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Constructing lunar bases is crucial as lunar missions progress towards utilization and exploitation. The chal-
lenging lunar environment, with its unique characteristics and limited resources, requires special materials,
structures, and construction methods. Inflatable structures offer great potential for lunar construction due to
their advantages in transportation, stowage, construction, and reliability. This paper proposes a rigidizable
inflatable lunar habitat that maintains its shape even after air leakage, enhancing safety, durability, and fix-
ability. The membrane material adapts to different requirements during transportation, construction, and ser-
vice, achieved through solid-state actuation of shape memory polymer (SMP) for stiffness variation, allowing
multiple moves and ground tests. This work comprises three parts: 1) system: design concept and construction
processes, 2) material: design and characterization of restraint and rigidization materials, and 3) structure:
numerical validation of structure properties. Finite element analysis, based on material models obtained through
dynamic mechanical analysis (DMA) and tensile tests, demonstrates the effectiveness of including an SMP
rigidization layer in preventing collapse and enhancing dynamic properties. This paper not only proposes a new
system, but also provides material design methods and requirements, along with structural validation techniques.
Findings validate the feasibility of rigidizable inflatable lunar habitats, applicable in extreme environments, also
in temporary buildings, space structures, and soft robotics.

1. Introduction

The Moon is crucial for human exploration and technological ad-
vancements, serving as a stepping stone for future missions to Mars and
beyond. Lunar exploration offers significant opportunities for scientific
research, energy production, and resource development. It also pro-
motes international cooperation and has commercial potential,
including space tourism [1]. Driven by the demanding space activities
and breakthrough in space technologies, recent years have seen a
resurgence of global interest in lunar exploration [2], with initiatives
like NASA’s Artemis Program and the International Lunar Research
Station (ILRS) [3] by China and Russia. Other countries like Europe
[4,5], Japan [6,7], South Korea [8], and India are also actively involved
in lunar explorations, launching lunar probes, and conducting scientific
research.

As lunar missions shift from exploration towards exploitation and
utilization, constructing lunar bases has become a crucial objective for
future missions. However, the challenging lunar environment, with its
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unique characteristics such as low gravity, ultra-high vacuum, temper-
ature variations, radiation, and limited resources, demands special
materials, structures, and construction methods. Extensive research has
led to various proposed construction schemes. NASA’s SinterHub com-
bines deployable membrane structures, pre-integrated rigid elements,
and a sintered regolith shell [9]. ESA’s Lunar Outpost incorporates a
core cabin, inflatable structure, and protective shell using Sorel cement
solidified lunar regolith and D-shape technology [10]. Huazhong Uni-
versity of Science and Technology (HUST) proposed the Xuanwu lunar
habitation scheme, which utilizes in-situ prepared lunar regolith bricks
and internal membrane structures [11]. These schemes share common
features, such as using in-situ materials for protective shells and
employing membrane structures to establish a habitable environment. A
typical mode of lunar habitats consists of three main parts: prefabricated
core module, inflatable structure, and in-situ material structure. By
repurposing landers into a core functional area, on-site operations are
reduced through the reuse of life support devices and protective systems.
Inflatable structures expand the available space, providing high
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deployment ratios, airtightness, and activity areas for astronauts. The
outer structures, made from in-situ materials, such as compacted rego-
lith, regolith blocks, lunar concrete, or regolith bags [12], serve as
protective shells or self-supporting structures [13].

This research focuses on the part of inflatable structures, which are
widely used in space capsule designs and hold great potential for lunar
habitation modules [14], considering transportation, storage, con-
struction, and reliability. This project proposes a new type of rigidizable
inflatable lunar habitats that maintain their shapes even after puncture
or air leakage, significantly enhancing safety, durability, and fixability.
By adjusting material properties, the stiffness of the membrane can be
selectively increased after inflation, allowing the structure to meet
specific requirements during transportation, construction, and service
life. This research paper covers three main parts. Section 2 focuses on the
conceptual design and construction scheme of the rigidizable inflatable
lunar habitation system. Sections 3 and 4 delve into the material design
and characterization of the restraint and rigidization materials through
experimental testing. Section 5 verifies the structure properties through
numerical investigations using Finite Element Analysis (FEA). This
investigation includes static and modal analyses, using the material
models obtained from experimental testing. The rigid and nonrigid cases
are evaluated to validate the rigidization capability. Finally, Section 6
and Section 7 conclude this paper and propose future research
directions.

2. Concept of rigidizable inflatable habitation system

Inflatable structures offer great potential for lunar construction due
to their advantages in transportation, stowage, construction, and reli-
ability. These structures require adaptability to different conditions: the
material should be soft for efficient folding and stowage, yet rigid
enough to bear structural loads once unfolded. Air inflation can make
the membrane structure have a certain rigidity in the limited time after
unfolding. However, air leakage is inevitable due to material perme-
ability, connections, and punctures. To enhance long-term structural
rigidity, rigidization technologies for membrane structures are neces-
sary. Rigidized membrane structures reduce dependence on air pressure
control and continuous inflation, maintain shapes even after puncture
and air leakage, prevent collapse, and greatly improve structural safety,
durability, and repairability.

Defoort, B. et al. [15] reviewed the rigidization technologies used in
space gossamer structures (satellite antennae, solar sails, etc.), which
can be classified into three major categories: mechanical, physical, and
chemical rigidization. Mechanical rigidization is achieved by inflating
and stretching a polymer/aluminum metal film to its yield strain,
creating pre-compressive stresses in the metal layer and pre-tensile
stresses in the polymer layer to enhance structure stiffness. Chemical
rigidization involves temperature or UV-induced polymerization of the
resin, while physical rigidization utilizes phase change in the material.
Among them, physical rigidization methods are the most commonly
used due to their simplicity, reversibility of the rigidization process, low
energy requirements, and short maintenance time compared to thermal
curing, and allowing for ground testing and multiple applications
[15,16]. Shape memory polymers and their composites (SMPs and
SMPCs) fall in the physical category. SMPs offer several advantages as
rigidization materials for membrane structures, such as high compaction
rates, high design flexibility, and simplified design without hinges or
mechanical connections at nodes. Moreover, the shape memory function
of SMPs has garnered significant attention in space foldable structures,
particularly in precision structures where component shape directly
affects functionality [17]. This section proposes a conceptual design and
construction process for inflatable habitats based on SMP rigidization
method.
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2.1. Design concept

2.1.1. Expandable configurations for large lunar base construction

Inflatable habitats are commonly shaped based on pressure vessels,
such as spheres, cylinders, or their derivatives [18,19]. In this design
proposal, a classical ball-and-stick model is employed, incorporating
cylindrical and spherical basic units depicted in Fig. 1(a) and (b). The
cylindrical units are limited to a maximum of two airlock connections,
serving as connection and transit modules. Spherical units, on the other
hand, can accommodate multiple airlocks at different angles, allowing
for the connection of multiple corridors. By combining these unit types,
various architectural complexes can be formed, and additional modules
can be added to existing configurations for easy expansion into larger
bases, as illustrated in Fig. 1(c)—(e).

2.1.2. Lunar habitat design
The habitats proposed in the paper are designed as follows:

o Inner inflatable structure providing living and research spaces for
astronauts.

o Outer regolith layer (compact regolith, regolith bricks, or regolith
bags) [12,13] for radiation protection, thermal insulation, and
micrometeoroid impact resistance.

Fig. 2 shows the 3D diagrammatic drawing of constructing regolith
bricks on the rigidized inflatable structure using robotic arms, where
blue parts represent SMP components in the glassy state (high stiffness).

2.2. Construction process

Before establishing a habitable artificial environment on the Moon,
human activities are severely restricted, rendering movement nearly
impossible. Consequently, a construction approach integrating robots
and humans is essential in lunar base design. Initially, a large number of
automated and remotely operated robots will be employed for con-
struction, with humans primarily responsible for controlling these ro-
bots. Once the habitat module is completed, human activities mainly
shift towards base maintenance, scientific research, and base expansion
with enhanced facilities [20]. Therefore, the acceleration of sustainable
construction and broader lunar exploration relies on automated con-
struction methods that utilize automation and remotely operated robots
for construction and resource collection [21].

The key to lunar construction is the design of structural plans and
construction processes that overcome challenges like extreme lunar
conditions, limited resources, and labor shortages. In automated con-
struction, it is essential to define construction steps and tasks for each
stage and establish explicit requirements for robot design, including
function, size, carrying capacity, and energy demand. These re-
quirements encompass various activities such as excavation, trans-
portation, assembly of regolith bricks/bags, sintering, and inflation.
Construction robots can adopt a combination of “one robot for multiple
tasks” and “multiple robots for collaboration” approaches. The first
method applies robots equipped with various end-effectors to perform
multiple functions, while the second method requires seamless collab-
oration among swarm robots to execute large-scale construction activ-
ities or production lines, with each category of robots assigned to a
specific task. The construction process for the proposed rigidizable
inflatable habitat is well-defined, with construction robots actively
participating in the main steps. The preliminary design and construction
process outlined in this study include the following four main steps, as
shown in Fig. 3, where blue and red marks represent the glassy state
(high stiffness) and the rubbery state (low stiffness) of SMP. When under
glass transition temperature Ty, SMP is at the glassy state where the
modulus is around 1GPa; when at an elevated temperature above Ty,
SMP enters the rubbery state. Stiffness variation between the two states
can reach up to 1000 times.
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Fig. 1. Extendable lunar base concept (top view): (a) and (b) spherical and cylindrical modules;(c)~(e)three basic combinations; and (f) and (g) two examples of
building clusters consisting of multiple modules based on requirements.

AT
gy,

Fig. 2. Diagrammatic drawing of 3D structures, where blue parts represent SMP components in the glassy state: (a) semi-sphere; (b) semi-cylinder or arch. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Inflation & expansion: The rigidization material initially exists in a
highly rigid glassy state, which allows the structure to keep the fol-
ded shape tightly for stowage and transportation. When SMP is
actuated to the rubbery state, the membrane becomes flexible again,
which allows the structure to be inflated and erected. This step may
require a transport robot to extract the folded structure, place it
accurately in position and orientation, and initiate the inflation
process.

Rigidization: Then, SMP enters the glassy state and keeps the
inflated shape, resulting in a significant stiffness increase of this
inflatable structure. This is the SMP-based rigidization process,
which is reversible. Note that for structures that need multiple de-
ployments, after rigidization, by actuating SMP above Tg, the struc-
ture can be folded again and reused, achieving a folding and inflation
circulation, as shown in Fig. 3(a).

Regolith coverage: For inflatable lunar habitats, the regolith layer is
added to cover the rigidized inflatable structure. The rigidized
inflated structure serves as a formwork for construction robots to
form a compacted regolith layer or assemble regolith bags or bricks.

The production process requires robots to solidify and form lunar
regolith, which can be referred to our other research [12,13].

e Pressurization: The inflated structure is pressurized by adding air
again to compensate and maintain a pressure of 1 atmosphere (1
atm), providing a habitable space for human activities. as shown in
Fig. 3(b).

2.3. Form finding methods of inflatable structures using SMP/SMPC

Two main form finding methods for inflatable structures with an
integrated inner framework consisting of SMP/SMPC can be identified:
1) self-forming SMP frame supporting membrane structure, and 2)
membrane structure as formwork to shape SMP frame. Fig. 4 shows the
principle behind the two methods.

2.3.1. Self-forming SMP frames supporting membrane structure

In the first category, the inner frame has the ability to self-form into
specific shapes. The shaped frame then supports the outer membrane,
creating a complete structure. This concept can be compared to the
mechanism of an umbrella, which can be found widely in mechanical
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Fig. 3. Construction process: (a) folding & stowage and inflation & expansion circulation of a rigidizable inflatable structure; (b) regolith coverage and pressurization

process on rigidized inflatable structure.
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(b) Inflatable membrane structure as formwork to shape SMP frame

Fig. 4. Form finding methods of inflatable structures using SMP/SMPC: (a) self-forming SMP frames supporting membrane structure; (b) membrane structure as

formwork to shape SMP frame.

deployment systems. Fig. 4(a) illustrates the principle behind this
category. Li et al. proposed an integral structural design for a lunar base
that utilizes the shape recovery property to enable the SMP frame to
automatically expand when activated [22]. However, note that SMPs are
typically used in small-scale applications like sensors or actuators. For
large inflatable structures, SMPs have limited shape memory capability,
and it remains uncertain whether SMPs alone can achieve automatic
deployment at the scale of a lunar habitat. In such cases, additional
actuation systems like shape memory alloys (SMAs) or linear actuators
may be required to facilitate shape reconfiguration. Nevertheless, the
shape recovery capability of SMPs can greatly reduce residual strains
and stresses following deformation in deployable structures.

2.3.2. Membrane structure as formwork to shape SMP frame

In this approach, the inflatable structure serves as formwork to shape
the frame. The flexible-state frame, which is attached to the membrane,
can be easily deformed and shaped along with the inflatable structure
when the SMP is in its rubbery state. Once the SMP is triggered to enter a
glassy state, the frame becomes rigid, effectively locking the deformed
shape in place, as depicted in Fig. 4(b). In this study, the inflatable
membrane structure is used, however, in other applications, other sha-
ped membrane structures like tensioned membrane can also be applied.
This technique of using membrane as formwork has been successfully
employed in the construction of spray concrete and ice structures [23].
The advantage of this approach is that it eliminates the need for addi-
tional actuators to achieve shape reconfiguration, resulting in a more
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streamlined and simplified design for shaping the structure. This design
concept aligns with the development of rigidizable lunar habitats in this
research.

2.4. Distribution of rigidization material

The stiffening capacity of the structure and the energy required for
activation depend on the quantity and arrangement of rigidization ma-
terials. SMP materials can be incorporated into the rigidization layer in
three different forms: surface (SMP/SMPC shell), line (SMP frame), and
point (SMP joints & FRP rods). In the “surface” form, SMP materials
create a thin shell structure or directly adhere as SMPC to the flexible
AFRP restraint layer. In the “line” and “point” forms, an internal
framework is formed. The key difference is that the “line” form uses SMP
to make the structural members, while the “point” form utilizes SMP
joints to connect the composite members and establish the framework.
Fig. 5 provides an illustration of these three forms of the rigidization
layer.

The figure presented here is for illustrative purpose only and does not
depict the final optimized layout. Further research and design are
necessary to refine the specific arrangement. The main objective of this
paper is to introduce the concept of rigidizable inflatable habitats and
evaluate their feasibility. Subsequent numerical studies will primarily
focus on the “surface” form.

By utilizing SMP resin, the SMPC skin can form a strong bond with
flexible AFRP and also connect additional rods, as depicted in Fig. 6. The
rods represent the internal stiffening framework in the “line” or “point”
configurations, which can be composed of SMP rods/tubes or FRP rods/
tubes with SMP joints. The proportions shown in the figure are not to
scale, and further design is needed to address the specifics. Additionally,
the actual laminate may be thinner in practice.

3. Characterization of restraint material: flexible AFRP

In 1997, NASA initiated the TransHab project with the goal of
developing a cost-effective and spacious capsule for astronauts in space
stations. The TransHab capsule comprises a skin system with five
functional layers: inner liner, bladder, restraint layer, micrometeoroid/
orbital debris protection layer, and thermal protection layer. The skin
material should be lightweight, flexible, resistant to high temperatures
and radiation, airtight, and easily rigidizable [24,25]. The restraint
layer, typically made of high-performance fiber fabrics like Kevlar and
Vectran, supports internal air pressure [14].

In this design, the focus primarily lies on the restraint layer, as the
regolith layer takes over the functions of micrometeoroid, radiation, and
thermal protection. The membrane material comprises a flexible aramid
fiber reinforced polymer (AFRP) restraint layer and an SMP rigidization
layer. Kevlar is preferred in this project due to its availability and cost-
effectiveness compared to the less common Vectran fiber. The AFRP,
composed of Kevlar fiber and flexible epoxy resin, handles the primary

Flexible AFRP
restraint layer

Surface:
MP shell

(a)

SMP frame
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tension load. By strategically adjusting the material properties of smart
materials like SMP/SMPC, the membrane’s stiffness can be selectively
increased after inflation. This feature allows the structure to meet spe-
cific requirements during transportation, construction, and service life
by facilitating reversible transitions between glassy and rubbery states.

To design a flexible AFRP composite skin, a comprehensive study
encompassing three different resins and multiple fabric options was
conducted. Uniaxial tensile tests were performed on AFRP specimens
with varying parameters such as component materials, layer numbers,
and fabric laying directions. Additionally, dynamic mechanical analysis
(DMA) tests were conducted to evaluate the viscoelastic properties,
specifically the variation of storage modulus over temperature, of the
resins and single-layer AFRPs. Fig. 7 illustrates the experimental
framework employed for the uniaxial tensile tests and DMA tests, crucial
for designing and characterizing the flexible AFRP restraint layer.

Initially, the flexible epoxy resin EF80 from Easy Composite (UK) and
various aramid fiber fabrics (including Kevlar 60 g plain/twill, 110 g
plain, and 200 g plain) were selected for fabricating the flexible AFRP
composite. Based on the initial trials, it was observed that the 60 g plain
weave fabric exhibited higher strength and elastic modulus compared to
the 60 g twill weave fabric. However, the single-layer 60 g fabrics were
deemed to be too flimsy and prone to deformation during operation.
Conversely, the 200 g fabric displayed superior strength and modulus
but was too thick to conform to complex curved surfaces. Consequently,
the 110 g fabric was chosen for further testing in this research.

In addition to EF80, two more flexible epoxy resins, namely 3016LV
(Hasuncast,USA) and YH2130 (Bogiao,China) were used for DMA tests.
Considering factors such as curing conditions, mechanical properties,
and price, EF80 was not selected for further study. Tensile tests were
conducted on AFRP specimens fabricated with 3016LV and YH2130,
considering variations in layer numbers, resin types, folding, and ply
orientation. Subsequently, DMA tests were performed on small AFRP
specimens, including single-layer specimens tested under tensile mode
and four-layer specimens tested under bending mode. These tests aimed
to acquire information on the modulus variation with temperature and
folding capacity of the AFRP composites.

To design an isotropic elastic material, tensile tests were conducted
on big AFRP specimens with different fabric layouts, including varia-
tions in layer numbers and laying directions. The objective of these tests
was to assess the mechanical properties and performance of the AFRP
composites with various fabric configurations.

3.1. Test equipment

Fig. 8 displays the test setups. In both figures, the left side represents
the testing machine, while the right side shows a clamped specimen in
position. All the tensile tests adhered to the ASTM D3039 standard,
employing a displacement rate of 2 mm/min. The tests were conducted
using a 100kN Instron tester, as depicted in Fig. 8(a). The Instron tester
was equipped with a non-contact video extensometer to measure strain

Flexible AFRP
restraint layer

Flexible AFRP
restraint layer

Point:
SMP joints

(c)

Fig. 5. Three forms of SMP rigidization layer: (a) surface (SMP/ SMPC shell); (b) line (SMP frame); and (c) point (SMP joints & FRP rods).
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Fig. 6. Connection between SMP and flexible AFRP:(a) 4-layer flexible AFRP with SMPC laminates; (b) cross-section of laminates; and (c) and (d) schematics of

connections with circular and square rods, respectively, where SMP resin can be used to fill the seams.

Tensile tests ( 60g plain/twill, 110g, and 200g fiber fabrics + EF80 flexible epoxy resin)

l 110g (Kevlar) fabric selected

Tensile tests (one, two, and four layers 110g fiber fabrics + 3016LV and YH2130
flexible epoxy resins, fold/unfold)

I

DMA (three-point bending mode: four-layer 110g fiber fabrics +3016LV and YH2130
flexible epoxy resins;

tensile: single-layer 110g fiber fabric +3016LV and YH2130 flexible epoxy resins )

i

Tensile tests (0 °/10 °/20 °/30 °/40 °/45 ° directions110g fiber fabrics + 3016LV

flexible epoxy resin)

resin selected; multi-arrangement selected

Testing fabrication
of AFRP

Influence of layer
numbers, resin type,
and folding

Decide Tg; influence of
temperature on folding
capacity (bending
modulus) of AFRP

Influence of fabric laying
direction; design isotropic
elastic skin

Fig. 7. Framework of uniaxial tensile tests and DMA tests for designing flexible AFRP restraint layer.

Fig. 8. Test setups: (a) tensile setup at ambient temperature (Instron 100kN); (b) DMA test setup (Q800).

during the tensile tests performed at ambient temperature. On the other 3.2. Monotonic uniaxial tensile tests

hand, the dynamic mechanical analysis (DMA) tests were conducted

using a Q800 instrument manufactured by TA Instruments, as illustrated 3.2.1. Tensile tests on 3016LV and YH2130 AFRPs: one, two, and four

in Fig. 8(b). The DMA setup on the right demonstrates the configuration layers

used for tensile mode of the tests. In the initial tensile tests, two flexible epoxy resins, YH2130 and
3016LV, were chosen to combine 110 g plain woven aramid (Kevlar)
fabrics. Eight groups of AFRP specimens were prepared: four groups
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using 3016LV and four groups using YH2130. The specimens had di-
mensions of 200 mm length and 25 mm width, with 60 mm long
aluminum bonded tabs at both ends. The thickness of the specimens
varied based on the number of fabric layers, ranging from approximately
0.27 mm to 0.8 mm.

The A, B, and C groups corresponded to specimens with one, two, and
four layers of aramid fabrics, respectively. The D group consisted of
specimens from the C group that were folded in the middle and com-
pressed by clamps for one week before testing. The comparison between
the C and D groups aimed to assess the influence of folding on tensile
strength. Fig. 9 depicts the photos of 3016LV C and D group specimens.

In general, the stress—strain relationship in the 0° direction of the
material was almost linear, exhibiting elasticity followed by sudden
rupture before any significant damage occurs. Fig. 10 presents the
stress-strain curves of 3016LV and YH230 AFRP specimens, demon-
strating the effect of layer numbers on these curves. For one-layer
specimens, the single ply material was prone to deformation during
manual layup and adhesion of aluminum tabs, which results in unsat-
isfactory stiffness and strength. Essentially, the specimens tended to fail
at the ends and exhibited greater dispersion compared to other multi-
layer groups. In addition, the per-ply thickness of the A group was
generally larger than that of the B and C groups, leading to weaker
mechanical strength due to higher resin content and lower fiber volume
fraction. The B and C groups, which consists of two and four layers,
respectively, exhibited similar stress—strain curves. The average ultimate
stresses of the B and C groups for both 3016LV and YH2130 AFRP were
70.9 % and 42.6 % higher than those of the A groups, respectively.
Therefore, to investigate the mechanical properties of the material
accurately, it is recommended to use at least two layers of fabrics, with
more layers yielding better results. In this case, the stress-strain curves
from the C groups, which shows the most consistent results, were used to
determine the average elastic modulus, ultimate stress, strain, and load.
The flexibility of the resin prevented tightening at the beginning of the
specimens, potentially leading to an underestimated elastic modulus. To
address this, the modulus was computed using the Ae = 0.5 % chord
modulus from the middle range of the stress—strain curves. Strain ranges
of 1 % to 1.5 % and 0.7 % to 1.2 % yield good results for all 3016LV and
YH2130 AFRP specimens, respectively, as shown in Fig. 10.

The test results of all specimens are summarized in Table 1. When
comparing the two resin types, it can be observed that the elastic moduli
were generally similar, but the ultimate strain, stresses, and loads of
3016LV AFRP were larger than those of YH2130 AFRP. Taking C groups
as references, the average elastic modulus of 3016LV and YH2130 AFRP
were 1.398GPa and 1.362GPa, respectively. The average ultimate stress

30mm
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20mm
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and strain for 3016LV AFRP were 2.4 % and 299.4 MPa, respectively,
compared to 1.91 % and 243.3 MPa for YH2130 AFRP. The 3016LV
groups exhibited approximately 20 % larger ultimate strain, stress, and
load compared to the YH2130 groups (20.4 % for strain, 18.7 % for
stress, and 22.4 % for load). Although the chord modulus values are
influenced by the chosen strain range, they are used as a reference rather
than a decisive factor in selecting resin types. Based on the results,
3016LV resin was chosen for the subsequent design and numerical
investigation in this research.

Fig. 11(a) displays the failure modes of unfolded and folded 3016LV
AFRP specimens. The damage locations of unfolded specimens were
unpredictable, occurring in various parts. Typically, the failure initiated
at the edge fibers and gradually propagated inward until the crack
extended through the transverse section. In contrast, all folded speci-
mens exhibited damage at the crease location, resulting from local stress
concentration due to folding.

The average elastic modulus and ultimate stress values of 3016LV
AFRP were 1.398 GPa and 299.4 MPa for the C group (unfolded speci-
mens), and 1.145 GPa and 245.1 MPa for the D group (folded speci-
mens), respectively. Folding did affect the stiffness and strength
properties of flexible AFRP, resulting in an 18.1 % decrease for both
parameters for the 3016LV resin. In the case of YH2130 AFRP, the elastic
modulus and ultimate stress decreased by 1.2 % (from 1.362 to 1.345
GPa) and 13.6 % (from 243.3 to 210.3 MPa), respectively.

Despite the outstanding anti-fatigue property of Kevlar fiber and the
flexibility of epoxy resin, folding still induces damage and buckling in
the resin, as observed in Fig. 11(b). The magnified photograph captured
by an electronic magnifier showcases the folding area on AFRP with a
20x magnification. The highlighted white section in the photo indicates
the occurrence of local buckling, which is caused by creasing in the
resin. The crease appears in a zigzag pattern, as shown in red dashed
curve, and in certain instances, micro cracks can also be observed.

3.2.2. Tensile tests on 3016LV AFRP: different directions

To investigate the effect of angle, specimens of two-layer 3016LV
AFRP were cut at various angles: 0°, 10°, 20°, 30°, 40°, and 45°. Fig. 12
(a) presents the stress—strain curves for these different angles. As the
fiber angle increased from 0° to 45°, the specimens exhibited an
increasing level of ductility. At 0° fiber direction, the ultimate strain was
only 2.4 %, whereas at 45°, the ultimate strain reached as high as 37.7
%. The stress—strain curves for the 0° and 10° orientations demonstrated
linear elasticity. However, starting from an angle of 20°, the stress—
strain curves exhibited a change in curvature. As the angle increased to
30°, the tensile curve gradually separated into two distinct stiffness

Fig. 9. Tensile test specimens: 3016LV AFRP C and D groups (unfolded and folded).
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Fig. 10. Stress-stain curves: (a) effect of layer numbers and (b) unfolded C and folded D groups of 3016LV AFRP specimens; (c) effect of layer numbers and (d)

unfolded C and folded D groups of YH2130 AFRP specimens.

Table 1

Tensile test results of one, two, and four-layer 3016LV and YH2130 AFRP specimens: elastic modulus, ultimate strain, ultimate stress, and ultimate load.

Group Modulus (GPa) Ultimate Strain (%) Ultimate Stress (MPa) Ultimate Load (kN)
3016LV AFRP A (1-layer) 0.9341 2.20 173.8 1.25

B (2-layer) 1.748 1.9 294.6 2.64

C (4-layer) 1.398 2.40 299.4 5.98

D (4-layer) fold 1.145 2.27 245.1 4.91
YH2130 AFRP A (1-layer) 0.9541 2.00 165.6 1.11

B (2-layer) 1.127 2.03 229.9 2.55

C (4-layer) 1.362 1.91 243.3 4.64

D (4-layer) fold 1.345 1.76 210.3 3.99

regions. These regions were connected by a platform, and as the angle
increased further, the length of the platform between the two stiffness
regions also increased.

During the platform stage, the strain continued to increase while the
stress remained relatively constant. This behavior could be attributed to
the redistribution of the inclined fibers when subjected to axial tensile
loading. With more fibers undergoing redistribution, an increasing
number of them aligned with the direction of the applied load, resulting
in a significant enhancement in the material’s stiffness. This stiffening
phase persisted until the material reached its ultimate stress. At this
point, the redistributed fibers gradually ruptured, ultimately leading to
material failure. Since the material is orthotropic, it is possible to plot a
complete 360° stress and strain versus angle graph using the results from
0° to 45°. However, in this case, Fig. 12(b) specifically shows the ulti-
mate stress and strain versus angle within the range of 0° to 90° for
brevity.

Fig. 13 illustrates the chord modulus, ultimate stress, and ultimate
strain of the multi-layer material computed within the range of 1 % to

1.5 %. The chord modulus is shown as the radius-vector in logarithmic
scale in Fig. 13(b). Note that despite significant variations in the ulti-
mate stress and strain at different angles, the load-bearing behavior of
multi-layer materials composed of different angle layers was primarily
influenced by the number of fibers aligned with the loading direction.
When multiple layers worked together, the fibers aligned at 0° played a
critical role in controlling the overall strain, resulting in an ultimate
strain of 2.4 %. Assuming that no delamination occurs and the skin layer
functions in coordination until fiber rupture, the overall stiffness of the
multi-layer material should be the average stiffness of each layer due to
deformation coordination. Similarly, the strength can be calculated as
the average stress of each layer when the fibers aligned at 0° fail. The
computed results are shown in Table 2.

For numerical investigation in Section 5, an isotropic elastic material
model is established for the flexible AFRP in resistance layer. The ma-
terial properties for this model were determined using classical laminate
theory (CLT) in ACP module of Ansys Workbench. The resulting lami-
nate stiffness values obtained from a four-layer stacking sequence [0F/
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(@

Fig. 11. (a) Failure modes of 3016LV AFRP C and D groups after testing; (b)20x photo, where white parts show the local buckling of the resin.
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stress and strain vs. angle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
1% to 1.5% chord modulus and ultimate stress vs. ply angle of 3016LV AFRP.
Ply Modulus Ultimate Ultimate 2.40 %
Angle (MPa) Strain (%) Stress (MPa) stress
(MPa)
3016 LV 0° 13,976 2.40 299.4 299.4
AFRP 10° 4100 2.73 90.93 98.4
20° 459.0 18.2 43.05 11.0
30° 146.8 28.7 63.83 3.52
40° 108.4 36.4 131.4 2.60
45° 97.98 37.7 120.7 2.35

45F2/0F] were as follows: E; = E; = 8543 MPa and Gi5 = 2696 MPa.
These values represent the elastic moduli in the fiber direction (E;) and
perpendicular to the fiber direction (E3), as well as the shear modulus
(G12) of the material. For the subsequent numerical investigations, an
ultimate stress of 151 MPa (computed as the average of 2.4 % stress of
299.4 MPa at 0° and 2.35 MPa at 45°) and an ultimate strain of 2.4 %
were adopted.

3.3. Dynamic mechanical analysis (DMA)

The effect of temperature on material performance was investigated
using DMA tests on three resins (EF80, 3016LV, and YH2130) and two
AFRPs (3016LV AFRP and YH2130 AFRP). DMA measures the complex

modulus, which consists of storage modulus (E') and loss modulus (E),
representing energy stored in the elastic part and energy dissipated as
heat due to friction, respectively.

In the conducted tests, a multi-frequency-strain test was performed
with an oscillatory strain of 10 pm. The frequencies ranged from 0.32 Hz
to 30 Hz and were spaced logarithmically, with two points per decade
(0.32 Hz, 1 Hz, 3 Hz, 10 Hz, and 30 Hz). During each test, the temper-
ature was increased at a constant rate of 1 °C/min from —140 °C to 100
°C. The DMA results for 3016LV resin and AFRP are presented in Fig. 14,
while the results for EF80 resin and YH2130 resin and AFRP can be
found in Appendix (Figure Al and Figure A2). As the loading frequency
increased, all the E’, E; and Tan § curves shifted rightward with slightly
increased amplitudes. Note that data at 60 Hz exhibited significant noise
and was excluded from further analysis for constructing viscoelastic
material models.

The glass transition temperature (Tg) of the materials was deter-
mined from peak Tan & values at 1 Hz. The 3016LV and YH2130 resins
exhibited a Ty of approximately 20 °C, while the EF80 resin had a Ty of
around 30 °C. The addition of fiber fabrics raised Tg, reaching around 50
°C in DMA tensile mode and 23 °C in three-point bending mode. This
indicates that the fibers predominantly influenced the elastic modulus in
tension, while the resin played a dominant role in bending. Fig. 14(c)
shows that when the materials were at the rubbery state above Tg, they
were highly flexible and easily foldable, demonstrating their folding
capability. However, below Tg, the material experienced a significant
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increase in stiffness.

To further explore the viscoelastic properties of the material, a
viscoelastic model was established using 3016LV resin and 3016LV
AFRP as examples. The characterization of the viscoelastic model re-
quires two curves: the shift factor curve and the master curve [26]. The
shift factor curve represents the change in stress relaxation rate with
temperature. On the other hand, the master curve depicts the change in
storage modulus over a wide range of frequencies and temperatures. In
the linear viscoelastic range, temperature affects the relaxation process
by accelerating it without affecting the overall amount of relaxation.
Therefore, it is common to model the storage modulus using the
equation:

E(t, T) = E(tred7 Tref) s tred = art, (€9)
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Fig. 13. 3016LV AFRP: (a) stress vs. strain curves at 0°, 10°, 20°, 30°, 40°, and 45° (0 ~ 3 % strain range for modulus calculation); (b) modulus vs. angle.

where ay is the temperature dependent shift factor, t,.4 is the reduced (or
shifted) time scale and T, is an arbitrarily chosen reference tempera-
ture. Note that in some literature the reduced time is defined as t,.q =
t/ ar.

Fig. 15 illustrates the constructed master and shift factor curves for
3016LV resin and AFRP. The dashed lines bound the storage moduli
measured within the frequency range of 0.30 Hz to 10 Hz and the
temperature range of —46 °C to 72 °C for 3016LV resin and —47 °C to 85
°C for 3016LV AFRP. At the reference temperature of 20 °C, the shift
factor is 1. The moduli at different temperatures and/or frequencies,
which were not directly measured through DMA, can be obtained by
shifting along the frequency axis using the shift factor curve. For a more
comprehensive understanding of obtaining a master curve, readers can
refer to the work of Ferry [27] for detailed explanations and
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Fig. 14. Storage modulus, loss modulus, and Tan § vs. temperature for 3016LV AFRP: (a) pure resin, (b) one-layer AFRP under tensile mode, and (c) four-layer AFRP

under bending mode.
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methodologies.

This section explored potential materials for the restraint layer of the
membrane in rigidizable inflatable lunar habitats. The material needs to
be flexible for easy folding and have high tensile strength to bear loads.
However, folding can induce local bulking in the resin (even through it is
flexible), leading to weakened strength. Folding fatigue is also a
concern. Thus, design optimization is necessary. One approach is to
incorporate creases without resin to avoid weakening folds caused by
accumulated residual stress and strain in the resin at the crease sites.

Besides, it is crucial to note that resin materials transition into a
glassy state at extremely low temperatures, particularly in environments
like the lunar south pole (a proposed location for lunar bases) [5], where
temperatures can plummet to 110 K (—163 °C) [28], rendering the
membranes excessively rigid for folding. To ensure successful deploy-
ment of inflatable structures, it becomes imperative to utilize resins or
coatings with lower Ty and implement temperature control during
construction. Coating materials that exhibit exceptional resistance to
low temperatures, such as high-phenyl silicone and fluorine rubbers,
should be considered. However, it is important to emphasize that the
primary focus of this study lies in the conceptual design of rigidizable
inflatable habitats, which finds applicability not only in lunar surface
scenarios but also in extreme environments like polar regions and pla-
teaus. Consequently, these materials were explored within terrestrial
experimental environments. Further research is warranted to evaluate
their performance under lunar conditions.
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4. Rigidization material: SMP/SMPC
4.1. SMP: viscoelastic vs. thermoelastic

Previous research has developed material models of a polyurethane-
based SMP and SMPC (SMP resin and aramid fiber fabric) [26]. The SMP
exhibits a transition from a glassy state to a rubbery state as the tem-
perature increases, passing through a viscoelastic region. T, for these
materials is determined to be 65 °C. During the glass transition range
(50 °C to 65 °C), the elastic stiffness decreases by 96 %, while damping
increases by a factor of 11.

The thermoelastic and viscoelastic material models were developed
for numerical analysis. The thermoelastic model only considers
temperature-dependent behavior which simplifies numerical simula-
tions. It utilized the storage modulus curve at 1 Hz and ignored visco-
elastic damping effects, as shown in Fig. 16(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. 16(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 thermoelastic model is employed to verify the rigidization
method, including static analysis and model analysis, while the visco-
elastic model is employed for full transient analysis of the proposed
inflatable habitat under dynamic excitations for damping measurement
[29,26].
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Fig. 16. SMP material characterization through DMA: (a) storage modulus (E’), loss modulus (E™), and material damping (tan3) vs. temperature at 1 Hz; (b) master

curve [26].
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4.2. SMPC: thermoelastic and isotropic elastic material model

SMPs are commonly produced as composite materials to enhance
their mechanical properties, particularly addressing their characteristic
low stiffness and recovery stress. Continuous fiber-reinforced SMPCs
offer greater resistance to impact, crashes, and fatigue, making them
ideal for structural applications [30,31]. In a previous study [26], SMPC
was designed as a composite skin, consisting of stacked woven aramid
(Kevlar) fabric layers impregnated with SMP material. The fabric layers
had fibers aligned at 0° and 90°, introducing a significant level of
anisotropy.

In this case, the fabric exhibited orthotropic behavior, where the
stiffness at 0° and 90° was identical. The stiffness variation capability
was assessed using DMA tests, where the ratio between the glassy stor-
age modulus (Eg) and the rubbery storage modulus (E,) provided a
measure of stiffness. Table 3 presents the stiffness properties of a single-
layer SMPC [26].

A 4-layer stacking sequence ([0F/45F2/0F]) was designed to create a
quasi-isotropic skin with a stiffness that is mostly unaffected by the
loading direction. The skin has a modulus of approximately 8320 MPa
and a thickness of 1.72 mm according to uniaxial tensile tests [26]. The
ultimate tensile stress and strain, averaged over the three directions, are
107 MPa and 1.9 % respectively. Measurements using a video exten-
someter yielded a Poisson’s ratio of 0.32. Additional angle layers can be
added if stronger loads are applied.

5. Structure properties of a semi-sphere modular inflatable
habitat

5.1. Numerical implementation of a semi-sphere inflatable module

In this section, a semi-sphere module is designed for numerical
investigation to verify the rigidization effect and dynamic property of
the inflatable structure. Specifically, a case study of one semi-sphere
module was analyzed numerically, utilizing the “surface” configura-
tion with an SMP inner shell.

When designing the dimensions of a habitat, the minimum hori-
zontal surface area plays a crucial role. This area represents the func-
tional area available after accounting for the reduction caused by
deployed equipment, stowage, trash, and other items that decrease the
usable area. In the activity area, it is essential for the vertical height to
surpass 2.4 m to ensure unrestricted movement for the astronauts
without being limited by the ceiling [32]. For missions lasting seven
days, the standard unit is specifically designed to house a team of three
astronauts. To adequately support tasks of this magnitude, a minimum
area of 2.6 m? per crew member is necessary [33].

The proposed module in this numerical study was a semi-sphere
inflatable structure with a diameter of 6 m. It included a designated
area for astronauts’ activities, with a vertical height exceeding 2.4 m,
covering an area of 10.2 m>. Fig. 17(a) shows the cross-section di-
mensions of the module. To enhance stability and functionality, the
module was buried 0.5 m deep underground. The regolith layer within
the inflatable structure serves two main purposes: 1) leveling the curved
ground surface to create a flat foundation, especially for spherical or
cylindrical modules; 2) enhancing the overall stability of the module by
providing additional support and reinforcement. Regarding support
condition, the bottom surface was set fixed to the ground, which means

Table 3

Stiffness properties of single layer SMP-aramid composite (SMPC) [26].
Specimens 0°/90° SMPC +45° SMPC
Eg (MPa) 9600 1780
E; (MPa) 2234 84
Ey/E; 4 21
Ty 88 °C 76 °C
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the vertical and horizontal movements were limited in this numerical
model.

In the numerical simulation conducted using Ansys Workbench,
three main materials were considered: 1) a flexible AFRP restraint layer,
2) an SMP/SMPC rigidization layer, and 3) a compressed regolith outer
protection layer. The material properties used in the simulation were
derived from testing results presented in Sections 3 and 4, as well as
from relevant literature, and are summarized in Table 4 [26]. Note that a
small value of 1 MPa is assigned to the nonrigid SMP to simulate a
membrane without rigidization. The compressive modulus of lunar
regolith was correlated with the stress level and determined based on
existing literature, which recommended a compression index value of
0.05. This conversion suggested a compressive modulus range of
approximately 10.7-11.3 MPa for stress levels between 0.1 and 0.2 MPa.
In this numerical study, the compressive modulus of lunar regolith is
assumed to be 11 MPa, while the density is reported as 1740 + 50 based
on a very dense level at a depth of 30-60 cm [34,35]. In terms of the FEM
model, SOLID186 elements were used for the SMP layer, while SURF156
elements were employed to account for the membrane effect of the
AFRP. The mesh sizes for SMP and regolith elements were set at 100 mm
and 200 mm, respectively.

Note that in this case study temperature-induced stresses in the inner
inflatable structure were not verified due to the use of a 3 m thick
compacted regolith layer for thermal isolation. This layer has been
proven sufficient to protect the inflatable module against extreme
temperatures: approximately 253°F during the day and —243°F at night
[37].

5.2. Validation of rigidization capability through static analysis: 1 atm
inner pressure vs. air leakage

In this case, the SMP rigidization method was validated through a
static analysis, comparing the structural behavior before and after
rigidization under 1 atm internal pressure and air leakage. The mem-
brane consisted of a 10 mm SMP layer and a 10 mm AFRP restraint layer.
The 3 m thick regolith layer induced a uniform downward external
pressure of 1740 kg/m® x 1.63 m/s? x 3 m = 8.1 kPa on the Moon. In
addition, the inflatable module maintained an internal pressure equiv-
alent to atmospheric level (1 atm = 101 kPa) during normal operation.
Fig. 17(b) illustrates the support and static load conditions that were
present during the module’s service.

The structure made of nonrigid SMP material, experienced a
maximum deformation of 55.2 mm and a maximum equivalent (von
Mises) stress of 38.7 MPa in the AFRP and 0.37 MPa in the SMP. After
rigidization, the maximum deformation decreased to 27.1 mm (reduced
by 51 %), and the maximum stress in AFRP dropped to 31.1 MPa
(reduced by 20 %). The rigid SMP layer took over part of the stress,
resulting in an increased stress level of 20.4 MPa. Fig. 18 provides a
comparison of the contour plots illustrating the deformation and stresses
of nonrigid and rigid cases.

During puncture, internal pressure P; dropped to zero while external
pressure P, remained constant, leading to sudden buckling and
convergence failure due to excessive deformation, as shown in Fig. 19
(a). This failure occured when the internal pressure reached a level
similar to the external pressure, the structure experienced compression
which the flexible AFRP cannot withstand. However, in the rigidized
structure after air leakage (P; = 0), the maximum deformation of the
structure and equivalent stress in the SMP material were limited to 21.4
mm and 7.9 MPa, respectively, as shown in Fig. 19(b) and (c).

For crewed lunar application, the internal pressure is maintained at
1 atm, while external pressure actually benefits to balance some inner
pressure, resulting in a lower stress level in the inflatable structure
compared to scenarios without external pressure. In the supplementary
analysis, the load-bearing capacity of the inflatable structure without a
regolith protection layer was simulated using an inner pressure P; = 1
atm = 101 kPa and an external pressure P = 0, which serves as a
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Fig. 17. Semi-sphere rigidizable inflatable module: (a)dimensions of the cross-section;(b) static load conditions in service.

Table 4

Main material properties.
Functional Restraint Rigidization layer Outer
layers layer SMP SMP rigid protection

nonrigid [26,36] layer
Material Flexible SMP/SMPC  SMP/SMPC Regolith
AFRP [34,35]

Density (kg/m®) 1451 1050 1050 1740
FEM unit type SURF156 SOLID186 SOLID186 SOLID186
Modulus (MPa) 8543 1 1541 11
Tensile Strength 151 0.63 36 -

(MPa)

reference case. The maximum deformation observed was 68 mm, and
the stress levels were within the safety range, with 47.4 for AFRP and
0.47 for SMP. In certain instances, the completed regolith outer
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Fig. 18. Semi-sphere inflatable habitat with 1 atm inner pressure:
stress, and (f) SMP stress at rigid case.
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structure can stand alone, so the inflatable structure and the regolith
protection layer function as separate entities. Detailed information
regarding the maximum average deformation and stresses in AFRP and
SMP for both nonrigid and rigid cases under 1 atm inner pressure and air
leakage conditions are reported in Table 5.

The numerical results of this section clearly demonstrate the effec-
tiveness of the rigidizable layer in preventing structural collapse. This
observation can also be extended to the terrestrial extreme environ-
ments, such as polar regions and plateaus. Without extra inner pressure,
the structure solely maintains its shape under self-weight. However, the
presence of additional loads, such as uniform downward snow loads in
cold regions, leads to the collapse of inflatable structures. Rigidization,
on the other hand, effectively mitigates these risks and ensures collapse
prevention.
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(a) deformation, (b) AFRP stress, and (c) SMP stress at nonrigid case; (d) deformation, (e¢) AFRP
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Fig. 19. Semi-sphere inflatable habitat under air leakage: (a) deformation at nonrigid (collapse occurs) case; (b) deformation and (c) SMP stress at rigid case.
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Table 5
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Nonrigid vs. rigidized at P; = 101 kPa inner pressure and air leakage conditions: deformations and stresses.

Conditions P; = 101 kPa nonrigid P; =101 kPa and P, = 8.1 kPa Air leakage (P; = 101 kPa to 0) and P, = 8.1 kPa
Nonrigid Rigid Nonrigid Rigid

Deformation (mm) 68.0 55.2 27.1 Falil to converge 21.4

AFRP stress (MPa) 47.4 38.7 31.1 Fail to converge 5.4 x 1073

SMP stress (MPa) 0.47 0.37 20.4 Fail to converge 7.9

5.3. Frequency and damping

In this section, the dynamic properties of the inflatable structure
were examined, considering three different cases: nonrigid, rigid, and
viscoelastic. The nonrigid case had no rigidization layer, while the rigid
and viscoelastic cases incorporated an SMP rigidization layer. In the
rigid case, the SMP remained in a rigid glassy state at an ambient tem-
perature of 25 °C, while in the viscoelastic case, it was activated to a
highly damped viscoelastic region near its Tg. The assessment extends to
other non-pressurized inflatable lunar modules and Earth environments.
According to DUOL Air Domes, it is recommended to maintain a standard
pressure of 0.15-0.25 kPa inside air inflated structures under normal
conditions, depending on the dome size and specifications. Xue et al.
observed in an experimental study that when the pressure difference
dropped below 0.025 kPa, the inflatable structure began to collapse.
Therefore, a pressure difference of 0.2 kPa was chosen to maintain the
shape of the inflatable module [38].

Table 6 reports the natural frequency and frequency shift, along with
the damping variation observed when the SMP layer was actuated from
the ambient temperature (25 °C) to the transition temperature (65 °C) of
the structure, considering the causes of inner pressures P; = 101 kPa and
0.2 kPa. Based on the modal analysis, it was observed that the first two
modes primarily exhibited displacement in the top membrane portion,
while the subsequent modes demonstrated significant deformation in
the regolith basement. Specifically, the first mode corresponded to
horizontal movement, while the second mode was characterized by
vertical displacement, as shown in Fig. 20. The frequency calculations
took prestress into account. In general, all cases under 1 atm inner
pressure showed higher frequencies but lower frequency shifts
compared to those under 0.2 kPa inner pressure. This can be attributed
to the stiffening effect from inner pressure. When the SMP material
operated within the viscoelastic range, the rigidized structure exhibited
a smaller damping ratio under 1 atm inner pressure than under 0.2 kPa
inner pressure. This difference could be attributed to the prestress effect
of the inner pressure, which counteracted the inherent viscoelasticity of
the SMP material.

In the full transient analysis of the inflatable structure, a viscoelastic
material model is utilized. This analysis includes a free vibration test,
wherein a ground displacement of 100 mm is applied to evaluate the
changes in damping caused by viscoelastic effects. To determine the

()
X();+1))

is applied to compute ¢ through formula (2). In the absence of internal
pressure (P; = 0.2 kPa), the maximum structural damping reached up to
1.57 % when the SMP was activated within the viscoelastic region
around Tg = 65 °C, consistent with previous studies [29]. This highlights
that the presence of a rigidization layer increases the damping of the
inflatable structure.

damping ratio ¢, the displacement logarithmic decrement A = In(

|

Fig. 20. Semi-sphere inflatable habitat: (a) first and (b)second modal shapes.

(b)

A/2z

—— (2)
1+ (a/2n)°

To evaluate the load-bearing capacity of the structure when SMP is
actuated to 65 °C (viscoelastic case), an additional static analysis was
performed. In this analysis, an inner pressure of P, = 101 kPa was
applied to simulate service conditions. The results of this analysis indi-
cated that the inflatable structure experienced a maximum deformation
of 37.4 mm. The maximum equivalent stress observed was 43.9 MPa in
the AFRP material and 1.8 MPa in the SMP material. These stress values
fall within the safe range, confirming that the structure can withstand
the applied static load in the controlled case.

6. Discussion

Construction in extreme environments poses challenges such as
harsh environments, limited local resources, costly transportation, and
labor shortage. This paper focuses on lunar construction as an extreme
example and proposes using rigidizable inflatable habitats as a novel
structural concept and construction method. The rigidization layer,
made of SMP, enables the membrane to transition between flexible and
stiff states to meet different requirements during transportation, con-
struction, and service life. The advantages of this concept can be sum-
marized as follows:

e Transportation and space utilization efficiency: Considering
rockets’ transportation capability, structural inner atmosphere
pressure, loading requirements of RLSS, power system, and other
equipment, well-designed folding & inflation structural concepts can
provide space for astronauts’ living and research activities.

Utilization of novel materials: The concept takes advantage of
multiple novel materials: 1) lightweight and high-performance fiber-
reinforced polymers (FRP) used as main structural materials; 2)
smart materials SMP and SMPC used for rigidization; 3) in-situ

Table 6
Frequency, frequency shift, modal shape, and damping ratio at uncontrolled and controlled cases.
P; = 101 kPa P; = 0.2 kPa
Nonrigid Rigid (25 °C) Viscoelastic (65 °C) Nonrigid Rigid (25 °C) Viscoelastic (65 °C)
o (Hz) 12.5 15.2 13.5 9.7 13.2 11.4
wy (Hz) 14.7 17.8 16.0 11.4 15.4 13.2
So1 (%) - 21.6 8.0 - 36.1 17.5
Sw2 (%) - 21.1 8.8 35.1 15.8
¢ (%) 0.28 0.70 1.07 0.28 0.66 1.57
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materials (regolith) used for radiation, temperature, and microme-
teoroid protective layers.

Simplified design with SMP: The use of SMP allows for large shape
changes in structures without the need for complex mechanisms with
moving parts [39]. SMP resin enables seamless attachment of SMP-
aramid skin with flexible AFRP, creating a rigidizable composite
membrane for inflatable structures.

Reversible rigidization process: SMP’s transition between the
glassy and rubbery states provides a physical rigidization technology
that is reversible. This allows for multiple on-ground testing,
including folding & expansion tests, rigidization tests, air pressure
tests, and construction demonstrations.

Residual stress and strain reduction: The shape recovery effect of
SMP releases stored deformation energy, which helps reduce residual
stress and strain in the material. This property is particularly bene-
ficial for shape-changing structures, such as eliminating creases in
the membrane.

Automated construction process: The construction process,
including inflation & expansion, rigidization, regolith coverage, and
pressurization, can be carried out using construction robots. The
erection of internal inflatable habitats requires no extra materials
except for air, making the process comparatively easy.

Vibration suppression: When SMP is in the viscoelastic region
around its Ty, the material damping increases significantly. This
property may benefit vibration suppression under dynamic excita-
tions induced by micrometeoroid impacts, moonquakes, and other
dynamic loadings during the lunar habitats’ service life. [39,29].
However, inflatables have inherent favorable dynamic responses
[40-42], whether the rigidization layer could contribute to improve
structural dynamic responses still needs to be further verified via
dynamic analysis in this paper in Section 5.

To characterize the restraint layer and rigidization materials, uni-

axial tensile tests and DMA tests were conducted. Material models
derived from these tests were used for numerical investigations of a
rigidizable inflatable structural module. Simulation results demon-
strated that the SMP rigidization layer effectively prevents the collapse
of a semi-sphere inflatable structure after air leakage and enhances its
load-bearing capacity throughout its service life. Additionally, the SMP
layer effectively improves the dynamic properties, especially the
damping ratio. However, several important notes were made, which are
outlined as follows:

Construction process: The construction process follows a well-
defined sequence of steps: inflation & expansion, rigidization, rego-
lith coverage, and pressurization. However, there are unresolved
issues that need attention. Ensuring safety during construction
within the designated timeframe is paramount, which includes pro-
tecting against micrometeorite impacts and moonquakes, as well as
maintaining a balance between the inner air pressure (P;) and
external regolith pressure (P3). Additionally, it is crucial to establish
precise task requirements for designing construction robots.
Regolith protection layer: Sustainable lunar construction necessi-
tates the utilization of in-situ resources, particularly lunar regolith,
in the design plan. The design of the regolith protection layer should
investigate its interactions with membrane structures, considering
the roughness of lunar regolith and potential wear and tear on the
membrane. Ongoing research within the team [12,13] is focused on
exploring the most suitable form of the regolith protection layer and
developing regolith solidification and forming techniques.
Detailed design: Enhancing the conceptual framework necessitates
further elaboration, particularly concerning anchoring systems for
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foundations, functional layout, and opening and connection designs.
Although inflatable structures have good transportability and large
volume-to-weight ratio in nature, the incorporation of rigidization
materials increases the overall weight of the structure. To enhance
structural performance, reduce weight, and minimize activation
energy, it is essential to optimize the strategic arrangement of
rigidization materials using suitable optimization methods. Addi-
tionally, estimation of the inflatable structure’s overall volume and
weight should match the existing carrying capacity of the rockets.
Thoughtful design of folding patterns for transportation is essential.
Addressing transportation efficiency and space utilization in future
research is a critical challenge that demands attention.

Testing specifications: Experimental observations at the material
level have revealed that the elastic modulus is highly sensitive to the
angle of the fibers. A significant reduction of 70 % in tensile modulus
has been observed at 10°, significantly surpassing the stiffness
reduction in rigid resins. This is attributed to the minimal constraint
of flexible resins on the fiber fabric, enabling greater redistribution of
fibers during tensile testing. The width of the specimen determines
the number of fibers passing through the clamps, thus impacting the
ultimate strength. Interestingly, the ultimate strength at 40° and 45°
is higher compared to 30° and even 10°, possibly due to the sym-
metry of fiber distribution within the specimen. The experimental
results should be considered in relation to specific loading condi-
tions, adopting appropriate failure criteria. For instance, in this
study, the ultimate stress values of specimens measured after the first
elastic range were deemed meaningless, as the ultimate strain value
of the overall multilayer material is based on the 0° fiber direction.
While the flexible AFRP in this study adheres to FRP specifications, it
exhibits fabric-like behavior, prompting future research to adopt
testing specifications for coated fabrics.

Folding impact: Tensile testing indicated that folding had a minor
impact on flexible AFRP, primarily on the resin. To minimize this
impact while maintaining folding capability, material optimization
is required. One approach could involve excluding resin from the
folding region, although this may result in uneven stress distribution
and pose challenges during fabrication. Alternatively, in our next
research, we will adopt the use of a softer and more resilient silicone
as a coating, combined with aramid fibers, to create a coated fabric.
Adaptivity to lunar conditions: Note that resin materials enter the
glassy state and become overly rigid at extremely low temperatures,
like the lunar south pole where it can drop to —163 °C. This poses a
challenge when folding the membranes. To ensure successful
deployment of inflatable structures, it is crucial to use resins or
coatings with lower glass transition temperatures (Tg) and temper-
ature control during construction. Consideration should be given to
coating materials, such as high-phenyl silicone and fluorine rubbers,
that exhibit exceptional resistance to low temperatures. Note that
this study primarily focuses on the conceptual design of rigidizable
inflatable habitats, which have applications not only on the lunar
surface but also in extreme environments like polar regions and
plateaus. Therefore, these materials were tested in terrestrial
experimental environments. Further research is warranted to eval-
uate their performance under lunar conditions. The alternation of
high and low temperatures poses a challenge in the lunar environ-
ment, necessitating a thorough investigation of material perfor-
mance under such extreme conditions. Concerns arise regarding
potential decreases in material properties due to fiber-matrix inter-
facial debonding and microcracking after temperature cycling [43].
In DMA testing in our study spanning from —140 °C to 100 °C,
specimens remained intact after one temperature cycle, but the ef-
fects of multiple cycles need further exploration. Considering the
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loading conditions that the membrane materials undertake tension
only, cracks in the resin may marginally reduce mechanical prop-
erties under tension, with aramid fibers bearing the main load. For
the rigidization layer, it contributes to a certain level of compression
bearing capacity for the membrane. Cracks may cause stress con-
centration despite constrained propagation in compression. Further
exploration is needed in future research. In addition, the effect of
ultraviolet radiation on material properties depends on the radiation
dose, while atomic oxygen has a minor detrimental impact on ma-
terial mechanical properties [43]. Similar trends may be observed in
the restraint and rigidization materials in our study. Moreover, in our
previous research, aging tests were conducted on two aramid fabrics,
revealing a reduction of 10 % in tensile strength and modulus after
180 days in a vacuum chamber, with the major decline occurring
within the initial 30 days. For the selected material with flexible
resin or surface coating, vacuum aging may result from surface
coating embrittlement, altered fiber friction causing wear, or poor
heat transmission leading to deformation and adhesion [13].
Consequently, future research is necessary to assess the material’s
adaptability to extreme lunar conditions, including temperature
variations, radiation exposure, vacuum, folding fatigue, and creep
behavior.

Lunar and terrestrial environmental disparities: The dynamic
responses of structures are significantly influenced by the disparities
between lunar and terrestrial environments. Factors such as pressure
differentials and gravitational acceleration contribute to variations
in the loads experienced during service. Consequently, control stra-
tegies for lunar applications cannot be directly transferred from
Earth structures. In general, the addition of a rigidization layer im-
proves the structure’s dynamic properties. Regarding numerical
analysis, the elastic material model has limitations in simulating
membrane structures. Under normal service conditions, existing
elastic models can adequately simulate material behavior under
tension However, for simulating structural collapse and inflation
process, it is crucial to consider the material’s unequal strength in
tension and compression. In this case, loading conditions were tricky
to ensure no compression occurring in the membrane. In the future,
multibody dynamics software is also planned for further analysis.
Multi-level testing: This paper focused on material-level tests, but
future research should include structural-level experiments using
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scaled-down physical prototypes, as shown in Fig. 21. These exper-
iments are needed to verify the folding and inflation process, rigid-
ization capability, airtightness, and impact resistance of the
inflatable structure. Furthermore, a construction demonstration is
necessary to prove the feasibility of the designed construction
process.

Conclusion

This paper proposes a new rigidizable inflatable habitatation system

for lunar construction, offering advantages such as low transportation
costs, easy construction, outstanding properties, and versatile applica-
tions. The conclusion can be summarized as follows:

Structure

System: The proposed structure system adopts a ball-and-stick
model that incorporates cylindrical and spherical basic units,
allowing for the extension and construction of large lunar bases.
Each module is a rigidizable inflatable structure capable of adapting
to various application scenarios, such as transportation, construc-
tion, and service life, through changes in material properties. This
design offers benefits such as reduced transportation costs and a
straightforward construction process that can be easily coordinated
with robotic automatic construction. The paper also presents an
automated construction process specifically designed for this
purpose.

Material: The paper explores membrane materials that enable
rigidization, including restraint materials and rigidization materials.
It provides parameters that affect material properties and presents
material design methods. Temperature primarily affects the stiffness
of the resin, which, in turn, impacts the folding performance of the
membrane. When the temperature falls below T,, the membrane
becomes excessively stiff to fold effectively. Furthermore, folding,
even in the flexible state, can lead to resin damage, thereby
compromising the load-bearing capacity of the membrane material.
Based on these findings, the paper proposes performance re-
quirements and improvement directions for materials in lunar en-
vironments, as well as research methods for materials that can serve
as references for similar studies in the future.

Structure: The research utilizes numerical analysis to assess the
load-bearing capacity and safety of the structure under lunar service

Construction
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Fig. 21. Multi-level testing of rigidizable inflatable lunar habitat: material, structure [25,13], and construction [11].
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conditions. This analysis serves to validate the feasibility of the
concept of rigidizable inflatable habitats. The paper highlights the
effectiveness of incorporating an SMP rigidization layer, which
effectively prevents structural collapse and enhances structural dy-
namic properties. This design not only provides innovative ideas and
feasible solutions for lunar base construction but also holds potential
for application in other extreme environments such as Mars, polar
regions, and plateaus. Furthermore, it has implications for various
fields including soft robotics, intelligent buildings, and machinery.

Further in-depth design is required to address specific aspects,
including energy and weight estimations, control systems, connections,
and openings. Future research will focus on exploring the final geometry
of habitats and the forms of the regolith layer (compacted regolith,
bricks, or bags), alongside estimating transportation and space utiliza-
tion efficiency. Furthermore, upcoming work also involves investigating
optimal arrangements of rigidization materials, optimal design of re-
straint materials, material adaptation to extreme environments, and
other variable stiffness systems. Additionally, prototyping, actual pro-
duction, and construction demonstrations will play pivotal roles in
advancing these initiatives.
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