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Abstract

There is a wide application spectrum of deployable aeroshells for de-orbit and re-entry of space vehicles
by using flexible heat shields. By expanding to a larger diameter prior to entry in order to increase drag,
such a technology has shown to provide higher entry performance suitable for Earth or a variety of
planetary high-speed entries that require high temperature thermal protection systems materials. Also,
innovative shape-changing mechanisms exist in the literature for controlled re-entry and safe recovery
of CubeSat class systems to recover payloads and data from LEO at low cost for post flight inspections
and experimentations. Shape morphing during atmospheric entry could enable trajectory control by
providing enhanced flight manoeuvrability and high-precision landing. This paper presents a CubeSat
design concept that incorporates a mechanically deployable re-entry aeroshell within the standard 12U
form factor by investigating aerodynamics and heating of a flexible thermal protection system having
shape-changing capabilities. Focus is given to the design of the deployment system through structural
simulations. The deployable surface can be modulated by a single actuator in order to modulate the lift-
to-drag ratio for guided entry. Additionally, once deployed, the system can activate eight small movable
aerodynamic flaps that can be individually morphed via a SMA-based actuation to control the trajectory
and target the entry vehicle into the desired area for landing. This paper is framed within a joint research
project for scientific and technological cooperation between Italy and Brazil in the field of space science,
co-funded by the Italian Ministry of Foreign Affairs and International Cooperation (MAECI) and by
CONFAP through the involved Brazilian State Funding Agencies (FAPS).

1. Introduction

A mechanically deployed system has the capability of deploying a load-bearing flexible thermal protection system
(TPS) for high-speed atmospheric re-entry with a reduced ballistic coefficient [1]-[3]. In [4], the NASA ADEPT entry
concept for standard CubeSat units has proven to deliver the same science payload with a stowed diameter 3-4 times
smaller than an equivalent rigid aeroshell. The design uses an umbrella-like deployable structure with a 3-D woven
carbon fabric to achieve more efficient packing and adequate thermal protection during entry. Similarly, a deployable
Mars aeroshell concept is developed by O’Driscoll at alii [5].

Morphing technology can provide mechanically deployable aeroshells with improved entry conditions and landing
precision suitable for safe and timely recovery of payloads and samples with reduced risks and costs [6]. Their ability
to modulate the drag profile during re-entry operations offers considerable benefits over traditional rigid aeroshells
that enable more accurate guidance trajectories and improved landing accuracy. Additionally, lower peak decelerations,
heat loads and fluxes can be effectively achieved to protect the payload from the re-entry environment. Prior work on
drag modulation have proven to guide a satellite to a desired re-entry interface point [7]. In [8], aerodynamic drag
modulation of umbrella-like heat shield has shown to be an efficient way to control the re-entry location. An adaptive
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aerobrake using aerodynamic flaps is also addressed in [9] to efficiently steer the vehicle during re-entry. In [10], such
a technology is also combined with a fiber optics-based closed-loop feedback monitoring system in order to realize a
full autonomous re-entry system. In [11]-[12], NASA’s Pterodactyl project has focused on a deployable atmospheric
entry vehicle (DEV) integrated with eight flaps mounted at the edge of the heatshield that can deflect in and out of the
flow in order to provide precision targeting during re-entry. In [13], a preliminary conceptual analysis of a novel shape-
changing concept using a SMA-based actuation is proposed for the control of morphing flaps separately.

This paper is framed within the context of the first executive programme for scientific and technological cooperation
between Italy and Brazil supporting joint research projects for the years 2022-2024. A research on innovative
mechanically deployable shape-changing re-entry aeroshells is carried out within the SPLASH (Self-DePloyable
FLexible AeroSHell for de-Orbiting and Space Re-entry) project, funded by the Italian Ministry of Foreign Affairs and
International Cooperation (MAECI) for the Italian side, and by National Council of State Research Support
Foundations (CONFAP) through the involved Distrito federal Funding Agency (FAPDF) for the Brazilian side.

This paper describes the structural design activities carried out by the joint research team, coordinated by CIRA, for
the development of such novel re-entry concept featuring advanced mechanism, flexible heat shield and smart
actuation. The deployment mechanism is sized for a standard 12U CubeSat deployer, as shown in Figure 1, in order to
take advantage of existing CubeSat deployment systems.

Figure 1: Preliminary SPLASH concept for 12U CubeSat Platform

2. Vehicle description

This paper deals with the preliminary design of a deployable atmospheric entry vehicle integrated with a morphing
technology to provide additional precision targeting during re-entry of scientific missions in Low Earth Orbit (LEO).
The system incorporates an innovative shape-changing mechanism that can be housed in the folded configuration
inside a 12U Cubesat and then deployed with the intent of a re-entry and landing for payload recovery. The adaptive
thermal protection system is a deployable umbrella-like heat shield consisting of structural ribs and struts, shown in
Figure 2, that can be stowed at launch and deployed during re-entry to reduce the ballistic coefficient. This leads to
reduced heat fluxes, mechanical loads and final descent velocity.

Nose Cap
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Figure 2: A general description of the aeroshell components
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The structural skeleton consists of four primary components: nose cap, main body, ribs and struts [13]. The nose cap
is designed to withstand aerothermal loads at the stagnation point. The thermal protection system includes also a
flexible high temperature material for the conical part with heat and flame protection capability. When the TPS is
completely deployed the base diameter is about 1 meter, while the cylindrical structure has a diameter of 21.6 cm. The
structural skeleton consists of a multi-hinge assembly based on a set of finger-like articulations having two-modal
capabilities:

e the deployable surface can be modulated by changing the sphere-cone angle, in order to provide drag
modulation capabilities, control the trajectory and target the payload into the desired area for landing and
recovery;

e Once deployed, the system can also activate eight small movable aerodynamic flaps that can be individually
“morphed” to guarantee additional precision in landing and enhance the capsule maneuverability during the
re-entry trajectory by using exclusively aerodynamic forces.

A moveable ring enables symmetrical rotation of the morphing ribs during deployment, as shown in Figure 3. It is
connected to the morphing ribs though eight actuation rods that drive the rotation of the main hinges of the ribs during
system deployment/retraction. The whole mechanism is controlled by a screw-jack actuator.

The morphing ribs incorporate two consecutive blocks connected by hinges so that the actuation leverages force the
mechanism to rotate according to specific gear ratio depending on the position of the linking beams connecting the
outer blocks to the fixed ring.

Moveable Ring

Inner segment of the rib

Outer segment of the rib

Figure 3. The deployment/retraction mechanism of a single rib with morphing capabilities [13]

Finally, when the deployable mechanism is locked in a given position, the outer segments of the ribs can be morphed
by a shape memory alloy-based bending mechanism as active morphing flaps.

2.1 System configuration

As a very first approximation, a Newtonian approach is considered to estimate the spacecraft drag coefficient (CD) by
simplifying its shape with a cone, as shown in Figure 4, by using the equation:

)2 T\2
Cp = (1 —sin* §;) <—n) + 2sin? 8. [1 — <—n) cos? 8¢] @)
7ﬂC rC

where & is the cone half angle, r. is the cone base radius and r,, is the nose radius. A is the area of the frontal cross
section, which is perpendicular to the motion direction.
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Figure 4: SPLASH concept configurations.

A nominal undeflected “rigid” surface is preliminary considered to compute drag and ballistic coefficients for various

cone half angles, as shown in Table 1. We can calculate also the ballistic coefficient (BC) for a target mass of 24 kg of
the spacecraft.

Table 1: Drag Coefficient (CD) and Ballistic Coefficient (BC)

rn (M) 0.108 0.108 0.108 0.108
re (M) 0.305 0.35878 0.419 0.488
m (k) 24 24 24 24
A (m?) 0.2923 0.40439 0.551 0.749
dc (deg) 15 30 45 60
Co 0.243 0.551 1.017 1.503
BC (kg/m?) 337.779 107.716 42.882 21.306

3. Re-entry mission from LEO

The flight design scenario for the assessment of aerodynamics and aerothermodynamics of the SPLASH concept is

shown in Figure 5. Table 2 shows examples of Earth entry environments from LEO that can be found in the literature
for similar deployable vehicles [9], [14].
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Figure 5. Altitude evolution vs. velocity. Re-entry from LEO.
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Table 2: Earth Entry environments from LEO: Mini-IRENE [9], NanoADEPT [14], SPLASH capsules

Earth Entry from LEO
Mini-IRENE [9] Nano-ADEPT[14] SPLASH

Velocity [m/s] 7600 7600 7600
Flight path angle [°] -1 -1 -1
Sphere-cone angle [°] 45 70 60
Altitude [km] 120 120 120
Deployed diameter [m] 1.51 0.7 0.976
Entry mass [kg] 40 15 24
Ba"iSt[ngr?]ezf]f icient 21.28 225 21.34
Peak Heat flux [kW/m?] 450 750 750

Figure 6 shows the stagnation point heat flux as a function of the altitude by considering a constant Cp. Comparison
of the time history of the stagnation point heat flux between the SPLASH concept and Mini-IRENE [9] and Nano-
ADEPT [14] capsules is shown in Figure 7 for a re-entry mission from LEO. The latter refer to the case of m= 40 kg
and m= 15 kg, respectively, both having a similar ballistic coefficient. Fig. 8 shows the profile of dynamic pressure

during the descent flight for the case of a constant Cp.

SPLASH Earth entry from LEO
T T

x10*

Altitude (m)

0 I I I I I L I
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Stagnation Point Heat Flux (W /m?) %10°

Figure 6. Stagnation point heat flux versus altitude in case of re-entry from LEO.
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Figure 7. Comparison of stagnation point heat flux of SPLASH, MINI-IRENE [9] and Nano-ADEPT [14] concepts
for a re-entry mission from LEO.
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Figure 8. Stagnation point pressure for a re-entry mission from LEO.

It is worth noting that the highest value of pressure is experienced by the capsule at an altitude of about 60 km, whereas
the peak of heat flux occurs at around 70 km. All the aerothermal analyses are carried out by using the HyperSMS
Aerothermodynamic Tool [15]. Such a MATLAB® toolbox is quite reliable for the preliminary design of a re-entry
non winged vehicle, keeping in consideration the different aspects involved in an atmospheric re-entry.

Such preliminary assessments of the aerothermal loading environment during the entire trajectory guide the preliminary
design of the flexible heat shield by providing the pressure and heat flux distributions occurring on the capsule. The
aeroheating environment dictates the type and size of the thermal protection system (TPS) while the choice of the
thermal protection material typically depends on the peak heat rate. The integrated heat load dictates the thickness and
hence the mass of the heat shield. Finally, pressure and shear stress acting on the heat shield determine the mechanical
loads the capsule has to withstand during descent.
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4. FE model of the deployed configuration

The flexible TPS of the capsule is one of the most critical parts of the SPLASH vehicle. Several tests were carried out
at the Plasma Wind Tunnel test of CIRA to investigate thermal performance of Nextel material in past IRENE activities
[16]. In this paper, starting from the rigid multi-body model detailed in [13], a modelling task was carried out by
developing a specific approach aimed at describing the process of installation of the shield fabric, the consequent
tensioning effect and the related impact of the external aerodynamic load. The tensioning process was addressed by
fixing the fabric on the inner central circular border and stretching the eight outer vertices up to overlapping them to
the tips of rigid beams replicating the inner structure. Then the vertices were linked to the tips to simulate the typical
glove engagement and released to allow the achievement of the equilibrium between the fabric and the arms below. A
uniform pressure of 2 kPa was then applied on the pretensioned shield. On this configuration, in the next steps of the
research, the impact of the deflection of the arm tips will be estimated, considering the effect of the SMA actuators.
After that, a finite element model of the capsule was developed to investigate both the stress distribution and the
displacement field due to a preload acting on the TPS membrane when it was connected to the deployment mechanism.

4.1 Preload and symmetric pressure on the flexible TPS

The tensioning process of the flexible TPS was firstly investigated by using the non-linear sol 400 MSC/Nastran solver.
This tool in fact allows the simulation of the large displacements imposed to the vertices of the shield, the change of
the constraint condition due to the connection of the vertices to the arm tips and the displacement of the pre-tensioned
shield membrane subjected to the external aerodynamic pressure. Moreover, the tool is also equipped with a dedicated
card, MATSMA, implementing the SMA constitutive law. The process described above is illustrated in the block
diagram shown in Figure 9.

Stretching of the shield
fabric

Connection of the
vertices of the shield
to the arm tips

Elastic recovery of the

shield fabric

Application of the
aerodynamic load on
the shield

Deflection of the arm
tips using SMA
actuators

Figure 9. Modelling approach adopted to simulate the shield fabric integration and the action of the external
aerodynamic load.

The simulation process was finalised within a unique subcase split into 3 steps. The first one was dedicated to the
stretching; this operation was addressed using the SPCD cards applied at the 8 vertices of the shield moved towards
the three directions to fill the current gap with the corresponding arm tips. The initial position of the vertices was
defined by means of a scaling process applied on the entire shield and producing and initial truncated-cone shaped
shield with the same frustum angle of the final stretched one and with a reduced height and diameter. The schemes of
Figure 10 illustrate the type of transformation produced in the 1st step of the simulation and compare the initial and
the final shield configurations. The FE model of the flexible TPS connected to the eight rigid beams representative of
the deployment mechanism is shown in Figure 11.
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Figure 10. Initial truncated-cone shaped shield and final stretched one: top (a) and lateral (b) view.

Figure 11. Lateral and bottom view of the FE model

At the beginning of the 2nd step, MPC cards are used to link the translational dofs of the vertices to the arm tips. After
this operation, the elastic recovery of the shield occurs; this is possible for the absence in this step of the SPCD cards.
This process continues as the equilibrium between the fabric and the arms is finally reached. Then the step 3 starts.
The external aerodynamic pressure is applied normally to the shield that acts as a membrane stiffened by the tensional
stress produced in the previous step. The configurations in terms of displacement and stress of the shield during the
simulation are illustrated in Figure 12 (lateral view) and in Figure 13 (top view). Axial symmetry is observed.
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Figure 13. Displacement and stress on the shield during the simulation steps, top view.

4.2 Flexible TPS and deployable mechanism

The deployment mechanism, consisting of ribs and struts, shall be able to deploy and preload the flexible TPS with a
tension high enough to guarantee a deflection of the TPS compatible with the aerodynamic requirements. Such a
preload shall be maintained by the actuation mechanism during the whole mission time and conditions. Also, the
deployed TPS shall be able to withstand the flight loads while preserving the aerodynamic characteristics of the
capsule.

A further FE model was then developed in Abaqus to account for both the flexible TPS and the inner deployment
mechanism. The whole capsule is shown in Figure 14 while the TPS geometry and mesh are detailed in Figure 15. The
rigid part of the heat shield, requiring high thermal performance to withstand the thermal loads at the nose of the
capsule, is neglected at this stage of the project. The TPS is modelled by a pure membrane. Its properties were
considered by assuming the Nextel fiber characteristics (ultimate stress and elastic modulus) reported in the technical
documentation [17]. However, further studies are being executed on a high-performance polybenzimidazole (PBI)-
based thermoplastic material to investigate its capability to efficiently dissipate the incident heat flux.

Figure 14. SPLASH capsule finite element model.
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T

Figure 15. TPS geometry and mesh.

The load case was the preload of the membrane when the mechanism is deployed. The edges of the flexible TPS were
connected to the ribs tips by means of rigid elements. Figure 16 and Figure 17 show the displacement and stress map
in the flexible TPS induced by the preload. A maximum displacement of about 6.1 mm is obtained at the centre of the
TPS membrane between the two points of connection with the inner mechanism. Furthermore, the stress distribution
showed a maximum stress of 6.7 MPa.
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Figure 16. Displacement map in the flexible TPS induced by the preload
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Figure 17. Stress map in the flexible TPS induced by the preload

5. Conclusions

A critical requirement for mechanically deployable aeroshells design is an understanding of the factors influencing the
structural interaction of the flexible thermal protection system and the amount of pre-tension that shall be put in the
flexible heat shield by the deployable mechanism prior to atmospheric entry. Key design parameters such as the
aerothermal heating and aerodynamic forces imparted on the vehicle may be significantly sensitive to the static
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deflection imparted in the flexible heat shield by the entry flow field. Also, varying pre-tension in the heat shield may
impact on the morphing ability of the aerosurface to correct re-entry trajectories through asymmetric shapes. The
aeroelastic behaviour of the capsule may be also influenced by pre-tension and dynamic pressure.

In this paper, a dedicated study was conducted to improve structural modeling tools used in the design of SPLASH
deployable morphing aeroshell for 12U CubeSat atmospheric re-entry. The activities included the definition of a
reference mission with focus on trajectory analysis, aerothermal loads and dynamic pressure. A specific routine was
developed to predict stress map in the flexible heat shield due to pre-tension as well as the related response due to the
sizing pressure symmetrically distributed on the pretensioned shield. Deciding the appropriate pre-tension for a given
mission requires a mission-specific trade study. After that, further simulations were carried out on the TPS membrane
connected to the deployable mechanism. The model was representative of the most critical parts of the entire assembly
in order to evaluate displacement and stress distribution of the structural components. As a next step, further
simulations will be carried out by considering the peak dynamic pressure as well as the deceleration expected during
the flight. Finally, the effect of creating an asymmetric shape by activating the SMA-based actuators embedded in the
outer segments of the ribs will be investigated for missions requiring precision landing and/or aerocapture. This will
require also a robust closed-loop guidance and control algorithm that can make on-the-fly adjustments to correct the
trajectory by means of the envisaged smart actuation.
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