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Abstract: To improve the cushioning performance of soft-landing systems, a novel origami-inspired
combined cushion airbag is proposed. The geometry size, initial pressure, and exhaust vent area of
the cushion airbags are designed preliminarily using a theoretical model. The finite element models,
including the returnable spacecraft and cushion airbags, are established via the control volume
method (CVM) to analyze the impact dynamic behavior and cushioning performance during the
landing attenuation process. The cushioning performance of the cushion airbags in complex landing
environments are studied to investigate the influence of horizontal velocity, lateral velocity and
nonhorizontal landing surfaces. Four design parameters of the cushion airbags, including the initial
pressure, venting threshold pressure, exhaust vent area and polygon edge number, are employed to
study their influence on the cushioning performance. A multi-objective optimization model of the
cushion airbags based on the neural network and multi-objective water cycle algorithm is established
to realize the rapid optimization design. The Pareto front of the maximum overload and specific
energy absorption is obtained. The analysis results show that the maximum overload of the proposed
combined cushion airbags is 7.30 g. The system with the anti-rollover design can avoid rollover
and achieve outstanding cushioning performance in complex landing environments. The maximum
overload of the returning spacecraft is decreased by 16.4% from 7.30 g to 6.10 g after multi-objective
optimizations. This study could provide the technical support for the soft-landing system design of
returnable spacecrafts.

Keywords: combined cushion airbag; origami; impact dynamics; maximum overload; multi-objective
optimization

1. Introduction

Many space missions, such as human spaceflights and deep space explorations, re-
quire the landing, sampling and return tasks of probes on the surface of planet. Due to the
advantages of foldability, reusability, light weight, high reliability and superior cushion-
ing performance, cushion airbags are applied as one of landing buffer devices for many
returnable spacecrafts. The cushion airbag is an inflatable structure that utilizes the elastic
deformation of flexible materials, compression of internal gas, and gas exhausting to absorb
the kinetic energy of a returnable spacecraft during the landing attenuation process, achiev-
ing deceleration, reducing impact overload, and protecting returnable spacecrafts [1,2].

According to the working mechanism, cushion airbags can be classified as three types:
sealed airbags, vented airbags, and combined airbags. Combined airbags are the most
widely used. Both ILC Dover and Airborne Systems North America have designed the
cushioning airbag system for the Crew Exploration Vehicle (CEV) [3,4] by using combined
airbags. This system is composed of several combined airbags, all of which exhibit excel-
lent cushioning performance to achieve functions such as deceleration, reducing impact

Aerospace 2024, 11, 169. https://doi.org/10.3390/aerospace11030169 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace11030169
https://doi.org/10.3390/aerospace11030169
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/0000-0003-4718-1681
https://orcid.org/0000-0003-4966-306X
https://doi.org/10.3390/aerospace11030169
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace11030169?type=check_update&version=1


Aerospace 2024, 11, 169 2 of 17

overload and avoiding the problems of tipping and sinking. The ExoMars Mars probe
of the European Space Agency (ESA) [5] has also adopted the combined airbag scheme
in which the main airbag is divided into six chambers. Each chamber is equipped with a
closed annular airbag for providing elastic support to avoid the spacecraft from collision
with the ground directly.

Due to the high cost of experimental research on cushion airbags, numerical sim-
ulation methods, such as the finite element method, are primarily utilized to evaluate
cushioning performance and feasibility in the preliminary design stage of the cushion
airbags. Wang et al. [6] proposed the control volume method (CVM) and applied it to
the deployment and force analysis of airbags. He et al. [7] utilized the independence of
the structure finite element model from the full impact finite element model to develop a
hierarchical updating scheme for the FE model of the recovery module and airbag system.
Wang et al. [8] established a finite element model of a vehicle with its airbag system and con-
ducted experimental verification. Zhou et al. [9] proposed a new direct modeling method
for cylindrical cushion airbags and verified the correctness of the method via finite element
analysis. Dmitri et al. [10] simulated the Body Block Test (BBT) by using the Arbitrary
Lagrange–Euler Method (ALEM) and CVM.

In recent years, origami technology has been widely applied in the structural designs
of metal thin-walled energy absorbers [11–13]. It has been stated that the metal thin-walled
tube as the basis of origami structural designs can increase the plastic hinge line and reduce
the critical buckling load, thereby changing its static and buckling deformation modes and
ultimately improving energy absorbing performance [14]. Liu et al. [15] designed a square-
section thin-walled tube based on a diamond origami pattern and studied its axial impact
performance by using an explicit finite element analysis method. Yuan et al. [16] designed a
series of new origami collision boxes with rectangular, polygonal, and conical cross-sections
based on the pre-folded surface of thin-walled tubes inspired by a set of origami patterns.
Yang et al. [17] proposed three new multicell tubular structures with pre-folded origami
patterns to study the influence of geometric parameters on mechanical properties through
finite element analyses. At present, origami technology is rarely applied in the design of
soft-landing cushion airbags. Therefore, it is necessary to study the deformation mode and
cushioning performance of the cushion airbags by introducing the origami design.

To improve the cushioning performance of traditional cushion airbags, this study
employs origami technology to design a combined cushion airbag and conducts a multi-
objective optimization design of this combined cushion airbag. The feasibility of this novel
combined cushion airbag in complex landing environments is explored. The remainder
of this paper is organized as follows: The design scheme and theoretical model of the
combined cushion airbag are described in Section 2. Finite element analysis models for
cushioning performance are established in Section 3. Section 4 evaluates the feasibility of
the combined cushion airbags in complex environments. The influence mechanism of the
design parameters on cushioning performance is studied in Section 5. The multi-objective
optimization method and results of the cushion airbags based on the neural network and
multi-objective water cycle algorithm are described. Finally, Section 6 summarizes a few
concluding remarks and suggestions for future works.

2. Design of Combined Cushion Airbag

The cushioning performance of cushion airbags needs be explored during the landing
attenuation process of a returnable spacecraft back to Earth. Thus, it is necessary to
consider the aerodynamic shape of a returnable spacecraft in the design of cushion airbags.
The cushioning airbag system set on the bottom of a returnable spacecraft (as shown
in Figure 1a) is composed of five combined airbags. Each combined airbag shown in
Figure 1b is the combination of a sealed airbag above and a vented airbag below. During
the landing attenuation process, the sealed airbag can ensure that there is an airbag between
the returnable spacecraft and the ground to achieve a soft landing, while the vented airbags
with exhaust vents on the side walls can dissipate the impact energy. The novel airbag
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inspired by origami design is introduced here with the layouts displayed in Figure 1b–d.
The sidewalls of all airbags adopt the Yoshimura origami pattern shown in Figure 1b. Two
adjacent airbags are connected at the vertices of the Yoshimura origami pattern, such as A,
B, C and D in Figure 1b, to make these five combined airbags work together.
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airbag system.

The mass of the returnable spacecraft is defined as M = 300 kg. The ratio of the
returnable spacecraft mass to the cushion airbag volume is generally 1000~1100 kg/m3 [18].
The internal pressure of the cushion airbags here is designed as the standard atmospheric
pressure of 101 kPa because it is used for the returnable spacecraft back to Earth.

2.1. Design of Airbag Height

The kinetic energy of a returnable spacecraft is generally dissipated by the elastic
deformation of flexible materials, compression of internal gas, and gas exhausting of the
cushion airbags, which are affected by the cushioning stroke s and height h of the cushion
airbags. The difference in kinetic energy ∆Ek of the returnable spacecraft is defined as

∆Ek =
1
2

M
(

v1
2 − v2

2
)

(1)

where M is the mass of the returnable spacecraft. v1 and v2 are the velocities of the
returnable spacecraft before and after landing, respectively.

During the landing attenuation process, the reaction force F of the cushion airbags
on the returnable spacecraft is highly non-linear as a function of the cushioning stroke s.
This reflects the complex interactions and deformations of the airbags during the landing
attenuation process. The work WF performed by the reaction force F can be obtained by
integrating the force over the cushioning stroke s, WF =

∫
F(s)ds. If the acceleration of the

returnable spacecraft is at its allowable maximum value a during the landing attenuation
process, the possible work of the reaction force F(s) takes its maximum value NMgs, where
N = a/g indicates the maximum overload that the spacecraft can sustain, and g is the
gravitation acceleration. Thus, the actual work WF performed by the reaction force F can
be expressed as

WF = NMgsη (2)

where η is the efficiency of the cushion airbags, representing the ratio of the actual work
conducted by the reaction force to the maximum possible work.

Based on the principle of the conservation of energy, the actual work WF performed
by the reaction force F from the airbags equates to the total mechanical energy dissipation
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of the returnable spacecraft. This dissipation includes both the change in kinetic energy
∆Ek and the change in gravitational potential energy Mgs. There is

WF = ∆Ek + Mgs (3)

It is fully demonstrated that the kinetic energy of a returnable spacecraft is absorbed by
utilizing the compression of internal gas and gas exhausting during the landing attenuation
process without considering the plastic deformation dissipation of airbag material. Thus,
the cushioning stroke s can be obtained by Equations (1)–(3):

s =
v1

2 − v2
2

2g(Nη − 1)
(4)

For a combined cushion airbag with exhaust vents when it is completely folded, the
height h of the airbags is designed to be larger than this cushioning stroke s in the final
configuration, with speed v2 = 0 as

h =
v1

2i
2g(Nη − 1)

(5)

where i is the design safety factor, which is generally chosen as 2.0.

2.2. Design of the Exhaust Vent

The exhaust vent is blocked initially while it is opened by the increasing internal
pressure of the compressed airbags during the landing attenuation process. To achieve a
completely folded state as mentioned above, the exhaust vent area Aout of the combined
airbag is a key design parameter that affects its cushioning performance. It is expressed
as [19]

Aout =
v1 A

QR
√

T∗
(6)

where A is the bottom area of the airbags, the unit of which is m2; Q is the flow coefficient
of the exhaust vent, which is a dimensionless coefficient; R is the gas parameter, which is
8.314 J/(mol · K); and T∗ is the temperature of the gas inside the airbags, the unit of which
is K.

2.3. Origami Pattern Design

Based on the Yoshimura origami pattern [20] of the combined cushion airbags in
Figure 1b, the basic units are two isosceles triangles (namely, triangles ABD and CBD).
Then, the cross-section of the airbags can be extended circumferentially into an L polygon
and extended along the axial direction into the specified number J of the layer. The
hypotenuses AB and AD of isosceles triangle ABD are defined as b, while the bottom edge
BD is defined as c. Thus, the bottom edge c and height hc on this bottom edge can be
expressed based on the bottom angle ABD (θ) and b as

c = 2bcosθ, hc = bsinθ (7)

The radius r of the section’s circumscribed circle is expressed as

r =
c

2sin π
L

(8)

Then, the airbag height h of the cushion airbag is written as

h = 2 · J · hcsin
α

2
= J · h0 (9)
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where α is defined as the dihedral angle between triangles ABD and CBD, and h0 is the
height of each layer.

Therefore, if the axial layer J, polygon edge number L and circumscribed circle radius
r are determined, the geometric configuration for the origami-inspired cushion airbags can
be obtained.

3. Finite Element Modeling and Analysis

To verify the cushioning performance of the origami-inspired cushion airbags, a finite
element model is established and impact dynamic simulations are conducted based on the
CVM in the software LS-DYNA R12.0.0. CVM, verified by previous experiment studies,
has been widely applied in the numerical simulation of traditional cushion airbags [21,22].
The effectiveness of CVM and complex FE analysis models of the cushion airbag system is
verified in Supporting Information Note S1.

3.1. Material Design and Test

Since the cushion airbags are subject to a high impact load during the landing at-
tenuation process, the material of cushion airbags is required to have high strength. In
addition, the material is required to be light weight and have strong aging resistance and
friction resistance. Thus, the material is designed to be a multi-layer flexible material. The
outermost anti-aging and sealing layer is polyester film, the bonding layer is a silicone
coating, and the innermost bearing layer is Kevlar fabric, as shown in Figure 2a.
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Figure 2. Schematic diagram of tensile test sample and test process. (a) Material design of cushion
airbag. (b) Test piece model. (c) Stress–strain curve.

To obtain the material properties for the cushion airbags, three test pieces of this
material are fabricated to complete the uniaxial tensile tests. The test piece models are
designed with a length of 140 mm, a width of 25 mm and a thickness of 0.2 mm, as shown
in Figure 2b. The uniaxial tensile tests are carried out on an HF-9002 computerized tensile
testing machine three times to obtain the stress–strain curves as shown in Figure 2c. Finally,
the material properties are obtained. The peak load is 2.27 KN, the ultimate tensile strength
is 453 MPa, the elongation of break is 5.86%, and the elastic modulus is 930 Mpa. For
the convenience of analyses in the subsequent study, this multi-layer flexible material is
simplified into an isotropic monolayer material because the stress of the airbag material is
constantly kept in the elastic range in the working state.
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3.2. Analysis Model

The finite element analysis model including the returnable spacecraft, five cushion
airbags and the ground is established in the software LS-DYNA R12.0.0, which is titled
Model A. The origami-inspired cushion airbags in Figure 1b have the design parameters
such as circumscribed circle radius r = 0.165 m, axial layer J = 4, polygon edge L = 6, and
height of each layer h0 = 0.12 m. The * AIRBAG_ WANG_ NEFSKE model is selected to
simulate the airbags. The specific heat of the gas at constant volume CV is 1007 J/kg/K, the
specific heat of the gas at constant pressure CP is 720 J/kg/K, the temperature is defined as
300 K, and the density of the gas is 1.2 kg/m3. The initial pressure of the cushion airbags
is set to 101 kPa. The exhaust vent area Aout of each vented airbag is set to 4000 mm2,
and the opening time of the exhaust vent is set by the curve of the exhaust coefficient
over time. When the pressure of the vented airbag exceeds the venting threshold pressure
Pe = 130 kPa, the exhaust vent is fully open.

The top surfaces of five interconnected airbags and the bottom surface of the returnable
spacecraft are coupled, as shown in Figure 1c. The bottoms of these airbags are defined as
the free ends to impact the ground in the model. The returnable spacecraft is defined as a
rigid body without considering aerodynamic resistance, and its landing attitude has no
inclination angle. The ground is defined as a rigid plane and the landing surface slope is set
to 0◦. The contact between the cushion airbags and the ground adopts a surface-to-surface
contact, while the contact between the airbags and the returnable spacecraft adopts a point-
to-surface contact. The static/dynamic friction coefficients of the contact are defined as
0.6. The contact between the airbags adopts a self-contact, and the static/dynamic friction
coefficients of the contact are also defined as 0.6 [23].

The gravitational acceleration of the returnable spacecraft and cushion airbags is set to
1.00 g. After two stages of deceleration, the returnable spacecraft has a small descending
velocity as it approaches the ground. The initial descending velocity of the returnable
spacecraft is defined as −5 m/s. The fully integrated Belytschko Tsay membrane element
is adopted for the cushion airbags, and a quadrilateral mesh is adopted for the returnable
spacecraft and the ground. The material parameters of the returnable spacecraft and
cushion airbags are listed in Table 1. Though the stress–strain characteristics of the airbag
material shown in Figure 2c are not fully linear, the No. 34 material model is used in the
software LS-DYNA R12.0.0. The main advantages of this model include its simplicity,
lower computational cost, and reliability for certain applications. It is worth noting that
although the returnable spacecraft and the ground are defined as rigid bodies, the material
parameters need to be defined for them. During the calculation process, the adaptive time
step without using the mass scaling technique is adopted in the model. The total analysis
time is 0.5 s, and dynamic parameters such as acceleration and velocity are outputted
every 0.01 s.

Table 1. Material parameters of returnable spacecraft and cushion airbags.

Elastic Modulus (MPa) Poisson Ratio Density (kg/m3)

Cushion airbag 9.3 × 102 0.35 1.60 × 103

Returnable spacecraft 3.0 × 105 0.30 1.25 × 104

Ground 3.0 × 105 0.30 7.80 × 103

3.3. Analysis Results

For finite element analyses, the number of FEA elements often affects the analysis
results. It is necessary to balance the calculation accuracy and cost, so the grid independence
analysis is conducted. Three FEA models with the element numbers for the airbags set
as 27,960, 60,986, and 101,680 are analyzed (via Intel (R) Core (TM) i5-7300HQ quad-core
computing resources), respectively. The maximum overload, pressure peak and calculation
cost of the three FEA models are obtained, as shown in Table 2. As can be seen from the
results, different FEA element numbers have little influence on the maximum overload and



Aerospace 2024, 11, 169 7 of 17

pressure peak. Therefore, the finite element model with an element number of 27,960 is
selected for the following analyses.

Table 2. Grid independence analysis.

Number of FEA Elements 27,960 60,986 101,680

Peak overload (g) 7.25 7.05 7.08
Pressure peak (KPa) 153 161 157

Calculation cost (minute) 32 68 115

By simulating the landing attenuation process, the stress contours and the configu-
ration of the origami-inspired cushion airbags are obtained, as shown in Figure 3. It can
be seen that the cushion airbags compress and bear a high stress level when they make
contact with the ground. The internal pressure of the sealed airbags and the vented airbags
increases, and the shape of the cushion airbags becomes a cylindrical shape with creases.
There is crumpling of the individual faces of the origami pattern when the internal pressure
of the airbags increases, and the airbags are axially compressed. When the internal pressure
of the vented airbags exceeds the venting threshold pressure Pe, the exhaust process starts.
Thus, the internal pressure of the sealed airbags retains a high value. As the deformation
continues, the vented airbags compress along the creases between layers until they are
completely folded. The sealed airbags keep the shape, protecting the returnable space-
craft from collision with the ground directly. Due to the presence of the sealed airbags,
the returnable spacecraft rebounds slightly at 0.3 s. Under the influence of gravity, the
returnable spacecraft falls again until it comes to a rest state at 0.5 s. The forward tilt
of the returnable spacecraft’s head is attributed to a non-uniform mass distribution, yet
this issue is effectively mitigated by the implementation of cushion airbags. Based on the
stress contours of the cushion airbags, the maximum stress strength criterion is utilized to
evaluate the strength of the cushion airbags, indicating that the cushion airbag meets the
design strength requirement and the material does not undergo any plastic deformation.

Aerospace 2024, 11, x FOR PEER REVIEW 7 of 17 
 

 

overload and pressure peak. Therefore, the finite element model with an element number 
of 27,960 is selected for the following analyses. 

Table 2. Grid independence analysis. 

Number of FEA Elements 27,960 60,986 101,680 
Peak overload (g) 7.25 7.05 7.08 

Pressure peak (KPa) 153 161 157 
Calculation cost (minute) 32 68 115 

By simulating the landing attenuation process, the stress contours and the configura-
tion of the origami-inspired cushion airbags are obtained, as shown in Figure 3. It can be 
seen that the cushion airbags compress and bear a high stress level when they make con-
tact with the ground. The internal pressure of the sealed airbags and the vented airbags 
increases, and the shape of the cushion airbags becomes a cylindrical shape with creases. 
There is crumpling of the individual faces of the origami pattern when the internal pres-
sure of the airbags increases, and the airbags are axially compressed. When the internal 
pressure of the vented airbags exceeds the venting threshold pressure Pe, the exhaust pro-
cess starts. Thus, the internal pressure of the sealed airbags retains a high value. As the 
deformation continues, the vented airbags compress along the creases between layers un-
til they are completely folded. The sealed airbags keep the shape, protecting the returnable 
spacecraft from collision with the ground directly. Due to the presence of the sealed air-
bags, the returnable spacecraft rebounds slightly at 0.3 s. Under the influence of gravity, 
the returnable spacecraft falls again until it comes to a rest state at 0.5 s. The forward tilt 
of the returnable spacecraft’s head is attributed to a non-uniform mass distribution, yet 
this issue is effectively mitigated by the implementation of cushion airbags. Based on the 
stress contours of the cushion airbags, the maximum stress strength criterion is utilized to 
evaluate the strength of the cushion airbags, indicating that the cushion airbag meets the 
design strength requirement and the material does not undergo any plastic deformation. 

 
Figure 3. Stress contours of Model A during the landing attenuation process. 

To evaluate the cushioning performance, two key indicators are employed here: max-
imum overload and specific energy absorption (SEA) during the landing attenuation pro-
cess [23]. The expression of SEA is 

𝑆𝐸𝐴 = 12 𝑀 𝑣 − 𝑣𝑚  (10)

where 𝑀 is the mass of the returnable spacecraft, which is taken as 300 kg in this paper. 𝑚 is the mass of the cushion airbag system, which is 2.8 kg. 𝑣  is the velocity before the 
returnable spacecraft touches the ground, while 𝑣   is the first peak velocity of the re-
bound after the returnable spacecraft touches the ground. 

The impact overload and the velocity along the Z direction are drawn in Figure 4a,b. 
It can be seen that the maximum overload during the landing attenuation process is 7.30 
g, which is less than the limit value of 10 g that the human body can withstand. Through 
a calculation using Equation (10), the SEA of the cushion airbags is 1648 J/kg. The results, 

Figure 3. Stress contours of Model A during the landing attenuation process.

To evaluate the cushioning performance, two key indicators are employed here: max-
imum overload and specific energy absorption (SEA) during the landing attenuation
process [23]. The expression of SEA is

SEA =
1
2 M

(
v1

2 − v2
2)

m
(10)

where M is the mass of the returnable spacecraft, which is taken as 300 kg in this paper.
m is the mass of the cushion airbag system, which is 2.8 kg. v1 is the velocity before the
returnable spacecraft touches the ground, while v2 is the first peak velocity of the rebound
after the returnable spacecraft touches the ground.

The impact overload and the velocity along the Z direction are drawn in Figure 4a,b.
It can be seen that the maximum overload during the landing attenuation process is 7.30 g,
which is less than the limit value of 10 g that the human body can withstand. Through a
calculation using Equation (10), the SEA of the cushion airbags is 1648 J/kg. The results,
illustrated in Figure 4c–e for gas state parameters of the cushion airbag and Figure 4f
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for the kinetic energy of the spacecraft, indicate stable responses of the system after an
initial period, with slight fluctuations in impact overload and velocity along the Z direction
at 0.5 s. This indicates that the airbag system reaches a point of equilibrium relatively
quickly. The dashed lines in all figures are the reference grid lines, and the corresponding
y-axis values are marked below the lines. The dashed lines in the following figure are
the same as one in this figure. The comparison between traditional cylindrical airbags
and origami-inspired airbags, detailed in Supporting Information Note S2, highlights the
cushioning performance of origami-inspired airbags.

Aerospace 2024, 11, x FOR PEER REVIEW 8 of 17 
 

 

illustrated in Figure 4c–e for gas state parameters of the cushion airbag and Figure 4f for 
the kinetic energy of the spacecraft, indicate stable responses of the system after an initial 
period, with slight fluctuations in impact overload and velocity along the Z direction at 
0.5 s. This indicates that the airbag system reaches a point of equilibrium relatively 
quickly. The dashed lines in all figures are the reference grid lines, and the corresponding 
y-axis values are marked below the lines. The dashed lines in the following figure are the 
same as one in this figure. The comparison between traditional cylindrical airbags and 
origami-inspired airbags, detailed in Supporting Information Note S2, highlights the 
cushioning performance of origami-inspired airbags. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. Dynamic response curves of Model A. (a) Impact overload. (b) Velocity along Z direc-
tion. (c) Pressure of the vented airbag. (d) Volume of the vented airbag. (e) Mass of the vented air-
bag. (f) Kinetic energy of the spacecraft. 

4. Analyses for Complex Landing Environments 
The practical landing environments are much more complex than those in Model A. 

Not only the landing surface slope but also the landing velocity in different directions of 
the returnable spacecraft need to be considered. 

  

Figure 4. Dynamic response curves of Model A. (a) Impact overload. (b) Velocity along Z direction.
(c) Pressure of the vented airbag. (d) Volume of the vented airbag. (e) Mass of the vented airbag.
(f) Kinetic energy of the spacecraft.

4. Analyses for Complex Landing Environments

The practical landing environments are much more complex than those in Model A.
Not only the landing surface slope but also the landing velocity in different directions of
the returnable spacecraft need to be considered.

4.1. Anti-Rollover Design

First, there may be a rollover problem for the cushion airbag system due to the effects
of the landing velocity, nonhorizontal landing surface, and so on. To avoid the rollover
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problem, two anti-rollover supplementary airbags (yellow ones) are set on both sides of
the aforementioned combined cushion airbag system to form Model B in Figure 5, which
has the same sealed airbags (brown ones) and vented airbags (blue ones) as those used in
Model A.
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4.2. Analysis Cases for Complex Environments

To evaluate the feasibility of Model B in complex landing environments, different
horizontal velocities, lateral velocities and the angle of the nonhorizontal landing surface
are combined into four cases, as listed in Table 3.

Table 3. Typical cases for complex landing environments.

Descending
Velocity (m/s)

Horizontal
Velocity (m/s)

Lateral Velocity
(m/s)

Landing Pitch
Angle (◦)

Case 1 −5 2 0 0
Case 2 −5 0 2 0
Case 3 −5 2 2 0
Case 4 −5 0 0 15

The finite element analyses for these four cases are conducted in the software LS-
DYNA R12.0.0. The stress contours and the configuration of the cushion airbags for the
four cases are shown in Figure 6. In the key time t = 0.25 s, the deformation patterns of
the connection between the sealed airbag and the vented airbag are zoomed in specifically
before the vented airbag completely exhausts at t = 0.5 s.

Evidently, when the airbags are not touching the ground, the stress of the combined
airbags are mainly caused by inflation. When the airbags touch the ground, the largest value
of the stress is mainly located at the contact position of the airbags. Under the influence
of horizontal and lateral velocities, certain degree tipping problems of the returnable
spacecraft also exist in the landing attenuation process. However, these cushion airbags
work successfully to avoid the spacecraft from collision with the ground directly in these
four cases. Even in Case 4, the returnable spacecraft experiences some slippage and then
lands smoothly.
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The impact overload and the velocity along the Z direction for the four cases are drawn
in Figure 7a,b. Specifically, Case 4, with a landing pitch angle of 15◦ shown as the green
line in Figure 7, has a larger overloading peak and larger velocity variation amplitude than
those of the other three cases. In various complex landing environments, the overloads of
the cushion airbags are less than 10 g. Compared with the results of Model A in Figure 4,
Cases 1, 2 and 3 of Model B with different combinations of horizontal and lateral velocities
have almost the same curves of impact overload and velocity along the Z direction. It is
indicated that the design of anti-rollover supplementary airbags can effectively promote
the adaptation of the combined cushion airbag to the complex landing environment.
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In addition, the feasibility of Model B in a complex landing surface scenario is evalu-
ated in Supporting Information Note S3. The results show that the system with anti-rollover
supplementary airbags can also brilliantly adapt to two types of ground obstacles.
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5. Multi-Objective Optimization
5.1. Selection of Optimization Variables

To perform multi-objective optimization, the design parameters that have a great
influence on the cushioning performance of the airbags for Model A should be selected.
Thus, four design parameters (i.e., initial pressure, venting threshold pressure, vent orifice
area and polygon edge number) are selected from Table 4 using the variable-controlling
approach. Cases 5, 6, 7, 8, and 9 are taken for the effect of the exhaust vent area Aout on
the cushioning performance. Similarly, Cases 6, 10, 11, and 12 are taken for the effect of
the venting threshold pressure Pe. Cases 12, 13, 14, and 15 are taken for the effect of the
initial pressure P0, while Cases 11, 16, 17, and 18 are taken for the effect of the polygon
edge number L. In Case 18, the polygon edge number L = ∞ indicates that the airbag is a
traditional cylindrical airbag.

Table 4. Typical cases of different parameter combinations and results of key indicators.

Case
Exhaust Vent

Area Aout
(mm2)

Initial
Pressure P0

(kPa)

Venting
Threshold
Pressure Pe

(kPa)

Polygon
Edge

Number L

Maximum
Overload

Value amax (g)

Maximum
Rebound

Velocity v2
(m/s)

Specific
Energy

Absorption
SEA (J/kg)

5 3000 101 130 6 7.5 0.96 1637
6 4000 101 130 6 7.3 0.77 1655
7 5000 101 130 6 6.5 0.69 1661
8 6000 101 130 6 8.7 1.29 1598
9 7000 101 130 6 11.9 1.77 1521
10 4000 101 101 6 8.2 0.81 1651
11 4000 101 160 6 7.3 0.44 1676
12 4000 101 190 6 9.2 0.67 1663
13 4000 130 190 6 7.4 0.22 1683
14 4000 160 190 6 6.2 0.51 1672
15 4000 190 190 6 6.1 0.61 1666
16 4000 101 160 8 8.4 0.45 1675
17 4000 101 160 10 8.4 0.52 1672
18 4000 101 160 ∞ 8.6 0.46 1675

From the comparison of the results in Table 4 by each single variable, it is evidently
shown that the maximum overload is positively correlated with the polygon edge number L.
The more polygon edges there are, the more the airbag tends to be a traditional cylindrical
airbag, resulting in a maximum overload of 8.6 g for cylindrical cushion airbags (Case 18).
It is proven that the origami-inspired cushion airbags have a better cushioning performance
compared to traditional cylindrical airbags. The cushion airbag with L = 6 has a better
cushioning performance, while the cushioning performance of cushion airbags with L = 8
and L = 10 is close to that of the cylindrical cushion bag. So, the cushion airbag with
L = 6 is optimized and selected. The other three design parameters do not have a direct
linear correlation with the indicators of the maximum overload value, maximum rebound
velocity, and SEA.

5.2. Multi-Objective Optimization Model

Therefore, exhaust vent area Aout, initial pressure P0, and venting threshold pressure
Pe are selected as the optimization variables for the following multi-objective optimiza-
tion model.

The key indicators for the cushioning performance of the cushion airbags are the
maximum overload and SEA. The maximum overload is related to the security of the
devices or samples inside the returnable spacecraft. At the same time, SEA of the cushion
airbags should be as large as possible to ensure that the rebound velocity of the return-
able spacecraft is small. Therefore, the optimization objectives of the combined cushion
airbags are
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{
minamax(Aout, P0, Pe)
maxSEA(Aout, P0, Pe)

(11)

Through the influence analyses of the design parameters above, it can be seen that
due to the increase in internal pressure during the landing attenuation process, the venting
threshold pressure Pe needs to be higher than the initial pressure P0. In summary, the
optimization variables and constraints are written as follows:

s.t.
0.003 m2 ≤ Aout ≤ 0.007 m2

101 kPa ≤ P0 ≤ 130 kPa
101 kPa ≤ Pe ≤ 190 kPa
P0 ≤ Pe

(12)

5.3. Optimization Design Method

Optimal Latin hypercube sampling is used to sample within the solution domain in a
three-dimensional design space [7]. Generally, the number of sample points is 10–20 times
more than the number of optimization parameters, which meets the solving requirements
of the surrogate model. Thus, 36 sample points in the space are selected as the set to train
the surrogate model. Figure 8 is a schematic diagram of the selected sample points in the
three-dimensional design space.
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Finite element analyses are conducted for the 36 sample points. Then, the maximum
overload and SEA of the cushioning airbags corresponding to each sample point are
calculated to obtain the optimization objective functions. Due to the fact that neural
networks can more effectively approximate complex nonlinear physical problems, the
surrogate model is established by a three layers neural network to predict the mapping
relationship between the design variables and optimization objectives of the cushion
airbags. The node number of the input layer of the established neural network is three, that
of the hidden layer is seven, and that of the output layer is two. Then, 36 sample points
are used to train the established neural network. The sigmoid function is chosen as the
activation function during the neural network training.

To ensure the effectiveness of the surrogate model, it is necessary to verify the accuracy
of the established neural network. Another five finite element models are analyzed as the
test set. The maximum overload and the SEA obtained via finite element analyses and the
surrogate model are compared in Figure 9 to evaluate the accuracy of the neural network.
It is illustrated that the deviation between the analysis value and the predicted value is
relatively small. The maximum relative errors of the maximum overload value and the
SEA are 4.6% and 0.5%, respectively.
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Then, the multi-objective water circulation algorithm is applied to optimize the com-
bined cushion airbags [24]. The Pareto front for the cushion airbags is obtained, as shown
in Figure 10. We considered the upper limit of the maximum overload of 10 g for human
beings and the lower limit of the SEA which is 1640 J/kg for the cushion airbags system,
and the selected Pareto front solution is indicated by the arrow in Figure 10. The maximum
overload is 6.31 g, and the SEA of the cushion airbags is 1645 J/kg at this point. Three opti-
mization variables of this point are as follows: the exhaust vent area Aout is 5486 mm2, the
initial pressure P0 is 116 kPa, and the venting threshold pressure Pe is 172 kPa. To verify
the correctness of the optimized results, the design parameters of this point are adopted
to conduct finite element analysis. The maximum overload is 6.10 g, and the SEA of the
cushion airbags is 1667 J/kg from the analysis results. The relative errors of the maximum
overload and the SEA are 3.3% and 1.3%, respectively.
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To verify the effectiveness of the optimization design method, the cushioning perfor-
mance before and after optimization is compared in Figure 11 and Table 5. The design
parameters of the model before optimization are chosen from Section 3 (the exhaust vent
area Aout is 4000 mm2, the initial pressure P0 is 101 kPa, and the venting threshold pressure
Pe is 130 kPa).

The maximum overload before optimization is 7.30 g, while the value after optimiza-
tion is 6.10 g, which reduces the value by 16.4%. The SEA before optimization is 1648 J/kg,
while the value after optimization is 1667 J/kg, which increases in value by 1.2%. It can
be seen that the SEA does not change much before and after optimization. The reason
is that the first peak velocity of the rebound process v2 is a small value compared to the
velocity v1 and the SEA is hard to increase dramatically. Therefore, it is verified that the
optimized cushioning airbag system has a better cushioning performance, especially for
the maximum overload.
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Table 5. Comparison before and after optimization.

Exhaust Vent Area
(mm2)

Initial Pressure
(kPa)

Venting Threshold
Pressure (kPa)

Maximum
Overload (g) SEA (J/kg)

Before optimization 4000 101 130 7.3 1648
After optimization 5486 116 172 6.1 1667

6. Conclusions

This paper develops a novel origami-inspired combined cushion airbag to improve the
cushioning performance of soft-landing systems. The maximum overload of the origami-
inspired airbag is 7.30 g. The specific energy absorption of the origami-inspired airbag
is 1648 J/kg, indicating that it has a better cushioning performance compared to tradi-
tional cylindrical airbags. Via the anti-rollover design, the returnable spacecraft with the
origami-inspired combined cushioning airbag system can avoid the problems of tipping
and sinking. The cushion airbags also have a good cushioning performance in complex
landing environments, considering the influence of horizontal velocity, lateral velocity, and
the nonhorizontal landing surface.

Through the influence analyses of the design parameters, it can be seen that the
origami-inspired cushion airbags with polygon edge number L = 6 have a better cushion-
ing performance compared to traditional cylindrical airbags. Three design parameters,
including the exhaust vent area Aout, the initial pressure P0, and the venting threshold
pressure Pe, are selected as the optimization variables. A multi-objective optimization
model of the cushion airbags is established by combining the surrogate model and the
water cycle optimization algorithm to obtain the final optimization design scheme. After
the optimization design, the maximum overload of the cushion airbags is reduced by 16.4%
and the SEA is increased by 1.2%. The effectiveness of this multi-objective optimization
design method is verified. In the optimization model for the combined cushion airbags,
the maximum overload and SEA are selected as optimization objectives, with a focus on
optimizing cushioning performance from a technological standpoint without considering
economic costs. However, altering these variables to achieve the optimization goals does
not necessarily complicate the system or increase economic costs, implying that significant
performance gains can be achieved through clever design without additional complexity
or expense. Origami-inspired combined cushion airbags, with their complex patterns and
potentially greater surface area, offer superior cushioning and energy absorption capabili-
ties. However, their complex design increases manufacturing difficulty. This complexity
can lead to higher production costs, making them less cost-effective compared to simpler
cylindrical designs.

This study provides technical support for the soft-landing system design of returnable
spacecrafts, but it is mainly limited to numerical simulations. An experimental verification
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will be carried out to verify the numerical simulation results, and the feasibility of applying
other origami patterns to the cushion airbags will be explored in the future.
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ground obstacles in two cases.
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