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Abstract: This article studies the functional properties of a
self-carrying metal inflatable shell structure. The design
scheme of a rigid multi-sectional inflatable shell with
high compactness should provide resistance to the action
of outer operational loads under the condition of mini-
mizing its own mass. The structure with a metal shell of
stainless steel AISI321, which provides the required load-
carrying capacity compared to known synthetic materials
and does not require additional methods of rigidization, is
considered. A brief comparative analysis of acceptable
types of permanent joints of a multi-sectional inflatable
shell is provided. A computational evaluation of the degree
of their influence on the load-carrying capacity of a canti-
levered fixed metal inflatable boom was carried out. The
kinetics of maximum stresses in the zone of circumferen-
tial joints of the shell in the process of deployment was
investigated, and numeric simulation of the stress–strain
state in them under the action of inertial loads was per-
formed. It was determined that the type of circumferential
joint of conical sections of inflatable shell structure has a
significant influence on its load-carrying capacity. In case
of using glue and solder joints, the level of deploying pres-
sure cannot exceed 30 kPa and the shell thickness should
not exceed 0.15 mm. When using the welded type of a joint,
a significant safety margin is noted, the level of stresses
does not exceed 70 MPa. The load-carrying capacity of the
considered metal deployable boom in space conditions
when using welded joints can be increased approximately
twice due to the reduction in the mass of such a joint.

Keywords: deployable structures, inflatable shell, inflatable
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1 Introduction

Inflatable shell structures are increasingly being used in
aerospace engineering due to their ability of compact
folding for saving usable space during a space launch,
which is critically important. The main functional qualities
of this class of structures are high compactness, low mass,
and load-carrying abilities at sufficient sealing, and the
best combination of these qualities is a relevant field of
research [1]. The ability to combine sufficient rigidity in
deployable state with the flexibility to allow compact
folding in a single shell structure is always controversial.
The folded surfaces of such shells allow achieving excep-
tional mechanical characteristics [2], but their ability to
perceive loads at sufficient rigidity is in the vast majority
of cases limited by the use of soft sheet materials and
should be supported by additional means (e.g., a shell of
stabilized Nylon with rubber latex [3]). Conventional syn-
thetic inflatable shells [4] can be inflated effectively using
overpressure, but require constant pressure maintenance
to ensure self-supporting properties, which can be critical
for long missions. Indeed, they also have the advantage of a
low coefficient of thermal expansion compared to metals.
On the other hand, various complex methods of rigidiza-
tion of synthetic shells of laminated Kapton [5], carbon/
epoxy prepreg [6], and a wider range of composite shells
[7] have limited effectiveness, and one of the rational
approaches to solving this contradiction is the use of mate-
rials with sufficient rigidity and the search for technolo-
gical solutions for their repeated bending without loss of
tightness.

Load-carrying capacity is particularly important for
inflatable booms, which is a variant of using inflatable
shells as carrying-out or joining elements of space struc-
tures [8–10], more often having cantilevered fixation and
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payload at the free end. The classification of soft synthetic
materials previously used in inflatable booms considered
in the study by Block et al. [8] (thermosetting resins,
stretched metal laminates, shape memory polymers, etc.)
is based precisely on their grouping according to strength-
ening methods; however, the required load-carrying capa-
city of structures is more rationally obtained by selecting
the suitable material. Metal shell can be used to give them
sufficient rigidity, which allows eliminating complex and
limitedly effective methods of rigidization [11] of easy-to-
fold synthetic materials. On the other hand, when using a
thin metal shell, restrictions on the type of geometric sur-
face and its proportions appear, since the processes of
folding and the next unfolding should be carried out
with the least possible tension and compression of the
sheet material median surface. For long-length metal infla-
table booms based on zero Gaussian curvature surfaces,
such as conical and cylindrical surfaces, partitioning of the
shell into sections is required. A comparative analysis of the
two main types of such multi-sectional structures is pre-
sented, for example, in the study by Lobanov et al. [12],
where the advantages of the folding and deploying process
for the conical-type shell are described along with its lower
resistance to non-axisymmetric loads. Furthermore, Li et al.
[13] emphasized on the advantages of the cylindrical-type
shell, which, nevertheless, is significantly inferior to the
multi-conical version in compactness and ability to compen-
sate for large values of inertial loads without buckling [11].
This article presents a brief analysis of the capabilities that
allow levelling the disadvantages of inflatable conical-type
shell structures by increasing the rigidity of their shell
without changing their mass and compactness.

The improvement of such functional qualities of metal
inflatable booms as rigidity and stability was previously
investigated from the point of view of optimization of geo-
metrical parameters of their structural elements [12,14] or
shell surface engineering [15]. Nevertheless, dividing a

lengthy structure into sections requires focusing on their
joining elements, which play an important role in ensuring
its rigidity and sealing. The work identifies the advantages
and disadvantages of such alternative types of ring connec-
tions of load-carrying shell cones as soldered and adhesive.
Their influence on the integrity of the structure both
during deployment and under operating conditions is
considered.

2 Methods

Creation of metal inflatable boom is realized using a
method of successive transformation of a smooth trun-
cated conical shell, where its section Q1 is transformed
into concentric circumferential folds of a compact disc
with a wavy cross-section (Figure 1a). Furthermore, com-
pact discs with closed-end sections united in a single struc-
ture along the contours of equal bases can be deployed by
creating overpressure in the inner cavity. The shell trans-
formation ratio KT, i.e., the ratio of its height in the
unfolded and compact state (Figure 1b), is directly propor-
tional to the quantity of circumferential folds n and is
related to the geometrical parameters of the conical billet
and its thickness. Thus, the approximate relationship
between the fold pitch b and the ѕhell thickness δ is b =

(26…29) × δ [12], and the transformation ratio can be eval-
uated through the length of the side conical generatrix S
and the taper angle α:
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As is seen from (1), the desire to create a long-length
boom with high compactness and sufficient rigidity, which
implies the use of a metal shell of sufficient thickness,
entails the necessity of partitioning of the shell into

Figure 1: Scheme of the transformation of a truncated conical shell to a compact state (a), process of deployment of a multi-sectional inflatable boom
(b), and general view of an unfolded shell (c).
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sections of equal geometry forming a structure with a per-
iodic profile. The choice of a structural material with the
best physical and mechanical properties is not a universal
solution, as it can stimulate restrictions on the geometrical
parameters of the folded surface, which leads to a decrease
in the compactness of a shell and the reliability of its
deformable joints. This study considers the possibility of
increasing the rigidity of a shell made of conical sections by
optimizing circumferential joints of its structural elements.
In this case, the computational example considers its com-
pactness at the level of КT = 10 to compare, for example,
with the compactness of a cylindrical inflatable boom at
the level of КT = 3…4 [13]. It should be noted that КT value is
related to the thickness of the shell material [14]. However,
it can be significantly increased by increasing the ratio of
diameters of the bases of truncated conical sections and
can reach КT = 50 and more.

A wide enough range of metal materials can be used in
the manufacture of shells, for example, aluminium and
titanium alloys widely used in the aerospace industry.
However, in the process of folding and deployment of the
shell, the level of equivalent plastic deformations in local
zones can reach 20–30%, which makes it impossible to use
metals with a low level of relative elongation as a struc-
tural material. On the other hand, the high ductility of the
structural material generates significant displacements in
the apices of already formed folds and, as a consequence,
buckling of the shell during deployment. The most accep-
table material in terms of mechanical properties to ensure
the successful process of shaping a metal inflatable shell is
mild austenitic stainless steel, with the ratio of yield strength
Rp0.2 to tensile strength σu within the range of values 0.3:0.8
[12], which also has a number of advantages in creating
reliable permanent joints of different types. Stainless steel
AISI 321 selected as shell material with values Rp0.2 =

229MPa, σu = 651MPa, and Rp0.2/σu ≈ 0.35 also provides
lower deformability of the structure due to 1.5–2 times
higher modulus of elasticity compared to titanium and alu-
minium. Finally, the possibility of effective modification
of thermal radiation properties of its surface by vacuum
deposition of thin protective coatings has been investigated
for thin sheet steel of this grade [15], which provides the
resistance of the metal inflatable boom to extreme tempera-
ture differences in space conditions.

In capacity of butt circumferential joints uniting con-
ical sections into a single structure, either glue, solder, or
welded joints can be used. Each of these methods of joining
metallic materials is applied in the aerospace industry,
including various methods of welding alloy steels [16,17],
their soldering [18], and gluing [19]. The layout of outer and
inner circumferential joints is shown in Figure 2.

The tensile strength of glue (TEROSON EP 5055) and
solder (Castolin 157 PA Solder paste) joint is relatively low,
within 18…22 and 58MPa, respectively, whereas welded
joint exhibits mechanical properties close to those of base
material, which makes it possible to use higher pressure
values in the process of shell deployment. On the other
hand, in some cases, the functional application of inflatable
boom allows limiting its maximum degree of deployment
while reconfiguring the circumferential joints. Possible com-
binations of these approaches are discussed below.

3 Results

In order to substantiate the choice of technology for joining
conical sections of the structure, the design stresses were
analysed arising in the process of deployment in the zone
of circumferential glue, solder, and welded joints in the
region of a large-diameter butt of the shell on its outer sur-
face. The shell thickness is 0.15 mm, which is the minimum
possible one from the point of view of folding and joining
processes; it is made of stainless AISI 321 steel; the ratio of
the maximum diameter to the length of the shell is 1:5,
which is characteristic for the booms class. For each type
of a joint, the same model (idealized) geometry of a joint
(Figure 3) and the corresponding value of the elastic mod-
ulus of the material were specified: for glue E = 1.5 GPa, for
solder E = 40 GPa, and for weld metal E = 200 GPa. The
process was carried out at a pressure of 30 kPa. The results
of mathematical modelling were obtained using software
PrePoMax (v.2.0.0, 2024) [20].

In the work, a traditional algorithm of designing aero-
space structural elements was used, in which the main
results of numerical modelling of the characteristic process
are compared with the obtained experimental data (see,
for example, [21]). The problem of inflatable boom deploy-
ment is solved in an axisymmetric formulation. The finite
element model consists of 5,485 nodes and predominantly
4,530 4-node bilinear axisymmetric quadrilateral elements.
The mesh of the finite element model has four elements

Figure 2: Layout of circumferential joints of deployable shell.
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across the thickness of the shell wall and is thickened in the
region of stress concentrators – in the zone of a circumfer-
ential joint and corrugations’ folds, the minimum size of an
element is 0.04 × 0.1 mm.

The mathematical model of a three-section inflatable
boom deployment at each increment over time (≈1,500
increments depending on the type of a joint) allows deter-
mining determined stress–strain state (SSS) in all its nodes
and directions. The problem was solved in an elastic–
plastic formulation, which allowed analysing the kinetics
of inflatable boom stresses in the process of its deploy-
ment, taking into account elastic and plastic deformations.
We have considered axial, circumferential, and radial
stresses in the region of circumferential joints and deter-
mined that the highest stress level in the process of deploy-
ment corresponds to the axial direction at the joint of large
(outer) inflatable boom diameters.

The computational results showed that higher stresses
during the deployment process occur in the zone of outer
circumferential joints. In this case, the material of joint
(glue, solder, weld metal) and its deformability affect the
stress state in the shell itself. As is seen from Figure 3a and
b, during the deployment process, the axial stresses in the
case of glue and solder joints reach the values of tensile
strength for the material under study, and increasing the
deployment pressure (Figure 4) can lead to depressuriza-
tion of the shell. In the case of welded joint (Figure 3c), the
maximum design stresses (at the level of 66 MPa) during

the deployment process are significantly lower than the
yield strength and tensile strength characteristics of the
austenitic filler material.

The thickness of the structure wall of 0.15 mm and the
deployment pressure of 30 kPa are ultimate for alternative
methods of a circumferential joining (glued/soldered), and
an increase in the value of each of these parameters can
lead to a violation of the structural integrity in the process
of deployment as well as to its incomplete deployment.

Therefore, it is appropriate to use welded joints in the
structure. The structure of glue and solder joints requires
modification, e.g., the introduction of additional edge turning
to ensure higher strength characteristics and reliability
during deployment of the shell.

Figure 3: Distribution of maximum stresses σzz, (MPa) in the transverse direction relative to the plane of the joint in the process of the structure
deployment: (a) glue, (b) solder, and (c) welded joint.

Figure 4: Kinetics of maximum stresses in the butt joint zone in the
process of the structure deployment.
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Mechanical tests to determine the strength of the joints
are part of a study of the kinetics of the process of deploying
a multi-section inflatable boom presented in Figure 1(b).
According to the results of mathematical modelling, when
the inner overpressure is increased to the value of 30 kPa,
the stresses in the axial direction in glue and solder joints
reach their tensile strength σzz = 20MPa and σzz = 50MPa,
respectively. The stresses in the welded joint do not exceed
σzz = 70MPa, which is significantly lower than the yield/
tensile strength of the welded joint material. Thus, to test
the deployment process, the inflatable boom structure was
manufactured with welded circumferential joints.

During mechanical tests of the inflatable boom deploy-
ment process at an increase in the inner pressure (up to
100 kPa), irreversible deformations in the circumferential
welded joints are observed, the beginning of which was
determined by distortions (the so-called snap-throw beha-
viour) of the adjacent shell surface. Here, the integrity of
the structure is preserved, which is also confirmed by the
results of computational evaluations. Furthermore, at an
inner pressure over 100 kPa, the violation of monolithicity
of the circumferential joint is developing, which leads to
the further loss of its sealing in the zones of distortions of
the adjacent shell surface.

3.1 Determination of the SSS of inflatable
boom under the action of inertial loads

The load-carrying capacity of the inflatable boom with
glued and soldered circumferential joints is quite limited

due to the inability of the structure to maintain its integrity
at a high deployment pressure.

As an example of a potential application, we consid-
ered the case of using inflatable boomwith circumferential
joints as a cantilever-fixed load-carrying element, which
are subjected to inertial loads specified in the form of
linear accelerations.

According to Lobanov et al. [12], the recommended
rigidity of fixing the mounted load-carrying elements and
equipment at space stations should correspond to the fre-
quencies of natural oscillations not lower than 20 Hz. Here,
the values of linear accelerations, taking into account the
safety factor η = 2, are aX = 12 m/s2, aY = 12 m/s2, and aZ =

9 m/s2, where the Z axis corresponds to the axial direction
of the structure and X and Y axes are orthogonal to the
radial directions. Additionally, as a payload, a payload was
applied on the free end, remote from the rigidly fixed end
of the shell.

To ensure a sufficient level of rigidity of inflatable
boom under conditions of high level of loading in the
form of linear accelerations, the thickness of the shell,
other geometrical parameters being equal (Figure 5), was
determined at the level of 0.15 mm, and the weight of this
deployable structure depending on the type of a joint
varies from 1.2 to 2 kg.

The strength of the structure is considered to be
ensured if the following condition is met:

≤σ R ,p
eqv

0.2
(2)

where Rp
0.2

is the yield strength of the material ( =Rp
0.2

229 MPa); σ eqv are the determined equivalent stresses:

Figure 5: Basic geometrical parameters, boundary conditions, and loads of inflatable boom.
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where σ σ σ, ,11 22 33 are the main stresses; and σ σ σ, ,12 23 31 are
the tangent stresses.

Two different types of circumferential joints of trun-
cated conical sections are considered. The first type of
joints is characteristic for welded joints, and the second
one for solder/glue joints due to its technological features
(Figure 6).

The technology of uniting adjacent circumferential
flanges of the shells into a common rigid frame ring by
welding (Figure 6a) limits its width to the value of 2 mm
and its thickness to two shell thicknesses (0.3 mm). The
width of solder/glue circumferential joint is practically
unlimited and is assumed to be 10 mm, while the thickness
due to the solder/glue layer is ≈ 0.7 mm. According to the
previously determined SSS fields of the structure under
characteristic loading conditions, the most loaded zones

are the regions of inner welded circumferential joints
[12]. Increasing the width and thickness of such a joint by
replacing it with a solder/glue joint makes it possible to
increase its rigidity and, consequently, the load-carrying
capacity of inflatable boom.

The problem of determining SSS of inflatable boom
under space loading conditions was solved in a three-
dimensional formulation using a shell geometric model.
The finite element model consists of 60,916 nodes and pre-
dominantly 60,903 4-node double-curved thin shell ele-
ments. The size of a finite element is 2 × 12 mm. It was
determined to be the most optimal in terms of the quality
of convergence of the computational results.

In the course of mathematical simulation of SSS of the
structure for three different types of circumferential joints,
a significant influence of a joint type on the maximum
equivalent stress level was determined (Figure 7).

The results of computation of the SSS for the case of
loading with additional payload of 0.5 kg have shown that
when using welded circumferential joints, the maximum
equivalent stresses of the structure reach 155 MPa of the
material, and the stress concentrators are concentrated in
the region of corrugations folds with predominance of
axial tensile stresses (Figure 7). In the case of using alter-
native glued and soldered types of a joint, the level of
maximum equivalent stresses is 183 and 209 MPa, respec-
tively, and their peak was also shifted to the region of
corrugation folds (Figure 7).

Figure 6: Types of circumferential joints: welded (a) and solder/glue (b)
joint.

Figure 7: Stress fields in the structure shell–welded joint (a), glued joint (b), and soldered joint (c).
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For the considered structure in the case of weld cir-
cumferential joints, the critical value of the payload is 1 kg,
at which the maximum level of equivalent stresses is close
to the yield strength and is 229 MPa. In the case of a sol-
dered/glued joint with the same value of the payload (1 kg),
the initiation of plastic deformations (Table 1) was deter-
mined, which is not desirable for critical elements of engi-
neering structures. A comparison of the main characteris-
tics affecting the structural integrity depending on the type
of a circumferential joint is presented in Table 1.

From Table 1, it is seen that the load-carrying capacity
of the inflatable boom decreases when using glue and
solder as an element of the circumferential joint – the
stress level and the value of deviation of the free end of
the structure grow, regardless of the payload value.

A decrease in the load-carrying capacity of the inflatable
boom is associated with an increase in the section area of the
structure in the zone of the circumferential joint. The mass of
the shell without taking into account the joining elements is
approximately 1.1 kg. In alternative methods of a circumfer-
ential joining, the mass of the entire structure grows due to
the weight of the glue (by 0.46 kg) and solder (by 0.86 kg).

4 Conclusions

Lightweight self-carrying multi-conical inflatable booms
are a competitive solution in the field of inflatable shells
for space applications due to a significant compactness
combined with a low mass and the ability to compensate
for characteristic loads without buckling.

When choosing the method of producing butt circumfer-
ential joining of the shell (glue, solder, welded), it was deter-
mined that in the case of using glue and solder joints, the level
of deployment pressure cannot exceed the value of 30 kPa, and
the shell thickness should not exceed 0.15mm. The stress values
in the case of using welded joint under equivalent conditions of
shell deployment do not exceed 70MPa (Rp0.2 = 229MPa), which
allows performing the process of deployment under higher
pressure while achieving a higher degree of shell deployment.
A similar conclusionwas also obtained during simulation of the
behaviour of a lightweight multi-conical inflatable boomwith a

payload fixed on the free end under the action of inertial loads
specified in the form of linear accelerations.

So, the type of circumferential joint of conical sections
of inflatable shell structure has a significant influence on
its load-carrying capacity. Thus, due to technological pecu-
liarities of the welding process, the width and thickness of
welded circumferential joint are limited, which affects the
rigidity of this zone of the structure in the process of
loading by inertial loads. The use of the alternative method
of a circumferential joining (solder/glue) allows increasing
the cross-sectional area of the shell structure in the zone of
circumferential joint and, consequently, reducing the stress
level. In such a way, the load-carrying capacity of the con-
sidered inflatable boom can be twice increased.

When using an alternative method of a circumferen-
tial joint (soldering/glue), the cross-sectional area of the
shell structure in the zone of the circumferential joint
grows and entails an increase in the mass of the structure,
which subsequently reduces its load-carrying capacity.
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