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ABSTRACT 

 

Currently, the amount of space debris is increasing rapidly 

due to the tremendous amount of satellite launches. Having 

an autonomous re-entry system aboard satellites at their end-

of life, creates possibilities in the frame of lowering space 

debris, as well as for sample return from space. This paper 

aims at describing two possible deployment systems for the 

Thermal Protection System. Also, the integration of an 

onboard Fibre Bragg Grating-based shape monitoring 

system, coupled to an adaptive control system is described. 

Additionally, several re-entry trajectory steering systems are 

investigated, combined with an inflatable concept analysis. 

The combination of a deployable Thermal Protection System, 

an onboard closed feedback loop for shape monitoring, and 

the ability to adapt the shape of the Thermal Protection 

System, creates the possibility to design an autonomous 

dynamically steered re-entry system.  

 

Index Terms— Thermal Protection System, cubesat, 

Fibre Bragg Grating, shape monitoring, heat shield 

 

1. INTRODUCTION 

 

The life time of satellites in orbit is limited, i.c. from a few 

months up to several years. At end-of-life, these vehicles 

have to be removed from their functional orbit. This can be 

done by actively putting them in a graveyard orbit, or by 

active/passive re-entry into the atmosphere. The latter can 

cause issues related to atmospheric contamination [1]. If this 

re-entry is done in an uncontrolled manner, an additional risk 

exists related to over-land impact [2] which may cause human 

casualties.  

 

The awareness of debris in space, as well as the removal of 

dysfunctional satellites and other objects is put high on the 

agenda. Several techniques are under development to 

mitigate space debris [3, 4, 5]. Especially for cubesats, no 

targeted full recovery re-entry system exists. If such a system 

is fully operational, this would impose an advantage from a 

pollution point-of-view: a full recovery of the spacecraft and 

payload prevents the release of harmful substances into the 

atmosphere, which is not the case with traditional space 

debris removal techniques. The risk of human casualties 

should at least meet the European Code of Conduct for Space 

Debris Mitigation, stating re-entry casualty risk has to be 

below 1 to 10,000 [6]. If this re-entry is done in a controlled 

manner, this requirement can also be fulfilled. 

 

Additionally, if a targeted full recovery re-entry system is 

implemented aboard a cubesat, this opens the possibility of 

sample return from space. If, for example, a cubesat with a 

sample return container and a dedicated Thermal Protection 

System (TPS) are developed, a more flexible transportation 

system can be put in place for sample return from the ISS and 

for other sample return setups. A Nanoracks CubeSat 

Deployer (NRCSD) facility is already available aboard the 

ISS [7], hence this does not involve any additional cost. The 

cubesat design, containing a TPS, should fit the requirements 

imposed by the cubesat launch facility.  

 

Interests in re-entry systems has increased in recent years. 

Several deployable systems have been under investigation [8, 

9]. A potential sample return mission faces three main 

challenges: 1) offering protection from the high temperatures 

during re-entry, 2) steering the cubesat during re-entry in 

order to follow a predefined trajectory, and 3) safely landing 

the cubesat after passing through the atmosphere. The aim of 

this paper is to propose an initial idea on the first two points. 

 

2. TPS DESIGN 

 

In order to offer protection from the high temperatures during 

re-entry, compared to a traditional, fixed-geometry TPS, 

inflatable or deployable structures offer high drag with a low 

impact on the mass, greatly lowering the ballistic coefficient.  

 

The deceleration during re-entry occurs at a high altitude, and 

with low heat fluxes [10]. This lowers the demand on the TPS 

and benefits sample return missions, which may have 

stringent requirements on the temperature of the payload. 

Such systems have long been considered for ISS return 
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missions and Mars entries, with existing development so far 

limited to large-scale devices such as the Inflatable Re-entry 

and Descent Technology (IRDT) and Inflatable Re-entry 

Vehicle Experiment (IRVE) missions [11, 12]. A fixed-

geometry TPS uses ablative material or temperature resistant 

ceramic tiles, whereas the developed TPS would have a 

dynamically controlled flexible shape. The latter can be a 

combination of an ablative structure on top of the cubesat, 

with flexible miniature temperature resistant ceramic tiles 

[13] integrated in a deployed TPS (Fig. 1).  

 

The system to deploy the TPS can be inflatable or 

mechanical. A trade-off has to be performed which approach 

is most suitable to be housed inside a 10 x 10 x 10 cm cube 

(= 1U cubesat dimension).  

 

2.1. Inflatable TPS 

 

The inflatable TPSs that have been tested or are under 

development use conical TPS shapes, which are a proven, 

aerodynamically stable design. If an inflatable system is used, 

a dedicated inflation system should be selected, able to 

initiate and maintain pressure. For this, e.g. nitrogen can be 

used housed inside a small container [14], or gas generators 

can be applied. This system of course will consume a 

significant amount of volume and mass aboard the cubesat. 

Subsequently, the complexity of the TPS increases. This 

needs further study. 

 

2.2. Mechanical deployable TPS 

 

For the mechanical deployment system, already designs are 

developed using a rib and strut structure, combined with a 

rigid nose on top of the TPS [9]. The idea would be to design 

a mechanical deployable system, small enough to be housed 

inside a 1U. An in-depth study is necessary to investigate the 

deployment system, using springs or other unfolding 

mechanisms.   

 

A trade-off is necessary between the size of the TPS and the 

exposed temperature range, the used material, as well as an 

analysis of the feasibility of both described deployment 

concepts.  

 

3. TPS SHAPE MONITORING  

 

In order to steer the cubesat during re-entry, a monitoring 

system using Fibre Bragg Gratings (FBGs) is developed, 

implemented inside the TPS. A distributed fibre network, 

combined with an optical transceiver and a spectrometer (Fig. 

2), is able to measure at certain points directly the mechanical 

and thermal stresses inside the shield, by encoding the strain 

at their position into an optical wavelength. Each 

measurement node is connected to a transceiver and 

spectrometer as indicated in Figure 2 (not all connections of 

the nodes are shown). This setup can be developed by using 

compact sized, high sampling frequency measurement opto-

electronics, in which a time division multiplexed approach 

for multiple sensors and multiple channels is applied. This 

enables the measurement of the strain fields and the dynamic 

stresses inside the TPS. The exact amount, distribution and 

placing of the measurement nodes is under investigation. This 

also depends on the used optical transceiver and spectrometer 

available for space applications. 

 

For embedding FBGs  in Bismaleimide (BMI) / woven glass 

composite, additional insulation is expected for the hottest 

 
Fig. 1.  Possible TPS setup: ablative nose cone, combined with flexible 
miniature temperature resistant ceramic tiles.  

  

Ablative nose cone

Miniature
ceramic
tiles

3U cubesat
 

Fig. 2.  The FBGs are equally distributed inside the TPS, combined with 

the optical transceiver and spectrometer inside a 1U, together with the other 

onboard systems (not all FBG connections to the transceiver and 
spectrometer are indicated in the figure). 
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area of the heat shield, around the shock zone forming ahead 

of the shield center. Various types of optical fibre sensors 

have been explored. The FBG type has advantages in this 

application because of the localized strain measurement and 

small sensor size. In general, the materials and FBG sensors 

for a flexible, high strength shield operating up to 250°C are 

already well developed [15]. An extended material tradeoff 

analysis will be necessary, including cork/phenolic, silicone, 

etc., supported by transient thermal analyses methods. 

 

Previous work by the team has shown that standard 125 

micron diameter optical fibre with low sensitivity to bending 

and a thin (10 micron range) polyimide coating can be 

embedded reliably in a wide range of woven and 

unidirectional fibre reinforced composite laminates. They can 

be operated successfully between -196°C and +250°C, with 

repeated stress and temperature cycles. This research 

demonstrated that 80-60 micron diameter optical fibres are 

feasible and are advantageous for the compact and highly 

curved flexible heat shield.  

 

This setup allows a translation into a model which can give a 

view on the shape of the inflatable TPS during the re-entry 

process. For the deployable TPS, the FBGs shall be 

distributed equally on the ribs and struts in order to monitor 

the deployment status of the structure. Additionally, the FBG 

network shall be woven-into the TPS material itself. Hence, 

also the status of the deployed TPS can be monitored. This 

allows a real-time shape analysis of the TPS, for which the 

information is analyzed in the onboard computer system.  

 

4. RE-ENTRY TRAJECTORY STEERING SYSTEMS  

 

The following section details some trajectory adjustment 

concepts using inflatable, deployable and Shape Memory 

Alloy (SMA) actuation methods. To gauge the capabilities of 

the inflatable concept, a 6 Degrees Of Freedom (DOF) 

trajectory simulation is performed in section 5, along with a 

preliminary stability analysis. 

 

4.1. Trajectory adjustment using an inflatable system 

 

Trajectory control using an offset Centre Of Gravity (COG) 

along with bank angle control to direct the lift vector, is a 

proven concept. It is used for human capsules (Apollo, 

Soyuz) and Mars landers such as MSL [16], as well as during 

the Inflatable Re-entry Vehicle Experiment 3 (IRVE-3) 

mission [17]. Dillman et al. [18] note that this guidance 

strategy results in a coupling of the Angle of Attack (AoA) 

and sideslip angles, as well as the downrange and crossrange 

error at landing. Fuel expenditure limits the number of bank 

angle reversals and adds weight. Instead, they propose Direct 

Force Control (DFC) for an inflatable system as an alternative 

method where the AoA and sideslip are controlled separately. 

Either by means of four rigid flaps on the outer diameter of 

the TPS, or by straps pulling on the TPS from the center body 

of the spacecraft. The inflatable system considered in this 

section is similar to the flap concept, but uses four secondary 

inflatable bellows at the rim of the primary, conical inflatable 

TPS (Fig. 3). By inflating or deflating these smaller bellows, 

using a dedicated inflation system, a dynamic steering during 

re-entry can be achieved.  

Using the above described DFC approach, in combination 

with the described onboard FBG closed loop feedback system 

for TPS shape monitoring (section 3), opens the opportunity 

to monitor and adapt the re-entry trajectory in real-time.  

 

4.2. Trajectory adjustment using a deployable system 

 

An adaptive TPS for re-entry vehicles was already described 

by A. Fedele et al. [19]. They use multiple steerable metal 

flap structures, which are put in the slipstream in order to 

steer the vehicle during re-entry. If a deployable TPS is used 

instead of an inflatable one, the idea described by A. Fedele 

et al. [19] could be combined with the FBGs closed-loop 

feedback monitoring setup, in order to have an alternative full 

autonomous re-entry system. 

 

 
Fig. 3.  A double inflatable TPS approach, able to adjust the re-entry 
trajectory, based on an onboard feedback system, using the FBGs. 
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4.3. Trajectory adjustment using SMA 

 

Another idea can be the use of SMA to adapt a deployable 

TPS [20]. The major advantage of this technique, is the 

‘memory effect’ this metal has. The metal has the ability of 

returning to its original shape if heat is applied. The use of 

SMA in the field of aerospace applications, is already 

described [21]. In these applications morphing structures are 

used, e.g. for flap camber control in the aviation industry [22]. 

In this approach, the structural shape of certain material is 

adapted, by applying a certain amount of heat. By varying the 

temperature, the shape of the metal can be varied. Depending 

on the used SMA material, a different temperature range 

needs to be applied [23]. The high temperature ranges for 

SMAs can cause issues in low-power cubesat applications. 

Hence, dedicated SMA material has to be examined, 

especially for the TPS application. Also, external heating 

from the re-entry can affect the SMA operation and has to be 

taken into account in the design.    

Nitinol Nickel-Titanium SMA is well developed and already 

applied in space applications in actuators for mechanism 

deployment [24].  Wires with diameters in the range of 25 – 

500 microns are readily available with actuation force 

capabilities in the 0.3 to 110 N range. The displacement range 

is about 4 %, the actuation time about 3 seconds.  Direct 

resistance heating of the wire is possible. Potential difficulties 

are the temperature isolation of the wires from the 

background and the high current needed. A potential solution 

is to package the SMA wires inside insulating silicone tubes.  

Shape control approach can be effected by integrating the 

wires radially about the shield as reinforcing straps, and 

varying their length between actuated and non-actuated 

values by electrical heating of the wires. SMA actuators can 

be used to deploy the inflatable heat-shield in the form of gas 

control valves, hold-down and release latches.   

 

All three systems described above, create the ability of 

automatically adapt and control the re-entry trajectory of the 

cubesat. Hence, a safe and targeted re-entry can be aimed at. 

The future idea is to integrate these systems into a 1U setup, 

which can be implemented as an additional payload aboard 

any cubesat. 

 

5. INFLATABLE CONCEPT ANALYSIS 

 

5.1. Simulation parameters 

 

The system considered here is shown in Figure 4. It consists 

of a 3U cubesat with a 60 degree half-angle conical TPS. The 

nose radius is 10 cm and the TPS diameter is 50 cm. Four 

tubular inflatable bellows or ‘flaps’ are added at the rim with 

equal spacing. They each extend another 30 mm beyond the 

outer diameter, and are 30 degrees wide. This analysis is 

intended to estimate the performance of the system by 

looking at the extreme trajectories: those where one or more 

of the bellows is inflated completely. This will give an outer 

limit to the achievable landing range. Degrees of flap 

deployment between zero and full deployment are not 
considered, and the design of a control system to reach any 

location within this outer landing range is left to a later study. 

 

Trajectory calculations were made using ROVT (Royal 

Observatory – VKI Trajectory code, in-house developed), a 

 
Fig. 4.  3U cubesat with deployed flaps, showing body axes definition and 

numbering of flaps. 

  

Velocity [m/s] 7800 

Flight path angle [°] -1 

Altitude [km] 120 

 
Table 1.  Trajectory simulation initial conditions. 

  
Deployed flaps Case name Case designation 

None 0 0 

3 1, up 1U 

1 1, down 1D 

4 1, left 1L 

2 1, right 1R 

3, 4 2, up & left 2UL 

2, 3 2, up & right 2UR 

1, 4 2, down & left 2DL 

1, 2 2, down & right 2DR 

2, 3, 4 3, up 3U 

1, 2, 4 3, down 3D 

1, 3, 4 3, left 3L 

1, 2, 3 3, right 3R 

1, 2, 3, 4 4 4 

 
Table 2.  Flaps configurations. 
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simulator developed by the Von Karman Institute (VKI) and 

the Royal Observatory of Belgium. Starting from an initial 

state (Table 1), 6DOF trajectories are propagated for five 

configurations of the TPS: with zero, one, two, three or all 

four bellows inflated. The initial state was chosen to 

correspond with a typical entry after a decaying orbit 

(something that can be expected from an unpowered cubesat), 

with a hypothetical landing area over Belgium. The initial 

attitude of the cubesat is with its flaps aligned with the local 

horizontal (flaps 2-4) and vertical (flaps 1-3) directions. For 

the configurations with one, two and three inflated flaps, four 

cases are simulated with different choices of flaps. Table 2 

lists the cases and naming, according to the direction the 

satellite is steered in. The remaining two possible 

configurations with two deployed flaps opposite each other is 

not  considered. 

 

Aerodynamic coefficients for each configuration were 

calculated using ANTARES (Application of Newtonian 

Theory for ARbitrary Entry Shapes), a VKI-developed tool 

[25]. ANTARES is a panel method that uses modified 

Newtonian Theory applicable for hypersonic continuum 

flight. The aerodynamic coefficients are as follows: 

 

𝐶𝐹,𝑖(𝛼, 𝜑) =  
𝐹𝑖

1

2
𝑞 𝑆

         (1) 

𝐶𝑀,𝑖(𝛼, 𝜑) =  
𝑀𝑖

1

2
𝑞 𝑆𝑟𝑒𝑓 𝐿𝑟𝑒𝑓

            (2) 

 

Fi and Mi are the forces and moments corresponding to the 

different axes, q is the dynamic pressure, and Sref and Lref are 

a reference surface and length, taken to be the TPS frontal 

projected area and diameter. The simulation ends when 30 km 

altitude is reached, at which point the assumptions underlying 

ANTARES break down (hypersonic flight, or approximately 

M > 5). 

 

5.2. Simulation results 

 

Figure 5 shows the ‘landing locations’ (position at the end of 

the simulation, at 30 km altitude) for each simulation, 

overlaid with great circle sections. The length of the landing 

zone is 243.4 km, and the width is 31.1 km, for a total landing 

zone area of 7569.74 km². The area is symmetric in the cross-

track direction, but asymmetric along-track, with the 1U case 

landing 147.1 km further than case 0 and the 3D case 130.4 

km before it. 

 

Looking at heat flux, Figure 6 shows the convective heat flux 

for configurations 1U, 0 and 3D (the first and last being the 

most extreme cases) computed with the correlation by Sutton-

Graves [26]: 

 

𝑞 =  𝑘√
𝜌

𝑅
𝑉3           (3) 

 

Where ρ is the density, R the nose radius, V the velocity and 

k atmosphere dependent constant (k = 1.7415e-4 kg1/2m-1 for 

Earth). The peak heat fluxes are listed in Table 3. 

 

 

 

Case Peak heat flux [MW/m2] 

1U 0.71 

0 0.77 

3D 0.82 

 
Table 3.  Peak heat fluxes. 

  

 
Fig. 6.  Heat flux and altitude vs. time for the 1U, 3D and 0 (no flaps) 

configuration. 

  

 
Fig. 5.  Landing positions in Belgium for the different TPS flap 

configurations. 
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5.3. Conclusion 

 

The simulations performed show that an appreciable degree 

of control over the final landing location can be achieved with 

deployable flaps placed around an inflatable TPS. The 

ultimate range around a central landing point has a footprint 

of 7569.74 km2. For contrast, the Utah Test and Training 

Range, used in the past as landing area for deep space entry 

missions Stardust and Genesis [27, 28], has an area of 6930 

km2. The central landing point could be set by a dedicated 

deorbit burn or conceivably, drag-based deorbiting 

techniques as implemented in the TechEdSat cubesat series 

[29]. This last concept could also use the inflatable TPS and 

its flaps as means of controlling the drag, combined with the 

FBG monitoring system. The simulations also show that 

independent control over the in-track and cross-track errors is 

possible with this design. For example, compare cases 1U and 

2UL: the addition of flap 3 to the 1U configuration only 

affects the cross-track landing position, without affecting the 

in-track position. This is the advantage of DFC. Concerning 

the heat flux, the concept offers a reduced peak heat flux of 

0.71 to 0.82 MW/m2 compared to a non-deployable heat 

shield design: the QARMAN re-entry satellite, built at VKI 

and launched in 2019, experienced expected heat fluxes of 

1.7 MW/m2 during its entry in February 2022 [30] (simulated 

values, contact with QARMAN was lost before entry and no 

data was gathered from the flight). QARMAN used an 1U 

ablative cork heatshield  at the nose of the vehicle, along with 

solar panels deployed in a dart configuration for aerodynamic 

stability. 

 

5. CONCLUSION AND FURTHER WORK 

 

The use of a real-time onboard steerable deployable or 

inflatable TPSs, opens the possibility of having a fully 

controlled re-entry cubesat. The idea is to develop a TPS, 

made of specific material, which can withstand the harsh 

environment of space during re-entry.  

 

A trajectory analysis of a first concept, using an inflatable 

TPS with controllable secondary inflatable flaps, was done. 

With this design, a landing point inside a 243.4 by 31.1 km 

area can be reached, with a reduced heat flux compared to a 

traditional ablative shield. 

 

The ability of having a dynamic steerable system integrated 

into the TPS, using an onboard FBG-based real-time 

feedback system, was explained. This will create 

possibilities, useful for the future exploration of space, as 

well as for full recovery of spacecrafts in the frame of 

minimizing space debris. The aim is to have a 1U size TPS, 

which can be integrated as a payload into the satellite.  

 

Future work consist in performing a trade-off to select the 

most suitable TPS system. Subsequently, the selection of 

appropriate material for the deployable or inflatable TPS has 

to be done. Based on this trade-off, the FBGs have to be 

integrated into the TPS itself. For this, a dedicated distributed 

FBG network has to be developed, including the optical 

transceiver and spectrometer, coupled to the onboard 

computer system in order to design a real-time feedback 

setup. The latter can be used to steer the cubesat in a dynamic 

way using a secondary TPS, adaptive flaps or SMA, aiming 

at an autonomous controlled re-entry. Further detailed 

analysis like described in section 5, is needed. Also the design 

and implementation of a recovery system, in order to reach a 

specific location on ground after the re-entry, is part of future 

work.  
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