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2. Methodology

In this section, the intelligent mesh deformation modeling method is introduced in
Section 2.1 to solve the modeling and TO reconstruction problems of the curved cabin
door. Then, the elite-driven surrogate-assisted CMA-ES intelligent algorithm is presented
in Section 2.2, which is utilized to carry out the parameter optimization efficiently. The
proposed two-stage intelligent layout design method is given in Section 2.3.

2.1. Intelligent Mesh Deformation Modeling Method

The mesh deformation method is capable of mapping a simple planar-stiffened model
to a curved stiffened model quickly, which can also retain the high quality of the planar-
stiffened model mesh by training the mapping relationship of grid node coordinates [21,22].
To carry out efficient parametric modelling, the data-driven mesh deformation method
proposed earlier is adopted in this paper [23]. As shown in Figure 2, take the grid node
coordinates of the background domain as the input and the grid node coordinates of the
target domain as the output, train the radial basis function (RBF) neural network, and
obtain the mapping relationship between the background domain and the target domain
grids. Considering the complex shape of the research object, it is difficult to carry out
parametric modeling on the surface, as it is a time-consuming activity which leads to
low modeling accuracy, poor mesh quality, and other problems. By training the mapping
relationship between grid node coordinates of the background domain and target domain,
the complex surface operation problems can be transformed into simple plane operation
problems. This intelligent mesh deformation modelling method do not need to pay too
much attention to the characteristics of the surface itself, and this avoids tedious model
processing. The mesh deformation method mainly includes the following five steps.

Step 1: Define the background grid domain and target grid domain models. The
background domain is a curved model that can envelop the curved cabin door, and the
target grid domain is a flat model. The grid nodes of the two models can be one-to-
one corresponded;

Step 2: Train the mapping relationship. Based on the radial basis function (RBF) neutral
network, the forward and reverse mapping relationship between grid nodes coordinates of
the background grid domain and target grid domain can be obtained;

Step 3: Map the model forwardly. Based on the trained forward mapping relationship,
the TO result of the curved cabin door is mapped to a flat model of the TO result;

Step 4: Reconstruct the geometric model. Based on the flat model of TO result, extract
features of TO results and perform geometric reconstruction on the plane model. Then, the
geometric reconstruction model can be meshed with high-quality elements;

Step 5: Map the model reversely. Based on the trained reverse mapping relationship,
the flat reconstruction model is mapped to a curved model with the same shape as the
background grid domain. Then the finite element model of the curved cabin door with
high feature extraction accuracy and high grid quality can be obtained.

The mesh deformation method can transform the complex curved modeling problem
into a flat modeling one. More importantly, this method can be used not only for feature
extraction and reconstruction of the curved cabin door structure, but also for rapid modeling
of the stiffeners of the thin-walled structure surrounding the cabin door.

2.2. Elite-Driven Surrogate-Assisted CMA-ES Algorithm

The elite-driven surrogate-assisted CMA-ES (ES-CMA-ES) algorithm, proposed in our
previous work [24,25], is employed as the optimizer in the proposed method. CMA-ES is an
efficient derivative-free optimization algorithm for complex optimization problems (e.g., ill-
conditioned, multimodal, rugged, and noisy) in continuous search spaces, and is considered
as one of the most successful continuous black-box optimization algorithms [26–28]. The
traditional CMA-ES method has sufficient optimization ability, however, for complex
engineering problems such as the curved cabin door, the computation cost is relatively high
for global search in the design space. ES-CMA-ES improves efficiency with the assistance
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of the Gaussian Process (GP) model and has demonstrated outstanding optimization ability
for complex and high-dimensional problems [25,29]. The procedures of ES-CMA-ES include
the off-line data processing and the online evolutionary computation, which are introduced
as follows.
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Step 1: Generate initial sample points. Based on the Latin hypercube sampling
(LHS) [30,31] method, the initial sample points are generated in the design space. Then,
the mesh deformation technology is used for rapid parametric modeling, and the finite
element calculation and the output of the calculation results are automatically completed;

Step 2: Build the surrogate model. Take the sample points obtained by LHS as input
data and the corresponding responses (e.g., stress, displacement, and mass) of the sample
points as output data to train the Gaussian Process (GP) model;

Step 3: Obtain the starting point. The local optimization is performed by sequential
quadratic programming (SQP) gradient-based algorithm [32,33] based on GP, and the
optimization result is used as the starting point of the optimization;

Step 4: Generate the candidate points. The improved Lower Confidence Bound (ILCB)
method is established based on the GP model, and the candidate points are generated and
selected according to their ILCB response;

Step 5: Screen out the competitive sample points. The competitive sample points
are generated using the local chaos search, and elite sample points are selected from the
competitive sample points by the ILCB method. The true responses of the elite sample
points are calculated and the GP surrogate model is updated;

Step 6: Update the parameters. The global step size, covariance matrix and other
relevant parameters in CMA-ES are updated based on the newly added sample points;

Step 7: Check the termination criterion, if unfulfilled, repeat steps 4 to steps 6.
After the above steps, the optimized design parameters can be obtained. More detailed

information of ES-CMA-ES is found in Ref. [25].

2.3. Overall Flowchart of the Proposed Method

Based on the mesh deformation method and ES-CMA-ES algorithm introduced in
Sections 2.1 and 2.2, respectively, an intelligent layout design method for the preliminary
and detailed design of the curved cabin door is proposed in this section. The intelligent
design method can be divided into two stages, including TO and parameter optimization,
and they are introduced as follows.

Stage I: TO for the preliminary design.
Stage I ranges from Step 1 to Step 3, whose task is to obtain the innovative stiffening

configuration of the curved cabin door through TO and geometric reconstruction.
In step 1, the finite element model of the curved cabin door and its surrounding

thin-wall structure is established based on mesh deformation.
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In step 2, the assembly of the cabin door and its surrounding thin-wall structure
models, the setting of material properties and load boundaries are carried out to ensure
that the finite element analysis can be completed. In this study, the internal pressure load
case is mainly considered.

In step 3, the TO problem of the cabin door is correctly defined to minimize the
global maximum strain energy and the constraint of the volume fraction ratio. To obtain a
configuration that is easy to process and manufacture, stamping control and dimensional
constraints are also used in the TO method. Then, the TO of the curved cabin door under
internal pressure is carried out.

At the end of the stage I, the preliminary design of the curved cabin door is obtained.
Then, in step 4, based on mesh deformation method, the TO results are intelligently
extracted and reconstructed. First, the density field result of the cabin door is obtained, and
the mesh deformation is used to expand it into a plane. Then, on the plane, the designer
manually extracts features and reconstructs stiffeners to facilitate the consideration of the
manufacturing constraints. Finally, using the mesh deformation technology, the planar
stiffeners are mapped to the curved stiffeners. The conceptual design of the cabin door is
completed, and the stiffened design configuration is obtained. Therefore, a detailed design
can be carried out later.

Stage II: Parameter optimization for the detailed design.
Stage II ranges from Step 5 to Step 8, to obtain the optimal size and other parame-

ters of the cabin door and its surrounding thin-wall structure stiffeners under complex
working conditions.

In step 5, the parameterized model of the cabin door is established, which mainly
includes four functions: (1) change the spacing and height of the stiffeners of the thin-wall
structure using the mesh deformation method; (2) set the thickness of the stiffeners of cabin
door which obtained in step 4 and the thin-wall structure; (3) implement the finite element
analysis with various working condition; (4) output mechanical responses of the analysis
results. It should be noticed that the above four functions are driven by the script and can
be executed automatically. However, the design variables of the parameterized model are
selected manually, which will introduce subjectivity. This is the main shortcoming of this
method, and also the problem we will continue to study in the future.

In step 6, the LHS method is used to sample the initial points and the GP model is
built to approximate the stiffener parameters and mechanical responses.

In step 7, based on the GP model obtained in step 6 and the ES-CMA-ES algorithm,
the optimization is carried out to obtain the suitable parameters for the cabin door, which
aims to reduce the structural weight and achieve the best performance of the current
configuration.

In step 8, the optimal parameters are outputted and the verification is carried out by
the finite element analysis.

The flow chart of the above steps is shown in Figure 3. Through the above steps,
the curved cabin door and its surrounding thin-wall structure can be optimized by flow,
and the problems in feature extraction and parameters optimization can be solved in the
optimization process.
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3. Example and Discussion
3.1. Introduction of the Engineering Case

To verify the effectiveness of the proposed method, a spacecraft (cargo spaceship)
curved cabin door after a few simplifications in practical engineering is taken as an example
in this section. Many scholars have created optimization designs for such structures,
and the initial configuration is usually designed in orthogrid or honeycomb-stiffened
designs [34–36]. The geometric model is shown in Figure 4a, which mainly includes the
upper connection box, the lower connection box, the frame, the cabin door, and the thin-wall
structure. The main parameters of the cabin door and its surrounding thin-wall structure
are shown in Table 1. Young’s modulus and Poisson’s ratio of the material are E = 67 GPa,
υ = 0.3, and the material density is ρ = 2.7 g/cm3. The radius of the cylindrical thin-wall
structure R is 3200 mm, and the central angle of the cabin door is 28◦. The height of the
thin-wall structure H1 is 850 mm, and the height of the cabin door H2 is 750 mm. The
thickness of the skin of the cabin door T1 is 2 mm, and the height of the stiffeners of the
cabin door h1 is 18 mm. The thickness of the thin-wall structure T2 is 5 mm. The height
and thickness of the stiffeners of the thin-wall structure and the thickness of the stiffeners
of the cabin door are design variables.

The traditional orthogrid design of the thin-wall structure is shown in Figure 4b.
The thin-wall structure is cylindrical, with upright orthogonal stiffeners on it. The initial
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spacings of stiffeners along the axial and circumferential direction of the thin-wall structure
are all 100 mm. The initial height of the stiffeners of the thin-wall structure is 25 mm. There
are shell-to-solid coupling interactions between the thin-wall structure and the upper and
lower connection box and binding connection interactions with the frame.

The traditional orthogrid design of the cabin door is shown in Figure 4c, the shape of
which is a circular arc. The initial thickness of the stiffeners of the cabin door is 6 mm. The
cabin door and the frame are connected by binding interaction.

When the spacecraft is in orbit, internal pressure is the main working condition. There-
fore, in this example, the cabin door and thin-wall structure are imposed with 0.15 MPa
uniform pressure. The boundary condition of the cabin door and thin-wall structure is
fixed at the bottom of the lower connection box, and symmetrical boundary conditions are
applied at 1/2 section of this model. In addition to the internal pressure condition, the fre-
quency analysis of the cabin door and thin-wall structure is also carried out to evaluate the
fundamental frequency of this model. Due to the spaceship bearing the internal pressure
load, it generally does not buckle. Therefore, buckling constraints are not considered in
the design.
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Table 1. The main parameters of cabin door and its surrounding thin-wall structure.

E [GPa] v ρ [g/cm3] R [mm] θ [◦] H1 [mm] H2 [mm] T1 [mm] h1 [mm] T2 [mm]

67 0.3 2.700 3200 28 850 750 2 18 5

It is worth noting that the mesh deformation method is adopted for the tedious
modeling process of the curved cabin door and the stiffeners of the thin-wall structure,
which can build the model of the curved cabin doors and thin-wall structure efficiently. The
mesh deformation process of the cabin door and thin-wall structure is shown in Figure 5.

First, the RBF surrogate model is used to train the forward and reverse mapping rela-
tionship between the background grid domain and the target grid domain. The background
grid domain and the target grid domain models are relatively simple. Then, the flat cabin
door and the stiffeners of the thin-wall structure are established and high-quality grids are
generated. Furthermore, the flat cabin door and the stiffeners of the thin-wall structure are
mapped to a curve using the trained reverse mapping relationship. Since this method is
simple to operate, it can save lots of time in modeling of the curved cabin door and the
mesh generation.
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Figure 5. Schematic diagram for modeling of stiffeners and curved cabin door by mesh deforma-
tion method.

3.2. Optimization Design by the Proposed Method

In this section, the proposed method is applied to perform optimization for the cabin
door and the stiffeners of the thin-wall structure, aiming to reduce the structural weight as
much as possible while satisfying the constraints.

Firstly, the preliminary design is carried out by the SIMP method, to obtain the
innovation configuration of the cabin door. The 2 mm skin of the cabin door is reserved as
the fixed domain, and the domain where the initial stiffeners are located is set as the TO
design domain. The objective of the TO task is to minimize the global maximum strain
energy, and the constrained residual volume is less than 30% of the original volume. The
topology optimization formula can be described as follows,

Find : ρ= [ρ1, ρ2, . . . , ρN ]
Minimize: C(X) = 1

2 FTU(X)
subject to : KU = F

N

∑
i=1

ρivi

V0
≤ 0.3

0.001 ≤ ρi ≤ 1(i = 1, 2, . . . , n)

(1)

where, ρi is the pseudo-density value of element i, N is the total number of the elements
in the model design domain, F is the equivalent node force of each element, U is the node
displacement of each element, and K is the overall stiffness matrix. V0 is the initial volume
of the design domain.

To obtain a topological result that conforms to manufacturing constraints, it is often
necessary to constrain the stamping direction by equalizing the pseudo-density of each
column of material to impose stamping constraints. For example, as shown in Figure 6
assuming that there are four layers of elements in the stamping direction, the stamping
constraint expression is,

0 < ρi = ρi+1 = ρi+2 = ρi+3 ≤ 1
0 < ρj = ρj+1 = ρj+2 = ρj+3 ≤ 1

. . .
0 < ρk = ρk+1 = ρk+2 = ρk+3 ≤ 1
0 < ρl = ρl+1 = ρl+2 = ρl+3 ≤ 1

(2)

where, ρi is the pseudo-density value of element i, and the pseudo-density of the elements
in the stamping direction remain equal during the optimization process.
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Figure 6. Schematic Diagram of Stamping Constraint.

To ensure that the TO results meet the requirements of manufacture, the stamping
control [10] along the cabin door diameter is applied in TO. In addition, to obtain a clear
configuration, dimensional constraints [11] and symmetrical constraints of up-down, left-
right are applied. The maximum dimension of the constraint is 80 mm, the minimum
dimension is 40 mm, and the minimum spacing is 80 mm. The optimization is carried out
based on the commercial software ABAQUS2017. The optimization process is shown in
Figure 7. It can be found that the stiffeners configuration becomes gradually clear and
finally converges as the optimization goes on.
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Then, feature extraction and geometric reconstruction of TO results are executed based
on the mesh deformation method. The feature extraction process is shown in Figure 8,
which mainly includes three steps. In step 1, the TO result is expanded into a flat model
based on the trained forward mapping relationship. In step 2, the flattened model obtained
in step 1 is used for feature extraction, and the shell element is used for the geometric
reconstruction of the stiffeners on the flat cabin door. In the process of feature extraction,
the manufacturing constraints have been considered, such as keeping stiffeners continuous,
straightening some curved stiffeners, removing small holes that cannot be manufactured,
etc. In step 3, the model reconstructed in step 2 is mapped to the curved shape using the
reverse mapping relationship. Through the above three parts, curved TO features can be
efficiently and accurately extracted and reconstructed.
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Figure 8. Schematic diagram of feature extraction and geometric reconstruction process.

Finally, the detailed design is conducted based on ES-CMA-ES, in which the parame-
ters of the reconstruction model are optimized. The parameter optimization formula can be
described as follows,

Find : X = [d1, d2, h, t1, t2, t3, t4, t5, t6, t7]
Minimize : mass
Subject to : Xi ∈ [lbi, ubi]

max(mises stress) ≤ 220 MPa
max(displacement) ≤ 6 mm
f undamental f requency ≥ 150 Hz

(3)

where the optimization objective is to minimize the weight of the cabin door and the
stiffeners of the thin-wall structure. Under internal pressure, the maximum Mises stress is
constrained within 220 MPa, the maximum displacement is constrained within 6 mm, and
the fundamental frequency is at least 150 Hz. Since the spacecraft mainly bears the internal
pressure loads during the orbit operation, the buckling problem will basically not occur.
The penalty function method is used to impose constraints, and the penalty coefficients
of maximum Mises stress, maximum displacement and fundamental frequency are 5, 10
and 5 respectively. The constraint conditions of parameter optimization refer to the real
engineering examples carried out earlier.

The design variables and the iteration process are displayed in Figure 9, where t1 to t6
are the thickness of hatch stiffeners, t7 is the thickness of wall panel stiffeners, d1 is the axial
spacing of wall panel stiffeners, d2 is the circumferential spacing of wall panel stiffeners,
and h is the height of wall panel stiffeners. The selection of design variables mainly refers
to the topology optimization results and structural symmetry. The upper and lower bounds
of design variables are selected with consideration of manufacturing constraints, which are
derived from real-process project experience. Firstly, the LHS method is used to sample
60 points in the design space to build the GP model. Then, the ES-CMA-ES is utilized to
perform optimization based on the GP model. As can be seen in Figure 9, after the final
model meets the convergence criteria, the optimization is stopped.

3.3. Comparison between the Results of the Proposed Method and the Initial Design

The results of the proposed method and the initial orthogrid or honeycomb design
are compared in this section. The upper and lower bound of all parameters and the
optimal result are listed in Table 2. The Mises stress field, displacement field, and first-
order mode of the orthogrid design, honeycomb design, and optimal design of the overall
model are shown in Figure 10. Similarly, the field results of the cabin door are shown in
Figure 11. Comparison of the finite element analysis results between initial and optimal
design of the cabin door. It can be noticed that the mass of the optimized cabin door and
the stiffeners of the thin-wall structure is 15.24 kg, which is reduced by 52.21% compared
to the traditional orthogrid design (31.89 kg) and reduced by 51.15% compared to the
honeycomb design (31.2 kg). In addition, the optimization result meets the constraints of
Mises stress, displacement, and fundamental frequency, which can verify the effectiveness
and outstanding lightweight design ability of the proposed method.
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of the overall model in orthogrid design. (c) First order modal shape of the overall model in orthogrid
design. (d) Mises stress field of the overall model in honeycomb design. (e) Displacement field of the
overall model in honeycomb design. (f) First order modal shape of the overall model in honeycomb
design. (g) Mises stress field of the overall model in optimal design. (h) Displacement field of the
overall model in optimal design. (i) First order modal shape of the coverall model in optimal design.
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4. Conclusions

To obtain innovative configurations in the preliminary design stage and perform
efficient global optimization in the detailed design stage, a two-stage intelligent design
method for the curved cabin door is proposed based on the mesh deformation method
and the ES-CMA-ES algorithm. In the first stage, the topology optimization design of
the cabin door is carried out, and the modeling and the feature extraction are carried out
using the mesh deformation method to improve the modeling efficiency and geometric
reconstruction accuracy. In the second stage, the ES-CMA-ES algorithm is employed to
optimize the stiffener parameters of the cabin door and the surrounding thin-wall structure,
aiming to obtain the lightweight design based on the premise of meeting the strength and
stiffness requirements under various loading conditions. A spacecraft curved cabin door is
taken as the example to verify the effectiveness of the proposed method, which shows that
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the proposed method can reduce the weight by 52% compared with the orthogrid design,
demonstrating the huge application potential of the proposed method.

In the future work, automatic feature extraction and geometric reconstruction methods
based on mesh deformation will be studied, aiming to improve the efficiency and robustness
for more complex spacecraft structure.
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