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Abstract: Photonic solar sails are a class of advanced propellantless propulsion systems that use thin,
large, lightweight membranes to convert the momentum of light from the Sun into thrust for space
navigation. The conceptually simple nature of such a fascinating propulsion system requires, however,
advances in materials, packaging, deployment, and control of a very large space structure. In this
context, the finite element method (FEM), implemented in a robust and flexible software such as the
commercial software Abaqus, represents a fundamental instrument to progress with the practical
study of this promising propulsion system concept. In particular, in a typical (medium-size) square
solar sail design process, the FEM-based analyses are used to better understand fundamental aspects
of structural design, such as, for example, membrane pre-tensioning, deformations induced by Solar
Radiation Pressure (SRP), and the buckling of reinforcing booms. The aim of this study is to describe
an effective procedure to model a classical square solar sail structure into a typical commercial
software for finite element analysis, such as the well-known suite Abaqus. In particular, we compare
various membrane pre-tensioning techniques (useful for increasing the membrane’s bending stiffness)
and describe possible approaches to applying the SRP-induced load in a realistic way. Additionally,
the flexibility of the structure under the solar sail loads and the criticality of section shape and boom
size are taken into account, with particular regard to the problem of structural instability. In this
context, performance and critical issues of different structural solutions are discussed and compared,
allowing an improvement in the preliminary design phase of solar sails to be obtained.

Keywords: solar sail; FEM analysis; spacecraft structure analysis

1. Introduction

A solar sail is a propellantless propulsion system for space applications [1,2] that
converts Solar Radiation Pressure (SRP) into thrust by means of a large, thin, lightweight
membrane covered by a highly reflective, metalized film [3,4]. This fascinating propul-
sion concept remained without an effective test in space for decades, until the launch of
the successful Japanese IKAROS experimental spacecraft in May 2010 [5,6]; this launch
demonstrated the practical feasibility of the solar sail technology in a typical interplanetary
mission scenario [7,8].

With the recent advancement of solar sail technology, interest among the scientific
community is increasingly focused on addressing the practical problem of designing the
structures of small- and medium-sized solar sails [9-11]. In this context, an important
problem usually faced by solar sail designers during the preliminary design phase of such
a large spacecraft structure [12] is the characterization of both the membrane reflective
film [13,14] and the long, slender, stiffening booms [15-17]. In fact, during this important
phase of the spacecraft design, designers are asked to analyze a series of different configu-
rations [18] through complex numerical simulations in order to evaluate the characteristic
performance parameters of the solar sail to be used in the classical trajectory analysis [19,20].
A noteworthy example is offered by the project supported by the Italian Space Agency on
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the development of solar photonic propulsion; here, the Helianthus mission was chosen
as a case study [17,21,22]. In particular, the proposed mission was to maintain an artificial
Li-type equilibrium point in the Sun—Earth gravitational field by means of a square solar
sail; the attitude of this should have been actuated by electrochromic devices, which change
their optical properties in response to an electric input, thus generating suitable control
torques [23,24]. In that context, a sliding mode controller was first proposed to commute
the activation state of the electrochromic devices, with the assumption that the solar sail
behaves like a perfectly rigid body [21]. Then, the predicted spacecraft dynamics were
validated by performing an accurate structural analysis of the solar sail under operating
conditions through a numerical (i.e., finite-element-based) approach [17].

Bearing in mind the lessons learned during the preliminary design phase of the
Helianthus solar sail spacecraft [17,21], the aim of this paper is to describe an effective
procedure to model a classical square solar sail structure into a typical commercial software
for finite element analysis, such as the well-known suite Abaqus [25-27]. In particular, the
focus of this work is to discuss an effective modeling technique to numerically reproduce
the behavior of a classical solar sail reflective membrane when impinged by solar rays.
Indeed, the structural response of a solar-sail-based spacecraft is affected by a strong non-
linearity of the geometrical nature, which is unavoidable when a transversal load acts on a
large and very thin membrane stiffened by few (highly slender) booms [28,29].

In particular, this work uses the classical approach of pre-tensioning the membrane
to increase its bending stiffness, and various modeling techniques that introduce such a
pre-stress state are described and compared. Then, possible approaches are described to
apply the SRP-induced load in a realistic way, that is, as the result of the combined action
of the photons that are incident on the sail membrane surface and reflected by it. Moreover,
the effects of the intrinsic flexibility of the structure under the solar sail load are taken into
account. Finally, the criticality of the section shape and size of the booms is shown, with
particular attention to the problem of the classical structural instability.

The paper is organized as follows. Section 2 is dedicated to the description of the
geometric model and the applied loads. In particular, starting from the representation of the
analyzed configurations (i.e., the monolithic configuration and the one with four triangular
sectors), Section 2 provides details about dimensions and materials, finite element modeling
techniques, and the application of loads—both pre-tensioning and those due to SRP. The
problem of boom buckling is also mentioned in the last paragraph of Section 2. Section 3
illustrates the results of the numerical simulations in terms of stress field induced by tensile
pre-tensioning, the out-of-plane displacement field induced by SRP, and the boom buckling
modes. Finally, Section 4 draws our concluding remarks.

2. Materials and Methods

A typical square solar sail can be made according to different configurations [30],
which can in turn be grouped into two macro categories: (i) sail divided in four triangular
sectors (see Figure 1); and (ii) monolithic sail (see Figure 2).

The sector-based solar sail can only be supported by a cruciform beam, while the
monolithic configuration can also be stiffened via a perimeter frame. In all cases, the
connection between the membrane and the stiffening elements can vary both based on the
number of attachment points and type of connection itself. In particular, the joining can
be mediated by cables of not-negligible length or by means of shorter and stiffer elements,
such as extensional springs attached to grommets. The type of element that materializes
the joint anyway depends on the technique for the sail pre-tensioning, as will be discussed
in Section 2.3. This study deals with the case of cruciform booms connected to a sector sail
in five attachment points as sketched in Figure 1, and to the monolithic one in only four
locations as shown in Figure 2. Finally, the case of a frame boom attached by means of
cables to a monolithic sail in four points is considered.
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(a) (b)
Figure 1. Conceptual scheme of a four sector solar sail in five points connection configurations.
(a) Cross boom with cables. (b) Cable-free cross boom.

(@) (b) (©)
Figure 2. Conceptual scheme of a monolithic solar sail in four points connection configurations.
(a) Cross boom with cables (rear view). (b) Cable-free cross boom. (¢) Frame boom with cables.

2.1. Dimensions and Constituent Materials

The reference sail membrane is made of Kapton, aluminized on the reflective side, with
total thickness of 2.5 pm. The reference sail side is 20 m, so that the solar sail surface (i.e.,
the exposed area of the sail membrane) area is 400 m?, regardless of whether it is divided
into sectors or not. Note that the selected side value is consistent with a medium-size
solar sail, which can theoretically be used in a wide range of mission scenarios, such as the
maintenance of displaced non-Keplerian orbits, the fulfillment of interplanetary transfers,
the station keeping in heliostationary points, or the generation of artificial Lagrangian
points. Then, the actual performance of a solar sail propulsion system also depends on the
total spacecraft mass, which affects (together with the sail size) the propulsive acceleration
magnitude at the reference distance of one astronomical unit from the Sun. The lengths of
the arms of the cruciform boom are variable with the type of connection to the membrane.
In particular, a length of 14.87 m (or 14.14 m) for the joining with (or without) cables has
been assumed.

The frame boom is square and has a total length of 82m. The boom section has a thin
circular pipe shape with 200 mm radius and 0.15 mm thickness, while the boom material
is a composite with high-modulus spread—tow carbon fibers. The cables, when present,
are made of Kevlar, with circular cross-section of 7.85 x 10~7 m? and a length of 0.56 m
(or 0.25m) if they are external (or internal). Finally, the payload is simulated as a single
concentrated mass of 7.6 kg at the center of the cruciform boom, or divided in four equal
masses at the corners of the frame boom.

The material properties used in the numerical simulation of the (whole) spacecraft
dynamics are summarized in Table 1, while Table 2 shows the properties of composite
material used in the detailed shell model to study the boom structural instability. In
particular, the last data represent the engineering constants of a laminate with symmetrical
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lay-up 0°/£45°/+45°/0°, made of two external plies of unidirectional and two internal
plies of spread-tow fabric.

Table 1. Material properties used in the numerical simulations.

Components Material Modulus (GPa) Poisson’s Ratio  Density (kg/m?)
Sail Aluminized Kapton 248 0.34 1572
Boom Composite 124 0.3 1600
Cable Kevlar 62 0.36 1440

Table 2. Composite properties used in the numerical simulations.

Ei1 (GPa)  Ex (GPa)  Ez3(GPa) wvip  {viz, v23} {Gi2, Gz} (GPa) Go3 (GPa)
124 51 22 0.8 0.2 57 85

2.2. Finite Element Modeling Techniques

The commercial software Abaqus 2022 was used to perform the numerical simulations
of the square solar sail structure. In all the configurations analyzed, the membrane, booms,
and cables are modeled with fully integrated 54/S3 shell, B31 beam, and T3 D2 truss
elements, respectively. The cables are connected to both the membrane and boom by
means of joint-type connectors, which transfer only translation degree of freedom (DOF).
In particular, the cable-free connection is modeled with beam-type connector elements,
suitable for closer joints; meanwhile, in the grid of the four-sector membrane, due to the
intrinsic geometry, a very small percentage (less then 10%) of triangular S3 elements is
introduced. For the monolithic sail, on the contrary, a mesh made only of quadrangular S4
elements is feasible, avoiding the numerical over-stiffness typical of S3 ones. Furthermore,
according to an ad hoc sensitivity study, the strong regularity of the full 54 grid provides
the same accuracy of results with a larger element mean size: 2 mm against 1.5 mm; see the
scheme in Figure 3.

Synnistey

(a) (b)
Figure 3. Example of mesh and constraints used in the numerical simulations. (a) Sector sail.
(b) Monolithic sail.

Despite their strong non-linearity of geometrical nature, all the analyses are performed
without introducing any type of fictitious damping. An implicit solver, in particular
Abaqus/Standard, is always adopted during the numerical simulations, to guarantee high
precision of the outputs also in terms of stress [27]. More precisely, a two-step approach is
adopted: the sail is firstly pre-tensioned and secondly subject to photon flow. During the
first step, the sail is constrained against all DOFs via an encastre applied at the center of
the cruciform boom or, for the frame boom, by imposing double symmetry conditions, as
visible in Figure 3. The constraints for both boom types are chosen so as not to disturb the
free pre-tensioning process.

When the SRP is applied, to simulate the free-flight of the spacecraft in a static analysis,
the inertia relief option is activated, with the effect of balancing the constraint reactions by
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means of the inertial forces. In this context, the possible techniques to realistically apply
the SRP are discussed in Section 2.4. The problem of the structural instability of booms is
analyzed by means of detailed models, which replace mono-dimensional beam elements
with full S4 shell representation; see the scheme in Figure 4.

Figure 4. Single arm of the cruciform boom: mesh and loading conditions.

In particular, the boom buckling is studied with a two-step analysis: a linear eigenval-
ues step is performed in advance and, subsequently, a combination of the first eigenvectors
is used to perturb the geometry of a non-linear model. The most critical configuration for
the instability is that of sail with cruciform boom and connection via cables. In fact, in
that case, the boom arms are longer and the ends connected to the external cables are very
slightly constrained. The model is made of a single arm of the cruciform boom, clamped
at one end and loaded in compression at the other, as shown in Figure 4. The loaded end
is left free, to simulate the possibility for the cable (which transmits the force) to change
direction during deformation.

2.3. Pre-Tensioning Application

In principle, a membrane intrinsically has no ability to withstand loads transverse
to its mid-plane, being completely devoid of bending stiffness. The technique chosen to
give the membrane sufficient rigidity to withstand operational loads is to pre-tension it in
advance. A state of pre-tensioning can be induced in a membrane by pulling it at the ends,
and that effect then can be achieved in two different ways: (i) by assigning an initial tensile
to the connecting cables; or (ii) by assigning an initial compressive load to the booms. These
two approaches lead to different technological solutions, which will not be investigated
in detail in this work, but classifiable as remote connection via cables or close joining via
shorter and stiffer elements.

In the following, we will refer to the connections—via cables or cable-free—to indicate
the two configurations described above. The first solution has been described in detail in
Refs. [31,32], while the second one is adopted in Ref. [33]. The compression in the boom
arms can be introduced directly when they are deployed, while an ad hoc mechanism is
necessary to tension the cables. In this work, the performance of the various approaches to
pre-tensioning are studied and compared. In particular, the comparison is performed by
looking for the minimum intensity of pre-loading to ensure the same maximum out-of-plane
deflection of the sail. The ineffectiveness of the induced pre-stress field is demonstrated by
the lack of any convergence of the analysis when the SRP-induced effect is applied.

For the four-sector sail, the sensitivity of the external cables to the length is also
investigated to highlight the dependence of the stress field induced in the membrane from
the direction of the pre-load action line. In particular, three cases are considered: cables of
intermediate length, to make their direction coincident with the bisector of the triangular
membrane, and cables very long or short; see Figure 5. The pre-tensioning forces, for the
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three configurations, cross the central part of the membrane sector, the region close to the
boom center, and the external edge, respectively.

(@ (b) (c)
Figure 5. Conceptual diagram of cables of different lengths. (a) Bisector cables. (b) Long cables.
(c) Short cables.

The analyses performed on the monolithic sail stiffened by cruciform boom highlight
some critical aspects of the connection via cables. The lack of co-planarity between the
membrane—cable assembly and booms; this is, on the contrary, guaranteed in the sector
sail, and can prevent a correct introduction of pre-tensioning. In this case, the transverse
component of the force transmitted by sloped cables (see for instance the conceptual scheme
in Figure 6a) can induce an out-of-plane deformation of the membrane, which in turn can
cause the relaxation of the supporting cables themselves.

In three-dimensional modeling, at least the parallelism between the booms and the
membrane—cables assembly would be easily recoverable, creating a connection of the latter
with the generic boom external surface instead with its axis; see the scheme in Figure 6b. In
the context of a one-dimensional representation of both boom and cables, as in the present
analyses, this approach is not viable and an alternative modeling technique is necessary.
For this purpose, a special contact constraint is adopted between membrane and cables that
forces their parallelism, by imposing an initial clearance between them. In that case, the
nodal transmission of forces is preserved as described by the conceptual scheme of Figure 6c.

boom boom boom
+« plane « plane + plane
oblique aligned cable nodal
~— cable v+ cable _connection

cable alignment
forced by contact

e

membrane

membrane membrane

7

(@) (b) (c)

Figure 6. Conceptual scheme of the membrane-cables-boom reciprocal positioning. Cases: (a) cables
sloped; (b) cables aligned; (c) FEM solution for cable alignment.
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2.4. Solar Radiation Pressure Application

The SRP is the mechanical force per unit area due to the transfer of each photon’s
momentum to the opaque surface plus the momentum due to a recoil photon for a (partially)
reflective surface. Unlike the case of an absorbing material, the resulting force on a perfectly
reflective plate is normal to the exposed surface, with the tangential forces from the incident
and reflected solar rays canceling each other; see the scheme in Figure 7.

SRP-induced
force

flat reflector

reflected

AN
. /a photons
\
AS
<N
a AN
AN
\

incident
photons

Sun

Figure 7. Diagram of the force induced by the SRP on an ideal flat reflector.

If the surface of the body is perfectly flat, then the direction of the SRP-induced force
coincides with the normal to the surface itself. However, if a surface is curved, then each
point will be subject to a force directed as the local normal direction, as sketched in Figure 8.
As shown in that figure, not only the direction but also the intensity of the SRP-induced
force depends on the local angle a; between the incident sun ray and the normal direction,
according to a proportionality factor cos?a; [18]. In particular, despite the original flat
geometry of the sail, the out-of-plane deflection induced on the membrane surface by the
SRP influences interactively the structural response of the spacecraft.

In this context, two methods of increasing accuracy (but also of increasing computa-
tional cost) can be used to model the action of the SRP on a deformable surface. The first one
is based on assigning the incident and reflected forces separately. For example, assuming a
Sun-spacecraft distance equal to one astronomical unit, the magnitude of both (surface)
forces is about 4.5 pPa multiplied by the cosine of the angle a between the Sun-spacecraft
direction and the normal to the sail surface in the direction opposite to the Sun and in an
undeformed configuration.

Within a geometrically non-linear analysis, this method is based on the possibility of
applying a surface traction load to rotate with the surface itself (“live load”), so to maintain
its inclination with the local normal, or to remain fixed, disregarding the loss of the original
incidence (“dead load”). If both the incident and reflected loads were “dead”, then the
resultant would be aligned with the normal in undeformed configuration and, in modulus,
it would be proportional to the cos? a instead of cos? ;. If both loads were “live”, then
the resultant would be correctly aligned with the normal, but the modulus would remain
proportional to the cos? x. Finally, if the incident load is “dead” and the reflected one is
“live”, then the resultant force is offset by a;, with respect to the normal direction, as shown
in Figure 9; in the modulus, it is proportional to the cos? ¢;, with «; given by the sum of «
and a;,. The last solution is here adopted, due to the best compromise between direction
and modulus of the predicted resultant force. Such an error can be neglected anyway when
the deformations involved are sufficiently small, that is for small-sized sails. Rather, the real
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limit is represented by having to assign a fixed value to the nominal incidence, excluding
the use of such a method to perform dynamic analyses, when the spacecraft attitude can
vary continuously.

SRP-induced curved
force reflector

\
\ {Z\ o, reflected

/alz N photons
@
\\ incident
photons
@\Zal
@\ reflected
incident photons
photons
Sun

Figure 8. Solar-radiation-induced force on a curved reflector, in which a; = {a1, &y} is the local value
of the angle of incidence in two generic (different) points {®, @} along the exposed surface.

The second and more refined approach is based on developing a specific subroutine in
Fortran language that, by communicating with the processor, at all simulation times and at
all points on the sail surface, recalculates direction and intensity of the SRP-induced force,
based on the real local angle of incidence. Indeed, the Abaqus user subroutines allow us to
customize the program for specific applications that are not available through the main
software features. The user subroutines are mostly written in Fortran and, when inserted
in a simulation model, the Abaqus processor launches the Fortran compiler automatically.
The subroutine here used, named UTRACLOAD, can be used to define the variation of a
distributed traction load magnitude as a function of position, time, element number, and
load integration point number. In the specific case, the cosine directors of the local normal
to the surface are passed as input data to the subroutine, which calculates the actual load
magnitude by multiplying the value of solar pressure at zero incidence by the square of the
scalar product of this normal with the sun rays’ unit vector. Obviously—especially in the
case of large solar sails and very complex dynamic simulations—the use of the subroutine
can make the calculation times significantly higher.
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Figure 9. Approximate method to apply SRP accounting for the solar sail deformation.

In conclusion, the first method, hereinafter indicated as Method 1, despite being
approximate, produces more than satisfactory results for static analyses on small-medium-
sized sails, without having to resort to resources that are external to the FEM software. On
the contrary, the second approach, named Method 2, is free of approximations and has
no limitations of use but requires the availability of an external software—in this case, a
Fortran compiler that is compliant with the Abaqus suite.

2.5. Boom Buckling Problem

The booms, which play a fundamental role in both the deployment and pre-tensioning
phases of the sail, must be sufficiently stiff and at the same time as light as possible. For an
assigned material and length of the generic boom, its weight depends on the cross-sectional
area, whose dimensions should be minimized as much as possible. In this context, a CFRP
boom with thin-walled section represents the best structural solution. The bending stiffness
can be increased by distributing the area away from the axis of rotation, while the torsion
stiffness is maximum for closed sections. Despite the fact that open sections have also been
considered for (relatively) small-sized sails [34], the use of closed sections is recommended
for medium-sized sails, as discussed in Ref. [35]. Between the closed section shapes, the
most studied one is the bistable Collapsible Tubular Mast (CTM) made of two omega-shaped
shells, which provides high stiffness and guarantees easy deployment. In this work, a simply
tubular closed section is analyzed, with focus on the stiffness requirements rather than on
the deployment process.

3. Numerical Simulation Results

This section presents the numerical simulation results in terms of the stress field
induced by tensile pre-tensioning, the out-of-plane displacement field induced by SRP, and
the boom buckling modes. Both the monolithic and the four-triangular sector configurations
are analyzed.

3.1. Pre-Tensioning

The pre-tensioning induced in the sector sail by assigning a tensile stress of 23.5 MPa
to the cables is shown in Figure 10. The reason why this value is applied to the cables is to
achieve the reference stress of about 7 kPa in the central area of the membrane, as suggested
in Ref. [31]. Furthermore, all the remaining techniques of pre-tensioning are driven by
this reference value, which is a good compromise between the increment of the membrane
bending stiffness and the absence of deep wrinkles. From the figure, it is also evident that
the stress does not fall below the value of 5kPa at any point. The length of the external
cables is such that their direction coincides with the bisector of the triangular region—see
Figure 5—so a quite-uniform action of the pre-tensioning force is obtained.
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Figure 10. Four-sector sail: stress field induced by tensile pre-tensioning of cables with intermedi-
ate length.

In Figure 11, the two extreme cases of very long cables and short cables are reported.
In both configurations, the pre-stress field induced in the sail is ineffective in balancing the
SRP, causing the simulation to diverge early. In particular, when the cables are too short,
the membrane portion close to the boom center is substantially unloaded; meanwhile, the
excessively long cables cannot induce sufficient stress, below 550 Pa, in a triangular region
close to the external edges. Neither of the results change qualitatively by increasing the
tensile stress of the cables up to 30 MPa.

S, Mises
Multiple section points

(Avg: 75%) S, Mises

+1.

+3. Multiple section points
:g- e+ (Avg: 75%)
122640, +2.296€402
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+1. +7.500e+01
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I +5.334e401
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15413e4 +4.167e+01

+3.334e+01
+2500e+01
+1.667e+01
+8.338e+00
+4.767e-03

(@) (b)
Figure 11. Four-sector sail: stress field induced by tensile pre-tensioning of very long and short cables.
(a) Very long cables. (b) Very short cables.

The same result is obtained in the cable-free configuration by applying an initial
compression to the boom of 2.15 MN; see Figure 12.

The impossibility of pre-tensioning a monolithic sail with oblique cables (see Figure 6a)
is visible in Figure 13; here, the membrane, despite an initial stress of 50 MPa in each
cable, remains substantially unloaded. A satisfactory result is instead obtained when the
alignment between cables and membrane is restored. According to the scheme in Figure 6c,
an initial tensile stress of 19.5 MPa in the four cables produces the pre-tensioning shown in
Figure 13.

A very similar stress field can be induced in the monolithic sail by means of cable-free
pre-tensioning by applying an initial compression of 0.95 MPa to the arms of the cruciform
boom, or by imposing to the cables connected to the frame boom an initial tension of
35MPa. In this last case, the membrane, cables, and boom lie on the same plane, but a
larger pre-loading, still strongly below the resistance of Kevlar, is necessary: a large part of
the cable force acts as shear at frame boom ends and causes a part of elastic deformation
energy to be spent in boom shear bending deformation rather than in sail tensioning.
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Figure 12. Four-sector sail: stress field induced by compressive pre-tensioning of boom arms in

cable-free configuration.
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(a) (b)
Figure 13. Monolithic sail: stress field induced by tensile pre-tensioning of cables in sloped and
aligned position. (a) Sloped cables. (b) Aligned cables.

3.2. Solar Radiation Pressure

In the present work, which deals with the static analysis of a medium-sized space-
craft, the results provided by the two approaches to apply the SRP (see the discussion in
Section 2.4) are very similar and the simulation time does not exhibit appreciable variations.
The maximum deflection of the membrane is averagely overestimated by Method 1 by only
0.1%, because of the slightly underestimated local angle of incidence. In the following, only
the out-of-plane displacement field relevant to Method 2 are shown.

As discussed in Section 2.3, all the sail configurations are pre-stressed in such a way
to cause approximately the same value of maximum deflection, fixed at about 22 mm.
The displacement induced by the SRP at the reference distance of one astronomical unit
from the Sun and a nominal incidence of zero degrees in the four-sector sail is shown in
Figure 14. Note that the chosen value for SRP is consistent with heliocentric scenarios in
the proximity of Earth’s orbit, such as transfers to near-Earth objects, the maintenance of
displaced non-Keplerian orbits for the observation of Earth’s poles, or the initial stages
of interplanetary transfers towards other planets. The maximum deflection relevant to
the two pre-tensioning techniques, based on pre-stressing cables in traction or boom arms
in compression, is 22.1 mm on average and occurs at mid-points of the external edges.
However, the whole displacement field exhibits some differences: the regions where the
deflection is higher, above 15 mm, are definitively larger in the cable-free case. This behavior
is to be attributed to the different contribution of the pre-tensioning forces at the internal
vertices of the membrane sectors, close to the center of the sail: here, the deformations
of the boom—the primary source of pre-tension in the cable-free configuration—tend to
cancel out for symmetry reasons; this phenomenon is not present in pre-tensioning with
cables, where the internal ones are also actively pre-loaded.
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Figure 14. Four-sector sail: out-of-plane displacement field induced by SRP. (a) Via cables. (b) Cable-free.

The results relevant to the same loading conditions are shown in Figure 15 for the
monolithic sail. The maximum deflection, 22.15 mm on average, occurs in the center of the
membrane, consistently with the adopted four-point connection. The case of cable-free
configuration is not shown, due to the total coincidence of the results with those of the
cross boom via the cable: the absence of inner connections, differently from the four-sector
sail, makes the two cases identical. Finally, also the displacement field relevant to the frame
boom is fully comparable with the previous ones, with the pre-tensioning technique being
the same: the less effective loading of the frame boom is compensated for by increasing the
cable pretension force, as explained in Section 2.3.

U, Magnitude
+2.212e-02 U, Magnitude

+2.222e-02

+1.844e-03
+0.000e+00 +0.000e+00

(@) (b)
Figure 15. Monolithic sail: out-of-plane displacement field induced by SRP. (a) Cross boom via cables.
(b) Frame boom via cables.

3.3. Boom Buckling

The results that are relevant to the linear buckling analysis are shown in Figure 16.
The first four eigenvalues are equal two by two, and they all exhibit eigenvectors with
simultaneous global torsion and local section distortion. In Figure 16, only the first and third
eigenvectors are reported; these are relevant to the loads of 1533 N and 1540 N, respectively,
since the second and fourth differ only in the torsion direction. As explained in Ref. [36],
the buckling behavior of the thin-walled cylinder in the composite material is affected by
several factors: section shape and size, thickness, global length, composite lay-up, and
finally sensitivity to initial imperfections.
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Figure 16. Buckling modes. (a) First mode. (b) Second mode.

The last factor, as well as the extreme slenderness of the boom, require a non-linear
analysis to be performed. The initial perturbation on the boom geometry is introduced
as the sum of the same percentage of the two eigenvectors mentioned above, to obtain a
defect amplitude of a hundredth, a tenth, and a millimeter, respectively. The criterion to
calculate the critical load is based on the ascertainment of loss of constant compressive
strain in the thickness when buckles arise. The occurrence of buckling is conventionally
fixed at 20% of strain divergence between internal and external faces at a reference critical
location. Figure 17 shows the application of such a criterion for the intermediate value
of geometrical perturbation. The deformation induced by non-linear buckling, which is
shown in Figure 18, is qualitatively consistent with the predicted eigenvectors and occurs at
about 95%, 74%, and 43% of the linear critical load, for increasing perturbation amplitude.
The stress value of 3.2 MPa, relevant to the larger initial perturbation, is however lower
than 1 MPa, evaluated as the maximum boom compressive stress in all sail simulations.
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Figure 17. Strain divergence for buckling detection.
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Figure 18. Non-linear boom buckling deformation.

4. Conclusions

Through the FE analyses, the Abaqus software was demonstrated to be an effective
instrument for modeling classical square solar sails and for deeply understanding the
performance and criticality of possible structural solutions. In particular, the developed
numerical approaches and modeling techniques can provide precious information about
many design aspects: membrane pre-tensioning, deformation induced by the SRP, and the
boom buckling problem. Special attention is devoted to reproducing realistic loading and
boundary conditions in the space, trying to supplement the lack of experimental data.

The same procedure can be extended to square solar sail of different size and arranged
with various combination of technical solutions. Furthermore, thanks to the Fortran
subroutine developed to impose the SRP, the dynamic response of the sail can also be
analyzed by replacing an implicit non-linear static step with a dynamic one. In conclusion,
the FE method—integrated using skills that are specific to the Abaqus software—can be
considered a powerful and versatile approach for progressing with the study of promising
spacecrafts, such as solar sails.
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