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Rigidization capacity and folding behavior of variable stiffness composite 
skin for inflatable lunar habitats

Qinyu Wang a , Peng Feng a,* , Bo Wu a, Jiacheng Zhao a , Juntian Tang a , Kaspar Jansen b

a Key Laboratory of Civil Engineering Safety and Durability of Ministry of Education, Department of Civil Engineering, Tsinghua University, Beijing 100084, China
b Department of Sustainable Design Engineering, TU Delft 2628 CE Delft, NL, the Netherlands

H I G H L I G H T S

• Dual-layer analytic model: rigidization capacity vs. stiffness & thickness ratios.
• Stiffness design principle for large shape change & flexible material reinforcement.
• CT reveals microscopic mechanism for post-folding softening & preserved strength.
• Folding endurance tests highlight resilience and safety margins of SC-AF material.
• Optimized FEM model integrates three-state stiffness membrane for lunar conditions.

A R T I C L E  I N F O
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Variable stiffness composite skin
Silicone-coated aramid fabric (SC-AF)
Post-folding softening
Rigidization capability

A B S T R A C T

Lunar construction is challenged by harsh environments and limited resources. Inflatables, with their inherent 
adaptability, offer promising solutions. This study introduces rigidizable inflatable lunar habitats using silicone- 
coated aramid fabric (SC-AF) as restraint layer and shape memory polymer (SMP) for rigidization. SC-AF exhibits 
excellent mechanical stability, folding capability, and tear resistance. After one fold, stiffness dropped by 17 % 
with negligible strength loss. X-ray micro-computed tomography (μCT) analysis revealed fiber deformation, 
misalignment, and coating micro-cracks, while fiber integrity remained almost intact. After 500 folds, stress 
dropped 19 % and stabilized after 10,000 cycles. Even after 50,000 folds, the material retained 29 % of its 
original strength without major fiber rupture, confirming Kevlar’s toughness. Practical applications involve 
fewer folds and less repetitive angles, allowing for a 20 % design safety margin. A theoretical dual-layer beam 
model evaluates equivalent stiffness based on material stiffness and thickness ratios, offering design limits and 
guidelines for rigidization and vibration control. For the SMP used, a thickness ratio of 0.02 or 1 is recom
mended, not exceeding 5. Rigidization capability should align with structural load-bearing requirements. This 
study integrates analytical, experimental, and numerical methods to advance high-strength restraint materials, 
examines folding-induced performance changes, and establishes design principles for SMP-based variable stiff
ness applications.

1. Introduction

The moon is Earth’s closest natural satellite which can serve as a 
crucial stepping stone for human exploration of outer space. It allows for 
scientific studies in various fields like geology, astronomy, physics, and 
chemistry. Additionally, the moon presents opportunities for energy 
production and resource development, including rare materials like 
iron, aluminum, silicon, titanium, oxygen, hydrogen, carbon, helium-3, 
nitrogen, etc. The advancements and medical by-products resulting from 

space exploration also have economic and societal benefits. Further
more, lunar exploration encourages international cooperation and holds 
potential for future commercial activities like space tourism [1]. In 
recent years, there has been a renewed global interest in lunar explo
ration due to advancements in space technologies and increased space 
activities [2]. Initiatives such as the Artemis Program by American 
National Aeronautics and Space Administration (NASA) and the Inter
national Lunar Research Station (ILRS) [3] by China and Russia, as well 
as the involvement of countries like Europe [4], Japan [5,6], South 
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Korea [7], and India, demonstrate the widespread engagement in lunar 
missions and scientific research.

As lunar missions transition toward exploitation and utilization, the 
construction of lunar bases becomes a crucial objective. However, the 
challenging lunar environments, characterized by low gravity, ultra- 
high vacuum, large temperature variations, high radiation, and 
limited resources, necessitates special materials, structures, and con
struction methods. Various proposals have been put forward, such as 
NASA’s SinterHub [8], ESA’s Lunar Outpost [9], and Huazhong Uni
versity of Science and Technology’s (HUST) Xuanwu lunar habitation 
scheme [10]. A review of lunar base concepts reveals a common struc
tural model: an inner inflatable habitat enclosed by an outer protective 
layer. The outer structures, typically constructed from in-situ materials 
such as compacted regolith, regolith blocks, lunar concrete, or regolith 
bags [11], serve as protective shells or self-supporting enclosures. 
Inflatable structures have emerged as promising solutions [12] for lunar 
habitation module design due to their lightweight nature, high packing 
efficiency, low transportation costs, minimal on-site construction ma
terials, breathability, low production costs, reliable deployment, self- 
correcting systems, strength, favorable dynamic and thermal re
sponses, and adaptability to curved surfaces [13,14,15,16]. These 
inflatable modules also expand available space, offering high deploy
ment ratios, airtightness, and activity areas for astronauts.

Air leakage from inflatable structures is unavoidable due to material 
permeability, connections, and potential punctures. To enhance long- 
term structural rigidity, rigidization technologies for the membrane 
structures must be incorporated. Rigidized membrane structures reduce 
reliance on internal pressure, prevent collapse, and enhance structural 
safety, durability, and repairability. As reviewed by Defoort, B. et al. 
[17], rigidization technologies for space gossamer structures, such as 
satellite antennae and solar sails, are typically divided into mechanical 
(pre-stress), physical (phase change), and chemical (resin polymeriza
tion) methods. Among them, physical rigidization methods are preferred 
for their simplicity, reversibility, low energy requirements, and suit
ability for ground testing and repeated use [17,18]. Shape memory 
polymers (SMPs) and their composites (SMPCs), which are widely used 
in aerospace [19], are typical materials for physical rigidization. SMPs 
offer advantages such as high compaction rates, design versatility, and 
the elimination of mechanical connectors. Their reversible shape- 
memory effect is critical for deployable structures such as solar sails 
and foldable arrays [20,21], and especially beneficial in precision 
structures like antenna reflectors where component shape directly af
fects functionality [22].

In our previous research [23], a proposed design for rigidizable lunar 
habitats outlined potential materials and design criteria. An optimal 
restraint material, silicone-coated aramid fabric (SC-AF) was developed, 
boasting enhanced flexibility, stability, and good resistance to temper
ature fluctuations and tearing. Notably, the impact of folding on tensile 
strength was significantly mitigated, although a softening effect was 
observed, resulting in a 17 % stiffness reduction without significantly 
affecting material strength [24]. Given that the restraint layer serves as 
the primary load-bearing component for pressurized inflatable struc
tures, and woven fiber layers are prevalent for reinforcement in space 
structures, understanding the softening mechanism and folding impact 
is crucial for skin material design and optimization. This paper delves 
further into the rigidization capability, folding effects, and an improved 
numerical model for this variable stiffness skin. The key contributions 
are outlined as follows: 

• Rigidization capability: A detailed analytical study was conducted 
on the rigidization capability of a dual-layer material using theo
retical mechanical models. This model has been extended from a 
Euler-Bernoulli beam model to account for the influence of a variable 
stiffness material layer. The effects of stiffness ratio, thickness ratio, 
and temperature on the equivalent stiffness of the dual-layer material 
were explored, proposing application perspectives and limitations.

• Material design principle: Optimal parameter ranges for various 
applications were identified, providing a solid theoretical foundation 
for material and structural optimization. The study explores the 
distribution (covering both the amount and arrangement) principle 
of variable stiffness materials to facilitate optimal shape changes and 
structural reinforcement, particularly in rigidization of soft mem
brane materials. This work provides essential insights for future 
design applications.

• Post-folding softening effect: Post-folding softening mechanism 
was analyzed using micro-computed tomography (μCT), clarifying 
the reduction of stiffness while maintaining almost constant 
strength. This analysis aids in optimizing material design for future 
applications.

• Folding endurance: Progressive strength drops and gap generation 
at the folding hinge were observed after multiple folding cycles. This 
underscores the exceptional folding resilience and design safety 
margin of the SC-AF material, providing testing and research 
methods for similar materials.

• Structural model: An orthotropic material model was developed to 
numerically investigate the variable stiffness composite skin. The 
simulation also accounted for the stiffening effect of the silicone 
coating transitioning into a glassy state at extremely low tempera
tures, resulting in a three-state stiffness profile. This approach en
ables the simulation of the structural performance under varying 
lunar surface temperature conditions, thereby enhancing the accu
racy and applicability of the simulations.

This paper is organized into seven sections. Section 2 introduces the 
conceptual design and material selection of rigidizable inflatable lunar 
habitats, summarizing our previous research. Section 3 quantitatively 
investigates the stiffness variation capabilities and proposes optimal 
material design for a dual-layer material, emphasizing applications in 
inflatable rigidization. A polyurethane-based shape memory polymer 
(SMP) is used for stiffness tuning. Section 4 delves into a quantitative 
examination of folding impact, confirming the SC-AF material’s excel
lent folding endurance. Section 5 advances the numerical model to 
effectively simulate structural rigidization and environmental temper
ature variations. Finally, Section 6 provides important notes and Section 
7 concludes this work and outlines future research directions. This paper 
combines analytical, numerical, and experimental methods to introduce 
a high-strength restraint material with superior folding properties, 
uncovering performance changes during folding and offering crucial 
insights for material optimization. It establishes design principles for 
SMP-based variable stiffness applications, providing a theoretical 
framework for potential uses.

2. Concept and material of rigidizable inflatable lunar habitats

2.1. Extendable lunar base concept and construction process

Inflatable habitats are commonly designed in the shape of pressure 
vessels, such as spheres, cylinders, or their derivatives [25]. This pro
posal introduces a classic ball-and-stick model that combines cylindrical 
and spherical basic units. Cylindrical units serve as connection and 
transit modules with a maximum of two airlock connections, while 
spherical units can accommodate multiple airlocks at different angles, 
allowing for the connection of multiple corridors. Various architectural 
complexes can be formed by combining these unit types, and additional 
modules can be easily added for expansion into larger bases. The con
struction process of self-inflatable lunar habitats involves four steps: 
inflation and expansion, rigidization, regolith coverage, and pressuri
zation. SMP’s glassy state represents high stiffness, while the rubbery 
state indicates flexibility. In the rubbery state, SMP allows for easy 
folding of the skin. After cooling down to the glassy state, the structure 
retains its folded shape tightly for stowage and transportation. Actuating 
SMP to the rubbery state again allows the structure to be inflated and 
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erected. Once SMP returns to the glassy state, the structure becomes 
rigid, significantly increasing its stiffness. This process of rigidization 
using SMP is reversible, allowing for multiple deployments and reus
ability. For inflatable lunar habitats, the rigidized inflatable structure is 
covered with a regolith layer, and the interior space is pressurized to 1 
atmosphere (1 atm) for human activities.

2.2. Material selection

In previous research, through the review of existing lunar base 
concepts, we summarized a general mode of the lunar habitat, which 
consists of three main components: prefabricated core modules, inflat
able structures, and in-situ material structures, as shown in Fig. 1(a) 
[26]. The repurposing of landers into core functional areas reduces on- 
site operations by reusing life support devices and protective systems. 
The outer in-situ material layer is used for protective shells and the inner 
inflatable structure establishes a habitable environment.

NASA’s TransHab project, launched in 1997, aimed to develop a 
cost-effective and spacious inflatable capsule for astronauts in space 
stations. The capsule’s skin comprises five functional layers: inner liner, 
bladder, restraint layer, micrometeoroid/orbital debris protection layer, 
and thermal protection layer, as shown in Fig. 1(b). The skin material 
needs to be lightweight, flexible, heat and radiation resistant, airtight, 
and easily rigidized [21,22]. The habitats consist of an inner inflatable 
structure for living and research spaces, and an outer layer of regolith 
(either regolith bricks or bags) for radiation protection, thermal insu
lation, and micrometeoroid impact resistance. The focus of this study is 
primarily on the restraint layer, as the regolith layer fulfills the functions 
of micrometeoroid, radiation, and thermal protection. The materials 
selected in this research have been listed in the following sections.

2.2.1. Outer protection
The outer protective shells were constructed using in-situ materials, 

typically derived from lunar regolith, such as compacted regolith, 
regolith bricks, and regolith bags. Our current investigation into lunar 
in-situ construction primarily focusses on two methods: utilizing solar- 
concentrated melting to create bricks [28] and employing regolith bag 
structures for large-scale construction [26]. The former technique in
volves concentrating sunlight with a Fresnel lens to melt and solidify 
lunar regolith, producing durable block-like construction materials. We 
have established a mobile 3D printing platform to study the two- 
dimensional forming process parameters of solar-concentrated 
melting, such as light intensity, movement speed, and line spacing, to 
validate the effectiveness and feasibility of this method. The regolith bag 
serves several functions, including thermal insulation, radiation pro
tection, and micrometeorite resistance. These prefabricated regolith 
bags are connected to an airbag on Earth and expand together with the 
airbag upon reaching the lunar surface. The regolith bag structure is 
versatile, capable of constructing foundations, protective barriers, and 
the outer layers of inhabited structures.

2.2.2. Rigidization material SMP: thermo-elastic vs. viscoelastic material 
models

A flexible aramid fiber reinforced polymer (AFRP) is used to bear the 
main tension load, while smart materials, such as shape memory poly
mer (SMP), are used to strategically increase the inflatable structure’s 
stiffness by controlling special material properties. SMP undergoes a 
transition between its glassy state (high stiffness) and rubbery state (low 
stiffness) based on the temperature. The stiffness variation between 
these two states can be significant, reaching up to 1000 times. The use of 
SMP simplifies the design by enabling large shape changes without 
complex mechanisms involving moving parts [23]. The combination of 
SMP resin and SMP-aramid skin forms a rigidizable composite skin for 
the inflatable structures. Moreover, SMP’s shape recovery effect helps 
reduce residual stress and strain in the material, making it suitable for 
shape-changing structures and eliminating creases in the skin.

Previous research developed material models of a polyurethane- 
based SMP and SMPC (SMP resin and aramid fiber fabric) [23]. The 
SMP exhibits a transition from a glassy state to a rubbery state as the 
temperature increases, passing through a viscoelastic region. The glass 
transition temperature for these materials is determined to be 65 ◦C. 
During the glass transition range (50 ◦C to 65 ◦C), the elastic stiffness 
decreased by 96 %, while damping increased by a factor of 11. The 
thermoelastic and viscoelastic material models were developed for nu
merical analysis. The thermoelastic model only considers temperature- 
dependent behavior which simplifies numerical simulations. It utilizes 
the storage modulus curve at 1 Hz and ignores viscoelastic damping 
effects, as shown in Fig. 2(a). On the other hand, the viscoelastic model 
incorporates time- and temperature-dependent properties. Experimental 
data obtained at different temperatures and frequencies are mapped 
onto a master curve using the time–temperature superposition principle, 
as depicted in Fig. 2(b). The thermoelastic model is used for evaluating 
stiffness variation, whereas the viscoelastic model can simulate both 
stiffness and damping variation vs. time. In this research, the thermo
elastic model is employed to verify the rigidization method, including 
static analysis and modal analysis, while the viscoelastic model is 
employed for full transient analysis of the proposed inflatable habitat 
under dynamic excitations [23].

2.2.3. Restraint material silicone-coated aramid fabric (SC-FC): elastic 
model

In previous research [24], an initial trial used a flexible aramid fiber 
reinforced polymer (AFRP) composed of Kevlar fiber and flexible epoxy 
resin to bear the main tension load. Later, an optimal material, silicone 
coating (HBD1248 Silicone, Jiangxi Hebida, China) with a designed usage 
temperature of − 35 to 250 ◦C is was employed as a substitute for the 
flexible epoxy resin. This silicone coating was combined with a Kevlar 
29 fiber plain woven cloth (1000D, 200 g) to form the restraint material 
SC-AF, resulting in improved flexibility, stability, thermal tolerance 
across a wide temperature range, as well as exceptional tearing and 
puncture resistance. Additionally, the folding impact, which led to a 
decrease in tensile strength, was significantly reduced. SC-AF demon
strated an elastic modulus of 12.2  GPa and an ultimate stress of 624.6 

Fig. 1. (a)General mode of a lunar habitat [26]; (b)shell layers of TransHab habitation module [27].
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MPa. To model the flexible AFRP in the resistance layer, the computed 
laminate stiffness values were based on a four-layer stacking sequence of 
[0F/45F2/0F], which provided more uniform in-plane stiffness across 
all directions. In earlier simulations, an isotropic elastic model was used, 
which was reasonable for tensile conditions but insufficient for accu
rately simulating out-of-plane behavior. In this study, the Classical 
Laminate Theory (CLT) within the ACP module was employed to model 
the material using an orthotropic material model. This approach, 
detailed in Section 5, improves structural simulations by more accu
rately capturing stress distributions under various loading conditions.

3. Rigidization capacity and application opportunities & limits

3.1. Rigidization capability: analytic model of a dual-layer simply 
supported beam

Understanding how variable stiffness layers quantitatively influence 
structural performance (such as overall stiffness variation capacity, 
load-bearing capability, and deformation behavior) can effectively 
guide and optimize the design process. This knowledge enables the 
efficient selection of material properties and the development of design 
principles and processes for multilayer structures in various structural 
control applications, including rigidization, shape control, and even 
vibration control. By leveraging this understanding, the placement of 
variable stiffness materials (often smart materials, which are costly) can 
be optimized to achieve maximum efficiency and performance while 
minimizing material usage and cost.

To understand how the proportion of variable stiffness layers affects 
the overall stiffness of the composite skin, a theoretical model of a dual- 
layer simply supported beam is used, as shown in Fig. 3. In practical 
applications, for thin plates or membrane structures, the width is 
assumed to be very large, and in this analysis the out-of-plane defor
mation and torsion are neglected, simplifying the problem to a plane 
stress scenario. When a concentrated force F is applied at the center span 
of the beam (as shown in Fig. 3(a)), the beam typically experiences 
distinct stages of mechanical property changes: 1) Linear elasticity 
with small deformation, which determines the stiffness change; 2) 
Ultimate state, which determines the load-bearing capacity or large 
deformation capacity; 3) Failure, which is defined according to the 
relevant application criteria. The stiffness variation capacity of the beam 

is primarily determined during the first stage, where changes in modulus 
due to variable stiffness materials directly influence the beam’s stiffness. 
Meanwhile, the second stage is critical for assessing the load-bearing 
capacity of the structure when the variable stiffness layer is in a rigid 
state, as well as the deformation capacity of the structure when the 
variable stiffness layer is in a flexible state. The detailed description and 
analysis of the beam are as follows:

3.1.1. Stiffness variation capacity
This stage determines the structure’s capacity for stiffness variation. 

During this phase, the two material layers work together without 
interlayer misalignment. The deformation is small and the adhesive 
layer is securely bonded, the deformation adheres to the plane section 
assumption, and thus conforms to the Euler-Bernoulli beam theory. The 
stress and strain expressions are as follows:

Strain 

ε(x, y) =
(
y − y0

)
ϕ(x) (1) 

Stress 

σ(x, y) = E(y)ε(x, y) =
{

E2
(
y − y0

)
ϕ(x)0 < y < h2

E1
(
y − y0

)
ϕ(x)h2 < y < h1 + h2

(2) 

Where ϕ(x) is the bending curvature; E1 is the stiffness of the upper layer 
Material 1 and h1 is its thickness; E2 is the stiffness of the lower layer 
Material 2, which may vary with actuation (e.g. thermally actuated as 
E2(T)), and h2 is its thickness, and the adhesive layer is assumed to be 
bonded without considering its thickness.

Let the neutral axis distance from the bottom surface in the dual- 
layer plate be y0, and the width of the beam is b. The force equilib
rium of the cross-section gives: 

F(x) =
∫ h1+h2

0
σ(x, y)bdy = 0 (3) 

This leads to: 

y0 =
E2h2

2 + E1h2
1 + 2E1h1h2

2(E1h1 + E2h2)
(4) 

Fig. 2. SMP material characterization through DMA: (a) storage modulus (E′), loss modulus (E″), and material damping (tan δ) vs. temperature at 1 Hz; (b) master 
curve [23].

Fig. 3. Theoretic model of a dual-layer beam: (a) beam model; (b) cross-section and coordinate axes; (c) strain distribution along y direction, where y0 is the height of 
the neutral axis.
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Let the elastic modulus ratio e = E2
E1

, and the thickness ratio be t = h2
h1

. 
Then we have: 

y0 =
1 + 2t + et2

2(1 + et)
h1 = h2 +

1 − et2

2(1 + et)
h1 (5) 

When t = 1̅̅
e

√ , it follows that y0 = h2.
For the equivalent bending stiffness, we define it as: 

(EI)eq =
M(x)
ϕ(x)

(6) 

where M(x) is the bending moment, expressed as: 

M(x) =
∫ h1+h2

0
σ(x, y)⋅bydy 

= E2ϕ(x)b
(

1
3
h3

2 −
1
2
y0h2

2

)

+ E1ϕ(x)b
(

1
3
(h1 + h2)

3
−

1
3
h3

2 −
1
2
y0(h1 + h2)

2
+

1
2
y0h2

2

) (7) 

Substituting Eq. (7) into Eq. (6) simplifies to: 

(EI)eq =
1 + 4et + 6et2 + 4et3 + e2t4

(1 + et)
⋅
1
12

bh3
1E1 (8) 

Thus, for different thickness ratios, varying E2 can adjust the overall 
stiffness of the structure.

In practical applications, the variable stiffness capacity of these 
components should be maximized. However, since variable stiffness 
materials are typically expensive smart materials, their usage must be 
optimized for cost-effectiveness. Fig. 4 illustrates how the stiffness 
variation of a dual-layer component changes with the thickness ratio t 
and modulus ratio e of the two materials. The stiffness variation is 
defined as the ratio of the equivalent bending stiffness (EI)eq, as shown in 
Eq. (8). The constant 1

12 bh3
1E1 has been eliminated, normalizing the 

stiffness change with respect to Material 1. Notably, the surface plot (3D 
graph) begins with a distinct “ridge” followed by a relatively long 
plateau. The ridge occurs around e = 0.02, indicating that adding just 2 
% of the variable stiffness material to the bottom layer can effectively 
amplify the beam’s stiffness by approximately threefold. The right figure 
reveals that the ridge curve exhibits a gradually diminishing stiffness 
variation rate, eventually stabilizing. This implies that the inherent 
stiffness-variation capability of the variable stiffness material (Material 
2) is inherently limited, necessitating an optimal balance between ma
terial ratios. Critically, when Material 2′s stiffness varies by 100-fold, the 
structural stiffness changes by about 2.5 times. A 400-fold stiffness 

variation in Material 2 increases the structural stiffness variation to 3.4 
times, with a fourfold increase representing the practical upper limit. 
From Eq. (8), the stiffness variation increases proportionally to et3. For 
t = 0.02 = 2 × 10− 2, significant stiffness amplification begins when e 
exceeds the order of magnitudes approximately 106, beyond which the 
relationship transitions to linear growth. However, achieving such 
extreme modulus ratios (e~106) is impractical with real-world mate
rials. This behavior highlights that variable stiffness primarily functions 
as a rigidizing role in this system, as Material 1 (a soft material) has a 
stiffness comparable to Material 2 in its flexible state.

In Section 3.2, SMP is used as an example to discuss real-world 
application scenarios. Once the materials are selected, the range of e is 
fixed, As shown in Fig. 4, the red curve on the surface represents this 
range, where the maximum elastic modulus ratio is emax = 406. The 
process for determining the optimal t is discussed, and the optimization 
conditions are established to guide the subsequent design process. This 
section discusses the rigidization of flexible materials, which is mainly 
used for shape control of structures undergoing large deformations. In 
this case, the material becomes flexible to facilitate shape control and 
then stiffens afterward to enhance load-bearing capacity. Rigidizable 
membrane structures (such as inflatable structures discussed in the 
article) also fall into this category.

The discussion of ultimate states determines the structure’s ultimate 
load-bearing capacity or large deformation capability, providing insight 
into how its strength improves in a stiff state and its deformation ca
pacity in a more flexible state. There are two states of the variable 
stiffness material to analyze according to different applications: (1) stiff 
state for load-bearing; (2) flexible state for large deformation.

3.1.2. Stiff state for load-bearing capacity
During service, the dual-layer material is in the stiff state to bear 

loads. To assess the load-bearing capability, it is essential to analyze the 
beam’s failure mechanisms, which are closely tied to the stiffness of the 
materials and adhesive layer. If the adhesive layer is strong and no 
delamination occurs, the beam will fail due to either tensile failure of the 
bottom material or compression failure of the top material, depending 
on which failure mode occurs first. If the adhesive is relatively flexible, 
failure may occur due to stress or strain exceeding the adhesive layer’s 
limits, leading to delamination, interfacial failure, or mixed failure 
modes [29]. Given the complexity of failure modes and criteria, further 
discussion is deferred to case-specific material selection. The ultimate 
state is defined by the maximum mid-span load Fes. Emax and Emin 
represent the maximum and minimum elastic modulus of the beam, 
respectively. (EI)eq,max and (EI)eq,min represent the maximum and mini
mum equivalent bending stiffness of the beam, respectively. When 
Material 2 is stiff, with Eeq = Emax, the entire structure becomes rigid. 
Prior to failure, the beam remains in the small deformation range, 

Fig. 4. Stiffness variation capacity vs. modulus ratio and thickness ratio.
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exhibiting nearly elastic behavior until it reaches the ultimate load- 
bearing state. At this point, the increase in load-bearing capacity is 
given by: 

Fes

Fef
=

(EI)eq,max

(EI)eq,min
=

Emax

Emin
(9) 

where Fes and Fef represent the maximum load at mid-span under the 
same ultimate displacement when Material 2 is in the stiff state and 
flexible state, respectively (referring to the displacement at which Fes 
reaches the ultimate load-bearing capacity, while still remaining within 
the small deformation range). Further discussion on application limits is 
provided in Section 3.2 below.

3.1.3. Flexible state for large deformation
For variable stiffness components, the dual-layer material transitions 

to a flexible state to accommodate large shape changes (e.g., reconfi
guration, expansion, or inflation). In this state, large deformation theory 
must be applied, as it accounts for changes in base-to-base distance 
while maintaining constant component length, unlike small deformation 
assumptions which neglect beam length variations. The deformation 
capability is quantified as the ratio of maximum mid-span deflection in 
the flexible state to that in the stiff state. The governing equations for in- 
plane large deformations of a slender beam are given by Eq. (10) [30]: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x =

∫ θ=0

θ=α
−

cosθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
EI

[
Fy(sinθ − sinα) + Fx(cosθ − cosα)

]
+

(
M
EI

)2
√ dθ

y =

∫ θ=0

θ=α
−

sinθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
EI

[
Fy(sinθ − sinα) + Fx(cosθ − cosα)

]
+

(
M
EI

)2
√ dθ

(10) 

where (x, y) represents the mid-span position, and α represents the angle 
change along the beam from the support to the mid-span. θ is the angle 
between the section along the beam and the horizontal axis (x axis). Fx, 
Fy, and M are the horizontal and vertical reaction forces and reaction 
moment, respectively. EI here represents the bending stiffness of the 
beam, equal to the equivalent bending stiffness (EI)eq in eq. (6).

For the force model in this study, the simply supported beam yields 
M = 0 at both ends, and the right end is free to slide horizontally, 
resulting in F1 = 0. For half-span equilibrium, the vertical reaction force 
at the base is F2 = − F/2 (negative sign indicates an upward force). With 
these constraints, Equation (10) simplifies to: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

x =

∫ θ=0

θ=α
−

cosθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
F(sinθ − sinα)

EI

√ dθ

y =

∫ θ=0

θ=α
−

sinθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
F(sinθ − sinα)

EI

√ dθ

(11) 

Since the beam length remains unchanged, integration along its length 
coordinate must yield half of the total length: 
∫ θ=0

θ=α
−

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
F(sinθ− sinα)

EI

√ dθ =
L
2

(12) 

By solving Equations (11) and (12) simultaneously, the mid-span posi
tion (x, y) and angle α can be obtained. Since the integrand involves the 
square root of trigonometric functions, there is no simple analytical 
solution in elementary functions. Typically, numerical methods such as 
the rectangle method, trapezoidal rule, Simpson’s rule, Gaussian quad
rature, adaptive quadrature, and Monte Carlo integration are used for 
solving such equations. This study adopts an adaptive quadrature 
method, which dynamically adjusts the integration intervals based on 

local function variations.
Assuming the dual-layer beam has an elastic modulus of E1 = E2min =

3.3 MPa, with a rectangular cross-section of 20 × 5 mm and a beam 
length of 1000 mm, and considering a force range of [0.0001, 0.05] (N), 
the relationship between F, x, y, and α can be obtained by solving 
Equations (11) and (12). The relationships between these variables 
within this range are illustrated in Fig. 5, where x, y, and α are repre
sented by black, grey solid, and grey dashed curves.

In the flexible state where Eeq = Emin, the adhesive layer is typically 
designed to be flexible as well, allowing it to accommodate the struc
tural deformation. Both material layers can withstand significant 
deformation without failure. However, if the deformation exceeds the 
adhesive layer’s strain or stress limits, delamination occurs, preventing 
the layers from working together—this is defined as failure in the flex
ible state. While layered materials can fail earlier than delamination (e. 
g., material rupture), such cases are relatively rare. To determine the 
maximum allowable deformation, the first occurring failure mode (e.g., 
material failure or delamination) is identified, and the corresponding 
deformation defines the limit. This deformation corresponds to the mid- 
span position (xmax, ymax), and the maximum deflection in the flexible 
beam is denoted as ωef = ymax. Meanwhile, the maximum deflection in 
the stiff beam is defined as ωes = ωmax = FesL3

48(EI)eq,max
. Thus, the increase in 

deformation capability is quantified as: 

ωef

ωes
=

ymax

ωmax
=

48(EI)eq,max

ymaxFesL3 (10) 

This also demonstrates that when shape control requiring large defor
mation is needed, transitioning Material 2 from the stiff to the flexible 
state enables the structure to shift from a small deformation to a large 
deformation.

3.2. Application opportunities & limits: rigidization of flexible membrane 
(including inflatables)

Considering the variable stiffness material model (thermoelastic) 
[31], E2 is temperature-dependent and should be expressed as E2(T). For 
the SMP used in this study, during the state transition from 40 ◦C to 
85 ◦C, the modulus decreased from E2(Ts) = 1340 MPa to E2

(
Tf
)
= 3.3 

MPa, resulting in a stiffness variation factor of 1340/3.3 = 406 times. 
Since SC-AF is an anisotropic material, its bending stiffness is primarily 
influenced by the stiffness of the resin or coating. Compared to other 
membrane materials, such as TPU and Kapton, E1 is set at 1340 MPa, 
giving emin = 1 and emax = 406. The relationship between stiffness 
variation and the thickness ratio t is depicted by the red curve in the 
surface plot of Fig. 4, which is re-plotted in Fig. 6 in both linear and 
logarithmic scales. As previously discussed in Section 3.1.1, the stiffness 
variation increases rapidly with a small addition of Material 2. When the 
material ratio reaches approximately 2 %, a distinct “ridge” appears, 
making an efficient design point where the stiffness variation is around 
3.6 times. Beyond this point, the curve levels off into a plateau, and 
further increases in the amount of Material 2 do not significantly 
enhance stiffness variation. Therefore, it is advisable to avoid this range 

Fig. 5. Force vs. deformation (mid-span position (x, y) and angle change α) 
under large deformation.

Q. Wang et al.                                                                                                                                                                                                                                   Composites Part A 199 (2025) 109169 

6 



during design, which spans roughly from e = 0.02 to 0.15, as shown by 
the black curve in Fig. 6(b). After the plateau, as the proportion of 
Material 2 increases, the stiffness variation of the dual-layer simply 
supported beam gradually increases, with an accelerating rate of 
change. As indicated by the red curves, Material 2 is most efficiently 
utilized for stiffness variation when the change rate peaks. This optimal 
design point occurs at t = 1, where both materials have equal thick
nesses. At this optimal design point, the structure’s stiffness variation 
capacity reaches a factor of 52. However, beyond this point, as more 
Material 2 is added, the material’s efficiency gradually decreases, as the 
rate of change slows down. It is therefore suggested to avoid values of e 
> 10, as this leads to a significant waste of Material 2. It is recommended 
to keep e no more than 5, where the stiffness variation capability reaches 
a factor of 200. The upper bound of stiffness variation is 406, corre
sponding to the pure stiffness variation of Material 2.

Typically, when adding Material 2 enhances the structure’s load- 
bearing capacity and the structure is intended for large deformations, 
with load-bearing capacity being the primary performance criterion, the 
stiffness of Material 1 should not be excessively high. Moreover, the 
modulus E1 should be on the same order of magnitude as E2,min (in the 
flexible state), but much smaller than E2,max (in the rigid state). Under 
these conditions, Material 2 primarily contributes to the rigidization of 
flexible layers, such as membrane materials. As mentioned above, the 
recommended values for the thickness ratio t are 0.02 or 1, but should 
not exceed 5. The designed rigidization capability depends on the 
required load-bearing capability of the structure. As indicated in Eq. (9), 
the increase in load-bearing capability is equal to the stiffness variation 
ratio. The recommended values are listed in Table 1, and these values 
will be used to optimize the design of a rigidizable inflatable habitation 
unit [32], as discussed in Section 5.

4. Folding impact of silicone-coated aramid fabric (SC-AF)

4.1. Monotonic uniaxial tensile test

The elastic modulus and tensile strength of SC-AF were measured 
through an Instron universal tester (100kN) and a Wance universal tester 
(250kN) equipped with capstan tensile grips, respectively, as shown in 
Fig. 7 (a) and (b). Two groups of specimens with five samples each were 
prepared for the tensile tests: unfolded and folded. All tensile tests were 
conducted in accordance with the GB/T3923.1–2013 standard. [24].

Fig. 8 illustrates the force–displacement and stress–strain curves of 

unfolded and folded fabric specimens for strength and modulus mea
surements. Initially, there is a gradual slope before entering the linear 
region, which can be attributed to the relative relaxation of the material 
when clamped. During initial stretching, the material was straightened 
until fully taut, and then it began to exhibit linear elasticity. During the 
strength measurement, the material demonstrated elasticity initially, 
but it abruptly ruptured at around 600 MPa before any substantial 
damage occurred. On the other hand, during the modulus measurement 
at approximately 300 MPa, the specimen began to slip out of the clamps 
as the stress increased. Consequently, the stress dropped, and a further 
increase became unattainable. Table 2 reports the average results of five 
specimens from tensile tests conducted on SC-AF specimens, including 
elastic modulus, elongation at break, ultimate stress, and ultimate load. 
The modulus was determined using the Δε = 0.5 % chord modulus from 
the middle range of the stress–strain curves. A strain range of 2.5 % to 3 
% yielded favorable outcomes for both unfolded and folded groups. 
Upon folding, the average elastic modulus dropped by 16.6 % from 12.2 
GPa to 10.1 GPa, the ultimate load and stress also experienced re
ductions of 2.96 % (from 7.73 to 7.5kN) and 6.63 % (from 624.6 to 
583.2 MPa), respectively. However, the elongation at break remained 
nearly unchanged before and after folding, measuring 15.5 % and 15.3 
%, respectively.

Fig. 7(c) depicts the failure modes of unfolded and folded specimens. 
In unfolded specimens, damage occurred unpredictably in various areas. 
Two types of failure modes were observed: one with a fracture surface 
perpendicular to the tension direction (observed in specimens 1, 2, and 5 
in Fig. 7(c)), and the other with an inclined fracture surface (observed in 
specimens 3 and 4 in Fig. 7(c), at an angle of approximately 40◦ relative 
to the tension direction). Both failures initiated at the edge fibers and 
propagated inward until the crack extended across the transverse sec
tion. The inclination in the fracture surfaces can be attributed to the 
initial misalignment of the specimens with respect to the tension di
rection, causing eccentricity and shear stress during stretching. Despite 
possible experimental imperfections, the ultimate force and stress values 
for specimens 3 and 4 fell within the average range, indicating minimal 
impact on the overall test results. In contrast, folded specimens mostly 
exhibited damage at the crease location (as observed in specimens 1, 2, 
and 4 in Fig. 7(c)), resulting from local stress concentration due to 
folding. Although the fracture locations of specimens 3 and 5 were not at 
the crease, their ultimate force and stress values also fell within the 
average range, confirming their validity in the experimental results.

In previous research [24], a magnified photograph (Fig. 7(d)) of the 
folding area of an SC-AF specimen showed the silicone coating turning 
white at the crease, with some microcracks present. Folding leads to 
damage and buckling in the coating, causing local delamination be
tween the coating and fiber cloth, despite Kevlar fiber’s excellent anti- 
fatigue properties and the resin’s flexibility. Considering that the 
modulus of the material decreased by up to 16.6 %, which exceeds the 
proportion of the contribution of the silicone rubber coating, it suggests 
some softening effects in the aramid fibers after folding. However, no 

Fig. 6. Stiffness variation capacity and variation rate vs. thickness ratio; where emax = 406. (a) and (b) linear and logarithmic scales.

Table 1 
Recommended usage of SMP layer and rigidization capability (stiffness variation 
and load-bearing).

Thickness ratio t = h2/h1 2 % 1 2 3 4 5

Stiffness variation & load- 
bearing capabilities

3.56 52.4 121.5 172.2 208.6 235.6
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significant damage was observed in the fibers, as indicated by the nearly 
unchanged ultimate strength and elongation of the material. This stiff
ness reduction of the coated fabric may be attributed to fiber deforma
tion and misalignment after folding, as well as local buckling and micro- 
cracks in the silicone coating. These factors lead to decreased fiber 
alignment during tension, ultimately resulting in a softening effect.

4.2. Mechanism of post-folding softening effect

4.2.1. X-ray micro-computed tomography (μCT) observation at micro-scale
To quantitatively investigate stiffness reduction, this section further 

explores the softening mechanism using micro-CT. Two small square 
specimens of the SC-AF sample were extracted from the folded and 
unfolded regions for scanning, as illustrated in Fig. 9(a). Three areas 
were analyzed: unfolded region (U), inside folded region (IF), and 
outside folded region (OF). A 2 mm × 2 mm area, approximately the 
width of two filament bundles, was scanned at a resolution of 2.078 μm. 
Representative cross-sectional images were obtained by slicing along the 

thickness and height directions, as shown in Fig. 9(b)~(g). At the given 
resolution, individual filaments are clearly visible, with lighter regions 
indicating fiber structures.

In general, the folded region (Fig. 9(b)~(e)) exhibited lower fiber 
density, overall volume expansion, and a sparser fiber distribution 
compared to the unfolded region ((Fig. 9(f) and (g)). Additionally, the 
inside folded region (Fig. 9(b) and (c)) showed greater fiber sparsity and 
expansion than the outside folded region ((Fig. 10(c) and (d)). The 
coating in the inside folded region was damaged, which can be observed 
from Fig. 10(c), where the surface appeared rough and discontinuous. 
Interlayer cross-sections also revealed some pores, but no obvious fiber 
fractures or damage were observed in the inside folded region. In 
contrast, the unfolded region had a denser, more uniform fiber distri
bution with a smaller overall volume (Fig. 9(d) and (e)).

4.2.2. Quantitative analysis
To further analyze fiber morphology, the scanned fibers were rebuilt 

and simulated to evaluate the deformation of fiber segments using tor
tuosity as a quantitative metric, as shown in Fig. 10. A term of Tortu
osity τ is used, which describes the degree of deviation of a curved path 
from a straight line. It is defined as: 

τ =
L
L0

(12) 

where L is the actual curved length of the fiber segment, and L0 is the 
chord length (straight-line distance) between the segment’s endpoints. A 
higher τ value indicates a more tortuous, deformed fiber path.

The results indicate significant deformation within the folded region, 
with deformation gradually decreasing along the thickness direction 
from the inside to the outside of the folding crease. The outside exhibited 

Fig. 7. Test setups: (a) folding treatment for five specimens for one week; (b) capstan tensile grips on a Wance universal tester (250kN); (c) specimen in capstan 
tensile grips for ultimate strength measurement; (d) folded specimen in pneumatic grips on an Instron universal tester (100kN) for module measurement. [24].

Fig. 8. Tensile test results: unfolded vs. folded: (a) Strength measurement: force vs. displacement; (b) modulus measurement (2%-3% chord modulus): stress 
vs. strain.

Table 2 
Tensile test results of unfolded and folded specimens: elastic modulus, elonga
tion at break, ultimate stress, and ultimate load.

Group Modulus 
E (GPa)

Elongation at break 
(%)

Ultimate 
Stress 
σUlT (MPa)

Ultimate 
Load 
FUlT (kN)

Unfolded 12.2 15.5 624.6 7.73

Folded 10.1 15.3 583.2 7.50
Reduction 

(%)
16.6 1.07 6.63 2.96
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minimal deformation from a single folding event. This asymmetry sug
gests the presence of residual stress and strain, as fibers predominantly 
shifted in one direction, as shown in Fig. 10(c). During tensile loading, 
fibers could not straighten uniformly, which led to reduced collective 
load-bearing capability. A minor increase in tortuosity τ was observed, 
with the average rising from 1.0105 to 1.0146, and the maximum from 
1.0188 to 1.0566. Inside filaments exhibited greater tortuosity than 
perpendicular outside filaments, resulting in a more dispersed fiber 
distribution (Fig. 10(b)). Interestingly, in the unfolded region, the 
average τ was 1.0087, and the maximum was 1.0201 (see red and black 
curves in Fig. 10(b)). While the unfolded region’s average tortuosity was 

lower than that of the outside folded region, its maximum tortuosity 
exceeded that of the folded outside region. This is likely due to initial 
defects in the selected area, such as uneven coating and pre-existing 
deformations in certain filaments, as evidenced by the less smooth sur
face in Fig. 9(g) and the presence of red segments in Fig. 10(e). After 
folding, the highly deformed outer segments were stretched. However, 
since the entire filament underwent deformation, the average tortuosity 
increased while the maximum value decreased compared to the 
unfolded state. For a straight line, τ = 1. However, due to the thickness 
of the plane weave filaments, perpendicular filaments experience initial 
deformation, resulting in a 1 - 1

1.0087 = 0.86 % reduction in chord length 

Fig. 9. (a) X-ray CT specimen of the folded SC-AF; (b) and (c) two views of CT photos for the inside of folded region; (d) and (e) the outside of folded region; (f) and 
(g) unfolded region.

Fig. 10. (a) filament orientations from inside to outside of folded region; (b) tortuosity of fibers from IF, OF, and U regions; (c), (d), and (e) simulated filaments of 
inside folded, outside folded, and unfolded regions.
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even in the unfolded state. After folding, the average segment shortening 
increased to 1 - 1

1.0146 = 1.44 %, representing a 67 % increase. This 
demonstrates that even small changes in τ correspond to significant 
proportional increases in fiber shortening. At the macroscale, a small 
increase in τ after monotonic folding led to a 16.6 % reduction in elastic 
modulus at the macroscale. No significant fiber fractures were observed 
in the deformed regions. However, the presence of internal residual 
stress and strain led to a 6.6 % decrease in ultimate tensile strength, 
albeit with a relatively smaller impact compared to the elastic modulus 
reduction.

4.3. Folding endurance test

For many applications, membranes undergo multiple folding and 
unfolding cycles. To further investigate the effect of folding cycles on 
mechanical properties, folding endurance tests were conducted 
following the ISO 05626 standard. A MIT folding endurance tester 
(Changjiang papermaking instrument co.LTD, Sichuan, China) was used to 
fold the specimens to the designated number of cycles. The testing setup 
is shown in Fig. 11(b) and (c). Each specimen measured 85 mm × 15 mm 
and was folded at its midpoint to an angle of 135◦ under a 19.8 N force, 
at a speed of 175 ± 10 double folds per minute. Initially, a single 
specimen was tested to qualitatively observe crack development in the 
folded region, as illustrated in Fig. 11(a). Subsequently, multiple spec
imens were subjected to pre-determined folding cycles before under
going tensile testing using the same Wance universal testing machine 
described in Section 4.1 (Fig. 7(a)). The objective was to evaluate the 

decline in tensile strength as a function of folding cycles. Tensile tests 
were conducted at a speed of 50 mm/min with a grip-to-grip separation 
of 30 mm.

As shown in Fig. 11(a), after 1,000 folding cycles, a noticeable white 
crease developed on the specimen; however, no significant structural 
damage was observed. After 5,000 cycles, the crease had widened 
further. From 10,000 cycles onward, visible cracks began to form along 
the crease, progressively expanding as the number of cycles increased. 
Additionally, the transverse fibers started to slide laterally, while the 
longitudinal fibers exhibited significant deformation. At 60,000 cycles, 
the transverse fibers at the crease had completely migrated out of the 
folding region, leaving only the longitudinal fibers in place. Although 
the longitudinal fibers were significantly bent, no obvious fractures were 
observed, suggesting that the material retained some load-bearing ca
pacity in the longitudinal direction. To further explore the changes in 
mechanical properties, tensile tests were conducted on the folded 
specimens. Since the folding endurance tests did not provide direct force 
measurements, tensile testing was employed post-folding to evaluate 
mechanical degradation. The specimens used for tensile testing were the 
same ones subjected to the folding endurance test, rather than standard 
tensile test specimens. While this approach introduces some size-related 
effects, it remains highly effective for analyzing overall trends in me
chanical performance.

Fig. 12 illustrates the force–displacement and stress–strain curves of 
fabric specimens subjected to different folding cycle counts. Table 3
summarizes the tensile test results, including elastic modulus, ultimate 
stress, and ultimate load (average value of three specimens of each 
group) after the folding endurance tests. The folding cycle count is 

Fig. 11. Test setups:(a) folding part observation of one specimen after 1000, 5000, 10000, 20000, 30000, 40000, 50000, and 60,000 folding cycles; (b) and (c) 
folding endurance test and setup; (d) tensile test on a folded specimen.
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expressed in thousands (e.g., “50″ represents 50,000 folds). Groups with 
1, 2, 5, 10, 20, 30, 40, and 50 cycles were tested, each with three 
specimens, while an unfolded group (0 cycles) served as the reference. 
Fig. 12(a) primarily illustrates the trend of each group of curves. For 
clarity, a representative specimen was selected from each group for 
plotting. After folding, the ultimate force decreased, while the elastic 
modulus (slope) remained relatively stable. For folded specimens, the 
post-peak decline was gradual upon rupture of all longitudinal fibers, 
whereas the unfolded specimens showed a sudden drop. To further 
quantify changes in ultimate stress and elastic modulus (calculated over 
the 1.5 %-1.8 % strain range), Table 3 presents the average values for 
three specimens per group. After 500 folds, the ultimate stress decreased 
by 19 % (from 748.1 MPa to 614.2 MPa). The most significant stress 
reduction occurred within the first 2000 cycles, followed by a slower 
decline between 2000 and 5000 cycles. After 10,000 folds, strength 
continued to decrease but at a reduced rate. By 50,000 folds, the ma
terial retained 29 % of its original strength, with visible creasing and 
relaxation but no significant rupture of longitudinal fibers, confirming 
the excellent toughness of Kevlar fibers. In practical applications, 
folding angles will not be as repetitive as in the experiments, and the 
folding cycles will be fewer than 500. Design considerations should 
incorporate sufficient safety margins based on these results.

According to classical fatigue theory, materials subjected to repeated 
loading below their ultimate strength will eventually experience fatigue 
failure. This behavior can be described by the empirical equation: 

σmN = C, f0 = C− m (13) 

where σ is the applied fatigue stress, N is the fatigue life (number of 
cycles to failure), C and m are material-dependent fatigue constants, f0 
represents the initial ultimate strength.

For the constant-strain fatigue condition studied in this work, 
assuming that the elastic modulus E remains unchanged before and after 

fatigue, the corresponding fatigue relationship can be expressed as: 

εmN = A (14) 

where ε is the applied fatigue strain, N is the fatigue life, m is the fatigue 
exponent, A=C/Em is a material-dependent fatigue constant. According 
to Miner’s rule, which considers the cumulative effect of fatigue dam
age, the total damage fraction must satisfy: 
∑ ni

N
≤ 1 (15) 

For a two-level loading (N1 and N2) scenario, after ni cycles: 

ni

N1
+

1
N2

= 1 (16) 

where considering the remaining load-carrying capacity fr, the rela
tionship can be derived as: 

εm

A
ni +

fm
r
C

= 1 (17) 

The downward trend of the curve can be fitted with the following 
equation: 

fr = (C − σmni)
− m

= f0(1 − Bni)
− m (18) 

where the coefficients with 95 % confidence bounds are B = -3.477 
andm = 0.2308 for this testing. B is a parameter related to material 
property. f0 is the unfolded ultimate stress σUlT = 748.1 MPa.

The trends of these parameters with folding cycles are plotted in 
Fig. 12(b), where the x axis represents the ni folding cycles. The 
computed modulus fluctuated around 14 GPa, which indicated that 
repeated folding had little effect on the material’s modulus. The study 
provides valuable insights into the observed phenomena and quantita
tive analysis. Modulus and stress fluctuations for folded groups were 
greater than those from the uniaxial tensile tests. This variability arises 
from differences in the folding conditions for each spec
imen—sometimes folds occurred between two parallel fibers, other 
times on fibers, or at an angle to transverse fibers, affecting multiple 
layers of filaments.

For the elastic modulus, no softening phenomenon was observed, 
unlike in the tensile tests. This may be because a single fold typically 
induces localized plastic deformation or interface damage. After multi
ple folding cycles, the damage might gradually spread and become 
evenly distributed around the adjacent areas, rather than concentrating 
in a single folded region. This distribution averages out the localized 
softening effect, masking the significant stiffness reduction seen after a 
single fold. Residual stress from a single fold reduces stiffness in the 
deformed region, but after many folding cycles, the residual stress may 
dissipate or redistribute, stabilizing the overall stiffness and reducing 
the softening effect from individual folds. In addition, residual stress 
from a single fold reduces stiffness in the deformed region, but after 

Fig. 12. Tensile test of folded specimens after folding endurance tests: (a) Force vs. Displacement; (b) Folding times vs. mechanical properties (elastic modulus and 
ultimate stress).

Table 3 
Tensile test results of folded specimens after folding endurance tests: elastic 
modulus, ultimate stress, and ultimate load (average value of three specimens of 
each group).

Folding times (x1000) Modulus 
E (GPa)

Ultimate Stress 
σUlT (MPa)

Ultimate Load 
FUlT (kN)

0 (unfolded) 14.5 748.1 2.60

0.5 14.6 614.2 2.23
1 15.2 545.6 2.13
2 12.0 414.7 1.77
5 13.3 368.1 1.38
10 12.2 341.8 1.32
20 14.9 326.8 1.08
30 14.2 235.6 0.92
40 13.7 237.6 0.96
50 13.9 218.2 0.77
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many folding cycles, the residual stress may dissipate or redistribute, 
stabilizing the overall stiffness and reducing the softening effect from 
individual folds. The stiffness of coated fabrics is primarily determined 
by fiber orientation. During repeated folding, fibers may undergo slight 
rearrangements, maintaining a relatively stable number of load-bearing 
fibers in the stretching direction and offsetting some of the softening 
effects. Finally, the calculated values for the elastic modulus are influ
enced by the selected strain range, which varies for each specimen’s 
linear segment, introducing some human factors and randomness. 
However, the overall conclusion is that repeated folding has a minimal 
effect on the stiffness of this material.

4.4. Temperature variation: Dynamic mechanical analysis (DMA) tests

4.4.1. Experimental setup
The dynamic mechanical analysis (DMA) tests were carried out using 

a Q850 instrument (TA Instruments, USA), as depicted in Fig. 13(a). The 
configuration employed for the tensile mode of the DMA tests can be 
seen in Fig. 13(b), where a rectangular specimen is clamped. DMA serves 
as a technique to quantify the complex modulus encompassing both the 
storage modulus (É) and the loss modulus (E̋), which respectively 
represent the energy stored in the elastic part and the energy dissipated 
as heat due to friction. Tan δ, also known as the damping factor or loss 
tangent, is computed from the ratio of loss modulus (E̋) to the storage 
modulus (É).

In the conducted tests, a multi-frequency-strain test was conducted 
with an oscillatory strain amplitude of 10 μm. The frequencies spaced 
logarithmically, ranging from 0.32 Hz to 30 Hz, with two points per 
decade (0.32 Hz, 1 Hz, 3 Hz, 10 Hz, and 30 Hz). Throughout each test, 
the temperature was increased at a constant rate of 1 ◦C/min from 
− 140 ◦C to 150 ◦C. In this test, the glass transition temperature (Tg) of 
the materials was determined from peak Tan δ values at 1 Hz.

4.4.2. Test results
Fig. 14 presents the DMA results for SC-AF. With an increase in 

loading frequency, the E’, E̋, and Tan δ curves exhibited rightward shifts 
with slightly increased amplitudes. Previous research has highlighted 
the significance of material damping in vibration suppression, where Tg 
represents the peak of the Tan δ curve at 1 Hz. In the case of the SC-AF 
used for folding, the focus shifts to stiffness variation. Therefore, Tg is 
determined as the peak of the loss modulus curve, which occurs at 
approximately − 50 ◦C. Fig. 14(a) demonstrates a substantial increase in 
stiffness of the material below Tg = -50 ◦C. To gain further insights into 
the viscoelastic properties of the material, a viscoelastic model was 
established. Characterizing this model necessitates two curves: the shift 

factor curve and the master curve [23]. The shift factor curve accounts 
for the change in stress relaxation rate with temperature, while the 
master curve illustrates variations in storage modulus across a wide 
range of frequencies and temperatures. Fig. 14(b) illustrates the con
structed master and shift factor curves. The dashed lines encompass the 
storage moduli measured within the frequency range of 0.30 Hz to 10 Hz 
and the temperature range of − 80 ◦C to 60 ◦C. Data at 30 Hz exhibited 
significant noise and was excluded from constructing the viscoelastic 
material model. At the reference temperature − 20 ◦C, the shift factor is 
set to 1. By employing the shift factor curve, moduli at different tem
peratures and/or frequencies, which were not directly measured 
through DMA, can be obtained by shifting along the frequency axis.

During the construction of lunar bases at the lunar south pole, where 
temperatures can reach as low as 110 K (− 163 ◦C) [33], when the 
inflatable structure is inflated and erected, temperature control becomes 
crucial when inflating and erecting inflatable structures. This is because 
extremely low environmental temperatures below Tg can impede the 
folding process. In such cases, it is highly desirable to employ coating 
materials or resins with lower Tg, such as high-phenyl silicone and 
fluorine rubbers. These materials offer improved flexibility and ease of 
folding in extremely cold conditions. However, it is important to high
light that the primary focus of this study is on the conceptual design of 
rigidizable inflatable habitats. While the research findings are applicable 
to lunar surface scenarios, their relevance extends beyond the lunar 
environment to other extreme locations like polar regions and high 
plateaus. The coating material described in this study, when combined 
with aramid fiber fabric, demonstrates an exceptional resistance to 
temperatures ranging from − 35 to 250 ◦C. Such a combination renders it 
highly suitable for application in these extreme terrestrial environments.

5. Structural validation: SMP-based rigidizable inflatable 
habitats

5.1. Numerical model of variable stiffness skin: Temperature-based three 
stage stiffness

The finite element modeling (FEM) study presented in this section 
was carried out using Ansys Workbench. Before conducting structural 
simulations, it was necessary to establish the FEM material models for 
the restraint and rigidization materials. In previous studies, SMP was 
defined as a thermo-elastic material, focusing primarily on stiffness 
variation, while flexible AFRP was treated as a linear elastic material 
[32]. However, the effect of temperature on the stiffness of the restraint 
material was not considered, despite DMA tests indicating significant 
temperature dependence, especially in extremely low-temperature 

Fig. 13. DMA test setups: (a) Q850 (TA instruments, USA); (b) specimen in clamp using a DMA tensile mode.
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conditions. Additionally, previous research did not fully account for the 
orthotropic nature of the materials. The rigidization SMP layer serves 
both as a rigidization element and a shape-control mechanism, partic
ularly in space structures requiring precise shape control [22]. Given the 
large temperature variations on the Moon’s surface (ranging from 
− 180 ◦C to 130 ◦C at the equatorial region [26]), this study considers the 
state transitions of both the restraint material SC-AF (TSC− AF

g = − 50 ◦C) 
and the rigidization SMP material (TSMP

g = 65 ◦C). The composite 
membrane material consists of 5 mm SC-AF and 5 mm SMP, with three 
stiffness states for structural simulation defined as follows: 

• State 1 (Extremely low temperature, ¡180 ◦C ~  ¡ 50 ◦C): Both 
SC-AF and SMP remain in the glassy state, making the skin material 
highly rigid. This condition is optimal for in-service applications on 
the lunar surface.

• State 2 (Room temperature, 0 ~ 40 ◦C): SC-AF transitions to a 
rubbery state while SMP remains in the glassy state, representing the 
most common condition. This configuration is typically used for the 
rigidization of flexible structures on Earth, requiring no additional 
temperature control.

• State 3 (High temperature, >85 ◦C): Both SC-AF and SMP enter the 
rubbery state, resulting in a highly flexible membrane material that 
can be deployed. This state often requires temperature control and 
activation energy, facilitating structural shape reconfiguration, such 
as inflation-based deployment or large deformation adjustments.

Based on these three states, corresponding stiffness matrices were 
defined for structural simulations. At room temperature, the single-layer 
SC-AF material was characterized as an orthotropic material, with the 
Young’s modulus in the X-direction determined as 12.2 GPa based on 
previous tensile tests. In contrast, the Z-direction, primarily influenced 
by the resin—specifically the silicone coating—was estimated at 2 MPa. 
The Poisson’s ratio in the XY plane was predominantly governed by the 
fiber fabric, while the Poisson’s ratios in the YZ and XZ planes were 
dictated by the resin material, with values of 0.05, 0.47, and 0.47, 
respectively. The shear moduli in these three directions were 1000 MPa, 
0.68 MPa, and 0.68 MPa, respectively. At low temperatures, the 
modulus of the silicone coating was defined as 2 GPa, reflecting a 
stiffness change of approximately 1000 times when transitioning from 
the glassy to the rubbery state. The X-direction modulus increased to 
13.2 GPa. Poisson’s ratios in the YZ and XZ planes were adjusted to 0.05, 
0.35, and 0.35, while the shear moduli were modified to 1000 MPa, 740 
MPa, and 740 MPa, respectively. For tensile loading in inflatable 
structures, a four-layer stacking sequence was adopted to enhance 
isotropic properties. The material properties were derived using CLT 
within the ACP module of Ansys Workbench. The laminate stiffness 
values were computed based on a [0F/45F2/0F] stacking sequence and 
used to define the orthotropic material. The laminate stiffness values 
included E1 = E2 = 8.90 GPa and G12 = 3.40 GPa when the silicone 
coating was flexible, while in the glassy state, the values increased to E1 

= E2 = 9.56 GPa and G12 = 3.64 GPa. Considering the reduced stress 
resistance in non-fiber directions, the final ultimate stress was set at 50 
% of the single 0◦ layer, resulting in a limit stress of 312 MPa for the 
simulation.

Using these defined material states, the ACP module was employed 
to design the layered structure, consisting of a 5 mm multi-layer SC-AF 
composite combined with a 5 mm thermo-elastic SMP layer. The 
resulting three material models were used for structural simulations.

5.2. Stiffness variation based on the dual-layer beam model

To validate the rigidization capacity of the three membrane material 
models, a simply supported dual-layer beam (500 mm*50 mm) was 
modelled in Ansys Workbench. The upper layer comprised five lami
nates with a [0F/45F2/0F] stacking sequence with a total thickness of 5 
mm, while the lower layer consisted of a 5 mm thick thermo-elastic SMP. 
The multi-layer SC-AF model was simplified as an orthotropic material 
with several simplifying assumptions. The influence of ply stacking 
sequence and thickness distribution on global stiffness was homoge
nized, effectively averaging individual ply contributions. The coupling 
between in-plane forces and bending moments (B-matrix in classical 
lamination theory) was omitted, as the symmetric and balanced lami
nate ensured B = 0. The flexural stiffness matrix (D-matrix) was incor
porated into the orthotropic approximation without explicitly 
considering interlayer bending effects. This approach eliminated 
extension-bending coupling and simplified computations, through it 
inherently neglected localized anisotropy from ply orientations (e.g., 
45◦ layers), interlaminar shear effects, and through-thickness property 
gradients.

The beam was subjected to a 5 N mid-span load. Table 4 presents the 
mid-span deflections for the three material states, quantifying stiffness 
variation using the most flexible state as a reference. In the flexible state, 
the mid-span deflection was 7.48 mm. After rigidization, the equivalent 
beam stiffness increased by a factor of 4.23, and in the extreme low- 
temperature condition—where the restraint layer’s coating transi
tioned to the glassy state—the stiffness increased by 7.68 times. Addi
tionally, an intermediate case (*) was analysed, where the upper SC-AF 
layer’s coating was in the glassy state while the lower SMP remained 
rubbery. Though this specific condition was not achievable with the 
selected materials, it could be realized with materials possessing 
different Tg ranges. The results indicate that the rigidization effect of the 
SMP layer was more pronounced than that of the coating, likely due to 

Fig. 14. DMA results: (a) storage modulus, loss modulus, and Tan δ vs. temperature; (b) master curve and shift factor.

Table 4 
Mid-span deflection and stiffness variation for the three material states.

Material state State 1 Eg
1 

&Eg
2

State 2 Er
1 

&Eg
2

State 3 Er
1 

&Er
2

*Eg
1 & 

Er
2

Mid-span deflection 
(mm)

0.97 1.77 7.48 2.61

Stiffness variation 7.68 4.23 1 2.87
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differences in volume and material properties. This suggests that the 
restraint layer could potentially be combined with a variable-stiffness 
resin, merging the restraint and rigidization layers into a single layer. 
However, in some configurations, the restraint layer may consist solely 
of fibre fabric without resin or coating [34], making a separate rigid
ization layer necessary. For applications where precise shape control is 
not required, other resins with significant stiffness variation could 
replace SMP, which serves as a specific case in this study.

5.3. Static analysis (considering stiffness variation of silicone coating)

This three-state material model was further validated through static 
analysis by comparing the structural behavior before and after rigid
ization under 1 atm internal pressure and air leakage. The semi- 
spherical structure had a diameter of 3 m and was buried 0.5 m un
derground with lunar regolith. The membrane comprised a 5 mm SMP 
layer and a 5 mm SC-AF restraint layer. The 3 m thick regolith layer 
exerted a uniform downward external pressure of 8.1 kPa on the Moon. 
The inflatable module maintained an internal pressure of 101 kPa under 
normal operating conditions. Other boundary conditions and material 
models followed previous studies [32], as illustrated in Fig. 15(a). For 
crewed lunar applications, maintaining an internal pressure of 1 atm is 
essential. The external regolith pressure actually helps counteract some 
inner pressure, reducing stress levels in the structure compared to sce
narios without external pressure. However, in the event of air leakage, 
the overlying regolith load could pose a collapse risk. To assess struc
tural safety and performance under these conditions, maximum defor
mation (Dmax , typically at the top) and von Mises stress in (σSC− AF and 
σSMP ) were selected as evaluation criteria. The von Mises stress serves as 
a suitable metric for comparing stress levels across different states rather 
than for failure prediction, given the high safety redundancy in the re
straint layer design. Additionally, due to the near in-plane isotropy 
achieved through layup design, von Mises stress provides a representa
tive measure of overall stress variation under different control states.

In the nonrigid state, the SMP-based structure exhibited a maximum 
deformation of 72.3 mm, with peak stresses of 113.3 MPa in the SC-AF 
material and 0.53 MPa in the SMP. After rigidization, the maximum 
deformation was reduced by 48 % to 37.6 mm, while the SC-AF peak 
stress decreased by 38 % to 72.1 MPa. The rigid SMP layer redistributed 
part of the load, increasing its own stress to 19.7 MPa. Considering the 
stiffening effect of the SC-AF silicone coating at extremely low temper
atures (reference set at − 100 ◦C), the maximum deformation further 
decreased to 37.1 mm, with a slight increase in SC-AF stress to 75.0 MPa, 
as the hardened coating enhanced material stiffness and assumed 

additional load. Fig. 15(b)~(d) compares the deformation contours 
across the three cases, highlighting that the rigidization layer provided 
the primary structural enhancement, while the coating stiffening effect 
served as a secondary reinforcement. During punctures, internal pres
sure P1 dropped to zero while external pressure P2 remained constant, 
leading to sudden buckling and numerical convergence failure due to 
excessive deformation. However, in the rigidized state under air leakage 
conditions (P1 = 0), maximum deformation was significantly reduced to 
13.7 mm, while peak equivalent stress in the SMP was limited to 6.12 
MPa. At extremely low temperatures, further considering the stiffening 
effect of the silicone coating, the maximum deformation further 
decreased to 13.3 mm. If only the restraint material’s coating hardened 
without a rigidization layer, the structure still failed to converge under 
the same simulation conditions, demonstrating that the coating effect 
alone could only provide auxiliary reinforcement and could not replace 
the rigidization layer. Detailed values of maximum deformation and 
stress in SC-AF and SMP for both nonrigid and rigidized cases under 1 
atm internal pressure and air leakage conditions are reported in Table 5.

6. Discussion

This study investigates the feasibility of a rigidizable inflatable 
habitat, highlighting its advantages, material selection, and structural 
performance. Key considerations and future directions at the material 
and structural levels, including theoretical, experimental, and simula
tion studies, are outlined below: 

Fig. 15. Semi-sphere inflatable habitat with 1 atm inner pressure: (a) structure design and boundary conditions [32]; (b)~(d) deformation contours of rigid, 
nonrigid, and rigid with stiffened coating.

Table 5 
Rigid vs. nonrigid at P1 = 101 kPa inner pressure and air leakage conditions: 
deformations and stresses.

Conditions Dmax (mm) σSC− AF (MPa) σSMP (MPa)

Normal 
operation 
P1 = 101 kPa 
and P2 = 8.1 
kPa

Nonrigid 
(100 ◦C)

72.3 113.3 0.53

Rigid (22 ◦C) 37.6 72.1 19.7
Coating 
stiffening 
(− 100 ◦C)

36.7 75.0 19.2

Reduction Rigid vs. 
nonrigid

48 % 38 % −

Air leakage P1 

= 101 kPa to 
0 and P2 =

8.1 kPa

Nonrigid 
(85 ◦C)

Unconverged Unconverged Unconverged

Rigid (22 ◦C) 13.7 23.9 6.12
Coating 
stiffening 
(− 100 ◦C)

13.3 24.9 6.13
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• Theoretical model: A theoretical model has been established to 
describe the stiffness variation of the dual-layer material, correlating 
the stiffness and thickness ratios of the two layers. It quantifies 
rigidization capability and load-bearing enhancement in the stiff 
state, and deformation capacity in the flexible state. However, as
sumptions in the model require further verification through numer
ical or experimental results. Despite its simplicity, the model 
provides a valuable design reference and foundation for further 
development. Future research will extend the model to various 
structural forms, boundary conditions, and geometric configurations 
to refine and optimize designs.

• Application limits: For rigidizing or reinforcing flexible layered 
materials, Material 2 primarily functions as a rigidizing role in this 
system. Material 1, a soft material, has a stiffness comparable to 
Material 2 in its flexible state (E1 ≈ E2,min), while in its stiff state, 
Material 2 exhibited significantly higher stiffness (E2,max ≫ E1). For 
vibration control, especially in structural frequency tuning, Material 
2 primarily functions as a frequency-tuning element, while Material 
1 bears the load. In this case, Material 1 should have a stiffness 
significantly greater than E2,min (E1 ≫ E2,min) in the flexible state and 
at least on the same order of magnitude as E2,max (E1 ≈ E2,max) in the 
rigid state, or even greater. If E1≫E2,max, the overall stiffness varia
tion remains minor, limiting the frequency tuning effect. Previous 
research has demonstrated that by utilizing the variable stiffness and 
damping properties of SMP components (such as joints or sandwich 
plates), structural dynamic performance can be adjusted, enabling 
semi-active vibration control. Studies on truss bridges, frames, and 
sandwich plates have evaluated the efficiency of SMP-based control 
[23,35,36,37].However, a higher volume of SMP does not neces
sarily guarantee improved performance. Since this study primarily 
investigates variable stiffness components for large deformation 
shape control and rigidization, future research will further explore 
the impact of different design parameters—such as material distri
bution, component configuration, and material volume—on struc
tural vibration control effectiveness.

• Shape control and rigidization: The concept enables stiffness 
variation to address different operational requirements across 
deployable, inflatable, and shape-morphing structures. Practical 
applications require careful consideration of specific conditions. For 
example, regarding a rigidizable lunar habitat, the conceptual design 
needs further refinement, such as optimizing connections, openings 
and folding patterns (e.g., folding a spherical structure). Given the 
high cost of lunar transportation, a trade-off between mass increase 
and rigidization/load-bearing capabilities must be evaluated to 
ensure cost-effectiveness. For other deployable structures, tran
sitioning to a flexible state during shape reconfiguration to reduce 
activation energy and improve shape control precision [23]. Once 
the desired shape is achieved, the material rigidizes to enhance load- 
bearing capacity and ensure stability for subsequent applications.

• Folding behavior and constitutive modelling: Micro-CT analysis 
revealed that a single folding event causes fiber distribution asym
metry, filaments expanding, fibers bending, reduced fiber density, 
localized voids, and coating damage, leading to decreased fiber 
engagement and a 17 % stiffness reduction during tension tests. 
Increased average and maximum tortuosity further confirmed fiber 
deformation. To further investigate these effects, a statistical 
approach could be employed by analyzing multiple CT samples to 
establish a quantitative relationship between microscopic tortuosity 
and macroscopic properties such as elastic modulus and strength 
[38]. This study also suggests material design improvements for 
lunar inflatable structures, emphasizing isotropic properties to better 
withstand sustained pressure differentials. In isotropic materials, 
folding-induced stiffness changes may be less pronounced, as uni
formly distributed fibers in multiple directions ensure more even 
load distribution, reducing the likelihood of significant stiffness 

changes caused by fibers shifting away from their load-bearing 
orientation during folding.

• Folding endurance: Strength degradation progressed rapidly within 
the first 2000 cycles, while the modulus stabilized after 50,000 folds. 
Notably, unfolded specimens in folding endurance tests (Table 3) 
exhibited higher modulus and stress values than those in uniaxial 
tensile tests (Table 2), likely due to size effects from non-standard 
specimen dimensions. The MIT folding endurance tester, typically 
used for less ductile materials like paper to determine breaking cycle 
numbers, lacks load sensors and cannot track force per cycle. Beyond 
10,000 cycles, results fluctuated significantly with significant vari
ation among the three specimens, reducing measurement accuracy. 
Practical applications should guide testing parameters, such as 
folding cycle limits and angles. The ± 135◦ folding angle used here 
was constrained by testing equipment, whereas actual applications 
typically involve nearly 180◦ unidirectional folding. Additionally, 
this study measured post-fatigue strength, which shares similarities 
with fatigue testing. Future studies could incorporate specialized 
fixtures to achieve controlled folding angles and conduct dedicated 
folding fatigue tests to establish relationships between cycle count 
and mechanical performance. Despite the lack of dedicated in
struments or standardized protocols, these experiments are valuable 
for observing trends, conducting preliminary quantification, and 
providing insights for further research.

• Simulation Improvements: This study refined structural simula
tions by employing an orthotropic anisotropic model to more accu
rately represent the behavior of membrane material. The SMP used 
in this study is a commercially available material designed for 
experimental conditions at room temperature on Earth. However, its 
applicability to the lunar environment remains uncertain due to the 
extreme temperature fluctuations. There is an urgent need for vari
able stiffness materials with a low glass Tg and a significant stiffness 
variation between the glassy and rubbery states to meet the demands 
of lunar applications. For the restraint material, if the resin remains 
in the glassy state under operational conditions, it could further 
enhance the structural load-bearing capacity. However, during 
deployment, the resin or coating must transition to the rubbery state 
to ensure flexibility and ease of unfolding. In specific scenarios, 
active temperature control may be required to facilitate these tran
sitions. Alternatively, other activation methods for stiffness regula
tion could be explored as viable approaches. Note that the materials 
discussed in this study are not definitive solutions but rather illus
trative examples for the proposed modeling approach. Future work 
should incorporate multibody dynamics, large deformation analysis, 
and process-based analyses for further validation.

• Extreme environment adaptability and structural validation: 
The impact of extreme conditions on the long-term performance of 
materials remains uncertain but is crucial for ensuring structural 
safety throughout their service life. For example, in the lunar envi
ronment, future research should examine material performance 
under extreme lunar conditions, including vacuum aging, tempera
ture cycling, radiation exposure, dust abrasion, creep, and other 
degradation factors. Besides the material-level tests and structural- 
level simulation in this research, future work will involve 
structural-scale experiments with scaled-down prototypes (Fig. 16) 
to verify the folding and inflation process, rigidization capability, 
airtightness, and impact resistance. A construction demonstration is 
planned to verify the feasibility of the designed construction process.

7. Conclusion

The proposed rigidizable inflatable lunar habitat demonstrates 
strong potential by enabling stiffness variation to accommodate 
different requirements during transportation, construction, and service. 
For the SMP-based variable stiffness application in this study, the rec
ommended thickness ratio t is 0.02 or 1, but should not exceed 5. The 
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designed rigidization capability should be tailored to the structural load- 
bearing requirements.

The newly developed SC-AF restraint material demonstrates high 
toughness and improved foldability with minimal strength degradation, 
making it suitable for repeated folding and sustained lunar surface 
pressure differentials. The observed reduction in tensile modulus after 
folding is attributed to microstructural damage, including fiber distri
bution asymmetry, decreased filament density, localized curvature/ 
buckling, gap formation, and micro-cracks in silicone coating. These 
effects disrupt fiber alignment and engagement during loading, with 
softening dominated by deformation and misalignment rather than fiber 
breakage. After repeated folding, the modulus stabilizes, likely due to 
residual stress and strain redistribution. For reusable inflatable struc
tures, a 20 % design safety margin is recommended within the first 500 
cycles of normal operations.

Numerical simulations validate the feasibility of rigidizable inflat
able habitats and advance a three-state membrane material model. Re
sults suggest that with optimized material selection and layout, the 
rigidization and restraint functions may be integrated into a single layer, 
reducing mass and volume without sacrificing performance. This 
modeling approach enhances the prediction accuracy for structural 
behavior under varying lunar thermal conditions, providing a founda
tion for future inflatable designs in extreme environments.

Further studies should focus on developing materials with greater 
stiffness variation and faster activation capabilities. Additionally, 
extreme environmental adaptability of these materials should be 
explored, including vacuum aging, thermal cycling, radiation degrada
tion, micrometeoroid impact resistance, and creep behavior. Large-scale 
physical model tests should be conducted to verify structural integrity, 

operational safety, and deployment feasibility in real-world applications 
[31].
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Appendix A 

A.2 Numerical verification of dual-layer beam

To validate the theoretical stiffness model in Section 3, a simply supported dual-layer beam with a length of 500 mm and a width of 50 mm was 
modelled in Ansys Workbench. The beam consists of Material 1 with an elastic modulus E1 = 3.3 MPa and a thickness of 5 mm, subjected to a 0.01 N 
mid-span load. The stiffness variation under small deformation was evaluated by comparing the mid-span deflection ratios under the same load. The 
finite element analysis (FEM) results demonstrate excellent agreement with the theoretical predictions for small deformations, as summarized in 
Table A. 1, with the maximum error being only 0.414 % even as the thickness ratio increases.

Fig. 16. Multi-level testing of rigidizable inflatable lunar habitat: material, structure, and construction [31].
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Table A1 
Comparison of SMP dual-layer beam’s stiffness variation: theory vs. simulation.

Thickness ratio t = h2/h1 2 % 1 2 3 4 5

Mid-span deflection (stiff) (mm) 4.0069 1.8950 0.5627 0.2381 0.1224 0.0712
Mid-span deflection (flexible) (mm) 14.259 0.0361 0.0046 0.0014 0.0006 0.0003
Stiffness variation (simulation) 3.559 52.45 121.59 172.53 209.24 236.58
Stiffness variation (theory) 3.56 52.4 121.5 172.2 208.6 235.6
Error (%) − 0.039 0.100 0.078 0.193 0.307 0.414

For large deformations in the flexible state, the FEM results were compared with the theoretical predictions in Fig. 5, with detailed results pre
sented in Figure A. 1.The red curves represent the theoretical results, while the black curves represent the simulation results. The comparison shows 
excellent agreement in both the angle and x-direction displacement. For the y-direction displacement, the agreement is strong initially but deviates as 
the load increases, reaching approximately 20 % error at 5 N. This discrepancy is primarily caused by differences in numerical solution methods (as the 
governing equations cannot be solved directly) and may also be influenced by nonlinear geometric effects, boundary conditions, and material as
sumptions. Despite this, the overall results confirm the model’s accuracy across both small and large deformation regimes.

Fig. A1. Theory vs. Simulation: SMP dual-layer beam under large deformation.

Data availability

Data will be made available on request.
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