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hybrid training.  The most interesting results related to the hybrid training, for which 30 intact 
images and 30 damaged images were selected, equally divided between numerical and 
experimental. In this case we were unable to obtain an accuracy higher than 83.3% in the training 
validation phase; thus, we have not been able to predict the behavior of this network. It was decided 
to test it anyway and evaluate the results. This condition was also analyzed because we wanted to 
simulate a situation in which few experimental data were obtained and, therefore, it was necessary 
to thicken the latter with data obtained numerically. Surprising results were provided by the hybrid 
network, trained with mixed signals. In fact, overall, it is the network that has shown a higher 
recognition rate. These results confirmed the high potential that characterizes the hybrid training 
obtained by combining validated experimental and numerical data. 

 
Fig. 4. Results obtained by the Net trained on “hybrid” results 
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Abstract. This study aims to provide a proof of concept concerning the integration of an "S" 
shaped SMA tube into the thermal circuit of a 12U CubeSat. The torsion-based actuator utilizes 
the heat from the circulating fluid accumulated inside the satellite to enable the deployment of a 
radiator panel through the manifestation of the shape memory effect in the material, facilitating 
heat dissipation via radiation. 

Introduction 
CubeSats have proven over time to be a viable alternative to conventional systems, performing the 
same scientific operations in a considerably smaller volume. Despite their many innovative 
aspects, the miniaturization of this class of satellites still presents several challenges to overcome. 
In particular, integrating hardware components in such limited space restricts design flexibility 
and poses specific issues in developing adequate thermal control systems due to constrained power 
supplies.  

A commonly adopted strategy for thermal management involves deploying radiator panels to 
dissipate heat generated by the system's internal components via radiation in the space 
environment. Among the various deployment mechanism solutions, using shape memory alloy 
actuators could represent a revolutionary choice. 

SMA can lead to very convenient devices with a significant reduction in mechanical complexity 
and size and better reliability of the actuation system, providing an excellent technological 
opportunity to replace conventional electric, pneumatic or hydraulic actuators across all sectors, 
especially in the space segment [1].  

The following work aims to develop a torsional SMA tubular actuator to be integrated on a 12U 
CubeSat's thermal fluid loop circuit in order to deploy a radiator panel, thus maintaining the 
satellite's internal environment within the appropriate temperature ranges. The torsional behavior 
of SMA actuators is not widely discussed in the literature and presents critical aspects that still 
require further investigation, such as cycling stability, a crucial property for optimal integration 
into a space system.  

Concept description 
In the proposed solution, the actuator exhibits an S-shaped tubular morphology [2] which enables 
the integration of the SMA into a closed-loop liquid circuit, allowing for thermal control operations 
and panel actuation to coexist within the same element, significantly reducing system complexity. 
In this approach, the mechanism governing the SMA activation is the same fluid flowing inside 
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the circuit, which experiences localized heating within the satellite due to heat dissipation from 
internal components and external thermal loads. Through convective heat exchange, the tube, 
initially deformed in torsion in the martensitic phase with the panel fully closed, generates 
adequate torque as the SME unfolds, ensuring a 90-degree opening of the radiator element. As the 
deformation imposed on the tube's central section recovers, the end embedded within the panel is 
compelled to rotate rigidly, subsequently facilitating the panel's movement (Figure 1). 
After the first recovery of the memorized form, 
neither the return to the low temperature (even 
below Mf) nor subsequent heating can induce 
further variations in the shape, until a 
deformation provided by an external element is 
set again. Since the actuator is required to 
operate cyclically depending on the satellite's 
thermal demands, a rearming strategy must be 
implemented (for instance, the rearming 
element can be represented by a torsional 
spring). 

 

Manufacturing and thermomechanical characterization of the SMA actuator 
The prototype design process began with the production of various actuator samples using 
unprocessed tubes made of NiTi alloy. Starting from the unprocessed material purchased, which 
has an outer diameter of 3 mm, a thickness of 0.24 mm, and pseudoelastic properties, it was 
necessary to implement heat treatments in order to obtain the desired shape and modify the 
characteristic temperatures set to achieve shape memory properties. Thermal treatments result in 
the generation of numerous precipitates inside the material, compromising the maximum 
performance that the actuator can provide. Therefore, for future developments, it will be necessary 
to employ tubes that already exhibit characteristic temperatures suitable for the final application. 
The tube is firstly inserted into a mold, designed in accordance with the geometry to be imposed 
on the material, followed by a two-phase furnace heating: a) preheating the tube to a temperature 
of 565°C and b) maintaining a constant temperature at that level for 45 minutes.  

To assess transformation temperatures and behavior, DSC tests have been conducted on a single 
sample. The results reveal that Mf, Ms, As, and Af are -11.99°C, 20.98°C, 20.43°C, and 43.35°C, 
respectively.  

Rotary recovery tests have also been performed to gain a clear understanding of the actuator's 
performance, particularly in terms of the material's deformation state recovery capacity. The 
residual rotation detected at the end of each cycle is related to the vertical distance between the 
initial and final points of the hysteresis curve, indicating a deformation that the material will not 
be able to recover. This distance increases as the torsional load applied to the tube increases. For 
torque values greater than 0.07 Nm, the formation of a non-negligible residual deformation was 
detected. 

Cycling tests have been performed to assess the number of cycles after which a complete 
recovery of the imposed deformation is no longer guaranteed, due to a permanent modification of 
the crystalline microstructure of the alloy. The tests were conducted with an applied load of 
T=0.0655 Nm, as the rotary recovery data indicate that this value represents the minimum load 
required to impose a 90° rotation on the material in the martensitic phase.  

From the cycling tests, it was concluded that after 70 cycles, the material starts to exhibit a 
destabilization of performance. These results are extremely promising when compared to those of 
linear actuators with a high degree of precipitates within the matrix, in which the destabilization 
of shape memory properties emerges after a few cycles. 

Fig. 1: Concept proposed 
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Prototype design and fabrication 
A conceptual mockup has been designed (Figure 2) and 
constructed to evaluate the feasibility of the proposed 
solution through experimental tests conducted in a 
terrestrial environment, simulating only the internal 
heating within the CubeSat. Consequently, no rearming 
mechanism has been implemented. As a result, after each 
opening process, the system must be cooled inside 
refrigerators and manually rearmed. 

The prototype features a liquid fluid loop integrated into 
a fixed frame, with dimensions identical to those of a 12U 
CubeSat structure, and a 3D printed frame free to rotate, 
representing the radiator panel. The actuator is housed 
inside a hinge mechanism necessary to ensure the 
alignment of the tube to the desired axis of rotation for the 
panel deployment and its connection to the fixed frame.  

 
 
The hinge mechanism is composed of two elements, one intended to be attached to the fixed 

frame and the other to the mobile frame, both capable of rotating with respect to each other.  
The two components are then forced to rotate relative to each other by 90° thereby generating 

a torsional stress state in the central section of the tube and thus preloading it in order to mount the 
panel in a closed configuration. Subsequently, each element is connected to the corresponding 
frame, and finally, the support element for the panel is inserted and mounted onto the panel itself.  
The liquid fluid loop consists of two copper serpentines, each one connected to an end of the 
actuator, positioned respectively inside the CubeSat structure and the panel. The circulation of the 
liquid is mediated by a micropump, in turn, connected to the serpentines via PTFE flexible hoses 
that close the loop. 

Test results 
A test of the prototype was conducted to demonstrate the functionality of the design. The test 
started with the prototype at room temperature with the SMA tube already in the armed 
configuration (i.e., panel closed). The circulating liquid was heated at the internal coil within the 
fixed frame using an electric resistance wire, wrapped upstream of the actuator's inlet section, 
powered to dissipate 400W due to the Joule effect. 
The entire process was monitored by a FLIR 

infrared thermal camera and two thermocouples, 
positioned at the inlet and outlet sections of the tube. The 
angles reached were measured using a graduated scale 
located beneath the panel. 

The heating proved to be adequate, allowing the tube to 
reach temperatures suitable for complete austenitization of 
the alloy. As a result, the panel achieved a rotation of 85° 
in 155 seconds from the time the current supply was turned 
on, as shown in figure 4. The inability to reach a fully open 
position (i.e, 90° of rotation) is related to the thermal 
treatments the material underwent. These treatments lead to 
the formation of precipitates, which compromise the 
macroscopic recovery of the imposed deformation state 

Fig. 2: Experimental mockup 

Fig. 3: Final angle reached 
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during the development of the shape memory effect at the material level. 

Conclusions 
The presented work aims to provide a proof of concept on the feasibility of developing a torsional 
tubular SMA actuator, which is activated by the internal circulation of a fluid heated to an 
appropriate temperature. The goal is to integrate this actuator into a 12U CubeSat's thermal fluid 
loop circuit for the purpose of deploying a radiator panel to 90° angle of rotation. 
The fabrication process started with the production of various actuator samples using precursor 
tubes for stents, made of NiTi alloy, due to the purchasing easiness. The outer diameter of these 
tubes is 3 mm and the wall thickness is 0.24 mm. Since these precursor tubes exhibited 
pseudoelastic behavior, it was deemed necessary to implement thermal treatments in order to 
obtain the desired morphology and shape memory features. Torsion tests demonstrated that 
significant rotations could be achieved at low strain/stress levels, highlighting the suitability of 
this approach for the 90-degree deployment of a radiating panel on a small satellite. Moreover, 
cycling tests revealed that, despite the high degree of precipitates within the matrix, the material's 
stability is ensured for approximately 70 cycles. This result is particularly noteworthy, as it is well 
known that linear SMA actuators with high precipitate content tend to become unstable much 
earlier. Consequently, it has been shown that the choice to implement a torsion-based actuation 
system can be considered highly valid. Subsequently, a prototype was designed and developed to 
assess the feasibility of employing the actuator in a real satellite operational context. The system 
was then tested in a terrestrial environment, yielding highly interesting results, as the panel reached 
an angle of 85° within a relatively short time. The incomplete achievement of the desired rotation 
can be attributed to the high concentration of precipitates in the actuator, which compromises its 
maximum attainable performance. Nevertheless, these results are extremely promising, as, even 
with this non-optimal material, a comprehensive feasibility study of the system to be developed 
was provided, demonstrating a solid foundation for reliability. 
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Abstract. This paper presents the development and implementation of a hinge moment measuring 
system for wind tunnel tests based on Fiber Bragg Grating (FBG) sensors. These sensors, which 
are drawn directly into optical fibers, are capable of measuring strain and temperature variations 
and represent a precious addition to the aeronautical industry thanks to their peculiar 
characteristics, including high accuracy, low invasivity, embeddability and electromagnetic 
immunity. In detail, the development of the system exploits a combination of Fused Deposition 
Modeling technology and FemtoSecond® Gratings to design and create an independent, 
deformable structure in which a set of FBGs could be embedded within internal curved channels 
obtained during the 3D-printing process. This involved a complete re-design of the interface 
between the stabilizer and the elevator of a horizontal tail model. The material used for producing 
the structure is ULTEM 9085™, which made the development of the system particularly cost-
effective and efficient. The paper also describes the installation of the FBGs, including the design 
of the channels, the selection of a glue, its injection technique and the following calibration 
procedure. Finally, the component is tested in the wind tunnel facility of Leonardo Aircraft 
Division in Venegono (VA, Italy), and the obtained results for some elevator’s deflections are 
presented. 

Introduction 
Wind tunnel testing is a well-established discipline in Engineering, which, side-by-side with 
modern computational fluid dynamics, is used for the analysis of the behaviour and performance 
of aircrafts, cars, buildings and more during their design phase. In wind tunnel activities, the main 
focus is on measuring forces and moments, and for static measurements, this is typically done by 
relying on strain gauges. However, strain gauges still show many disadvantages, including inertial 
effects, high invasivity and susceptibility to electromagnetic interference among the others [1]. 
Optical fiber sensors represent a promising alternative to strain gauges, thank to their peculiar 
characteristics such as high sensitivity, faster response time, low invasivity and immunity to 
electromagnetic interference [2]. Furthermore, these sensors can be directly integrated into 
structures both during and after their manufacturing process, as demonstrated by S. Pinto [3], who 
successfully installed them in a component through internal, straight channels directly created 
during a 3D printing sequence. This paper describes the design and testing of an optical fiber-
based hinge moment measuring system for the elevator of a wind tunnel aircraft model’s horizontal 
tail. Since these measurements are highly critical and challenging to obtain by using traditional 
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strain gauges sensors, especially because of the size constraints imposed by the component, the 
activity presented in this work focused on developing a system based on a minimally invasive 
technology. To do this, a complete re-design of the interface between the stabilizer and the elevator 
of the model was carried out, in order to integrate between them an independent, deformable 
structure capable of hosting several Fiber Bragg Gratings (FBGs) within internal curved passages 
obtained through the Fused Deposition Modeling (FDM) technique. The making of this work was 
made possible thank to Leonardo Company’s Aircraft Division in Venegono (VA, Italy), with 
special recognition to the Wind Tunnel Department. The Company’s printer, specifically the 
Stratasys Fortus® 400mc, was used to build the component with the ULTEM™ 9085 material, 
which guarantees excellent physical and mechanical properties for high-demand and special 
applications. 

Design 
The design of the intermediate deformable structure, shown in Fig. 1 and 2, is the result of an 
accurate trade-off between the overall structural stiffness of the assembly and the deformability of 
the sensitive sections. This was achieved by performing several Finite Element Analysis on the 
component, which were carried out by imposing a set of hinge moments corresponding to the 
expected loads for the experimental conditions under exam. The final design presents two 
deformable trusses per each measuring station (4 in total), since the idea was to keep a back-up 
channel which could have been useful in case of problems related to the adjacent one. 

 

 

Figure 1: 3D-view of the deformable 
structure’s design (without channels) 

Figure 2: View from the wing root with 
detail of the system of channels 

Manufacturing of the Internal Channels and Sensors’ Installation 
The design of the internal channels in the structure had to meet several requirements, including the 
presence of turns, conjunction points and areas with varying radius, as well as the compatibility 
with the size constraints of the structure and the printing resolution of the Fortus® 400mc. Several 
tests were conducted until finding out an optimum pattern and diameter for the passages. Small 
sinks were included in the design at the conjunction areas between the channels, to prevent the 
printer from depositing excessive material that could potentially obstruct the passages. Fig. 3 
shows the intended position of five polyimide-coated Femto-Second gratings (in blue) inside the 
channels. To fix and secure the sensors in each measuring station, M-Bond 600 Adhesive by Micro 
Measurements was chosen and used, since it resulted compatible with ULTEM and guaranteed an 
optimal viscosity for the application, as well as a high performance for stress analyses. A 
compatible blue dye was added to the adhesive to make the procedure visible through the material. 
The mixture was inserted into the channels through the sinks with a 0.6 mm rounded-head nozzle, 
halting the injection as soon as it was observed to come out from the end of the channel on the 
interface side with the elevator. The component was then left for curing under heat lamps for 5 
hours at 55°C. 
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Figure 3: Designated position for each embedded 
sensor 

Figure 4: Injection of the glue 

Calibration  
The calibration of the system of sensors was performed by using the specialized equipment of the 
company. The deformable structure was secured to the other components with five screws per side, 
tightened with a torque wrench to guarantee the repeatability of the constraint after each 
installation. Five holes were drilled on a dummy elevator at 10 mm behind the hinge axis. Each 
hole was loaded singularly and then in combination with others to accurately reproduce a set of 
calibration hinge moments on the elevator, chosen in accordance with the expected loads during 
testing. A first-order calibration vector, which links the signals to the loads, was calculated by 
performing a regression between the vector of all applied hinge moments and the matrix containing 
the measured wavelength variations from all the sensors. The sensor embedded in station 4B 
(Fig.3) was excluded from this calculation as it was damaged during the installation and the output 
signals resulted altered with respect to the expected one.  

 

 

Figure 5: Calibration points on the elevator Figure 6: Detail of the final product 

Results 
Since FBGs are sensible to both mechanical and thermal deformation, the model was accurately 
designed in a way that the temperature-related wavelength shifts during testing resulted to be 
significantly smaller than the mechanical ones. Despite that, the effect of temperature oscillations 
during testing was not considered negligible, and it was decided to perform a thermal calibration 
of the sensors directly in the wind tunnel environment, by investigating their response during a 
heating cycle in relation to the data provided by a thermocouple installed inside the fuselage of the 
model. Temperature variations were also reduced by limiting the duration of each test, conducting 
them in a continuous sweep mode in pitch, with an α-sweep rate of 0.5°/s. The campaign involved 
installing the full horizontal tail assembly on the corresponding aircraft model (Fig. 7) and testing 
three different elevator deflections δ of 0°, +12.5° and -12.5° at wind speeds of 40 and 50 m/s. The 
tests were repeated several times to assess the level of repeatability of the measurements.  
The averaged results for the examined conditions, normalized with respect to the maximum tested 
α and the maximum measured hinge moment, are presented in Fig. 8, 9 and 10. 
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Figure 7: Full assembly mounted on the 
model 

Figure 8: Results for non-deflected elevator 

 

 

 

 

 

Figure 9: Results for +12.5° elevator 
deflection 

Figure 10: Results for -12.5° elevator 
deflection 

 

Conclusion and future improvements 
This work proves how the production of a wind tunnel model’s component with embedded optical 
fiber sensors is possible with a low-invasive and re-usable solution and can produce successful 
results which otherwise could not be achieved with conventional measurement systems. In fact, 
the collected measurements resulted compatible with the expected ones, indicating that the 
experimental setup and procedures were appropriately designed and executed. However, to extend 
the application range of the component and allow for testing at higher wind speeds, it should be 
stiffened, for example by increasing the size of the deformable stations. Future developments 
should also explore other additive manufacturing techniques, including metallic 3D-printing, to 
improve the durability of the component and to overcome the structural limitations related to the 
use of polymeric materials. Finally, the back-up configuration proposed in this work could be 
exploited to include, for each station, an unconstrained sensor for compensation of temperature 
effects. All these upgrades clearly have the potential to improve the performance of the system. 
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Abstract. In recent years, metal stiffened shells for aerospace applications have been gradually 
replaced by composite shells, which are widely used in fuselage, tail, and wing structures due to 
their advantageous properties. Under operating conditions, stiffened panels are subjected to 
different types of loads, combined in various ways, which can lead to instability. Like their metallic 
counterparts, allowing post-buckling within the operational envelope could lead to significant 
weight reductions for composite structures, but unlike the metal case, their response in this state is 
not fully understood and the potential of composites is not fully exploited. In this context, the main 
objective of the present work is to investigate the buckling and post-buckling behavior of 
composite curved panels subjected to combined loads. The buckling behavior of a representative 
stiffened curved panel has been simulated by non-linear finite element analyses, from the simplest 
pure compression and pure shear cases to the final analysis of the panel subjected to pressurization, 
shear, and compression simultaneously. The results of this study quantify the reduction of the 
critical compression and shear loads due to their simultaneous action, as well as the effect of the 
pressurization load, which was generally beneficial, but remarkably so in the case of pure shear. 

Introduction 
Over the years, the use of composite materials has gradually increased, reaching levels of up to 
50% of the structural weight of new generation aircraft such as the Airbus A350 or Boeing B787. 
In this context, metal stiffened shells, either flat or curved, have been replaced by their composite 
counterparts. Regardless of their constituent materials, stiffened panels must withstand a variety 
of complex loading conditions, any of which could cause the panel to buckle. Therefore, it is of 
paramount importance to establish methods that can effectively predict the structural behavior of 
composite panels beyond the first occurrence of instability in order to exploit their post-buckling 
capabilities. In the present work, the Finite Element Method (FEM) has been chosen as the main 
analysis tool. Indeed, the FEM has proven to be a valuable tool for investigating the structural 
response of stiffened panels [1]. 

Particular attention has been paid to the realistic modelling of geometry, loading and boundary 
conditions, avoiding the oversimplifications commonly found in the literature. The commercial 
software ABAQUS 2022 [2] was used to perform all the FE analyses. The modelling and 
simulation strategies are preliminarily validated on a metal panel whose data are available in the 
literature, as well as experimental and numerical results detailing its critical and post-critical 
behavior.  

For this the lower fuselage panel studied by Rouse et alii in [3] was selected. Considerable 
effort has been made to apply realistic boundary conditions to the panel under analysis to avoid 
the D - BOX modelling used in [3] but not described in detail. The reference metal panel model 
was loaded with pure compression only. A composite version of the panel was then developed to 
investigate its stability under combined loading. 
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Reference panel and development of the composite version 
The reference panel is made of aluminium alloy and consists of a curved skin stiffened by fifteen 
hat-section stringers and four zee-section frames. An aluminium tear strip is bonded to the skin 
underneath all the stiffening elements. While the stringers are attached directly to the skin, the 
frames are attached to the skin by shear clips and to the stringers by tension ties. 

Quadrilateral, 4-node, stress/displacement shell elements with reduced integration and a large 
strain formulation (S4R) [2] were used to model all panel components. The tear strip was modelled 
implicitly by increasing the thickness of the skin under the stiffening elements and the connections 
between adjacent members were modelled using TIE constraints. 

The eigenvectors provided by a preliminary linear buckling analysis were assigned as initial 
imperfections to a non-linear analysis to determine the pure compression buckling load of the 
structure. The loading and Boundary Conditions (BC) were assigned according to a typical 
experimental setup: one of the curved edges was fixed and the other was compressed by a 
concentrated axial force applied to the reference node, which shares its d.o.f. with all edge nodes. 
The analysis yielded a buckling load substantially in agreement with that reported in [3], thus 
qualifying the metal model as a reference to develop of the composite version. 
 

  
Fig. 1 – Composite panel architecture and layup. 

The composite panel has “omega” section stringers (15 as a reference, with the same spacing) 
as shown in Fig. 1. The attached flanges of adjacent stringers are extended to form a pad-up under 
the shear clips (see Fig. 1). The width of the shear clips has been increased while maintaining 
sufficient clearance for the stringers to pass through ('mouse holes'); the tension straps have been 
eliminated. All components are thin laminates of carbon-epoxy prepreg and have a symmetrical 
and balanced stacking sequence to avoid couplings (see Fig. 1).  
 

Tab. 1 – Stiffness properties of the composite panel compared to the reference. 

 
 
 
 
 
 

The composite stringers are designed to have the same cross-sectional area as their metallic 
counterparts, and the composite skin has a thickness comparable to the metallic reference. 

The frames and shear clips were dimensioned to carry the combined loads without causing 
instability problems. The stiffness properties of the composite panel are shown in Tab. 1. Overall, 
the reference panel has stiffer elements than the composite panel. 
  

Ply n. CPT [mm] Stacking sequence
Skin 14 1.75 [+45/-45/90/+45/-45/0/0]S

Stringer 16 2 [+45/-45/90/+45/-45/0/90/0]S

Frame 48 6 [+45/-45/90/+45/-45/0/90/0]3S

Shear Clip 32 4 [+45/-45/90/+45/-45/0/90/0]2S

Material AA Alloy
Thick. [mm] 1.6

Et/(1−ν2) A11 A22

131.2 109.4 (-16.6%) 77.6  (-40.9%)

Et3/12(1−ν2) D11 D22

28.0 16.4  (-41.4%) 25.2  (-10.0%)

CFRP

Esten. Stiff.
[kN/mm]

Flex. Stiff.
[kN*mm]

Skin

1.75

Material AA Alloy CFRP
Cross section Hat "Omega"

Cross Sect. Area [mm2] 249.5 248.8 (-0.3%)
Axial Stiff. (EA) [KN] 17895 12560 (-29.8%)

Bend. Stiff. (EIyy) [KNm2] 2.61 1.34 (-48.7%)

Stringer
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Fig. 2 – Compression buckling: radial displacement a) and load-strain diagram b) 

The analyses on the composite panel were carried out using a mean element size close to that 
used for the reference panel, which was selected through a sensitivity analysis. Despite the lower 
stiffness, the compression buckling load of the composite panel is 820 KN (deformed shape in Fig. 
2), significantly higher than that of the metal panel (570 KN).  

The composite design was then frozen and used for all subsequent analyses. 

Compression and Shear Buckling 
The same procedure as for compression was used to calculate shear buckling: the eigenmodes of 
the linear analyses were used to perturb the geometry in the non-linear analyses. Again, using an 
experimental setup as a reference to enforce BC, one curved edge was fixed and the other was 
loaded by a pure torque (acting around the axis of the cylinder defined by the skin). 

The strain analysis confirmed that the structure had been subjected to pure shear, as the 
longitudinal and transverse strains were zero prior to the instability, which manifested itself with 
skin buckles following patterns like those of metal panels. The skin between the stiffeners develops 
diagonal buckles at an angle of about 30°, as shown in Fig. 3a. 

 
 
 
 
 
 
 

Fig.3 - Waves orientation for a) pure shear and b) shear and compression 

The post-buckling configuration and stress state meet the Incomplete Diagonal Tension Theory 
formulated by Khun [4], widely accepted as the reference theory about shear buckling. The effect 
of restrained warping was also investigated and a strong reduction in buckling torque, quantifiable 
to about 50%, was found when warping is allowed. Eventually, an analysis was then carried out 
under the simultaneous action of compression and shear, with restrained warping. The effect of 
the compression is to increase the effectiveness of the shear loads in inducing the diagonal tension 
field; this synergy reduces the combined buckling load by about 40% with respect to the 
compression alone. Furthermore, in accordance with the reference theory, the angle of inclination 
of the buckles increased up to 45°, as shown in Fig. 3b. 

The Effects of Pressurisation 
The pressure was applied in advance to obtain realistic conditions: the radial displacement was left 
free, the symmetry is imposed along straight edges and the longitudinal stress that occurs in the 
real fuselage is introduced as an imposed displacement, evaluated through an ad hoc analysis. 

In a second step, an increasing external compressive or shear load was applied to reach the 
buckling condition and to study the behavior of the panel in the post-buckling regime. The results 

a) b) 

a) b) 
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of these analyses show that pressurization increases the buckling load significantly - 1540 KN vs. 
821 KN for compression only (more than 85% increase) - or even remarkably: 3110 KNm vs. 1430 
KNm for shear only (more than 115% increase). 
 
 
 
 
 
 
 
 
 

Fig.4 – Simultaneous application of pressurization, compression, and shear: a) Radial 
displacement, b) Longitudinal load-displacement curve. 

Finally, some compression analyses were carried out at a given level of pressurisation with a 
constant shear load applied (increasing percentages of the pure shear buckling load were 
considered). For each value of the shear load, the deformed shape shown in Figure 4a is very 
different from those relevant to individual load cases (see Figures 2 and 3). The influence of the 
different shear levels on the longitudinal load-displacement curve is shown in Figure 4b. The 
buckling load is insensitive to the shear that slightly affects the post-buckling phase. 

Conclusions 
The study allowed the development of buckling and post-buckling modelling and analysis 
strategies under single and combined loading. Results relevant representative stiffened composite 
curved panel show that the buckling and post-buckling behavior in shear is consistent with the 
incomplete diagonal tension theory developed for metal structures.  

The reduction in buckling load under simultaneous compression and shear loads is quantified 
and the effect of pressurisation is evaluated. Pressurisation is found to be remarkably beneficial in 
the case of pure compression; when shear is also present, it slightly affects the post-buckling phase, 
while the buckling load remains the same. 
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Abstract. With technological innovation and advancements, especially in autonomy, battery and 
digitization, the future of air transport and mobility is transiting towards a broader spectrum of 
Advanced Air Mobility (AAM) and Urban Air Mobility (UAM). UAM envisions safer, faster, and 
more sustainable air mobility for smarter cities and urban environments including passenger 
transport and goods delivery. Nevertheless, this concept is still considered extremely breakthrough 
and several technological and operational aspects are mostly undefined. In this context, a 
comprehensive approach to AAM/UAM may be to adapt cutting-edge technologies in developing 
sustainable framework and Human-Machine Interfaces (HMIs) in order to realize the challenges, 
benefits, and conditions of such transport system in advance for future safer, more reliable and 
globally approved operations. One of the technologies that can contribute to accelerate 
advancements through human centred simulating UAM processes and operations is XR (eXtended 
Reality). This paper presents the early steps of a multidisciplinary study performed under the 
framework of PNRR (Piano Nazionale di Ripresa e Resilienza) and MOST (Centro Nazionale 
Mobilità Sostenibile) project in analyzing the perspectives of XR based HMIs for UAM paradigm 
and potential AAM/UAM use case scenarios that can be simulated with XR in view of attaining 
efficient and effective future solutions. Furthermore, the work introduces the state-of-the-art 
overview on XR facilitated UAM applications and considers prospective potential use cases that 
can be developed through PNRR research study in demonstrating XR as an enabling technology 
in promising areas of the UAM framework.  

Introduction 
Air mobility, also referred to as AAM or UAM, has emerged as a transformative concept in the 
realm of transportation, offering new possibilities for efficient and sustainable movement of people 
and goods. According to the studies performed in the framework of the Italian AAM Strategic 
Plan, the global AAM market is expected to grow at a 20-25% rate from 2021 to 2030, reaching 
an estimated value of around USD 38-55 billion per year [1]. A significant interest is paid to its 
implementation in the context of urban environments where UAM represents a promising vision 
for the future of transportation of goods and passengers, aiming at providing efficient and 
sustainable aerial transportation solutions within urban areas [1][2]. According to Tojal et al., 
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UAM is a mobility concept for urban areas that makes use of any kind of mainly Unmanned Aerial 
Systems (UASs) to perform any type of mission that is operated in the Very Low Level (VLL) 
airspace aiming at improving the welfare of individuals and organizations [3]. Thanks to 
technological advancements in UAM in conjunction with advanced materials, aircraft architecture, 
enhanced battery capacity, digitalisation of air traffic management etc., the commercial 
exploitations of such mobility system is expected to become a reality in Europe within 3 to 5 years 
[4]. However, the actual implementation of UAM comes with numerous challenges. The safe 
integration of UAM vehicles into urban airspace, the development of infrastructures such as 
vertiports and changing stations, regulatory frameworks, public acceptance, and efficient 
operations are among key considerations (as highlighted in Fig.1)[5][6]. These challenges 
necessitate a multidisciplinary approach that involves collaboration between industry stakeholders, 
policymakers, urban planners, aviation authorities, and technology innovators [7]. Therefore, 
attention has been increasing towards contemplating innovative technologies in simulating and 
developing advanced human-machine interfaces (HMIs) through human and user-centred 
approaches for future UAM scenarios and foreseeing the challenges in order to find efficient and 
effective solutions and support regulatory processes. 

Immersive media comprising Virtual Reality (VR), Augmented Reality (AR), and Mixed 
Reality (MR) are amongst the currently fastest growing and promising tools for such innovative 
HMIs. These, also commonly referred to with the umbrella term XR, enable the users to experience 
immersive and interactive environments, and have been proven to enhance design validations, 
reduce training costs, enhance user engagement, improve communication and collaboration with 
seamless data access etc.[8], [9],[10],[11]. Through a comprehensive analysis of existing literature, 
case studies, and industry developments, the present work aims to provide insights into the current 
state of UAM scenarios and explores the potential 
role of XR-based HMIs and simulations. By 
understanding the complexity of UAM, we can 
better appreciate the significant impact it may have 
on urban transportation and facilitate its successful 
integration into our cities. 

Related work on XR-based HMIs and 
Simulations for UAM 
It is recognized that in the realm of the digital 
transformation of processes and the 4.0 industrial 
revolution, XR technologies have paved the way 
to advanced HMIs acting as a bridge connecting 
the gap between humans and machines [13]. 
Revenue in AR and VR market worldwide is 
expected to show an annual growth rate (CAGR 
2023-2027) of 40.12%, resulting in a projected 
market volume of US$9.10bn by 2027 [14]. It is 
evident that XR and UAM are together rapidly 
growing markets. Besides this aspect it must be 
considered that the integration of XR-based HMIs 
and simulations for UAM presents numerous benefits. It facilitates the design and evaluation of 
user-centric interfaces that consider human factors, ergonomics, and cognitive workload in highly 
automated environments. Furthermore, XR-based simulations enable stakeholders to assess the 
feasibility and performance of UAM systems, optimize operational procedures and identify 
potential safety risks. 

Fig. 1. Overview of XR simulation themes for 
UAM: (1) Types of UAM (2) Top concerns 
highlighted by EASA (3) Potential UAM 

themes for XR applications. 
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To this regard, we have performed a preliminary study on collecting a selection of the existing 
works in the field of XR-based UAM and categorised them into 3 different perspectives: Market, 
Scientific, and Industrial research (see Table 1). 

 

Table 1. Selection of previous works relevant for this study 

 Reference Forecasts 
Market 
Perspective 

[1] Global AAM/UAM market research forecasts a growth of CAGR at 
20/25% from 2021 to 2030 

[14] AR and VR market worldwide is expected to show an annual growth rate 
(CAGR 2023-2027) of 40.12% 

 UAM Mission 
Scenarios 

Description XR 
technology 

Scientific 
Perspective 

[15] Collaborative Decision 
Making 

3D map rendering with planes, 
runways and waypoints 
demonstrating air traffic 
scenarios 

AR 

[16] Simulation of 
Workspace 

Taking off and landing a 
quadcopter 

VR, CAVE 

[17] System integration and 
testing 

Urban Traffic Management, 
UAS operations 

HMI, AR 
CAVE 

[18][19][20] Public/ Social 
Acceptance 

Auditory and Visual perception 
of drones, acceptance of Air 
taxis 

AR, VR 

[21][22] Virtual Prototyping 
and Design 

Urban Airport Infrastructure 
design, Air taxi cabin 

VR, MR 

Industry 
Perspective 

[24][25] Visualization of 
Airspace data 

CLARITY: HMD for Air 
traffic control 
-Drone Control with intuitive 
gestures 

MR, VR 
 
AR 

[23][26][27] Training and 
Simulation 

-Real-time Tower and Apron 
Control Research Simulator 
(NARSIM) 
-Pilot training program for 
eVTOL 
-eVTOL Flight Simulator 

Simulator, 
AR 
AI, VR, MR 
MR 
 

[28][29] Simulation Drone Simulator AR-to-
gamepad 
interface 

Conclusion 
UAM is an emerging transport system with dedicated services that integrate aerial unmanned 
platforms for passengers and goods transport in urban environment. As UAM progresses, there is 
a growing need for advanced HMIs and simulations to enhance the design, operation, and ensure 
safety of these complex systems. With advent growth towards automation, technologies such as 
XR offers innovative solutions for creating immersive environments and interactive experiences 
for future UAM scenarios. In this context, this paper highlights a literature study on XR-based 
HMIs and simulations to support UAM services. We classified the information into three 
perspectives of scientific, industrial and market in view of highlighting the main areas of XR-based 
HMIs and simulations for future UAM scenarios. It has been observed that the literature identifies 
the key aspects relating to the fields of virtual prototyping, design, training, simulation, human 
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factors evaluation, airspace visualization, collaborative decision making, system integration and 
testing, public engagement, and education/marketing.  
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Abstract. This study analyses the process required to convert a conventional, air-breathing, piston-
powered, General Aviation (GA) airplane to fully electric propulsion. The work is configured as a 
feasibility study for such modifications with the intent of setting a path for similar electric 
conversion programs on GA airplanes. The motivation behind industries’ interest in alternative 
propulsion is examined and a full comprehension of the characteristics of the plane in question is 
achieved through the acquisition of transversal knowledge, examining the aircraft both from the 
engineering and real-world user points of view. Electric motor, batteries, auxiliary systems and 
implementation considerations were all made in accordance with regulatory authorities’ 
requirements, with the purpose of making the project to comply with EASA CS Part 23. The 
present work analyses the performances expected from the electric plane and compares them with 
the standard aircraft evaluating the project’s pros and cons. Considerations regarding typical 
mission profiles show how the electric powerplant will allow the airplane to outperform his 
conventional counterpart in terms of rate of climb, pollutant emission reduction, noise levels and 
operating costs. Such gains are however counterbalanced by the detriment of range and endurance 
performances, which might be deemed acceptable considering the specific plane’s intended use. 
The study shows how, even though close integration in electric GA aircrafts is desirable since the 
first stages of conceptual design, piston-to-electric conversions are possible and may indeed 
contribute to mitigate aviation climate impact. 

Introduction 
In recent years, the themes of sustainability and low/zero-emissions propulsion have assumed great 
relevance in aviation. Aviation represents a crucial asset and the only way to transport people and 
goods across the world within a day. In 2016, the sector drove $2.7 trillion in economic activity 
and supported 65.5 million jobs, which made up 3.6% of the global gross domestic product (GDP) 
[1]. However, the destructive environmental consequences of aviation are undeniable. Although 
flying makes up only 3.5% of total human-induced carbon emissions, it is one of the most 
challenging to decarbonize [1]. In the interest of sustaining policies like the MEA (More Electric 
Aircrafts) [2], a feasible path might consist in converting established, well-known, conventional 
airplanes to electric power via a process that makes the new project an interesting alternative with 
respect to the gas-powered counterpart, cutting the costs of designing a new plane from scratch. 
This study therefore analyzes the process needed to replace the propulsive system of a conventional 
internal combustion engine airplane with a state-of-the-art electric motor and the associated 
batteries for the new aircraft to be used as a trainer and semi-acrobatic General Aviation plane. 

Conversion Process 

Requirements. Considering the current state of the technology, flight time represents one of the 
major limitations in electrical aircraft’s capability. Therefore, the logical target market for electric 
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aircraft would be identified by applications for which flight time and range are not as decisive as 
they are in commercial aviation. Student pilots normally train in flights of about one hour. 
Anything more is generally considered counterproductive according to most flight instructors, so 
flight training represents a perfect target application [3]. The aircraft chosen as case study is the 
SOCATA Tampico TB-9, a French-made, all-metal, low-wing, four-seater, single engine aircraft in 
use in numerous flight schools [4]. It is well-known for its straightforward approach, forgiving 
aerodynamics characteristics and robust build.  

Batteries mass. The sizing process needs to evaluate the batteries total mass 𝑚𝑚𝑏𝑏 [kg]. Given the 
required run-time endurance E [s], the mass of the batteries can be computed as 

𝑚𝑚𝑏𝑏 =  𝑃𝑃𝑠𝑠ℎ 𝐸𝐸
𝐸𝐸𝑠𝑠𝑠𝑠  𝜂𝜂𝑠𝑠2𝑠𝑠

 (1) 

where 𝑃𝑃𝒔𝒔𝒔𝒔 is the required shaft power during run-time [kW], 𝐸𝐸𝒔𝒔𝒔𝒔 is the battery specific energy 
[J/kg] and  𝜂𝜂𝒔𝒔𝒃𝒃𝒔𝒔 represents the total system efficiency from battery to motor output shaft. 

A safer and more conservative approach considers the power used equal to 120 kW, the 
maximum rated power that the selected motor can deliver, and the required batteries mass is found 
to be 387 kg. However, a more detailed analysis of the mission in hand, whose features are 
retrieved from the aircraft flight manual [5], requires the knowledge of the expected power levels 
during all flight operations, which resulted in  𝑚𝑚𝑏𝑏 = 346.3 kg. For the sake of the study, the more 
conservative value has been considered. 

Powerplant installation. The conventional aircraft is equipped with a four-cylinders, direct drive 
air-cooled Lycoming O-320-D2A engine capable of producing 160 hp at 2700 rpm. It is connected 
to the frontal bulkhead via a steel engine support structure, easily modifiable to account for the 
different form factors of the two powerplants [6]. After a careful market survey, the more suitable 
engine for the conversion is found to be the Safran ENGINeUS™ in the 120 kW configuration. 

Energy is provided by state-of-the-art lithium-sulfur batteries produced by Sion Power with a 
specific energy of 500 Wh/kg. The cathode is made of sulfur and a conductive material while the 
anode is made of lithium or a lithium-alloy. The reaction between lithium and sulfur is highly 
energetic, which leads to a high energy density in the battery. 

In the conversion process, the main constraint is the need to the comply with the Maximum 
Take-Off Weight (MTOW) of the standard model. EASA’s Supplemental Type Certificate 
specifications allow a 5% deviation from the initial MTOW of the plane after the modifications, 
which will therefore retained as a requirement. The weight check – Table 1 – shows how the 
removal of the internal combustion engine, of the tanks and fuel system, of fuel and of the rear 
bench and passengers leaves enough mass available for the installation of the motor, batteries, and 
auxiliary systems even in the most demanding configuration of 120 kW continuos 𝑷𝑷𝒔𝒔𝒔𝒔. The 
payload reduction is clearly another cost of the conversion, but it is deemed acceptable considering 
the prospective use of the converted airplane as a GA trainer. 

Centre of gravity preservation. Trim, stability, and structural considerations require that the new 
powerplant is integrated preserving the allowed CG envelope. The main components placement 
for the considered aircraft is schematized in Fig.1. The necessary checks are performed using the 
aircraft standard Mass and Balance modulus [7] as a reference – Table 2 – and verifying that in 
even in the most demanding configuration (two people plus baggage) the Center of Gravity stays 
inside its nominal envelope, Fig.1. 
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Table 1: Weight analysis for the converted aircraft. 

TB-9 Maximum Take-Off Weight 1060 Kg 
Total of 

Removed items 

Removed items 

Engine 120 Kg 

- 448.76 Kg 
Tanks and fuel lines 45 Kg 

AVGAS100LL 113.76 Kg 
Rear passengers 170 Kg 

Added items 
Electric motor 45 Kg 

+442 Kg Batteries 387 Kg 
Cables and Insulation 10 Kg 

Electric TB-9 Take-Off Weight 1053 Kg 
Total of Added 

items 
 

  
Figure 1: Components placement (left) and center of gravity envelope (right) for the converted 

aircraft. 

Table 2: mass and balance check. 

 Weight [kg] Arm [m] Moment [Kgm] 
Aircraft 808 0.965 779.72 
Pilot and co-pilot 170 1.155 196.35 
Baggage 65 2.035 132.275 
TOTAL 1043  1108.345 

Performance evaluation. In conventional engines, the volumetric efficiency decreases 
significantly with altitude: electric engines, on the contrary, are not susceptible to altitude 
variations in terms of power output. The limiting factor in terms of ceiling of the electrified 
airplane is related to air density decreases through propeller and lifting surfaces. With the 
implementation of electric technology, at 80 KIAS, the rate of climb achievable, and more 
importantly, sustainable for a longer time, will be given by 

𝑉𝑉𝑉𝑉 =  𝜂𝜂𝑝𝑝 𝑃𝑃𝑠𝑠ℎ
𝑊𝑊

−  𝑉𝑉
(𝐿𝐿 𝐷𝐷⁄ ) (2) 

where 𝑉𝑉 is the flight speed, 𝜂𝜂𝑝𝑝 is the propeller efficiency, W the aircraft weight [N] and 
𝐿𝐿
𝐷𝐷

 is the 

lift-to-drag ratio. For the case in hand, Eq.(2) provides 𝑉𝑉𝑉𝑉 = 1212 ft/min. 
Range is strongly affected by the limitations of the employed technology: in the case in hand 

the usable run-time endurance will be limited to 60 min for normal operations plus sufficient 
energy supply to sustain a holding pattern of 30 min. The theoretical range can be estimated as 

𝑅𝑅 = 𝐸𝐸𝑠𝑠𝑠𝑠 𝜂𝜂𝑠𝑠2𝑠𝑠 𝜂𝜂𝑝𝑝
𝑔𝑔

�𝑚𝑚𝑠𝑠
𝑚𝑚
� �𝐿𝐿

𝐷𝐷
� (3) 
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where 𝑚𝑚𝑏𝑏 𝑚𝑚⁄  is the battery mass fraction. For the considered case Eq.(3) provides 𝑅𝑅 = 353 km. 
Operating costs significantly benefit from the electric conversion and, considering the price of 
electricity at the time of the development of the study of €0.35/𝑘𝑘𝑘𝑘h, 20% savings per flight-hour 
are estimated with respect to AVGAS operations, see Table 4. 

Table 4: Performance analysis for the converted aircraft. 

Theoretical Range −55.7% 
Endurance −68.75% 

Payload −43% 
Climb rate +61.6% 

Cost per flight hour −20% 
Emissions −100% 

Summary 
The electric conversion of a GA trainer aircraft has been assessed. Although range and endurance 
are heavily affected by the limitations of the current battery technology, as expected, the other 
performances remain acceptable or are even enhanced and the overall platform may be profitably 
employed in applications where range and endurance are not the main concern, as in the considered 
case of training aircraft. While the platform emissions are certainly reduced, overall emission 
reductions depend on the green quality of the energy sources employed for battery recharging. 
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Abstract. This paper focuses on the aerodynamic design of an advanced rear end concept for a 
large passenger aircraft, such as the Airbus A320. The aim was to reduce the size of the horizontal 
tailplane to minimize the aerodynamic drawbacks related to longitudinal stability and control 
requirements. This reduction would lead to improved aircraft performance by reducing fuel burn 
and rear-end weight. Assuming the same position of the aerodynamic center of the horizontal 
tailplane of a conventional aircraft, the results of this investigation showed that the required 
stabilizing performance of the tail could be achieved with a smaller tail surface. A reduction of 6% 
in tail planform area was achieved by leveraging the unique aerodynamic characteristics of a 
forward-swept tail, combined with the implementation of a leading-edge extension device. The 
reduced wetted area and the lower weight of the horizontal empennage could result in fuel savings 
of 100 to 120 kg of fuel per 1,000 km. This is equivalent to approximately 1.0 to 1.2% for the 
specific aircraft category being considered.  

Introduction 
Advancements in design and improvements in empennage efficiency and effectiveness have the 
potential to enhance aircraft performance by reducing fuel burn and weight through reductions in 
tail-plane size. The penalties associated with meeting both longitudinal and directional stability 
and control requirements constitute a significant portion of the total aircraft drag. Loads acting on 
aircraft tails contribute to the overall induced drag, compressibility, profile drag, structural weight, 
and maximum lift capability of the aircraft. The empennage of a typical Large Passenger Aircraft 
accounts for one-fifth to one-fourth of the total lifting surface and 3% up to 6% of the maximum 
take-off weight. It contributes 5% to 8% to the total trimmed drag in cruise conditions [1]. 

The simplest unconventional solution is represented by the Vee-tail [2,3]. This solution is 
sometimes used in remotely piloted aircraft and has also been implemented in mass-produced 
manned aircraft, such as the Beechcraft Bonanza M35. However, the results of the NEFA [4] 
project concluded that although a Vee-tail configuration offered performance improvements due 
to its reduced wetted area, the added complexity and additional system did not result in any weight 
or cost benefits over a conventional empennage. A comprehensive study on advanced rear-end 
configurations was recently conducted in the EU-funded project NACRE [5] demonstrated that 
these configurations could offer advantages in terms of reducing empennage drag, but not in terms 
of weight. 

To further advance the implementation of rear-end concepts that effectively reduce drag and 
weight, the utilization of a forward-swept horizontal tailplane could represent a viable way. 

The adoption of a forward-swept tailplane enables a structural configuration in which the 
connection of the horizontal tail to the rear end does not require a structural opening in a region of 
the fuselage that is heavily affected by structural loads [6]. By removing the structural opening at 
the rear end, the weight of the fuselage can be reduced. This solution also reduces fuselage 
deformations, resulting in a more efficient horizontal stabilizer surface [6]. 
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Transonic aircraft wings typically have a positive sweepback. The main reason is linked to the 
aircraft encountering a vertical gust during its flight. In the case of positive sweepback, the bending 
deformation decreases the local angle of attack, resulting in a natural reduction of aerodynamic 
loads. In the case of a wing with a negative sweep angle, the effect is reversed. As a result, static 
divergence may occur, leading to structural failure. Forward-swept wings are capable of 
withstanding significantly higher gust loads compared to wings with positive sweepback, making 
them heavier. Despite this drawback, several studies have explored the potential of utilizing the 
aerodynamic advantages of a forward-swept wing [7,8] propose a solution to mitigate the coupling 
between flexional and torsional deformation by using aeroelastic tailoring techniques. In terms of 
structural sizing, aeroelasticity is less demanding for wings with a relatively low aspect ratio. Thus, 
in the case of horizontal tails, introducing negative sweep angles could be a viable solution to 
improve the performance of the rear-end and empennage. 

Forward-swept lifting surfaces offer several aerodynamic advantages over conventional 
sweepback designs. For a given leading edge sweep angle, forward-swept wings exhibit a shock-
sweep angle that is five degrees higher than that of aft-swept wings [9]. Therefore, the 
implementation of a forward-swept design requires a smaller leading edge sweep angle compared 
to a positively swept-back configuration with an equivalent sweep angle at the quarter chord line. 
Moreover, in a forward-swept wing, the airflow moves from the root to the tip, resulting in higher 
stall angles [10], increasing the maximum aerodynamic forces or reducing the tailplane area can 
yield the same maximum force, potentially leading to a decrease in drag and weight. 

This paper deals with the aerodynamic design of an advanced rear-end configuration carried 
out within the EU-funded project named IMPACT [11]. The aim is to optimize the rear-end of the 
fuselage and empennage of large passenger aircraft to reduce drag, weight, and fuel burn. The 
investigation focuses on minimizing the surface area of the horizontal tailplane by utilizing the 
unique characteristics of a forward-swept lifting surface, which is further enhanced by passive 
leading edge extension devices. 

Advanced Rear End Aerodynamic design 
To fully catch the peculiar aerodynamic features, high-fidelity CFD RANS calculation were 
required. The high-fidelity analysis was performed using the commercial software STARCCM+. 
Details of the numerical model setup are reported Table 1, whereas Figure 1 shows a 
comprehensive overview of the fluid domain and the application of boundary conditions. The 
investigation started by comparing the reference isolated tailplane geometries: a conventional tail 
(HTP) and a reference forward-swept arrangement. Table 2 summarizes the main design 
parameters. Results clearly indicate that the isolated forward-swept tail arrangement effectively 
wash in the aerodynamic loads. Thanks to this peculiar behavior, the FSHTP exhibits better 
aerodynamic performance in terms of lift curve slope and maximum achievable negative lift 
coefficient, as indicated by the chart of Figure 2. This means that an aerodynamically equivalent 
forward-swept tail would require a smaller area to reach the same aircraft stability and control 
characteristics. 

Since an additional component must be added, this element can be designed to enhance the 
lifting capacity of the tail. In this respect, the additional element would be a leading-edge extension 
device (LEX). 
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Table 1 Numerical setup and mesh characteristics for high-fidelity CFD analysis

 

 
Figure 1 Fluid domain and boundary conditions using STAR-CCM+. 

Table 2 Reference geometries, HTP and FSHTP. 

 HTP  FSHTP 

Sweep angle 32 deg -15 deg 

SH  31.36 m2 31.36 m2 

bH/2 6.723 m 6.723 m 

Taper Ratio  0.36 0.715 

Aspect Ratio 5.765 5.765 

 
Unfortunately, these advantages are lost when considering the fuselage-tail configuration. The 

forward-swept tail arrangement exhibits significant separation at the junction with the fuselage. 
This reflects on the lifting capabilities, as shown in Figure 3. 

To design an effective advanced rear end that incorporates a forward-swept tailplane, an 
additional component must be introduced to prevent significant flow separation at the junction of 
the fuselage. 

Leading Edge eXtensions (LEX) are aerodynamic features found on some aircraft, typically 
fighter jets. LEX refers to the forward extensions of the wing root area, usually in a triangular or 
trapezoidal shape. They are located at the junction between the wing and the fuselage. The primary 
purpose of LEX is to improve the aircraft's high angle-of-attack performance and enhance its 
manoeuvrability. 
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Figure 2 Comparison of the lift coefficient 
curves for conventional HTP and FSHTP 

configurations. 

 
Figure 3 Comparison of the lift coefficient 

curves for HTP and FSHTP (body and 
horizontal tailplane). 

By performing a Design of Experiment about several forward-swept tailplanes and LEX 
designs, see Figure 4, the best solution has been identified. As shown by the results of Figure 5, 
the maximum lift capabilities of the horizontal empennage can significantly be improved by 
introducing a forward-swept tailplane enhanced by a LEX device. The optimum solution (see the 
solid grey line in Figure 5), provides for a tailplane area which is 6% lower than the reference tails 
(see Table 3) giving a maximum negative lift coefficient which is approximatively 20% higher 
than the reference conventional tailplane.  

 

 
Figure 4 Some configurations 

investigated in the DoE execution. 

 
Figure 5 Lift coefficient curves for reference HTP, 
FSHTP and best FSHTP enhanced by a LEX device 

(in body and horizontal tailplane arrangement). 

Table 3 Geometric parameters, reference HTP, FSHTP and Optimised FSHTP and LEX. 

 HTP FSHTP Optimised FSHTP+LEX 

Sweep angle 32 deg -15 deg -10 deg 

SH  31.36 m2 31.36 m2 29.45 m2 

bH/2 6.723 m 6.723 m 6.723 m 

Taper Ratio  0.36 0.715 0.620 

Aspect Ratio 5.765 5.765 6.103 

(CLEX+CrootH)/CrootH --- --- 1.804  

bLEX/bH --- --- 0.217 
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Abstract. Reducing greenhouse gas emissions is one of the most important challenges of the next 
future. The aviation industry faces increasing pressure to reduce its environmental footprint and 
improve its sustainability. This work is framed within the Italian national project “MOST- Spoke 
1 - AIR MOBILITY - WP5,” which studies innovative solutions for next-generation green aircraft. 
This paper proposes a multidisciplinary design optimization (MDO) framework for the design of 
new-generation green aircraft. Several propulsion solutions are analyzed, including fully electric 
and hydrogen fuel cells. The Multidisciplinary Design Optimization (MDO) framework considers 
several disciplines, including aerodynamics, structures, flight dynamics, propulsion, cost analysis, 
and life-cycle analysis for facing at the best the design challenge of next-generation green aircraft. 

Introduction 
For developing new-generation green aircraft, it is important to consider the interactions between 
the system’s disciplines. Through early resolution of the multidisciplinary optimization (MDO) 
problem using state-of-the-art computational analysis tools, it is possible to enhance the design 
while concurrently minimizing the time and cost associated with the design cycle. In the realm of 
developing next-generation environmentally friendly aircraft, while the Maximum Take Off Mass 
(MTOM) remains a conventional optimization objective due to its strong correlation with the 
overall lifecycle cost of the aircraft, it is crucial to conduct a thorough-life cycle analysis and 
establish a metric for assessing the aircraft's overall environmental sustainability. Accurately 
modeling new-generation environmentally friendly propulsion systems and establishing a merit 
function for comparing the environmental friendliness of aircraft, such as the total equivalent CO2, 
is crucial. In addition to traditional disciplines like aerodynamics, structures, and flight dynamics, 
green propulsion system modeling and life cycle analysis are essential, even in early design stages. 
This study provides an overview of physical-based models for structural analysis, aerodynamics, 
green propulsion systems, and life cycle analysis for preliminary design. Moreover, a Multi-
Disciplinary Optimization (MDO) architecture is presented, including considerations of Design 
Variables (DVs), constraints, and objective functions. 

Structural modeling 
Structural models are essential for optimizing aircraft performance, efficiency, and safety. They 
must withstand different loads and conditions while being lightweight to maximize range, payload 
capacity, and minimize operating costs. Various low fidelity structural models are used for aircraft 
optimization, such as analytical beam models. Beam models efficiently represent elongated 
components like wings, fuselages, and tails, considering bending, shear, torsion and axial loads. 
They provide insights into stress distribution, deflections, and dynamic response, assuming linear 
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elasticity, small deflection theory, and homogeneous materials. Beam models are valuable for 
preliminary design, concept exploration, and rapid evaluation of structural configurations. 
However, with enhancements in computational capabilities, Finite Element Models (FEM) have 
gained popularity in aircraft optimization due to their versatility and accuracy. Moreover, FEM 
allows for a more detailed analysis of complex geometries. It is particularly beneficial for 
innovative aircraft configurations such as, for example, the blended wing body, and truss braced 
wings. In this work, a FEM model of the entire aircraft is generated using an in-house code called 
FUROR (Framework for aUtomatic geneRatiOn of aeRoelastic models) based on the input of 
assigned set of design variables. FUROR utilizes the open-source geometric library OpenCasCade 
to automatically generate the wing boxes and fuselage geometries, and the open-source code 
GMSH for automatic FEM grid generation. The generation of the aircraft FE model involves three 
steps. First, the aircraft geometry is defined based on main standard geometrical characteristics 
such as wingspan, dihedral, sweep, chord, and fuselage length (see Fig. 1). Additionally, the 
geometry of the main structural components, including wing spars, ribs, and stringers, is also 
defined. In the second step, a hybrid structured-unstructured FEM mesh is generated using GMSH. 
Finally, the complete FE aircraft model is generated, where the beam sections and shell thickness 
of the FEM model are defined in a standard Nastran input file. Furthermore, during this phase, the 
connections between the wings and the fuselage are established using a simplified approach that 
is compatible with the early design stage. Additionally, FUROR has the capability to generate the 
aerodynamic wing model, which will be discussed in detail in the following section. 

                                          
Fig. 1: Generation of FE aircraft models with different main standard geometrical 

characteristics. In grey a standard regional aircraft, in blue an increased wingspan design and 
in red an increased wing sweep design. 

Aerodynamic modeling 
Aerodynamic modeling is crucial in the preliminary design for evaluating forces and mission 
performance. Various models exist with different accuracy and computational cost. Simplified 
physical-based aerodynamics models such as strip theory, doublet lattice, or vortex lattice methods 
are crucial in the field. Strip theory divides the wing into sections, evaluating the local angle of 
attack for each. Lookup tables determine each segment's lift and drag coefficients and the 
corresponding aerodynamic forces. A correction factor is applied for three-dimensional effects, 
and the Theodorsen method can be used for unsteady aeroelastic dynamic analyses. Strip theory 
enables the estimation of aerodynamic efficiency with drag estimation, also approximately 
incorporating viscous effects. However, strip theory lacks accuracy in estimating three-
dimensional effects and wing interactions because simple analytical models are typically used in 
such cases. In preliminary design, the doublet lattice method is commonly employed as a three-
dimensional model. It offers enhanced accuracy in lift evaluation, making it suitable for aeroelastic 
analysis and accounting for finite wake effects. In the FUROR software, both the strip theory 
approach and the doublet lattice method are available. 
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Propulsion Modeling 
The proposed model for the propulsive system is based upon the work of De Vries et al. [1]. 
Authors aimed to propose a simple method for evaluating the benefits and technological needs of 
integrating a secondary energy source (batteries or fuel cells) with the primary thermal source 
(fuel) in the redesign of an existing aircraft. In this method, the various configurations are 
characterized by the supplied power ratio, which represents the ratio between the power output 
from the batteries and the total power output, taking into account the electric subsystem and the 
fuel. The proposed method combines constraint analysis, mission analysis, and subsequent aircraft 
mass estimation. The first step involves a classical constraint analysis that aims to meet all mission 
requirements by utilizing an aircraft propulsive power constraint diagram.  

From this diagram [1], a specific design point is selected based on the power-to-weight ratio 
(𝑃𝑃𝑝𝑝/𝑊𝑊𝑇𝑇𝑇𝑇) and wing loading (𝑊𝑊𝑇𝑇𝑇𝑇/𝑆𝑆 ). Then, the next step consists of quasi-stationary mission 
analysis to size the aircraft in energy terms, having chosen a first attempt MTOM. A simplified 
mission profile is selected, consisting of different flight phases. Various authors [2,3] have derived 
analytical formulas similar to the Breguet equation or modified it for hybrid aircraft, but these 
formulas depend on the aircraft configuration, and there is no universally optimal choice. The 
presented design method explores different approaches for using battery and fuel in specific flight 
phases. The energy requirements from both fuel and battery sources are integrated over the entire 
mission duration. In the final phase, the aircraft’s masses are estimated, including energy sources 
and propulsion system components. From these mass estimates and the mass outcomes of the 
structure subsystem, MTOM is derived, which corresponds to the energy required by the two 
energy sources to complete the mission. The last two steps of the method are iterated until the 
MTOM value of two consecutive iterations converges below a certain chosen tolerance. Lastly, a 
basic life cycle analysis should be conducted to estimate the total CO2 emissions. This analysis 
considers not only fuel emissions from gas turbine engines but also battery discharge for 
hybrid/full-electric aircraft, as well as the production and transportation of aircraft components. 
This approach ensures a fair comparison among the proposed configurations. 

Multidisciplinary Design Optimization 
The initial stage of aircraft design involves establishing the Top-Level Aircraft Requirements, e.g., 
desired overall performance, capabilities, and main characteristics of the aircraft. Traditionally, 
the optimization objective has focused on the Maximum Take Off Mass (MTOM) due to its close 
relationship with the overall lifecycle cost of the aircraft. A thorough life cycle analysis is crucial 
in developing eco-friendly aircraft to evaluate overall environmental sustainability. After defining 
the objective functions, the next step involves selecting the DVs and determining their ranges. 
Both structural and shape variables must be employed. Structural variables primarily focus on 
minimizing weight, while shape variables contribute to the optimization of aerodynamics which is 
of the utmost importance for the propulsion design to the evaluation of the energy requirements. 
Finally, to fully address the MDO problem, constraints need to be defined. This includes 
considering mission constraints such as range and altitude, conducting a stress assessment for 
extreme maneuver load cases to ensure aircraft safety, and incorporating constraints directly 
related to the propulsion system such as take-off distance and the estimated specific energy for the 
batteries and fuel cells that will be introduced in the weight estimation process. The design space 
can be systematically investigated by an optimizer (a possible choice is the Multi Objective 
Genetic Algorithm) to uncover the Pareto front of the selected objective functions (MTOM and 
total equivalent CO2). When the complete multidisciplinary analysis (MDA) is executed for every 
set of DVs, the MDO framework is referred to as Multi-Disciplinary Feasible (MDF) architecture 
[4]. This ensures the feasibility of each discipline for every set of DVs. The MDA involves 
conducting a trim and static structural analysis for various extreme maneuver load cases, followed 
by an aeroelastic analysis to ensure sufficient aeroelastic damping during maximum aircraft speed 
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conditions (see Fig. 2). Additionally, the constraint and mission analysis are carried out to estimate 
the required battery pack (or fuel cells) mass necessary to accomplish the TLARs. Finally, the life 
cycle analysis is performed. To handle interdependencies among disciplines, an iterative approach 
is used, ensuring convergence of the MDA by matching the disciplines' output copy with the final 
output. 

 
Fig. 2: Multi-Disciplinary Analysis Extended Design Structure Matrix [4] 

Conclusions 
This work presents an MDO architecture for advanced green aircraft, outlining the objective 
function, constraints, and design variables. Additionally, it describes the reduced order models 
(ROMs) for each discipline with appropriate fidelity for early design. The subsequent phases 
involve implementing the proposed MDO framework and conducting optimization on a reference 
regional aircraft, exploring various propulsion systems and innovative configurations (e.g., 
blended wing body, truss braced wing). 
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Abstract. This paper describes the activity proposed in the context of National Center for 
Sustainable Mobility (CN MOST) for designing an advanced core Guidance, Navigation, and 
Control system together with an effective on-board systems configuration for sustainable air 
mobility. A Model Based Systems Engineering strategy is adopted to support the design and 
development phases. The introduction of new sustainability objectives and the U-Space services 
to support the integration of unmanned air vehicles in the traditional Air Traffic Management 
drives the need of a full redesign of on-board systems that must be interfaced with different air 
platform categories. High performance processing units are considered for embedded systems, 
including but not limited to machine learning based, image processing and data fusion algorithms 
for advanced navigation. Three use-cases are presented as reference platform and mission types 
for validating the proposed systems configuration, specifically unmanned electric Vertical Take 
Off and Landing aircraft, fully electric general aviation aircraft, and hybrid-electric regional 
aircraft. 

Introduction 
The worldwide effort to increase technological improvement towards more sustainable air mobility 
is focusing on advanced propulsion systems, effective route planning, efficient airframe design 
and high-performance on-board Guidance, Navigation, and Control (GN&C) solutions [1-4]. 
Moreover, an innovative redesign of on-board equipment and systems is needed to meet new 
requirements and guarantee high safety levels according to the rapid changes of Air Traffic 
Management (ATM) that will include manned and unmanned vehicles with different specifications 
[5]. 

The need to integrate the so-called Unmanned Aerial Systems (UASs) with the existing 
traditional aviation is the focus of several programs [6]. The European response to this need has 
been implemented thanks to the definition of U-Space [7] for operations at Very Low Level (VLL) 
airspace in the context of the UAS Traffic Management (UTM). The definition of standard services 
- such as contingency management, traffic information, identification, collision avoidance, 
tracking - that allow to safely manage several vehicles with different tasks drives the design and 
development of specific on-board equipment with an increasing level of autonomy. Modular on-
board systems configurations [8] can support the development of core enabling modules that can 
be designed for a wide range of vehicles also thanks to the use of low-cost Commercial Off The 
Shelf (COTS) processing units [9].  

This paper aims at presenting an overview of the design activity focused on on-board systems 
configuration in the context of integrated ATM/UTM environment. Modular configurations are 
investigated to adapt innovative features of core GN&C systems to different air vehicles also 
assessing specific risk analysis evaluations for strategical and tactical mission management. 
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Overview of On-board Systems Design 
The rapid evolution of air traffic requirements carries out the design and development of advanced 
on-board systems that must meet new mission profiles. Data fusion algorithms, Machine Learning 
based methods and modular configurations are the main drivers for innovative enabling 
technologies that support new generation air vehicles in complex environments. 

A groundbreaking approach that follows all the design and development phases by using an 
advanced implementation method for systems modeling will support the adoption of advanced 
hardware and software components as well as effective real-time processing algorithms, such as 
the Model Based Systems Engineering (MBSE). The International Council On Systems 
Engineering (INCOSE) is developing several initiatives in the field of MBSE [10]. The National 
Aeronautics and Space Administration (NASA) started the MBSE Pathfinder in space topics [11]. 
The European Space Agency (ESA) founded the MB4SE and OSMOSE groups to introduce the 
MBSE concept [12]. 

The main aim of the proposed activity is the design of an advanced core GN&C system that can 
be adapted to different types of air vehicles and interfaced with the under development services of 
the integrated ATM/UTM. The general workflow description is reported in Fig.1 by following an 
MBSE approach [13] that helps to reduce the risk of unexpected redesign issues. 
 

 
 

Fig. 1. Schematic description of the workflow for the proposed on-board systems design. 

The requirements definition involves the selection of possible stakeholders and the regulatory 
framework analysis. Specific user needs must be highlighted, such as business goals, safety and 
security issues, and typical mission profiles must be identified. A model-based design strategy 
helps the development of a modular configuration and thanks to the evaluation and visualization 
in dedicated Human Machine Interfaces (HMIs) of synthetic output data, a risk analysis of the 
designed aerial system can be carried out to safely manage the mission at both strategical and 
tactical levels. The development of specific systems models allows to refine the initial 
requirements and associate each requirement to the related system module. Ad hoc use cases must 
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be designed to validate the identified requirements and test the developed modular configuration 
in different scenarios. 

Definition of Use Cases 
The preliminary analysis of requirements for the proposed design solution involves the 
identification of reference platforms and missions. The aerial vehicles that are included in the 
analysis are: i) unmanned electric Vertical Take Off and Landing (eVTOL) aircraft, such as [14], 
ii) fully electric general aviation aircraft, such as [15], and iii) hybrid electric regional aircraft, 
such as [16].  

The unmanned eVTOL platform is involved in the context of Smart Cities [17] for Urban Air 
Mobility (UAM) purposes. Typical mission profiles include package delivery and air-taxi 
operations.  

The fully electric general aviation aircraft is one of the reference platforms for fully electric 
propulsion as well as electric on-board systems implementation. Personal transport and dedicated 
professional applications, such as surveillance and mapping are some relevant missions. 

The hybrid electric regional aircraft involves the challenge of developing more electric on-
board systems configuration for medium haul routes. The main designed task is related to 
commercial aviation transport with less than 100 seats also considering high efficiency 
sustainability features. 

The mentioned platforms are the reference case study for the design of an adaptive on-board 
system configuration, identifying the core modules and enabling technologies to meet the 
developing requirements of air mobility. 

Conclusion 
This paper describes an overview of on-board design activity carried out in integrated manned and 
unmanned aviation with new needs and services. The development of proper design strategies for 
on-board systems helps address the increasing complexity level. During the activity, the on-board 
systems design can be carried out according to an MBSE strategy to manage more complex 
implementations. Tha main expected advantages of the proposed strategy include the rapid 
integration in the digital environment, the assessment of inter-modules interactions, the increase 
of overall system reliability level and the reduction of commercial implementation. 
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Abstract. Over the last decades, the rapid growth of the consumption of fossil fuel has generated 
an increased need for energy sustainability. The negative impact on the environment and now, as 
a global society, the dependence on fossil fuel have been questioned. For contrasting these adverse 
effects, NASA calls on the aeronautic industry to reduce aircraft fuel burn by 70% by 2025 in their 
N+3 concepts. Following high-profile government and industry studies, electric aircraft propulsion 
has emerged as an important research topic, this includes all-electric, hybrid electric, and turbo-
electric architectures. The paper overviews the recent state-of-art about the innovative propulsion 
systems exploring the operating logic, their technological requirements, the ongoing research, and 
development in all the components necessary to make this technological change a feasible option 
for the future of passenger flight. It will be also reported the existing commercial products, 
prototypes, demonstrators for having a precise picture of the situation. 

Introduction 
Over the last decades, the economization of transportation has generated a sharp increase in fossil 
fuel consumption, causing a considerable increase in pollutant emissions. This increase in CO2 
emissions has prompted major industry companies and research institutions to develop new 
propulsion technologies for the aviation sector that are more efficient and have a reduced 
environmental impact. The new strong requirements about the emission pushed the academic and 
industrial researchers to investigates a new and sustainable type of engines for aerospace sector. 
Following the outcomes of these research Electric Propulsion Systems (EPS) and Hybrid Electric 
Propulsion System (HEPS) received a great emphasis and they have emerged as an important 
research topic and possible solution to satisfy the requirements imposed by NASA. In the next 
sections, the various innovative propulsion systems, identified in literature, will be discussed, 
labeling their advantages, disadvantages, and relative fields of application in relation to the type 
of aircraft that can accommodate them. Then the demonstrators will be reported that have been 
realize. In the end conclusion will be drawn. 

Innovative Propulsion Systems 
This section reports the main innovative propulsion systems identified in the literature. All the 
systems will briefly be introduced highlighting its advantages and disadvantages.  
 
Sustainable Aviation Fuel SAF 
Sustainable Aviation Fuel (SAF) can be defined as alternative fuel to conventional fossil-based jet 
fuel that is produced from either biological or non-biological sources. These fuels belong to the 
drop-in fuels class, characterized by having the same chemical and physical characteristics of the 
fuels used in aviation. This is a key aspect of its possible success because it allows the 
manufacturers do not make substantial modifications to the aircraft. The International Civil 
Aviation Organization (ICAO) reported that it would be physically possible to meet 100% of 
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demand by 2050, which corresponds to a 63% reduction in emissions. So, it seems that SAF is a 
simple way to reduce CO2 emission but there are also some disadvantages as the highly cost of 
production, that could be reduced only with a combination of policy incentives, capital 
investments, and time [1]. 
 
All Electric Propulsion Systems 
All-electric aircraft configuration is the simplest of all the electric architectures in terms of layout, 
the power source, in this category is the rechargeable battery, connected directly to an electric 
motor through a power management system that drives a propeller. Globally this system is 
characterized by an higher efficiency compares with the classical propulsion system (83% vs 25% 
of the classical propulsion system). This category of aircraft has many advantages, including zero-
local-emission, low noise, and operating cost reduction. The most critical disadvantage of this 
category of aircraft is the battery storage technology that has not achieved sufficient maturity to 
cover the same distances as jet fuel-driven aircraft [2]. 

An evolution of the classical battery storage system are the Fuel Cells propulsion system. This 
system is composed by three main components:  the Fuel Cell, the hydrogen storage tank (gaseous 
or liquid), and a buffer battery. This category of aircraft is characterized by a much lower 
Maximum Take Off Weight (MTOW), as battery weight is almost eliminated, compared to an 
analogue battery storage aircraft and a similar refueling times and weights, comparable to the 
classical propulsion systems present on the market today. These systems are characterized by a 
great versatility since they do not require pre-storage of energy in batteries, but they only need to 
store a quantity of hydrogen required to accomplish the proposed mission. There are different types 
of F-Cells, a clever way to classified them is by the type of electrolyte used, the most common one 
used in the transport industry are the Proton Exchange Membrane (PEM) characterized by a low 
temperature of exercise, simplicity of manufacturing, reliability, and the competitive cost of 
production [3]. 
 
Hybrid-Electric Propulsion Systems HEPs 
The implementation of full-electric propulsion systems, for classes of aircraft other than simple 
demonstrators, is critical because the technology of energy storage in batteries, as well as the 
realization of the various components associated with the distribution of energy on the aircraft, is 
still unsuitable for their realization, especially considering the deadlines imposed by the European 
Union. Instead, a more viable route is to go and complement the classical turbojet/turboprop 
systems with electric machines thus evaluating an additional propulsive methodology known as 
Hybrid Systems. This category includes 3 possible configurations examined: Hybrid Series 
configuration, Hybrid Parallel configuration, and Hybrid Series/Parallel configuration [4].  

In a Series Hybrid configuration, the Electric Motor (EM) is the only component which drives 
the propeller, without any gearbox, this implies that the Internal Combustion Engine (ICE) can run 
always at its optimal regime. Due to this condition, fuel efficiency can remain high, and its lifespan 
can be lengthened. Another advantage is the flexibility of choosing the ICE location due to its the 
mechanical decoupling. The series configuration suffers of many disadvantages, such as massive 
power loss due the conversion system and an high cost of the components that have to be sizing to 
maximum power require during the mission. 

In the Parallel Hybrid configuration type of system, the propeller is driven by both ICE and 
EM. From this configuration, multiply advantages are achieved. The most important advantage is 
that small ICE and small EM can be selected because all the main components of the system do 
not need to be sized to cope with maximum power requirements. Also, this configuration has some 
disadvantages, the main one is that it needs an efficiency energy management strategy, because it 
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must optimize the power contribution of the ICE and the EM, to make them always work under 
the most efficient conditions. 

The last analyzed configuration is the Hybrid Series–Parallel system. It is a mixture of two 
architectures show before, the main part of this configuration is the planetary gearbox at which the 
propulsion components, such as propellers, engine, EM, and generator, are connected to it. All the 
advantages and disadvantages of this system belong to the power-split part. The main advantage 
of using this device is that all the engine, ICE and EM, work in their maximum efficiency region. 
Despite this important advantage this type of system suffers of a constate dissipation rate due to 
the permanent connection between the part. These configurations are the most used architectures 
in aerospace and automotive sectors. Among them, the series configuration enables the engine to 
operate at its ideal operating condition, but as cited before, its system efficiency is relatively low 
since large power losses exist in the energy conversion. The series–parallel is the most functional, 
but the most complicated configuration out of the three architectures. It is the least popular 
configuration concerning aircraft application due to high complexity. it can therefore be inferred 
that, given current levels of technology, the parallel hybrid configuration appears to be the most 
versatile. 

Flight Demonstrators 
The attention is now focused on the attempts made by universities and research institutions in 
moving from purely theoretical models to prototypes able to fly, all the models have been classified 
according to their geometrical dimensions. With this parameter three categories are identified: 
small, medium, and large scale. The small scale is convenient for demonstrating the feasibility of 
the hybrid electric technology, several attempts were made by industries and research group, the 
most interested one is the Drone develop by Harris Aerial which use a fuel cell system with a small 
high-pressure tank of Hydrogen [5].  

The medium scale is interesting because there is the opportunity to ensure the transportation of 
people.  The most innovative flying configuration is the conversion kit installed on an ATR 72 
proposed by ZeroAvia [6]. The last class of aircraft is the most critical one due to the technological 
limit of the component available. One interesting possible configuration is the one proposed by 
ZEROe program developed by Airbus which use two hybrid-hydrogen turboprop engines installed 
on an A350 [7].  
  So, the small/mid-scale sector, both academic and industrial institutes presented the flying or 
flying-capable demos. Furthermore, the studies of large hybrid aircrafts are still at the stage of 
concept designs and analysis due to the limitation of electrical and other technologies. 

In Figure 1, it is interesting to observe that there is an area, indicated with the red square, are 
confined most of the different configurations before cited. It is evident that the maximum distance 
that can be covered is about 350 nm (648 km) while as far as the transport of passengers is 
concerned from the datasheets it has been found that these aircraft carry at most 4 people.  
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Figure 1 Propulsion Trends (F.E.: Full Electric; H.E.: Hybrid Electric) 

Conclusion 
The main purpose of this work is to quickly present the actual state of the art of new propulsion 
systems potentially adaptable to current aircraft configurations to achieve the CO2 emission 
reduction targets set in 2050.  

Without further technological development of batteries, it can be concluded that:  
o Full-electric aircraft are implementable at most to the General Aviation category. 
o Series/Parallel hybrid systems and fuel cells, characterized by a greater flexibility can be 

applied on a large scale of aircraft guaranteeing a partial abatement of CO2.  
o The main route remains SAF as they are solutions that can ideally be applied immediately 

since they do not require any modifications in the aircraft.  
All the data reported in this short paper comes from a full paper under review [8]. 
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Abstract. This paper presents the application of low- and high-fidelity finite beam elements to 
analyze the dynamic response of aerospace structures subjected to random excitations. The refined 
structural models are developed with the Carrera Unified Formulation (CUF), enabling arbitrary 
finite element solutions to be easily generated. The solution scheme uses power spectral densities 
and the modal reduction strategy to reduce the computational burden. The response of an 
aluminum box beam is studied and compared with a solution obtained by a commercial code. 
Considering the root-mean-square value of the axial stress, an estimation of the fatigue life of the 
structure is obtained. 

Introduction 
Fatigue is one of the prevalent causes of failure in structural and mechanical components. To 
correctly estimate the fatigue life of an element, it is essential to evaluate the stress distribution as 
accurately as possible. Time and frequency domain analyses can be employed to characterize the 
fatigue performance of a structure. In particular, the frequency domain approach is preferred 
thanks to its lower computational cost than direct integrations of the governing equation in the 
time domain. [1-2]. In particular, the Power Spectral Density (PSD) method is commonly used in 
structural dynamics and random vibration analysis [3]. The Finite Element (FE) method is a 
flexible and powerful tool for determining displacement and stress spectra. Previous works mostly 
adopted finite elements based on classical and first-order shear deformation theories [4-5]. While 
these kinematics expansions are suitable for various structural problems, they may not hold valid 
assumptions for other applications, such as laminated and thin-walled structures. Two- and three-
dimensional (3D) FE formulations can be employed to address their limitations, but they often 
lead to a significant increase in computational costs. This study proposes an alternative approach 
by utilizing high-order finite beam elements. These elements provide an accurate and 
computationally efficient solution for predicting structural responses to random excitations. The 
Carrera Unified Formulation (CUF) enables the automatic implementation of various kinematic 
models through a recursive notation. Specifically, the response of a clamped-free box beam is 
given in terms of PSD and root-mean-square (RMS) of displacements and stresses, and a fatigue 
life prediction is provided given the value of RMS of axial stress.  

One-dimensional finite elements 
The one-dimensional (1D) model adopted in this work is based on the Carrera Unified Formulation 
(CUF). According to the CUF, the 3D displacement field of a solid beam with main dimension 
along the y-axis, can be expressed as a generic expansion of the generalized displacements 
𝑢𝑢τ(𝑦𝑦, 𝑡𝑡): 

𝐮𝐮(x, y, z, t) = Fτ(x, z)Ni(y)𝐮𝐮τ(y, t),           τ = 1,2, … , M and i = 1, … , nsn (1) 
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In this equation, M represents the number of terms used in the expansion, while nsn represents 
the number of structural nodes of a single Finite Element (FE). Repeated subscripts indicate 
summation, Ni(y) refers to the 1D FE shape functions, and Fτ(x, z) represents arbitrary functions 
on the cross-section. In this study, we adopt the Taylor (TE) and Lagrange (LE) expansion classes 
as polynomial bases. By introducing the Principle of Virtual Displacement (PVD) 𝛿𝛿𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛿𝛿𝐿𝐿𝑒𝑒𝑒𝑒𝑖𝑖, 
it is possible to derive finite element matrices and vectors by assembling the so-called 
Fundamental Nuclei. These nuclei are the invariant of the methodology. 

Theory of random response and fatigue life prediction  
Using the Fourier transform of the equation of motion, it is possible to obtain the equation in 
frequency domain: 
 
𝐪𝐪𝐤𝐤(𝛚𝛚) = [−𝛚𝛚𝟐𝟐𝐌𝐌 + 𝐢𝐢𝛚𝛚𝐢𝐢 + 𝐊𝐊]−𝟏𝟏𝐅𝐅𝐤𝐤∗                               𝐢𝐢 = √−𝟏𝟏                                                      (3) 

Where 𝐪𝐪𝐤𝐤 is the column vector that collects the degrees of freedom (DOF) of the FE model, k 
is an arbitrary non-null generalized coordinate, 𝐅𝐅𝐤𝐤∗ is the generalized force vector in frequency 
domain and it has only one nun-null term (equal to 1).  
To reduce the computational cost, it is a common practice to employ a modal reduction strategy.  
The Power Spectral Density (PSD) function of a signal gives an indication of the average power 
contained in particular frequencies and the root mean square (RMS) represents the square root of 
the area below PSD curve. Given the input PSD function of the load 𝐒𝐒𝐅𝐅, the output PSD of the 
three-dimensional displacement 𝐒𝐒𝐮𝐮 and the stress 𝐒𝐒𝛔𝛔 components at various frequencies (𝛚𝛚) are 
obtained: 
 
𝐒𝐒𝐮𝐮𝐢𝐢(𝛚𝛚) = 𝐇𝐇�𝐮𝐮𝐢𝐢(𝛚𝛚)𝐒𝐒𝐅𝐅(𝛚𝛚)𝐇𝐇𝐮𝐮𝐢𝐢

𝐓𝐓 (𝛚𝛚)                          𝐢𝐢 = 𝟏𝟏,𝟐𝟐,𝟑𝟑        

𝐒𝐒𝛔𝛔𝐣𝐣(𝛚𝛚) = 𝐇𝐇�𝛔𝛔𝐣𝐣(𝛚𝛚)𝐒𝐒𝐅𝐅(𝛚𝛚)𝐇𝐇𝛔𝛔𝐣𝐣
𝐓𝐓(𝛚𝛚)                        𝐣𝐣 = 𝟏𝟏, … ,𝟔𝟔                                                            (4) 

where 𝐇𝐇�(𝛚𝛚) and 𝐇𝐇𝐓𝐓 (𝛚𝛚)  are the complex conjugate and the transpose of the transfer function and 
it can be computed with the FE method by performing as many frequencies response analysis as 
of the non-null terms (𝐧𝐧𝐧𝐧𝐧𝐧) in the generalized force vector 𝐅𝐅: 
 
𝐇𝐇𝐪𝐪𝐤𝐤(𝛚𝛚) = �𝐪𝐪𝐤𝐤𝟏𝟏  𝐪𝐪𝐤𝐤𝟐𝟐  …   𝐪𝐪𝐤𝐤𝐋𝐋�            𝐤𝐤 = 𝟏𝟏, … ,𝐧𝐧𝐧𝐧𝐧𝐧         𝐋𝐋 = 𝟏𝟏, … , 𝐟𝐟𝐟𝐟                                            (5) 

where q is derived from Eq. (3) and fs is the number of frequency steps. In this work, the structure 
is subjected to white noise excitations, thus the PSD of this type of noise is constant. 

Numerical results 
The numerical example refers to a clamped-free box beam made of aluminum alloy with E = 71.7 
GPa, G= 27.6 GPa, ν= 0.3, ρ = 2700 kgm-3 and dimensions L=2.00 m, h = 0.05 m, b = 0.25 m, t=0.01 m. 
The beam is subjected to three-point loads (1 N) as shown in Figure 1.  
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Figure 1. Boundary conditions and geometry of the clamped-free box beam subjected to clipped 

white noise. Scheme of the cross-section. 

The structure was discretized using ten cubic beam elements. The first ten natural frequencies of 
the structure (Table 2) and the mass participation (Figure 2) were evaluated by conducting a 

normal mode analysis. The results have been obtained with the 12-LE9 model consisting of two 
Lagrange-type bi-quadratic elements for each lateral edge and four for the top and bottom 

surfaces. In the following analyses, forty modes were employed.  

 
Table 1. First six natural frequencies 

obtained with NASTAN and CUF-FEM 
approach. 

12-LE9 NASTRAN  
13.90 13.88 
56.13 56.17 
84.03 83.09 

178.68 170.8 
223.17 216.08 
324.78 324.67 
406.34 378.13 
461.23 424.19 
613.37 539.52 
629.52 563.01 

 

 
Figure 2. Mass participation versus 
number of modes of the box beam 

response. 

Figure 3 shows point A's vertical displacement PSD and point C's axial stress PSD. In Figure 
4, the distribution along the thickness corresponding to Point C of the root mean square of the axial 
stress is shown. Statistically speaking, the RMS stress value represents the 1σ value and will be 
experienced 68.3% of the time. A 2σ will be experienced 27.1% of the time, and a 3σ will be 
experienced 4.33%. These values represent 99.73% of the stresses the beam will experience at 
point C. Using Miner’s cumulative damage 𝑅𝑅𝑖𝑖 = 𝑖𝑖1

𝑁𝑁1
+ 𝑖𝑖2

𝑁𝑁2
+ 𝑖𝑖3

𝑁𝑁3
, it possible to obtained n, which is 

the number of cycles to fail: 1 = 0.6831𝑖𝑖
𝑁𝑁1

+ 0.271𝑖𝑖
𝑁𝑁2

+ 0.0433𝑖𝑖
𝑁𝑁3

. If the beam is vibrating at a frequency 

of 13.9 Hz (first natural frequency), then it will take approximately 2769 hours to fail. The results 
show that the 1D CUF approach is a valuable alternative to the common the 3D approach used by 
commercial codes. 
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         (a) 

 
        (b) 

Figure 3. PSD of: (a) vertical displacement of point A, (b) axial stress of point B. 

   

 
 
 
 

 1 RMS 2 RMS 3 RMS 
S 10.06 20.12 30.18 
N 4.3E10 1.8E8 7.6E6 

 

Figure 4. RMS distributions of the axial stress along the thickness. On the right, a table with 
values taken from a fatigue curve of aluminium. For a given stress in [MPa], the number of 

cycles needed to cause failure is given. 
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Abstract. We present the latest advancements in the air-bearing facility installed at La Sapienza's 
GN Lab in the School of Aerospace Engineering. This facility has been utilized in recent times to 
validate robust control laws for simultaneous attitude control and vibration active damping. The 
instrumentation and testbed have been restructured and enhanced to enable simulations of close 
proximity operations. Relative pose determination, accomplished through visual navigation as 
either an auxiliary or standalone system, is the first building block. Leveraging the acquired 
knowledge, optimal guidance and control algorithms can be tested for contactless operations (e.g. 
on-orbit inspection), as well as berthing and docking tasks. 

Introduction 
Rendezvous and docking maneuvers have been successfully performed since the early days of 
spaceflight, but still pose challenges due to the increasing complexity of the mission scenario. 
From the early missions that required a human pilot, the goal of autonomous operations has already 
been achieved with notable examples in the ISS cargo resupply. 

The current state of the art in proximity operations still involves some form of cooperation 
between the maneuvering satellite (the Chaser) and the Target satellite in the form of aids to 
relative navigation or in the form of mechanical interfaces to facilitate the docking phase. In either 
case, the Target satellite is usually controlled and fully operational. Much research is being done 
to extend these operations to a larger class of objects that are noncooperative and uncontrolled. 
Applications range from debris removal (see [1]) to orbital maintenance operations to repair or 
extend the operational life of a satellite. 

Several missions have been developed to demonstrate the technology required for rendezvous 
and proximity operations (see the AVANTI demonstration [2] or the ELSA -D mission [3]). 

A fundamental step in increasing the TRL of the required technologies is to conduct ground 
experiments to validate the components in a laboratory environment (typically TRL 4/5). For 
example, the work in[4] focuses on experimental verification by implementing and comparing 
real-time guidance algorithms on the Floating Spacecraft Simulator (FSS) testbed; a similar air-
bearing testbed is used in [5] to validate the effectiveness of relative pose measurement systems. 
Various experimental approaches (e.g., using drones) can be used to test guidance and navigation 
subsystems (see [6]). 

One of the most critical technologies to consolidate for successful close-proximity operations 
is the ability of an active spacecraft to accurately estimate its relative position and attitude (pose) 
with respect to an active/inactive Target (see [7]). 

At the Guidance and Navigation Laboratory (GN Lab) of the School of Aerospace Engineering 
at La Sapienza, University of Rome, we have developed over the last decade a test bed consisting 
of a free-floating platform that can maneuver in a frictionless environment thanks to ON-OFF 
thrusters. The test bed, now in its second stage of development, has been used in the recent past to 
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validate the active robust control system for attitude control of large flexible satellites as part of 
an ESA ITT study. 

This paper shows the current equipment of the facility, consisting of two free-floating platforms 
(with a fleet to be expanded in the near future), a very accurate external measurement system 
(providing position and attitude measurements of the platforms with an accuracy of 0.1 mm and 
0.01 degrees, respectively), and large screens for the projection of simulated orbital views that are 
changed in real time according to the motion of the platform. 

With this configuration, it is now possible to validate critical short-range subsystems, such as 
visual navigation to determine the position of an uncooperative target in difficult lighting 
conditions and with limited computing power. Different algorithms can be tested for long-range 
(in which case a simple angle algorithm can be used) and short-range scenarios (feature-based 
algorithms or AI techniques are viable options). Maneuvers based on this information can 
eventually lead to docking, a phase where experimental validation of the behavior of the 
mechanisms and platforms during contact dynamics in a reactionless environment is critical. 
Successful validation of the critical aspects of GNC in a laboratory environment will pave the way 
for the realization of space-based enablers using microsatellites. 

The first platform: early development of PINOCCHIO 
The GN Lab has been developing a free-floating platform since 2012 (see [8]). In its first version, 
the platform, named PINOCCHIO (Platform Integrating Navigation and Orbital Control 
Capabilities Hosting Intelligence Onboard), was a 10-kg class platform, that utilized low-pressure 
air (10 atm) stored in an onboard tank for generating a thin film of air removing the friction 
between the air-bearings and the working table. It incorporated a second onboard tank supplying 
eight nozzles, serving as cold gas thrusters to enable horizontal movement and rotation around the 
vertical axis (yaw). Originally, a glass table (Fig. 1 - left) was used, but it was later upgraded to a 
black granite table due to its improved dimensional stability and operational workspace. 
PINOCCHIO operated autonomously, with its onboard computer managing all functions. The 
modular architecture allowed for the integration of various avionics components, including 
accelerometers, gyros, cameras, and lab star sensors, to instrument the guidance and control 
systems for both position and attitude. The platform's bus, which closely resembled the size and 
mass properties of a real microsatellite, proved instrumental in numerous studies conducted by the 
Sapienza team in recent years, as referenced in [9][10][11]. These studies encompassed areas such 
as rendezvous and docking guidance, optical navigation, and combined control of the platform's 
attitude during robotic arm motion (as depicted in Fig. 1). Additionally, the team explored the 
effects of flexibility in attitude control resulting from elastic appendages. 

The need to further investigate the research field of attitude control of very large and flexible 
satellites using a multi-input multi-output control with attitude and elastic sensors and actuators, 
in the framework of the ESA ITT EXPRO-PLUS project “ACACLAS” (Advanced Collocated 
Active Control of Large Antenna Structures), called for the design, realization and characterization 
of a new platform to increase the performance and the capabilities of the test rig. 
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Fig. 1 The first version of the floating platform (left) and one of the experiments focused on the 

use of space robotic manipulators (right) 

 

The second platform: a special focus on attitude control of highly flexible satellites 
A new platform has been developed to enhance the performance of the initial platform in several 
aspects: 

(a) Increasing the bus rigidity 
(b) Extending the duration of experiments 
(c) Including a dedicated electronics module for the payload 
(d) Equipping the test rig with a high-accuracy metrology system. 
 
The floating platform's structure has been completely redesigned using an Aluminum alloy 

(UNI 6060). It has overall dimensions of 300 mm × 350 mm × 480 mm (height) and consists of 
three compartments, which can be expanded due to its modular design, catering to specific 
purposes. The lower compartment houses the pneumatic system, while the second floor (300 mm 
× 350 mm × 100 mm) accommodates the electronics, including sensors, microcontrollers, power 
supplies, and wiring (see Fig. 2 - left). To achieve the required long experiment duration, a high-
pressure tank with an operational pressure of 200 atm is used (see Fig. 2 - right). The third floor 
provides additional modules for specific missions. Currently, it houses the electronics required to 
control flexible appendages, such as solar panels and antennas (see Fig. 3 - left). These structures 
can be easily attached when experiments necessitate active control of flexible appendages. In such 
cases, a smaller, more precise working table is utilized since attitude maneuvers are typically the 
main focus (see Fig. 3 - right). 

For accurate measurements of the structure's attitude and elastic displacement, a VICON system 
is employed. This technique utilizes retroreflective markers that are tracked by six infrared 
cameras. A detailed characterization of the platform can be found in reference [13], demonstrating 
navigation accuracy below 100 μm for position and 0.003 deg for attitude. 
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Fig. 2 The new version of the floating platform (left) with the high-pressure systems for air-

bearings and thrusters (right). 

 
Fig. 3 Electronics compartment (left) used for vibration sensing and control of the highly flexible 

appendages (right). 

 

A testbed for autonomous rendezvous and docking 
The two platforms and the external metrology system have been now repurposed at the scope of 
testing guidance, control and, more specifically, optical navigation for the determination of the 
relative pose of a Chaser satellite with respect to a Target satellites. Active electro-optics systems 
can be used and tested, showing a promising performance (see [12]); these systems can be aided 
or partially substituted by vision systems (monocular or stereovision). For a hardware-in-the-loop 
test, the orbital environment should be reconstructed also from a visual point of view. To achieve 
this, an array of screens has been arranged to project realistic potential background images (Fig. 4 
- left depicts the currently installed first screen). This allows the Chaser satellite's acquired image 
to include not only relevant Target satellite features but also various potential sources of visual 
disturbance, such as Earth landscapes, clouds, or stars (see Fig. 4 - right). Additionally, a lamp 
simulating the sun's position can be used to account for the constraint of avoiding blinding of the 
Chaser's cameras. 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 458-464  https://doi.org/10.21741/9781644902813-101 
 

 
462 

  
Fig. 4 First installed white screen with the two floating platforms (left) and a snapshot acquired 

by the navigation systems on board the Chaser satellite (right). 

The onboard navigation systems provide relative pose measurements that must be validated 
thanks to benchmark metrology systems. The VICON system already mentioned in the previous 
section is a powerful mean in this sense. The inertial position of both platforms can be computed 
in real-time with a maximum frequency of 300 Hz, and with an accuracy which is much better 
than what achievable with the onboard systems. Fig. 5 reports an example of the visualization and 
the stream of data available with such a system, where each platform is identified by a different 
pattern of reflective markers. 

 

 
Fig. 5 Chaser and Target platforms acquired by the external metrology system 

This set up can be used not only for visual based navigation, but also for testing range finders 
(LIDAR or radio frequency) and systems emulating differential GPS measurements. Relative pose 
determination is one of the building blocks of the autonomous rendezvous and docking operations. 
While it can be also tested using robotic arms (see [14]), with the air-bearing approach also the 
guidance and control algorithms can be tested in closed loop, including the contact forces and the 
post contact dynamics which are among the most difficult phases to simulate. The position and 
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attitude control of the single platforms are accurate enough (see Fig. 6 for an example of an attitude 
slew maneuvers of 30 deg, with stationary error of 0.1 deg) to allow for a complete docking, 
including the validation of the performance of mechanical hardware. 

 
Fig. 6 Example of an attitude slew maneuver 

Conclusions 
We have showcased the key features and performance of an experimental testbed that has played 
a crucial role in validating attitude control algorithms for highly flexible spacecraft. Currently, we 
are expanding its capabilities to facilitate testing of space proximity operations, specifically 
focusing on control and relative navigation. We encourage the academic community to explore 
this platform for validating and testing various building blocks of the autonomous formation flying 
guidance, navigation, and control architecture, in the framework of future fruitful collaborations. 
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Abstract. In the next years the space debris population is expected to progressively grow due to 
in-space collisions and break-up events; in addition, anti-satellite tests can further affect the debris 
environment by generating large clouds of fragments. The simulation of these events allows 
identifying the main parameters affecting fragmentation and generating statistically accurate 
populations of generated debris, both above and below detection thresholds for ground-based 
observatories. Such information can be employed to improve current fragmentation models and to 
reproduce historical events to better understand their influence on the non-detectable space debris 
population. In addition, numerical simulation can also be employed to identify the most critical 
object to be removed to reduce the risk of irreversible orbit pollution. In this paper, the simulation 
of historical in-orbit fragmentation events is discussed and the generated debris populations are 
presented. The presented case-studies include the COSMOS-IRIDIUM collision, the COSMOS 
1408 anti-satellite test, the 2022-151B CZ-6A in-orbit break-up, and a potential collision of 
ENVISAT with a spent rocket stage; for these events, results are presented in terms of cumulative 
fragments distributions and debris orbital distributions. 

Introduction 
The increasing number of objects resident in Earth orbits is leading the debris environment 
dangerously close to the Kessler Syndrome, i.e. to a condition of self-sustained cascade impacts 
and break-ups that would strongly reduce the access and exploitation of near-Earth space [1]. 
Mitigation techniques and strategies to reduce the hazard of space debris are under evaluation by 
the scientific community and the main stakeholders [2]; however, it is still crucial to understand 
the physical processes involved in spacecraft collisions and fragmentations. Data on spacecraft 
breakup can be acquired by the observation of in-space fragmentation events [3-4], the execution 
of ground tests [5-6], and the performing of numerical simulations [7-8].  

In this context, the University of Padova has developed the Collision Simulation Tool Solver 
(CSTS) to numerically evaluate in-space fragmentation events [9-10]. In the tool (see Fig. 1), the 
colliding bodies are modelled with a mesh of Macroscopic Elements (MEs) that represent the main 
parts of the satellite; structural links connect them forming a system-level net. In case of collision, 
the involved MEs are subjected to fragmentation, while structural damage can be transmitted 
through the links; this approach can be propagated through a cascade effect representative of the 
object fragmentation, allowing the simulation of complex collision scenarios and producing 
statistically accurate results. 

In this work, the CSTS is employed to replicate three fragmentation events observed in orbit 
and the potential breakup of ENVISAT due to the collision with a spent rocket stage. For each 
case, a brief description of the model and the main simulation results are presented. 
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Fig. 1: CSTS modelling with MEs and links and simulation logic with cascade effect 

In-space fragmentation case studies 
1. COSMOS-IRIDIUM collision 

This event, dating back to 2009, was the first collision between two intact spacecraft, the active 
IRIDIUM 33 and the defunct COSMOS 2251. In CSTS, two simulations replicating a central and 
a glancing impact have been performed. Fig. 2 shows the geometrical models for both cases and 
the obtained results in terms of cumulative characteristic length distribution; the glancing impact 
data (yellow) is clearly in accordance with the NASA SBM model. 

 
Fig. 2: COSMOS-IRIDIUM geometrical models for central (left) and glancing (centre) impacts 

and generated fragments cumulative distributions (right) 

The Gabbard diagram in Fig. 3 compare CSTS data with the observed fragments for COSMOS 
2251. Again, it is possible to notice an accordance between numerical data and observations. 

 
Fig. 3: Comparison of observed and simulated fragments (glancing impact) on the Gabbard 

diagram for COSMOS 2251 debris cloud 

2. COSMOS 1408 anti-satellite test 
In November 2021 a Russian anti-satellite test led to the break-up of the defunct COSMOS 

1408 satellite. For this case, only partial information on the spacecraft and the kinetic impactor 
were available; the accuracy of CSTS model (see Fig. 4, left) is therefore limited, leading to an 
underestimation of the fragments cumulative number (in red in Fig. 4, center) with respect to 
observations (blue line) and NASA SBM model (black lines). However, as visible in the Gabbard 
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diagram (Fig. 4, right), the orbital distribution of generated fragments is still in accordance with 
observations. 

 
Fig. 4: geometrical model of COSMOS 1408, in gray, and the kinetic impactor, green (left); 

generated fragments cumulative distributions (center) and Gabbard diagram (left) 

3. 2022-151B CZ-6A in-orbit break-up 
In November 2022, the second stage of the CZ-6A fragmented after releasing its payload. This 

event was replicated with a dedicated CSTS simulation (Fig. 5), estimating the explosion of a tank. 
A total of more than 500 fragments were obtained by the simulation; numerical data are still 
compatible with the orbital distribution of observed fragments (Fig. 5). 

 
Fig. 5: CZ-6A geometrical model (left), generated fragments cumulative distributions (centre), 

and comparison of observed and simulated fragments on the Gabbard diagram (right) 

4. Potential collision of ENVISAT with a spent rocket stage 
Last, this potential collision scenario evaluated an impact of ENVISAT with a spent rocket 

stage (Fig. 6, left) at two different velocities, respectively of 1 km/s and 10 km/s. With CSTS it is 
possible to obtain the cumulative distributions reported in Fig. 6, right. As expected, the 10 km/s 
scenario generates more fragments due to the higher energy of the event, with about 100,000 
fragments larger than 5 mm. The obtained distribution is below the estimation of this event 
performed by the NASA SBM; however, this breakup would strongly affect the already crowded 
800 km sun-synchronous orbit currently occupied by ENVISAT. 

  
Fig. 6: ENVISAT Vs. rocket stage impact geometrical models (left) and generated fragments 

cumulative distributions (right) 
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Conclusions 
This paper presented four simulation cases for in-space break-up events. It is shown that CSTS is 
capable to replicate complex fragmentation scenarios, providing statistically accurate results. 
These data will be employed to evaluate the effect of break-ups in the evolution of the non-
detectable debris population and to assess the correlated risks. 
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Abstract. The forthcoming space missions aiming at developing new habits on the Moon and into 
deep space are opening new challenges for materials scientists in enabling in-situ efficient systems 
and subsystems. During the last decades, Space Agencies programs of long-term missions 
addressed to the future Moon colonization moved the aerospace research interest toward the 
knowledge of how the lunar conditions could represent scientific and technological tasks to be 
tackled, to deal with such a big challenge. Among very many matters, a still open question is to 
understand how proper the lunar environment would be for TLC systems daily used on Earth, or 
whether it should be necessary to establish different stable systems on the Moon by finding 
alternative solutions with respect to the Earth conventional technologies. This paper introduces the 
scientific activity developed during recent years at the Aerospace Systems Laboratory of Sapienza 
University of Rome, concerning the study of lunar regolith with focus on its effect on the 
microwave fields propagation. The research addresses such task by simulating several 
representative Moon environmental conditions, reproducing well defined chemical/physical 
background in terms of atmospheric parameters and soil compositions, as from the available 
literature data, and analyzing the microwave propagation characteristics to design efficiently 
mobile TLC systems operating on the Moon. With the further objective of considering regolith as 
main routine resource for drawing up systems and facilities constituting lunar living structures, the 
analysis of regolith-microwave interaction is thus focused on two specific paths, such as building 
airtight structures by means of ISRU methodologies and the EM compatibility (EMC) analysis of 
simulated lunar environment & TLC systems design. This work can be thus considered as linked 
to the forthcoming projects aimed at enhancing the research community knowledge about the 
Moon environment, by assessing scientific background and establishing technological processes 
for lunar TLC systems development. 

Introduction 
The required degree of technical innovation will allow to achieve scientific outcomes of huge 
impact and industrial fallout, taking into account the utmost interest for the Moon occurring 
nowadays. It has to be stressed that Long Term Evolution (LTE)/4G technology promises to 
revolutionize lunar surface communications by delivering reliable, high data rates while containing 
power, size and cost. Communications will be a crucial component for NASA’s Artemis program, 
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which will establish a sustainable presence on the Moon by the end of the decade. Deploying the 
first LTE/4G communications system in space will pave the way towards sustainable human 
presence on the lunar surface: the network, in fact, will provide critical communication capabilities 
for many different data transmission applications, including vital command and control functions, 
remote control of lunar rovers, real-time navigation and streaming of high definition video. These 
communication applications are all vital to long-term mission on the lunar surface, since reliable, 
resilient and high-capacity communications networks will be key for supporting a sustainable 
human presence on the Moon. The same LTE technologies that have met the world’s mobile data 
and voice needs for the last decade are well suited to provide mission critical and state-of-the-art 
connectivity and communications capabilities for any future space expedition. Commercial off-
the-shelf communications technologies, particularly the standards-based fourth generation cellular 
technology, are mature, proven reliable and robust, easily deployable, and scalable. NASA plans 
to leverage these innovations for its Artemis program, which will establish sustainable operations 
on the Moon by the end of the decade in preparation for an expedition to Mars. Thus, the presented 
research aims at lay down useful guidelines to deploy advanced TLC technologies in the most 
extreme environments, in order to validate the solution’s performance and technology readiness 
level, and further optimize it for future terrestrial and space applications.  

Work Summary 
The scientific activity developed during recent years at the Aerospace Systems Laboratory (LSA 
− “Sapienza” University of Rome) concerned the study of lunar regolith, focusing on its effect on 
the microwave fields propagation. The research addresses such task by carrying out a full 
experimental characterization performed by simulating several representative Moon 
environmental conditions − i.e., by reproducing well defined chemical/physical background in 
terms of atmospheric parameters and soil compositions, as from the available literature data − and 
analyzing the microwave propagation characteristics in order to design efficiently mobile 
telecommunications systems operating on the Moon. With the further objective of considering 
regolith as main routine resource for drawing up systems and facilities constituting lunar living 
structures, the analysis of regolith-microwave interaction is thus focused on two specific paths:  

• Building airtight structures by means of ISRU methodologies: the study is framed within the 
field of EM characterization of hybrid materials for space application currently carried out at LSA 
laboratories, focusing on the properties of several typologies of regolith-based bulk materials in 
terms of microwave reflection, absorption and transmission properties, in order to assess the basic 
conditions for remote operations. 

• EM compatibility (EMC) analysis of simulated lunar environment & TLC systems design: the 
open question of understanding how the Moon environment would be fit for communications 
systems daily used on Earth, or whether it should be necessary to establish alternative solutions, is 
carried out by means of advanced facilities available at LSA laboratories, by reproducing fully 
constrained chemical/physical background conditions in terms of atmospheric and soil 
compositions, and analyzing the free space EM field propagation characteristics within lunar 
simulated environment. 

The proposed study considers various types of lunar regolith reproduced on the basis of 
literature findings (see data in [1-3]). The base material used is dark powder of volcanic origin 
(Black Pyroclastite), which is enriched with the inclusion of various weight percentages of 
Ilmenite, in order to make it more similar to the regolith found on the surface of the basaltic lunar 
seas (main components: Ilmenite, Iron and Titanium Oxide). In order to obtain samples as much 
as possible responsive to the reality, the percentage of Titanium Oxide present in the Ilmenite sand 
is set as a parameter, and the correspondent percentage in weight of Ilmenite is added to the 
pyroclastic sand by mechanical mixing.  
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The electromagnetic experimental characterization is performed by means of a reverberation 
chamber (RC), due to the intrinsic capability provided by such experimental equipment to perform 
electromagnetic compatibility (EMC) tests with high level of accuracy. The facility adopted is the 
‘Space Environment Simulator’ (SAS) of the Aerospace Systems Laboratory (LSA) available @ 
DIAEE – Sapienza University of Rome, which is a cylindrical vacuum chamber (volume around 
5m3) adapted to perform microwave characterization in conditions of chaotic EM propagation (see 
Fig.1, [4-6]). Basically, by using a reverberation chamber the knowledge of the absorbed power 
allows to retrieve the as-called absorption cross section (ACS) of the object under investigation. 
The inner SAS atmosphere is controlled in terms of vacuum level, temperature and percentage of 
humidity. In particular, the latter environmental parameter influence on materials ACS is 
investigated by exploring conditions of ultra-high vacuum, medium-low pressure, standard and 
increasingly moistened air, in order to discriminate the microwave absorption effects not due to 
lunar simulants intrinsic characteristics [7]. A representative result of the experimental 
characterization of the reverberation environment adopted is reported in Fig.2, where the 
measurements of the quality factor of the RC for different atmosphere conditions – i.e., max 
vacuum ‘blank’ level (~10-5 mbar), low pressure (~10-3 mbar) CO2 filled and standard air – and 
the corresponding absorbing cross section (evaluated as discrepancy against the reference) are 
plotted over the microwave broadband considered. The influence of the partial presence of 
humidity in air is appreciable, especially at increasing frequency, giving evidence of the power 
absorbing effectiveness due to dipolar rotation resonances of the water vapor molecules in the EM 
range under investigation [8,9]. 
 

 
 

Fig.1. Inner view of the reverberation chamber for microwave characterization arranged by 
adapting the Space Environment Simulator of the Aerospace Systems Laboratory @ DIAEE – 

Sapienza Univ. of Rome. 
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Fig.2. SAS chamber’s quality factors and environments ACS measurements. 
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Abstract. In the last decades the increasing Resident Space Objects (RSOs) population is fostering 
many Space Surveillance and Tracking (SST) initiatives, which are currently based on the use of 
ground sensors. These can be distinguished in optical, laser and radar and categorized in tracking 
and survey sensors. In particular, the survey radars allow to determine the orbit of both catalogued 
and uncatalogued objects. Italy contributes to the European SST (EUSST) activities with the 
BIstatic RAdar for LEo Survey (BIRALES), whose transmitter is the Radio Frequency Transmitter 
(TRF), located at the Italian Joint Test Range of Salto di Quirra in Sardinia, and whose receiver is 
a portion of the Northern Cross Radio Telescope, located at the Medicina Radio Astronomical 
Station, near Bologna. The current sensor configuration is undergoing an upgrade process, 
including the receiver field of view extension and a new transmitter station. The purpose of the 
work is to present the new transmitting antenna of BIRALES, showing its technological progress 
and the potential for the monitoring of space debris. The final objective is to produce a high 
technological radar to improve the performance of the EUSST sensors network. In particular, the 
aim is to increase both the number of detectable objects and the sensitivity to detect fragments of 
a few centimetres up to an altitude of 2,000 km, with a remarkable improvement of orbit 
determination procedures and quality. The transmitting antenna has been designed to be very 
flexible for any type of observations, modifying its parameters depending on the observation needs 
and according to the service to offer (monitoring of fragments, re-entry or for collision avoidance). 
The work presents the system architecture and the transmitting antenna structure, and the 
performance are assessed through numerical simulations. 

Introduction 
Due to the growing complexity of the orbital environment, space-based assets are increasingly at 
risk of collision with other operational spacecraft or debris [1] [2]. At the same time, objects may 
re-enter the Earth’s atmosphere and cause damage on the ground [3]. To address these concerns, 
the Space Surveillance and Tracking (SST) Consortium was established by the European 
Parliament and the Council in 2015. The EUSST system comprises a network of ground-based 
sensors aimed at surveying and tracking space objects, together with processing capabilities aiming 
at providing data, information and services [4].  

BIRALES belongs to EUSST network, and this article focuses on the description of the 
transmitter and the final architecture of BIRALES, showing its capabilities.  

 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 474-477  https://doi.org/10.21741/9781644902813-104 
 

 
475 

BIRALES architecture 
BIRALES is a bi-static radar [5] [6] [7] which uses the North-South branch of the Northern Cross 
radio telescope (Fig. 1) located in Medicina (BO) as receiving antenna (RX).  

                 
Fig. 1 BIRALES receiving antenna.          Fig. 2 BIRALES current (black)  

  and future baseline (red). 

The transmitting one is currently a parabolic dish located in Sardinia with a baseline of about 
580 km. A new transmitter (TX), which will guarantee further performance increases, is under 
construction and will be installed closer to the receiver, forming a 250 km baseline. The new TX 
has been designed to work perfectly coupled with the RX and aligned as much as possible at the 
same terrestrial meridian of the RX, in order to maximize the overlap of the two antenna beams. 
The location identified for the transmitting antenna is 250 km southerly, as reported in the Fig. 2. 
The reduced baseline will also grant an increase in sensitivity. The receiving antenna has a 
collective area of about 11,000 m2, and it is composed by 64 parallel parabolic cylindrical 
reflectors with 256 receivers installed on the focal lines (4 receivers per focal line).  

Two types of observations are foreseen [8]: survey mode, for catalogue updating, observation 
of uncontrolled re-entry of large objects and monitoring to avoid collisions, and high-sensitivity 
mode, to observe fragmentations events and detect small objects (down to a few centimetres). The 
new TX is designed to adjust the Field of View (FoV) and gain according to the specific 
observation requested. In survey mode, the 64 cylindrical reflectors of the Northern Cross are 
collected in 8 groups of 8 cylinders, regularly spaced in elevation in order to obtain a coverage of 
the sky of about 45 deg in the N-S direction (each individual group of 8 antennas has a FoV of 
about 7x7 deg). Simultaneously, the TX is switched to the survey configuration mode, in order to 
have the same irradiated sky area of 7x45 deg (Fig. 3).  

    
Fig. 3 BIRALES in survey configuration mode.   Fig. 4 BIRALES in high sensitivity mode. 

In the high-sensitivity mode, the 64 cylindrical parabolic reflectors of the Northern Cross are 
pointed at the same declination to increase the antenna gain. At the same time, the transmitting 
antenna is switched to the high-sensitivity mode, increasing the gain and reducing the beam width 
at 7 deg (Fig. 4).  

The selected architecture for the transmitting antenna is a patch array architecture (Fig. 5), 
composed of two sub-arrays which can be controlled to different beam apertures based on search 
and tracking operations (Fig. 6). The narrow beam sub-array is composed by a matrix of 8x4 
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antenna elements; each antenna element of the narrow beam array can sustain more than 312.5W 
in continuous wave (CW) mode. The wide beam sub-array is composed of a matrix of 1x8 antenna 
elements; each antenna element of the wide beam array can sustain more than 1.25KW of CW 
power. Considering the very demanding functional requirement for BIRALES, the antenna arrays 
and elements have been designed to optimize power factors, reflections, lobes, beam directivity 
and performance. The Antenna Control Unit (ACU) is installed on a two-axes pedestal able to tilt 
and rotate the antenna on azimuth and elevation axes. The implementation of a two-axes pedestal 
allows to relocate antenna beams and redirect monitoring and tracking waveforms to different sky 
areas (Fig. 7).  

                    
Fig. 5 Transmitting patch array antenna. Fig. 6  narrow (left) and wide (right) beams. Fig. 7 Transmitting antenna. 

The new transmitting antenna will be fed by a power amplifier, able to provide an RF power up 
to 10 kW. Since the power amplifier is intended to operate continuously (24/7) in automatic and 
remote mode, the design needs to take into account the robustness and some redundancy criteria. 
The power amplifier will operate with two different modulations: continuous wave (CW) and pulse 
compression chirp modulation. 

Radar performance 
A simulation is carried out to evaluate the performance of the new configuration. In particular, it 
is fundamental to assess the importance of setting the transmitter station along the same meridian 
as the receiver one. To this purpose, the catalogue maintenance capability is examined in two 
configurations: the first configuration involves no misalignment (0 deg) between the transmitter 
and receiver meridians, while the second configuration introduces a misalignment of 0.2 deg 
between them. For both cases, a baseline of 250 km is considered. The study is conducted through 
the SpaceCraft and Objects Observation Planning (SCOOP) software, which, given a space objects 
catalogue, an analysis time window and the stations composing a survey sensor (like the ones 
involved in a bistatic radar), computes the observable transit. The space object catalogue is 
generally provided through the Two-Line Elements (TLEs), automatically downloaded from 
Spacetrack website, of the targets required by the user.  

The simulation regards an analysis time window ranging from 00:00:00 of March 20th to 
23:59:59 of March 26th, 2023 (according to a UTC time coordinate). The receiver station is 
considered pointed towards the zenith direction, with a FoV of 7x45 deg (7 deg in azimuth and 45 
deg in elevation), that is in the survey operational mode. Both the transmitting stations are 
evaluated considering a 7x45 deg FoV, and three North pointing elevations are investigated: 45 
deg, 60 deg and 75 deg. Results are shown in Table I and Table II, for the 0 deg and 0.2 deg offset 
from the receiver station meridian respectively. In particular, the number of detected objects, the 
number of transit and the median detection duration are reported. 

Focusing on Table I it is possible to observe that the higher the pointing elevation, the larger 
the number of both detected objects and transits. Comparing Table I and Table II results, it is 
possible to observe that a 0.2 deg longitude offset with respect to the receiver meridian deteriorates 
the detection rate, that is the contribution to space objects catalogue maintenance. 
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           Tab.I 0 deg offset case.                             Tab.II 0.2 deg 
offset case.    

Pointing 
elevation 

Number of 
objects 

Number of 
transits 

Median 
duration 

45 deg 738 1147 7.1 s 
60 deg 968 1889 5.5 s 
75 deg 985 2040 4.8 s 

 

Conclusions 
This article describes the transmitter architecture of BIRALES. Numerical simulations highlighted 
that placing the transmitter station along the same meridian as the receiver one would represent a 
remarkable plus in terms of contribution to the building-up and maintenance of the space objects 
catalogue.  
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Abstract. Due to the potential possibility of changing the dynamics of the New Space Economy, 
In-Situ Resource Utilization (ISRU) is acquiring more and more importance within the Space 
Exploration scenario. Indeed, the closest space missions will return humans to the Moon, while 
planning the long-term stay. This aspect opens the way to the need for employment and processing 
of local resources, with the aim of reducing the dependence on Earth-based resources, also 
ensuring the financial sustainability of the space exploration programs. ISRU technologies will 
demand for energy values likely to be in the Megawatt range and, eventually, at Gigawatt levels, 
to be ensured in the harsh hazardous environmental conditions of the celestial bodies (e.g. Moon, 
Mars, Near Earth Asteroids). This work, performed by the CIRA TEES Laboratory, provides the 
CIRA approach to the feasibility study concerning the Laser Power Transmission (LPT) 
technologies for Moon assets empowering. The aim is to evaluate whether LPT can be a potentially 
efficient solution for continuous power delivery from an orbiting source device, considering long-
distance wireless employments and severe environmental conditions, to drive ISRU Moon assets 
(habitats, rovers, local industrial plants, conveyance facilities, et cetera). For the purpose of this 
study, starting from the space mission identification, an increasing complexity multi-step approach 
was properly conceived by CIRA to design the dedicated LPT system responding to the evaluated 
mission requirements. 

ISRU: CIRA LPT Model & Approach 
The term ISRU (In-Situ Resource Utilization) refers to the use and processing of local resources 
directly found on the Moon, or other planetary bodies, to obtain raw materials supporting robotic 
and/or human space exploration missions. ISRU technologies aim at creating products or services 
fundamental for lunar and Mars long-term stays, also reducing the need for continuous resupply 
from the Earth, [1], with an unavoidable huge impact on the dynamics of the New Space Economy. 

In general terms, the ISRU domain relies on three key concepts: identification (prospecting for 
recoverability), processing (mining, extraction, beneficiation) and use of local (natural and 
artificial) resources. Each concept will imply dedicated technologies, systems and capability 
development involving various technical disciplines, [2]. More in detail, local resources account 
for the ones recoverable on extra-terrestrial bodies.  

This paper deals with the problem of the Moon ISRU assets’ continuous power delivery. Indeed, 
for the lunar case, the severe environmental conditions of the surface, combined with the long 
periods of darkness due to its day-night cycle, make the energy supply a pivotal issue. Several 
approaches have recently been considered to store and provide energy to the surface of the Moon 
by means of ISRU (In-Situ Resource Utilization) technology, [3]. Among the various potential 
solutions identified in literature, the CIRA TEES laboratory is deepening the one based on the 
solar power caught by dedicated satellites (Solar Power Satellites, SPS) in proper orbits, equipped 
with a laser system, capable of generating a power laser beam driven for long distances to activate 
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Moon assets (rovers, habitats, infrastructures, etc.). From now on, the overall system this work 
refers to will be designated as LPT (Laser Power Transmission) system, portrayed in Figure 1. 
 

 
Figure 1 - Space Laser Power Transmission System Overview for Moon Assets Empowering 

The space system, this work refers to, has been intended as promising in order to empower 
Moon assets in a continuous manner. Figure 2 reports a block schematization of the previous 
Figure 1, helpful to understand the here described work. 
 

 

Figure 2 - CIRA LPT Preliminary Model Block Schematization 

In particular, the overall system is composed by: 
• One/more satellite/s, equipped with photovoltaic solar panels to catch the Sun power (the 

choice of the orbit is not the actual objective of this study); 
• A laser system, using solar energy to generate a laser power beam; 
• A laser power collecting station, with a proper receiving area; 
• A conversion box, capable of converting the laser power beam into electrical energy to 

activate: 
• A final user, which functioning needs to be guaranteed by the overall system. 
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Precisely, CIRA is now performing an accurate study to assess such a complex topic in terms 
of feasibility of the conceived system process. Thus, a multi-step dedicated approach has been 
developed: the main phases are depicted in Figure 3, with a focus on the Step 2. 
 

 
Figure 3 - LPT feasibility study for IRSU applications: the CIRA Approach 

 

A first brief description of the conceived three steps is herein provided, while the Section 2 
contains a more detailed characterization of the STEP 2, core of this work: 

• STEP 1: dealing with the identification of the potential ISRU Moon assets to be empowered 
by means of an LPT system, for a given space mission. The Global Exploration Roadmap 
(GER, [6]) has been used in support of this stage to screen the possible final users of the 
LPT system, mentioning rovers, (for mobility, transportation, image acquisition, data 
measurement), landers (crew, cargo, robotic), habitats (pressurized, mono- or multi-
module), industrial plants (for production and processing of materials), extraction 
instruments/equipment (bucket-wheel, auger/drill, scoop, pneumatic excavator), 
comminution instruments/equipment (size crushing, sorting), et cetera. 

• STEP 2: among the final users, deriving from the Step 1, the rover has been chosen as the 
model to develop the preliminary LPT feasibility study in this stage. In particular, the Step 
2 has been further exploded into three sub-steps:  
 SUB-STEP 2.1: after schematizing the possible operative conditions for the chosen 

systems (rovers), this sub-step collects literature power and mass data of (already 
dismissed/currently working) rovers for Moon and Mars exploration, also accounting 
instruments (magnetometers, spectrometers, etc.), cameras and actuators. An example 
of some collected data is reported in Table 1, for the Intrepid lunar rover, [4].  
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Table 1 - Collected mass and power data for Intrepid rover at system and sub-system level 

  

Operational 
Condition 

Mass [Kg] Power [W] Reference 

System Intrepid Rover (Moon) Driving Mode 371,00 239,00 Table 3-3, [4] 

Sub-System 

Instruments 

Stationary Mode 

11,50 16,00 
Table 1-3, [4] 

Cameras 8,50 14,00 

Actuators 48,31 60,00 
Mass, Appendix D, [4]; 
Power, Table 3-2, [4] 

 
 SUB-STEP 2.2: LPT system data analysis, by means of the implementation of analysis 

loops to process data resulting from the sub-step 2.1, [5], to be confronted with into 
the: 

 SUB-STEP 2.3: dealing with the consistency assessment of the values deriving from 
the previous sub-steps.  

• STEP 3: not object of the present work, regarding the LPT system design and optimization 
of design parameters, [7]. 

Operational Conditions Identification and LPT Feasibility Study: Focus on The Step 2 
As before mentioned, the real core of this work is the Step 2, herein described more in detail. 
At first, a collection of data from literature was indispensable to have an overview of the power 
and mass values related to still working/already dismissed Moon rover systems. Those values have 
been then used as key elements to drive the following two approaches, namely the direct and the 
reverse ones. In particular, referring to the preliminary model block scheme reported in Figure 2, 
the Table 2 summarizes the input and output parameters considered in both cases. 
 

Table 2 - Direct and Reverse Approaches Input and Output Parameters for preliminary LPT 
Data System Analysis 

Direct Approach Reverse Approach 
Input Parameters Ordered Output Parameters Input Parameters Ordered Output Parameters 

η0, Solar Panel Efficiency P1, Generated Power 
 

P4, Final User Available Power 
 

η3,2, Collecting Conversion 
Efficiency 

IR, Solar Radiance P2, Emitted Power 
 

Dp, Projecting Beam Diameter P3, Collected Power 
 

A1, Emitting Surface of Solar 
Panels  

η3,2, Collecting Conversion 
Efficiency  

Dc, Collected Beam Diameter P2, Emitted Power 
 

η2,1, Laser system Conversion 
Efficiency 

P3, Collected Power 
 

r, Relative Distance Emitter -
Receiver 

P1, Generated Power 
 

Dp, Projecting Beam Diameter P4, Final User Available Power 
 

λ, Power Beam Wavelength A1, Emitting Surface of Solar 
Panels 

Dc, Collected Beam Diameter  η0, Solar Panel Efficiency  
r, Relative Distance Emitter -
Receiver 

 IR, Solar Radiance  

λ, Power Beam Wavelength  η2,1, Laser system Conversion 
Efficiency 

 

η4,3, Final User Conversion 
Efficiency 

 η4,3, Final User Conversion 
Efficiency 

 

 
Thanks to the direct approach, a sensitivity analysis of P4 (Power Available for systems) as a 

function of A1 (Solar Panel Area) has been carried out. Figure 4 reports the linear trend (based on 
the preliminary LPT system model) of P4 = P4(A1), by using Nd:YAG laser for Moon applications 
(η3,2 resulted equal to 1, according with the lack of a consistent atmosphere).  
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Figure 4 - Lunar Final User Power as a function of Satellite Solar Panel Area, P4=P4(A1) 

Conclusions 
Referring to the challenge of the continuous empowering of Moon ISRU assets, the CIRA TEES 
laboratory developed a multi-step approach to conduct a preliminary feasibility study of a Solar 
Laser Power Transmission System for the power delivery across long distances, starting from an 
orbiting satellite. 

At the current state, interesting results have been achieved in terms of the trend of the identified 
final user (rover system) available power as a function of the solar photovoltaic panels emitting 
area (/s, if more satellites will be considered in a more advanced system). The next step of this 
work will account the optimization of design parameters, such as the satellite orbit selection. 
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Abstract. Every year, more than 14 million metric tons of plastic are estimated to enter rivers, 
lakes, and seas [1], becoming one of the main sources of pollution with significant economic and 
ecological impact on sensitive habitats, welfare, and vulnerable, endangered species. In this 
context, keeping track of plastic litter hot-spots and their evolution in time - both in open sea and 
coastal areas - becomes of fundamental importance. Plastic detection from space is at an early 
stage and, although some interesting capabilities have been demonstrated by multi-spectral 
imagery, hyperspectral sensing, and GNSS reflectometry, such technologies do not yet allow for 
the operational detection and monitoring of plastic from space on a global scale, with sufficient 
temporal and spatial coverage. The characteristics of Synthetic Aperture Radar (SAR) imagery 
would represent a keystone to realize almost continuous global monitoring of plastic litter at sea, 
but robust and reliable approaches for SAR-based plastic detection at sea are not available. The 
main problem is the lack of a large and assessed dataset to train and test new procedures and 
methods (e.g., deep learning) on large scales. Starting from this point, CROSSEYE (Combined in 
pendulum Remote Observation cubeSat System for icEYE) mission is presented with the objective 
to generate a wide dataset of multi-spectral and SAR images collected at the same time over the 
same areas. Plastic detection in multi-spectral images is mature enough to be used as a ground 
truth to cue SAR-based algorithms that autonomously perform the same task. CROSSEYE exploits 
a pre-existing SAR satellite belonging to ICEYE constellation - ICEYE-X16 - and completes it 
with an additional multi-spectral camera equipped on a 6U CubeSat. The results coming from the 
preliminary design of CROSSEYE demonstrate the feasibility of a mission capable of detecting 
plastic debris from space by using state-of-the-art technologies. 

Introduction 
The primary objective of this mission is to validate an innovative measurement principle of 
combining acquisitions from different sensors, specifically electro-optical (EO) and radar systems. 
By leveraging the respective strengths of these technologies, namely the all-weather and all-time 
capabilities of radars and the spectral analysis capabilities of EO sensors, the aim is to detect plastic 
pollution floating in open sea (20 km or more from the coast) [2]. To achieve this, the mission will 
gather a comprehensive dataset of multi-spectral and synthetic aperture radar (SAR) images 
collected simultaneously (within four hours) over the same areas. The detection of plastic in the 
multi-spectral images will serve as a cue for SAR-based algorithms to perform the same task [3]. 
Furthermore, CROSSEYE will demonstrate how the aforementioned measurement principle can 
be enabled by means of a simple low-cost platform, both exploiting and enhancing the capabilities 
of other missions already in orbit. The mission will raise awareness of marine plastic litter among 
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the general public, governments, and related organizations, stimulating interest in the topic and 
attracting investments towards finding solutions. These objectives are aligned with the United 
Nations Sustainable Development Goals (SDGs) 6 [4] and 14 [5] addressing clean water, 
sanitation, conservation and sustainable use of marine resources. 

Payload 
Electro-optical pushbroom scanners have a long history of successful implementation in space 
applications, often relying on readily available Commercial Off-The-Shelf (COTS) components. 
However, the requirements of the CROSSEYE mission pose a challenge in finding off-the-shelf 
sensors that can meet the mission criteria while being compatible with a 6U CubeSat standard 
platform in terms of mass and sizes. For plastic debris detection, a 20 m ground resolution is 
needed [6] as well as a wide spectral range from VNIR to SWIR bands. In particular, [6] and [7] 
report how the computation of certain indexes might aid the detection of floating debris: the 
Floating Debris Index (FDI), the Normalized Difference Vegetation Index (NDVI), and the 
Floating Algae Index (FAI). To calculate these indexes, the payload will need to detect several 
bands inspired from the Sentinel-2 Multi-Spectral Instrument (MSI) - B2, B3, B4, B6, B8, B11 
[8]. Consequently, a custom multispectral pushbroom scanner (Table 1) is specifically designed to 
meet the needs of the mission. To accommodate the different wavelength ranges, two separate 
detectors are necessary as the technology employed for Visible and NIR wavelengths (VNIR) 
differs from that required for SWIR (Short-Wave InfraRed) wavelengths. To address CubeSat size 
limitations, the camera utilizes a single focal plane, where the two mentioned detectors share the 
same optic scheme rather than having separate pushbroom designs. Special band-pass filters are 
necessary for the detectors to effectively sense the specific bands listed before. 

Table 1 - Pushbroom scanner main specifications 

  VNIR SWIR 

Telescope parameters 

Focal length [mm] 400  400 
Aperture [mm] 96.0 96.0 
F/# 4.17 4.17 
FOV across track [deg]  1.76 2.20 
Swath width [km] 16.0 20.0 
Ground sampling distance [m] 15.6 9.80 
MTF @ 32.5 lin/mm 0.66 0.66 

Focal plane parameters 

Number of pixel (H x V) 1024 x 25 2048 x 1 
Pixel size [μm] 12 x 12 7.5 x 7.5 
Number of bands 5 1 
Pixel depth [bits per pixel] 8 8 

Mission parameters 
Altitude [km] 520 
Ground resolution [m] 20.0 
Target frequency [lin/mm] 32.5 

Sizing parameters 

Mass [kg] 4.09 
Volume [mm3] 1.59e+06 (< 2U) 
Data rate [Mbps] 473 
Power consumption (Standby-On) [W] 1.00-35.0 W 

Orbit design - pendulum formation 
CROSSEYE mission concept is developed around the notion of pendulum configuration, a 
particular type of loose formation flying, also known as parallel orbits formation. CROSSEYE 
CubeSat flies at a safe distance from ICEYE-X16, without affecting, limiting, or altering its 
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functionalities. The goal is to have CROSSEYE S/C as deputy and to have the chief role covered 
by ICEYE-X16 S/C, an X-band SAR satellite launched in January 2022. The orbital parameters 
of the chief satellite are reported in Table 2. 

Table 2 - ICEYE X-16 orbital parameters 

Altitude [km] Inclination [deg] LTAN Eccentricity AOP [deg] 
525 97.485 10:00 PM 0.0011925 67.3522 

According to the chosen configuration, CROSSEYE S/C orbit is defined in relation to the 
orbital parameters of ICEYE-X16 S/C: the formation is achieved by separating the orbits of the 
two spacecrafts in terms of Right Ascension of the Ascending Node (RAAN) Ω and true anomaly 
ν. ΔΩ and Δν are determined from geometrical considerations (Fig. 1), where RB is the Slant Range 
at boresight, a is the angle between CROSSEYE S/C and ICEYE-X16 S/C nadiral direction of 
observation, q is the aperture angle of ICEYE-X16 SAR. Given the risk of collision, especially 
when flying where the orbits cross - at poles -, CROSSEYE S/C and ICEYE-X16 S/C are separated 
in eccentricity, too [9]. The pendulum formation parameters are listed in Table 3; the CROSSEYE 
S/C orbital parameters are derived (Table 4). The orbit is defined as SSO, and the Argument of 
Perigee (AOP) is chosen to make the orbit of CROSSEYE S/C frozen [10]. 

 
Fig. 1 - a) CROSSEYE and ICEYE-X16 relative observation geometry; b) Pendulum 

configuration: geometry 

Table 3 - Pendulum formation parameters 

∆Ω [deg] ∆ν [deg] ∆e 
1.7263 -0.22488 -1.2149 e-04 

Table 4 - CROSSEYE S/C orbital parameters 

Altitude [km] Inclination [deg] LTAN Eccentricity AOP [deg] 
525 97.485 10:00 PM 0.0010710 90 

Space Segment 
Other than the payload, CROSSEYE S/C consists of an attitude determination and control 
subsystem (ADCS), an on-board data-handling subsystem, an on-board software, a 
communication subsystem, an electric power subsystem (EPS), a passive thermal control 
subsystem (TCS), a chemical propulsion subsystem. A GNSS receiver is mounted on the platform 
to obtain accurate position and velocity measurements. ADCS guarantees Nadir pointing during 
observations with a minimum accuracy of 1% of the FOV of the equipped EO payload. As attitude 
control, a three-axis stabilized strategy is adopted by pairing reaction wheels with magnetorquers. 
Concerning the EPS, triple junction GaAs solar cells are selected for the solar arrays and Lithium-
Polymer are chosen for the batteries. TCS consists of a thermal coating formed by a mixture of 
aluminium and white paint. Considering the significant data rate of the payload, TT&C subsystem 
is composed of an X-band antenna and a diplexer interfacing with an X-band transceiver. As for 
to the propulsion subsystem, thrusters use an ammonium dinitramide-based green monopropellant, 
in line with the sustainable nature of the mission. Except for the payload, all the components of 
the subsystems are COTS and easily integrable with each other, resulting in a standard 6U CubeSat 
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architecture compliant with the CubeSat Design Specifications [11]. CROSSEYE space segment 
communicates with its ground segment. This relies on 11 of the 17 active Leaf Space network 
ground stations placed at middle latitudes all around the world. 

  

Fig. 2 - CROSSEYE platform CAD model and exploded view 

Conclusions and further development 
An incremental strategy can be implemented for CROSSEYE mission: by limiting the initial 
expenditure to a single CubeSat mission, this can be replaced or augmented with future missions 
of the same type to widen the quantity and quality of collected data. The design here proposed is 
easily adaptable to other SAR-equipped platforms that, mutatis mutandis, will have the capability 
to build a database that is tailored to fit the customer's demands (i.e., wildfire, coastal erosion, 
plastics). In general, the capabilities of CubeSat-related technologies are expected to improve in 
coming years: the combination of miniaturization challenges, and the potential for future 
technological advancements create an exciting prospect for the CROSSEYE mission. Else than 
technicalities, the mission will set the stage for significant contribution to plastic litter detection 
from space, promoting sustainability and furthering the understanding of Earth's ecosystem.  

References 

[1] Information on https://www.iucn.org/resources/issues-brief/marine-plastic-pollution  

[2] Information on https://www.un.org/Depts/los/convention_agreements/texts/unclos/part2.htm 

[3] Savastano S. et al., A First Approach to the Automatic Detection of Marine Litter in SAR 
Images Using Artificial Intelligence, IEEE International Geoscience and Remote Sensing 
Symposium IGARSS (2021) 8704-8707. https://doi.org/10.1109/IGARSS47720.2021.9737038 

[4] Information on https://sdgs.un.org/goals/goal6 

[5] Information on https://sdgs.un.org/goals/goal14 

[6] Biermann L. et al., Finding Plastic Patches in Coastal Waters using Optical Satellite Data, Sci 
Rep 10, 5364 (2020). https://doi.org/10.1038/s41598-020-62298-z 

[7] Hu C., A novel ocean color index to detect floating algae in the global oceans”, Remote 
Sensing of Environment 113 (2009) 2118-2129. https://doi.org/10.1016/j.rse.2009.05.012 

[8] Morales - Caselles C. et al., An inshore-offshore sorting system revealed from global 
classification of ocean litter, Nature Sustainability 4 (2021) 484-493. 
https://doi.org/10.1038/s41893-021-00720-8 

[9] D’Errico M. et al., Relative Trajectory Design, Distributed Space Missions for Earth System 
Monitoring. Space Technology Library 31 (2019). 

[10] Fasano G., Space Flight Dynamics lectures University of Naples Federico II (2022). 

[11] The CubeSat Program, CubeSat Design Specification (1U - 12U) - Revision 14.1 (2022). 
 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 487-494  https://doi.org/10.21741/9781644902813-107 
 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

487 

A revisited and general Kane’s formulation applied to  
very flexible multibody spacecraft 

D.P. Madonna1,a, P. Gasbarri2,b, M. Pontani3,c, F. Gennari4,d,  
L. Scialanga4,e and A. Marchetti4,f 

1Department of Mechanical and Aerospace Engineering, Sapienza University of Rome, via 
Eudossiana 18, 00184 Rome, Italy 

2School of Aerospace Engineering, Sapienza University of Rome, via Salaria 851, 00138 Rome, 
Italy 

3Department of Astronautical, Electrical, and Energy Engineering, Sapienza University of Rome, 
via Salaria 851, 00138 Rome, Italy 

4Thales Alenia Space Italia, via Saccomuro 24, 00131 Rome, Italy 
adavidpaolo.madonna@uniroma1.it, bpaolo.gasbarri@uniroma1.it, cmauro.pontani@uniroma1.it, 

dfabrizio.gennari@thalesaleniaspace.com, eluigi.scialanga@thalesaleniaspace.com, 
fandrea.marchetti@thalesaleniaspace.com 

Keywords: Multibody Spacecraft Dynamics, Kane’s Method, Flexible Spacecraft 

Abstract. Current space missions require predicting the spacecraft dynamics with considerable 
reliability. Among the various components of a spacecraft, subsystems like payload, structures, 
and power depend heavily on the dynamic behavior of the satellite during its operational life. 
Therefore, to ensure that the results obtained through numerical simulations correspond to the 
actual behavior, an accurate dynamical model must be developed. In this context, an 
implementation of Kane’s method is presented to derive the dynamical equations of a spacecraft 
composed of both rigid and flexible bodies connected via joints in tree topology. Starting from the 
kinematics of two generic interconnected bodies, a systematic approach is derived and the 
recursive structure of the equations is investigated. The Kane’s formulation allows a relatively 
simple derivation of the equation of motion while obtaining the minimum set of differential 
equations, which implies lower computational time. On the other hand, this formulation excludes 
reaction forces and torques from the dynamical equations. Nevertheless, in this work a strategy to 
compute them a posteriori without further numerical integrations is presented. Flexibility is 
introduced through the standard modal decomposition technique, so that modal shapes obtained 
by FEA software can be directly utilized to characterize the elastic motion of the flexible bodies.  
A spacecraft composed of a rigid bus and several flexible appendages is modeled and numerical 
simulations point out that this systematic method is very effective for this illustrative example. 

Introduction 
The advanced level of technology in space missions and the substantial economic investment they 
require necessitate a high level of predictability in all aspects of the mission. The performance of 
critical subsystems, such as the payload, structures, and power subsystem, is directly influenced 
by the dynamic behavior of the satellite throughout its operational lifetime. Therefore, it is crucial 
to develop an accurate dynamical model that ensures the correspondence between numerical 
simulations and the actual behavior of the satellite. While it may be acceptable in some cases to 
model the spacecraft as a single rigid body, typically it is necessary to consider the satellite as a 
multibody system comprising both rigid and flexible elements. Various approaches exist to derive 
the dynamical equations of a multibody system. However, in this work, Kane's formulation is 
exclusively adopted due to its distinct advantages in terms of both algebraic and computational 
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aspects [1]. A practical version of Kane's equation, as provided in [2], has been extended in this 
research to encompass spacecraft consisting of both flexible and rigid bodies. The outcome is a 
concise matrix formulation that is also compatible with the results of modal analysis obtained 
through a finite element code such as NASTRAN.  

Kinematics 
Before providing the general form of Kane’s equation, it is necessary to outline the kinematic 
quantities of interest.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Considering Figs. 1-2, the linear velocity of the connection point iQ  between two flexible bodies 
and the angular velocity of body i, both evaluated with respect to the inertial frame N, are 
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where   denotes an invariant physical vector,  denotes the components of a vector, 
  i i i

i 1 2 3B b b b =   
 is the vectrix associated with the i-th body frame [3], superscript “  ” denotes 

the skew matrix associated with a vector, iΓ  and iΣ  are the i-th rotary and prismatic “joint partial” 
respectively, i.e. the j3 n× matrices ( jn  is the number of degrees of freedom allowed by the joint) 

that, if post multiplied by the i-th joint velocity vector (angular iθ  or linear is ),  provide the relative 

velocity of the i-th body with respect to the (i-1)-th body [2]. Moreover, following the standard 
modal decomposition approach [4], ( ) ( )i

k iPΦ  is the k-th modal shape associated with the i-th body 

and evaluated in the generic point iP  of body i, while kq  is the k-th modal amplitude and Fn  is the 
total number of elastic modes. For the sake of clarity, it is important to notice that 

F1 k nq q q q =     contains the concatenation of the elastic modes of all the flexible bodies 

that compose the structure, so ( ) ( )i
k iPΦ  is a zero vector when k corresponds to the elastic mode of 

a body different from the i-th one. The “Eulerian” velocities of Eqs. 1-2 are a function of the 
generalized velocities, i.e. the minimum-dimension set of velocities that completely describe the 
system dynamics. Considering a typical spacecraft topology and calling the bus “body 1”, the 
vector of generalized velocities shows the following structure: 

Fig. 2: two bodies connected via prismatic 
joint 

Fig. 1: two bodies connected via rotary joint 
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where 1v  and 1ω  are the components of linear and angular velocity of the bus respectively (being 

the root body, 1Q  can be any point of body 1), written with respect to 1B ; the terms in parentheses 

refer to RJN  revolute joints and PJN  prismatic joints, respectively. To pass from generalized 
velocities to the Eulerian ones, it is necessary to introduce the partial velocity matrices, which play 
a crucial role in the Kane’s formulation [5]. Specifically, the B3N 1×  vector ( BN  is the number of 
bodies) containing the velocities of all points iQ  written with respect to iB  is obtained by pre-

multiplying u  by the matrix of linear partial velocities V, while the angular velocities are provided 
by the use of the matrix of angular partial velocities Ω . Both V and Ω  have dimensions B3N n×
, where n is the total number of degrees of freedom of the structure. Each 3 n× block is associated 
with a body, while each column is associated with a single degree of freedom of the system. Thanks 
to recursion, in Eqs. 1-2, it is possible to identify a repeating structure even in the partial velocities. 
Specifically, the i-th DOF3 n× block shows the following structure: 
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where 
i j
R
←

 is the rotation matrix from frame jB  to frame iB , superscript ( )i  in vectors specifies 

the frame with respect the components are written to, j refers to the body downstream of the joint 
whose degrees of freedom are being considered, PJn  is the total number of degrees of freedom 
associated with prismatic joints. Moreover, the last component in Eq. 4 needs the introduction of 
the concept of “kinematic chain” to be explained. The kinematic chain can be seen as a branch of 
the tree topology of the multibody spacecraft. Every kinematic chain starts from the root body 
(body 1) and branches out to one of the terminal bodies: the number of kinematic chains of a 
structure corresponds to the number of end bodies. Hence, the index m in the last term of Eq. 4 
proceeds only along bodies belonging to the same kinematic chain. Furthermore, all the terms in 
parentheses of Eqs. 4-5 must be replaced by blocks of zeros (with consistent dimensions) if the 
two considered bodies do not belong to the same kinematic chain. 

To complete the kinematic description, accelerations must be derived. In Kane’s formulation, 
it is important to identify the terms of the accelerations that do not depend on the time derivative 
of the generalized velocities. These terms are called “remainder accelerations” and, with reference 
to the building blocks in Figs. 1-2, show the following structure:  
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Actually, even in this case the structure must follow the scheme of kinematic chains: the passage 
from body i-1 to body i must be intended as a passage between two consecutive bodies on the same 
kinematic chain, not as a passage between two bodies with consecutive numeration. As for the last 
term of Eq. 4, the index m in Eq. 8 proceeds along the kinematic chains, not following the 
consecutive numeration. 

Kane’s equations 
Applying the Kane’s procedure to derive the dynamics of a multibody structure, the following 
expression is obtained: 
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where
F R F Fn n n n0 I× × ∆ =   , being R Fn  and n  the rigid and flexible degrees of freedom respectively 

of the whole system, M, S and J  are matrices containing masses, static moments and inertia 
moments respectively, B and C  are matrices containing translation and rotation modal 
participation factors respectively of all the flexible bodies of the structure; Y  is the modal mass 
matrix, ( ) ( )R Ra  and α  are B3N 1×  vectors containing respectively linear and angular remainder 
accelerations of all the bodies, subscript F  in vectors and matrices indicates that only rows 
associated with flexible bodies must be retained, ω  is the B3N 1×  vector containing the angular 
velocities of all the bodies, N, L and D are three other modal integrals (in addition to B, C and G ), 

K  is the stiffness matrix, Z  is the damping matrix, f̂  is the vector containing the generalized 
active forces, i.e. the projection of external and interface forces and torques along the directions of 
partial velocities [5]. The structure of the terms appearing in Eq. 9 are reported in the Appendix. 

Extraction of constraint reactions 
The unavailability of constraint reactions is a significant limitation in Kane's formulation. 
However, for spacecraft with a tree topology configuration, it is possible to reconstruct the time 
histories of constraint reactions quite easily through a post-processing approach that relies on 
Newton/Euler equations, following the numerical integration of Kane's equations. In fact, unlike 
Kane's method, the Newton/Euler formulation for multibody structures incorporates constraint 
reactions in the state vector (however, this inclusion leads to longer computational times) [1, 6]. 
The procedure follows the subsequent steps: after the numerical solution of Kane's equations, one 
obtains ( )u t and ( )u t . Then, by utilizing the partial velocities and remainder accelerations, it is 
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possible to reconstruct the temporal profiles of velocities and accelerations for all bodies within 
the structure. As a result, the constraint reactions become the only unknowns in the Newton-Euler 
equations that can be resolved through a post-processing module. During this operation, a top-
down approach is necessary, starting from the bodies at the end of the kinematic chains. This is 
because each of these bodies has only a single joint, and one can then proceed backward along the 
kinematic chain toward the root body.  In the example of Fig. 4,  

 
 
 
 

 
 
 
 
 
 
 
 

the constraint reactions must be computed first in joints Q3, Q4 and Q6, and then in joints Q2 and 
Q5. The order of computing reactions for joints with the same subordination ranking can be any. 

 
    
 
 
 
 
 

Illustratuive simulation 
results 
The presented formulation has been implemented in a numerical code to simulate the dynamic 
behavior of Explorer I, which is the same case studied in Reference [2]. The spacecraft consists of 
a cylindrical rigid bus and four appendages connected to the bus, as depicted in Figure 5. Similarly 
to the study in Reference [2], this investigation focuses on the spontaneous transition from a minor-
axis to a major-axis spin caused by damping effects in the structure. However, there is a difference 
in the approach: while the analysis reported in [2] considered the appendages as rigid and 
introduced flexibility by incorporating a torsional spring-damper system at the interfaces between 
the appendages and the bus, in this work, the appendages are directly treated as flexible beams 
attached to the central the body of the spacecraft. Figure 6 illustrates the expected behavior of the 
bus angular velocity components, which exhibit the previously mentioned transition of the 
rotational behavior. 
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Fig. 3: constraint reactions reconstruction for the i-th body at time t 

 
 

Fig. 4: example of top-down logic in deriving the constraint 
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Concluding remarks 
A revised formulation of Kane's dynamical equations for a flexible multibody spacecraft is 
presented. By conducting a kinematic analysis, the expressions for partial velocities and remainder 
accelerations are derived, while emphasizing their recursive nature. The complete matrix 
formulation is provided, along with a proposed strategy for determining constraint reactions. 
Additionally, a numerical implementation of the formulation at hand is presented using the case 
of the Explorer I mission. 
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APPENDIX 

A1. mass distribution and modal integrals 
In the following expressions, the index “j” indicates the body, while the indices “k” and “l” identify 
the elastic mode. 
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A2. description of the terms of eq. 9 
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Abstract. Alba CubeSat is a 2U CubeSat which is being developed by a student team at the 
University of Padova. The Alba project aims to design, build, test, launch, and operate University 
of Padova’s first student CubeSat, featuring four different payloads that aim to satisfy four 
independent objectives. The first goal is to collect data regarding the debris environment in LEO, 
the second goal is the study of the satellite vibrations, the third one is about CubeSat attitude 
determination through laser ranging technology and the fourth goal concerns satellite laser and 
quantum communication. The Alba CubeSat mission has been selected by ESA to join the Fly 
Your Satellite! Design Booster programme in December 2022. This paper presents the feasibility 
study of the Alba CubeSat mission reproduced in the framework of the “Space Systems 
Laboratory” class of M.Sc. in Aerospace Engineering at the University of Padova. In the 
beginning, a mission requirements definition was conducted. After that, the mission feasibility was 
considered, with preliminary requirements verification to assess the ability of the spacecraft to 
survive the space environment, including compliance with Debris Mitigation Guidelines, ground 
station visibility and minimum operative lifetime evaluation. The Alba mission sets a base for a 
better understanding of the space environment and its interaction with nanosatellites, and an 
improvement of the accuracy of debris models. Furthermore, this paper, describing the educational 
experience and the results achieved, will provide a useful example for future students’ studies on 
CubeSat mission design.  

Keywords: CubeSat; Feasibility Analysis, Debris, Fly Your Satellite! Design Booster 

Introduction  
One of the most common trends in the space sector is the evolution of CubeSats, micro satellites 
measuring just a few tens of centimeters in size. Their strength is not just the small dimensions 
and weight that guarantee a reduction of power consumption and costs, a CubeSat is also the 
perfect chance to sharpen the students’ abilities and knowledge of the space industry. For that 
purpose, an accurate and comprehensive research of a CubeSat mission has been done by students, 
with a special focus on the requirements definition, starting with mission objectives. This activity 
has given the opportunity to face and address the issues and challenges of a space mission design. 
In the present work an alternative design of the 2U CubeSat mission of the student team Alba 
CubeSat of the University of Padova [1] is presented.  

Students' work was aimed to define the requirements, based on which the commercial off-the-
shelf (COTS) components have been selected for a preliminary design, while maintaining the 
original design of the four payloads. In addition, the students’ team has identified and evaluated 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 495-498  https://doi.org/10.21741/9781644902813-108 
 

 
496 

the risks and the success criteria, and they have carried out a wide variety of simulations in order 
to perform a complete feasibility analysis. 

Mission overview 
Alba CubeSat is a project that aims to design, build, test, launch, and operate University of 
Padova’s first student-built 2U CubeSat, which features four distinct payloads that seek to achieve 
four independent objectives. In particular, the derived mission requirements are: 

1. to collect in-situ measurements of the sub-mm space debris environment in LEO; 
2. to study the micro-vibration environment on the satellite throughout different mission 

phases; 
3. to do orbit and attitude determination through laser ranging; 
4. to investigate alternative systems for possible Satellite Quantum Communication 

applications on nanosatellites using active retro-reflectors. 
 
Starting from these, the system requirements were defined according to the process shown in 

Figure 1. The identification of requirements is a milestone that is the basis of any design activity. 
In order to define the requirements, assumptions were made, such as the altitude and type of 
operative orbit, the launch vehicle that will carry the CubeSat and the launch date. The study of 
the micro-vibration sensor and active retro-reflectors is beyond the scope of this paper. 

For every requirement identified, one or more of these verification methods were assigned: 
analysis, test, review of design and inspection. Throughout the analysis, each requirement was 
subjected to review, update and tailoring as the mission development progressed and different 
needs or constraints emerged. 

Another critical activity was the identification of risks and success criteria. The students 
compiled a risk register, in which the level of risk was evaluated and mitigation actions were 
proposed. Since this is a student-designed CubeSat project, the majority of the success criteria 
were linked to an educational purpose. 

 
Figure 1: Logical scheme followed to identify requirements 

Preliminary Analyses 
An analysis of the possible target orbits has been performed considering the European Code of 
Conduct for space debris mitigation and the orbits commonly reached by other missions. A 500 
km Sun-Synchronous Orbit (SSO) has been selected as the baseline for the mission. In order to be 
compatible with as many launches as possible, the LTAN has not been fixed. Therefore, the two 
extreme cases have been considered in the analyses, namely a worst hot case (WHC) scenario with 
an LTAN of 6AM (Dawn/Dusk), and a worst cold case (WCC) with an LTAN of 12AM 
(Noon/Midnight). The launch date has been assumed to be 30/03/2027 and the eccentricity of the 
orbit is 0.001. 

With the chosen design (shown in the following section) mass budget and atmospheric reentry 
comply with ESA guidelines [2][3]. The thermal and power budgets have been calculated 
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considering two extreme cases for on-board activities. At this stage, four operational modes have 
been defined: safe, idle, communication and payload. The two worst cases scenarios are 
representative of a safe mode for the minimum power consumption, and a communication mode 
for the maximum. Ground station visibility has been taken into account for link and data budget. 

Environmental analyses have been performed to ensure component compatibility with thermal 
ranges, radiation and atomic oxygen interactions. Systema, an Airbus software, has been used for 
thermal and radiation analyses. The radiation analysis shows the accumulated radiation dose over 
the one-year operational lifespan (Figure 2). The thermal analyses show that the internal 
components reached a maximum temperature of 45 °C and a minimum of 39 °C in the WHC 
(Figure 3). In the WCC scenario, internal temperature ranges from -10 °C to 20 °C. 

 
Figure 2: One-year cumulative radiation  Figure 3: Component’s temperature WHC 

Subsystems and components selection 
Component selection comes from the necessity to meet the requirements and system-level 
compatibility. After preliminary analyses, the following design choices have been made (Figure 
4). Except the impact sensor, micro-vibration sensor and active retro-reflectors which are in-house 
developed, the other components are all COTS. 

1. The four payloads are: the impact sensor which is a new system based on the technology 
demonstrator DRAGONS [4]; the laser ranging payload is composed by 6 CCRs with a 
12.7 mm diameter; the micro-vibration sensor and the active retro-reflectors which are 
considered as black boxes with known specifications. 

2. The 2U structure is made of an aluminum alloy (Al 6061) and is qualified according to 
ECSS-E-ST-10-03. 

3. The ADCS is able to meet the three-axis stabilization pointing accuracy needed by the 
payloads (± 20° for each axis). 

4. The power system includes: a 43 Wh battery pack and seven 1U solar panels. 
5. Thermal management is based on passive conduction and radiation except for the battery 

pack which is equipped with a heater. 
6. The OBC has been designed for space applications with limited resources. It fulfills the 

processing power, memory capacity, radiation tolerance and system-compatibility 
requirements. 
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7. The communication system comprehends a transceiver and an antenna. It is the most 
power-consuming subsystem during transmission, with a power consumption up to 3.3 W 
and an output power of 1 W. 

 

Figure 4: Internal components, solar panels have been removed 

Conclusions 
The successful development of this work involved several key tasks, including identifying 
requirements and their corresponding verification methods, identifying risks and find mitigation 
actions, designing and studying the functionality of two payloads (laser ranging and impact 
sensor), selecting appropriate commercial off-the-shelf (COTS) components for the subsystems, 
and conducting analyses to verify the specified requirements. 

One of the critical points identified was the enclosure of all the components in a 2U, in particular 
the CCRs. Therefore, it is to be considered the development of a homemade structure for the CCRs 
to address this issue. Moreover, the power budget analysis revealed a potential insufficiency in 
power generation by the solar panels during the worst-case scenario (noon-midnight orbit). 
However, it is important to note that power consumption was likely overestimated. 

The present work has contributed to enhancing students' understanding of how to conduct a 
feasibility study for a space mission. It also can serve as a useful reference, assisting anyone who 
is embarking on their first mission feasibility study. 
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Abstract. With the constant growth of objects in orbit, the monitoring and cataloging of space 
population is essential. Light curves obtained from ground stations support this point, providing 
valuable information about the observed objects. The idea of using them to identify an object 
through correlation with a catalogued reference takes hold from their wide availability. This article 
focuses on the development of a tool for the analysis and correlation of two light curves, ARIEL. 
This tool is built through neural networks and declined in three strategies, each with its own goal: 
ROGUE, LINDEN and SIERRA. The light curves were retrieved via the database managed by the 
Mini-MegaTORTORA observatory and filtered using the Savitzky-Golay filter. 

Introduction 
The near-Earth environment is getting more populated, as commercial applications become a 
substantial part of the space economy, increasing the risk of collisions and fragmentations [1]. To 
keep track of this expanding population and to assess the risk of in-orbit collision and 
fragmentation, space agencies deploy Space Surveillance and Tracking (SST) systems [2]. 
Ground-based stations allow to retrieve orbital data of human-made objects [3]. When dealing with 
optical telescopes, photometry analysis can be performed, and light curves are generated as a 
consequence. Light curves, which represent object brightness variations, provide information on 
orbit regime, tumbling motion, and spacecraft geometry, enabling characterization of observed 
objects. 

In general, traditional estimation-based methods, like the so-called Light Curve Inversion, have 
been extensively used for the identification of space objects [4]. However, complex models have 
to be considered and the resulting analysis is computationally time-consuming. Consequently, the 
state of the art is now drifting to the use of machine learning with bespoke Convolutional Neural 
Networks (CNN) or Recursive Neural Networks (RNN) ensuring up to 90% prediction accuracy 
[5][6].  

This project proposes a novel approach to light curve characterization through the Machine 
Learning based Light curve Analysis (ARIEL) tool. Raw light curves are recovered from the 
database managed by the Mini-MegaTORTORA (MMT-9) observatory [7] and then pre-
processed, before being fed into three different neural networks (NN): ROGUE, LINDEN, and 
SIERRA. 

Performance for these networks is then assessed using different datasets obtained by varying 
the number of spacecraft platforms. 

Theoretical background 
As mentioned above, light curves are recovered from shots acquired with optical telescopes. An 
example of the observatory is represented by MMT-9 system [6], which predisposes a constantly 
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updated database for human-made space objects. From that database, the main information 
recovered are the space object characteristics and corresponding light curves retrieved, each 
associated with a track ID and time-tag. The data are summarized in the following Table. 

 
Table 1 – Data recovery from MMT-9 database 

Data Number of objects 
Total number of objects recovered 6.314 
Total number of light curves available Over 150.000 
Objects per category  

Type of orbit LEO: 5.206; GEO: 174; Other: 934 
Attitude regime Periodic: 985; Aperiodic: 1550;  

Non variable: 3779 
Type of object Rocket bodies: 827; Debris: 839;  

Satellites: 4648 
 
Before entering the NN, however, these raw light curves are pre-processed using the Savitzky-

Golay filter [8], with smoothing properties particularly indicated for reducing high frequency 
noise. The outcome can be seen in Figure 1, where the grey signal is the raw light curve, while the 

red is the filtered one. 
To assess the performances of the 

ARIEL networks, the focus was mainly on 
objects belonging to LEO or Low-Medium 
Orbit (LMO) regions, with periodic or 
aperiodic tumbling motion. The 
corresponding light curves have been 
filtered and stored in datasets, accompanied 
by the name and the type of object 
considered, i.e. Rocket body, Debris or 
Satellite. To avoid any bias towards a 
specific spacecraft, different platforms for 
each type are  considered. For example, a 
dataset considers light curves belonging to 

Iridium and NOAA objects, but both labeled as “Satellites” – as stated in the MMT-9 database. 
Two different sets have therefore been considered. First, the Nominal dataset represent nominal 
conditions of operation of ARIEL, meaning a limited number of platforms a first version featuring 
periodic objects only, and a following one including aperiodic too. Then, a Variability test assesses 
the extent of ARIEL capabilities: different datasets are built considering an increasing number of 
platforms for each dataset, taking care that the three types data distribution is balanced out. All the 
objects considered have periodic or aperiodic attitude regime.  

Deep learning networks are a subset of Machine learning models. Different NN structures can 
also be employed such as CNN and RNN: CNNs are particularly indicated to retain the general 
features of the input, while, RNN, such as the Long-Short Term Memory (LSTM) cells, take into 
account the input’s time-dependence. After the NN setup, it needs to be trained and its performance 
assessed – mainly in terms of predictions’ Accuracy. Particular attention has to be given in the 
model structure and dataset provided to avoid over- or underfitting of the network. 

Siamese networks have a slightly different architecture [8]: the overall dataset is divided in 
Anchor, the reference, Positive and Negative, the closest and the farthest prediction from the 
reference. Then, an embedding model extracts features from the inputs and the network evaluates 

Figure 1 - Filtered light curve (cropped) 
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the distance Anchor-Positive and Anchor-Negative in order to bring the former closer and the latter 
farther. Thus a dedicated metrics, Similarity, is employed. 

Architectures 
Three different architectures are developed inside the ARIEL framework: ROGUE, LINDEN and 
SIERRA. 

The Rocket bodies Light curves Identification (ROGUE) network aims at recognizing Rocket 
bodies among light curves of different types. The structure is a combination of CNN and LSTM 
cells. This test is conceived to verify the capability of the NN to identify a defined category of 
spacecraft. 

The Light curve Identification and Correlation 
(LINDEN) NN compares two light curves and 
determines the correlation degree among the twos. 
Two models have to be therefore developed as shown 
in Figure 2: 

- the Feature extraction part analyses the light 
curves and predicts the objects’ type 

- the Correlation evaluation block which, given 
the above-mentioned predictions, evaluates the 
distance between them. 

The Feature extraction model is an improved 
version of the ROGUE model and the output gives a 
prediction vector over the class labels. 

After having trained the Feature extraction part, it 
is inserted in the overall LINDEN Correlation block 
where the correlation between the prediction vectors is performed, thanks to a normalized dot 
product. As the Feature extraction model is frozen within the Correlation block, this allows to 
compute a correlation degree without being influenced by uncertainties in the model. 

Siamese Network for Light curves Correlation (SIERRA) is a Siamese Network, which 
encompasses the above-mentioned Feature extraction block as embedding model.  

Results 
Hereafter the results for ARIEL networks are 

summarized, obtained considering the above-
mentioned datasets. The training has been performed 
using Google Colaboratory, where due to the limited 
GPU time availability, it has been divided in sessions 
from 100 to 200 epochs. The results are analyzed 
through confusion matrices, which compare predicted 
with actual labels. The more intense the color of the 
cell, the higher the prediction accuracy. An example 
can be shown in Figure 3 – where the results for 
LINDEN Feature Extraction for the second Nominal 
dataset are shown. 

ROGUE: The results show around 97% accuracy 
for Nominal datasets while a drop can be observed for 
Variability sets – ranging from 95% to around 70% 

accuracy for increasing number of platforms. All in all, ROGUE can best differentiate the Rocket 
body type among up to 20 different platforms. However Nominal datasets do not present 
overfitting as Variability sets do.  

Figure 2 - LINDEN Structure 

Figure 3 - Confusion matrix for LINDEN 
Feature extraction 
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LINDEN: As previously mentioned, the Feature extraction block is trained separately and then 
inserted in the overall Correlation block. 

Feature extraction block: The results display over 95% accuracy in differentiating the type of 
objects inputted, for Nominal sets. Variability datasets still reach over 90% accuracy for lower 
numbers of satellite platforms, while severe overfitting can be noticed with increasing variety, with 
accuracy dropping down to 50% in the best-performing model. Moreover, the Debris type is 
completely missing among output predictions, which enforces the idea that they are more difficult 
to categorize due to their nature.  

Correlation block: The performances observed prove that, as the levels reached in the Feature 
extraction block leave room for uncertainty, the results obtained in the Correlation block are quite 
scarce, in particular for the Variability datasets. Overfitting is observed also in Nominal conditions 
becoming even more relevant for the Variability datasets. However, the confusion observed is still 
below the 10% bound. 

All in all, LINDEN proves its capabilities by granting an accurate type recognition, which 
allows correlation between the two inputs to be established properly. However only up to 20 
platforms can be considered at the same time in order to obtain accurate results. 

SIERRA: As expected, the overfitting present in the Feature extraction block propagates to the 
NN. The Similarity obtained in the different datasets is roughly giving a 10 % gap, therefore the 
Positive and Negative outcomes are properly distinguished. While using the Variability dataset 
with the lowest number of platforms – around 20 –, a remarkable confusion was observed. This 
was maybe due to Anchor and Negative having common characteristics not considered during the 
Feature extraction block. 

Conclusions 
ARIEL provides a strategy to identify objects according to their type and to establish a degree of 
correlation between the unknown object and a catalogued one. This is done by the analysis of light 
curves through a deep learning model combining CNN and LSTM layers that grasp general and 
time-dependent features at the same time. Three architectures are thus proposed, each focusing on 
a different aspect of the problem at hand: ROGUE, LINDEN and SIERRA. 

The light curves are obtained from the MMT-9 database and have been pre-processed, in 
particular filtered with the Savitzky-Golay smoothing filter. 

After extensive training using different datasets, the performances have been assessed, 
showcasing a resulting accuracy of around 90% in most test cases. The significant gap observed 
for the similarity in SIERRA proves these networks predict the type of object with little confusion. 
However these NN are limited by datasets including diverse platforms, where accurate type 
recognition is hampered, thus preventing the correlation to be performed. Moreover, overfitting is 
omnipresent: in some cases it becomes substantial, therefore impacting the accuracy of the 
predictions done. 

Some options can hence be proposed to improve ARIEL, e.g. consider a smaller number of 
different platforms or restrict the problem to the recognition of platforms among a same type, or a 
same attitude regime (i.e. periodic, aperiodic or non variable), or even focus on the problem of the 
Debris type recognition. In fact it is the most mistaken type, as some of these objects are unused 
satellites or intact rocket body parts. Therefore, a dedicated analysis among Debris may be needed 
if those objects are involved. 
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Abstract. DOCKS is a smart docking system for space vehicles developed by the Department of 
Industrial Engineering, University of Padova, within the framework of the Space Rider Observer 
Cube (SROC) mission. The design and development of SROC is being conducted by a consortium 
of Italian entities under contract with the European Space Agency (ESA). The SROC mission is 
designed to be a payload on the ESA Space Rider (SR) spaceship. The main objective of the 
mission is to demonstrate the critical capabilities and technologies required to execute a 
rendezvous and docking mission in a safety-sensitive context. The space system is composed by a 
nanosatellite (approximately 12U CubeSat) and a deployment/retrieval mechanism mounted inside 
the payload bay of SR. During the mission, SROC will be released by SR, will perform inspection 
manoeuvres on SR and, at the end of the mission, will dock back inside the bay of SR, before re-
entering Earth with the mothership. The docking functionality is provided by DOCKS. DOCKS is 
suitable for use onboard micro- and nanosatellites and merges a classical probe drogue 
configuration with a gripper–like design, to manage the connection between the parts. The system 
is equipped with a suite of sensors to estimate the relative pose of the target and with a dedicated 
computer, making it a smart standalone system. A laboratory prototype has been assembled and 
functionally tested, aiming at the validation of the capability to passively manage misalignments 
during the docking manoeuvre.  

Introduction 
The docking system (DOCKS) has been developed in the framework of the Space Rider Observer 
Cube (SROC) mission. The purpose of the mission is to demonstrate the capabilities and 
technologies required for rendezvous and docking with a target vehicle [1]. A brief description of 
the operations performed by SROC is: 

1. Launch and early operations. SROC is stored inside the bay of Space Rider (SR). Once in 
orbit, SROC is pushed away from SR in order to begin its operative phases. 

2. Proximity Operations. SROC is in a relative orbit with respect to SR in order to perform 
its observations. 

3. Docking and Retrieval Phase. SROC approaches SR and docks with it in order to be re-
stored inside the bay and return to Earth safely. 

DOCKS overview 
The DOCKing System (DOCKS) has been developed to be a standalone docking mechanism with 
an integrated set of sensors and a computer. In the following, all the parts of DOCKS will be 
described. 
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Docking mechanism 
The mechanical connection between SROC and SR is provided by a docking mechanism that is 
composed by two main parts (Fig. 1). The first (DOCKS-A on SROC) is the active part with the 
mechanism, and the second (DOCKS-B on SR) is the counter part of the docking mechanism (the 
drogue) and the LEDs that allows the relative navigation. 

The active part of docking mechanism is composed by two parts (shown in Fig. 2): a centring 
cone and three claws that provide the rigid mechanical connection. 

 

The centering cone has the purpose to force the alignment between SROC and SR when 
coupling with the drogue. In fact, the shape of the probe allows to tolerate 10 mm of lateral 
misalignment and 10 deg of pitch (and yaw) misalignment. In addition, the pins on the rim of the 
probe force the roll alignment, when they couple with the grooves on the drogue. 

The hard docking is achieved with the three claws that ensure the rigid connection, by closing 
around the rim of the drogue. The claws are activated by a four-bar linkage in order to prevent 
linear actuations that could produce friction or jam the mechanism. 

Sensor suite and estimation performances 
As illustrated in Fig. 1, DOCKS-A is provided with three different sensors to measure the relative 
pose of DOCKS-B.  

Figure 1: DOCKS-A and DOCKS-B. They are mounted on SROC and on SR respectively. In 
DOCKS-A it is also represented it frame of reference. 

Figure 2: The centring cone and claws of DOCKS. 
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1. A navigation camera. Its purpose is to measure the entire relative pose of DOCKS-B. The 
NavCam with its computer, recognizes the pattern of LEDs on DOCKS-B and reconstruct 
its pose [2]. However, at distances lower than 50 mm, the camera is out of focus making 
the measurement unreliable. 

2. A set of four Time-of-Flight sensors. They are employed to measure the distance and the 
relative pitch and yaw angles from 100 mm up to contact (as explained in Fig. 3) [3].  

3. A matrix sensor. It is used to measure the relative position along the y and z axes (which is 
not measurable with the ToF sensors). The sensor employs a matrix of 5x5 phototransistors 
on DOCKS-A and an infrared LED on DOCKS-B. Depending on the relative position, the 
LED activates different pattern of phototransistors [4]. 

The ToF sensors are affected by a noise of approximately 4 mm at distances below 30 mm, 
causing an uncertainty on the measure of the relative angles of more than 5 deg. To improve the 
estimation, a Kalman filter has been applied to the measurements of the ToF sensors [5]. The tests 
performed on the sensor suite provided the estimation error reported in Tab.1. 

Table 1: Estimation errors 

 Error X [mm] Y [mm] Z [mm] Pitch [deg] Yaw [yaw] 
NavCam Avg. 2.0 2.0 2.0 1.5 1.5 

Std. dev. 0.5 0.5 0.5 1.0 1.0 
ToF + 
matrix 

Avg. 0.14 1.16 1.41 0.52 0.11 
Std. dev. 0.43 0.13 2.13 0.64 0.68 

Tests on DOCKS 
DOCKS has undergone to a series of tests in order to verify its capabilities of DOCKS to tolerate 
relative misalignments and to self-align DOCKS-A to DOCKS-B. To this purpose, an ad-hoc 
experimental setup has been developed. DOCKS-A is mounted on the end-effector of a robotic 
arm, which has the purpose of moving DOCKS-A with an accuracy of 2 mm [6]. DOCKS-B is 
mounted on a frame DOCKS-B on a frame that blocks all the movements, except for the degree 
of freedom under tests for the self-alignment, as illustrated in Fig. 4. 

At the beginning of the tests, the zero position has been defined as the perfect alignment 
between DOCKS-A and B. The tests have been conducted as follows: (1) a displacement has been 
imposed on DOCKS-B, (2) DOCKS-A has been moved along a linear trajectory to the zero 
position forcing the alignment between the parts. The test is considered successful if the claws 
close properly on the rim of the drogue without any residual displacement. 

 

Figure 3: Measurement of the Time-of-Flight sensors. 
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The results of the tests proved the capability of DOCKS to manage misalignment of 8.0 mm 
along the y and z axes, 9.0 deg around the yaw and pitch axes, and 10 deg around the roll axis. 

Conclusions 
This paper presents a brief description of an autonomous docking system, since it is equipped with 
(1) a set of sensors that, whith a Kalman filter, are able to estimate the relative pose of the target; 
(2) three actuators and an electromagnet to execute the soft and the hard docking; and (3) an 
integrated computer that applies the required algorithms to manage the sensors and actuators. 

In addition, DOCKS has been designed to manage misalignment between DOCKS-A and 
DOCKS-B. To this aim, its centring cone with three features matches its counterpart on the target 
and forces the alignment between the parts. The test executed on DOCKS, proved that it is able to 
tolerate misalignment that are five to eight times the estimation errors of the sensors. 
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Figure 4: the experimental setups for the misalignment along the y axis, around the roll axis and 
around the yaw axis. 
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Abstract. The possibility of manipulating objects in space is at the basis of the In-Orbit Servicing 
missions with the purpose to extend or improve the life of existing satellites. This can be obtained 
by equipping a target satellite with additional modules capable of providing additional basic 
functions, like power, thrust or communication. One of the most promising technologies to 
accomplish to these purposes is presented by space robots (satellites with one or more robotic 
manipulators) equipped with dedicated tool. The manipulators have the dual purposes to capture 
the additional module and to manipulate and attach it to the target satellite. In order to advance in 
IOS technologies, the Department of Industrial Engineer has funded the AUTOMA (AUtonomous 
Technologies for Orbital servicing and Modular Assembly) project1. The project aims to (1) 
upgrade an autonomous capture tool, (2) develop the additional module (EAU), and (3) execute 
tests in relevant laboratory scenarios. The autonomous tool is represented by SMACK (SMArt 
Capture Kit). SMACK is a capture system equipped with (1) different types of sensors to measure 
the relative pose during the entire approach for the capture and for the assembly; (2) a set of 
actuators to capture the module and keep a rigid connection during the manipulation; (3) a 
computer to execute locally the required software like guidance and navigation algorithms. The 
external module (Elementary Assembly Unit, EAU) is equipped with three features to be captured 
and manipulated by SMACK and a docking system to allow the assembly on the target structure. 
In order to test the assembly phase, SMACK has been mounted on the end-effector of a 6 degrees 
of freedom robotic arm in laboratory environment, while the target has been fixed on a frame. 
These tests proved the ability of SMACK to manage assembly tasks such as the control of a robotic 
arm with sufficient accuracy. 

Introduction 
In-Orbit Assembly missions have the purpose of assembling large structures in space such as 
telescopes or antennas [1]. Another fast-growing area is the possibility to install small building 
blocks onto existing satellites in order to provide additional functionalities such as communication, 
propulsion, power, etc. [2]. Both the objectives are achieved by the employment of small building 
blocks that are assembled by means of connecting ports. The assembly phase can be either 
performed by space robots that handle the blocks or executed autonomously by the blocks 
themselves. 

The AUTOMA project has been funded in order to develop and test IOS technologies. In 
particular, the project focuses on the possibility to upgrade a capture tool, equipped with a set of 

 
1 This work was partially funded by Università degli Studi di Padova in the framework of the BIRD 2021 
programme (BRAN_BIRD2121_01). 
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sensors, actuators and algorithms, able to autonomously perform different assembly tasks. To this 
aim, two main systems have been developed (see Fig. 1): the SMArt Capture Kit (SMACK) [3] 
and the Elementary Assembly Unit (EAU): the first has the purpose to catch and handle the second 
and assemble it on a target structure through a docking port.  

The two systems have undergone a series of tests in order to evaluate their capabilities in terms 
of holding force of the gripper and the docking port, of the measurement error of each sensor, of 
the state estimation error and of the tolerated misalignment of both the gripper and of the docking 
port. A final functional system test consisted in letting SMACK to control the movements of the 
robot to perform the capture and the assembly of the EAU on the target structure. The use of the 
robotic arm ensures a positioning precision of 2 mm, which is lower than the errors of the sensors 
and algorithms of SMACK [4]. 

SMArt Capture Kit (SMACK) 
The SMArt Capture Kit (SMACK) has the purpose to identify, move and manage the assembly of 
the EAU on the target structure (or satellite). SMACK is equipped with a set of sensors, actuators 
and an integrated computer that renders it independent from the rest of the robotic arm on which 
it is mounted. The mechanical connection with the EAU is established by a gripper with three 
fingers. Each finger is individually actuated so that SMACK is able to capture the EAU even in 
case of relative misalignments by elongating differently each finger. 

The sensors, coupled with the estimation algorithm, are employed to estimate the pose and the 
relative rates of the target. To this purpose, there are three types of sensors: 

1. A NavCam that reconstructs the pose of a pattern of fiducial LED mounted on the target 
[5]. Measurement errors: 2.0 mm for the position and 1.5 deg for the attitude. 

2. A set of four Time-of-Flight sensors that are employed to retrieve the distance and the 
relative yaw and pitch angles. In fact, if the target is tilted, the ToF sensors measure 
different distances, and allowing to indirectly measure the relative orientation, as illustrated 
in Fig. 2 [5]. They are coupled with a Kalman filter in order to improve their estimation 
capabilities. Estimation errors: 1.5 mm along the x axis and 1.5 deg for the yaw and pitch. 

3. An in-plane matrix sensor that measures the position of the EAU along the x, y and z axes. 
The sensor is composed by a matrix of phototransistors activated by an infrared LED 
mounted on the EAU. The relative measure is computed based on the number of active 
phototransistors (second picture of Fig. 2) [6]. Measurement errors: 3.5 mm along the y 
and z axes. 

4. A roll matrix to measure the relative roll angle. The sensors share the same working 
principle of the in-plane matrix (third picture of Fig. 2), but the active phototransistors are 
employed to measure the roll angle. Measurement error: 3.1 deg around the roll axis. 

Figure 1: SMACK with its electronics and computer and the EAU. 
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Elementary Assembly Unit (EAU) 
The main purpose of the Elementary Assembly Unit (EAU) is to provide basic functionalities to 
the target interface, for example, additional power, communication, and thruster capabilities, etc. 
The EAU developed for this first stage is a box of size 100 mm by 100 mm by 50 mm, whose 
capabilities are limited to the mechanical connection by the means of a probe-drogue docking 
mechanism [8]. The tip of the probe can rotate in order to provide a rigid connection between the 
parts. The EAU is also equipped with three features to allow SMACK to catch it, a pattern of LEDs 
employed by the NavCam and two infrared LED beacons employed by the matrix sensors. 

Assembly experiments 
Both SMACK and the EAU have passed a series of tests to validate their capabilities in terms of 
(1) measurement and estimation capabilities; (2) holding force for both the gripper and the docking 
port; and (3) misalignment tolerance for the gripper and self-alignment management for the 
docking port. Then, a functional system test on the assembly procedure is required, to validate the 
involved mechanisms and the assembly procedure.  

To execute the test, SMACK has been mounted on the end-effector of the robotic arm, the target 
frame has been mounted on a fixed frame, while the EAU has been placed in a known position. 
The procedure from the capture of the EAU to its assembly on the target frame has been divided 
into four main waypoints, which are transmitted to the robotic arm by SMACK, they are (referring 
to Fig. 3): 

1. Pre-capture: in front of the EAU and aligned with it, but at a distance of 100 mm. 
2. Capture: aligned with the EAU, in order to close the fingers and capture it. 
3. Post-capture: after the capture, SMACK and the EAU are placed in front of the docking 

port at a distance of 100 mm.  
4. Docking: the position where the docking mechanism can be activated. 

Figure 2: The measurement of a tilted object with the ToF sensors he in-plane matrix sensor, the 
roll matrix sensor and. 
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Conclusions 
This paper presents a brief overview of the AUTOMA project, that has the purpose to develop 
technologies in order to perform experiments on In-Orbit Assembly. Both the systems proved their 
capabilities through dedicated tests campaign. In particular, the relative state is estimated with an 
error lower than the tolerated misalignments, allowing SMACK to capture, handle and assemble 
the EAU to the target structure, as proved by the assembly experiment. The assembly phase and 
the involved mechanisms have been tested with a dedicated test which proved the abilities of the 
mechanisms to provide a rigid mechanical connection between the parts. 

The next phase will focus on a closed-loop test in which SMACK has to perform an assembly 
with the use of its sensors and algorithms. 
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Abstract. Spacecraft fragmentation due to collisions with space debris is a major concern for space 
agencies and commercial entities, since the production of collisional fragments is one of the major 
sources of space debris. It is in fact believed that, in certain circumstances, the increase of 
fragmentation events could trigger collisional cascade that makes the future debris environmental 
not sustainable. Experimental studies have shown that the fragmentation process is highly complex 
and influenced by various factors, such as the material properties, the velocity and angle of the 
debris impact and the point of collision (e.g. central, glancing, on spacecraft appendages). In recent 
years, numerous impact tests have been performed, varying one or more of these parameters to 
better understand the physics behind these phenomena. In this context some tests have been also 
performed at the hypervelocity impact facility of the university of Padova. This paper provides an 
overview of the main experiments performed, the most critical issues observed and proposes some 
future directions for further research. Moreover, it summarizes the current state of research in 
spacecraft fragmentation, including the methods and techniques used to simulate debris impacts, 
the characterization of fragment properties and the analysis of the resulting debris cloud.  

Introduction 
The increasing presence of space debris poses a significant and escalating threat to the safety of 
space activities. Collisions with such debris are the primary sources of spacecraft fragmentation, 
leading to the generation of additional space debris and contributing to an increasingly congested 
orbital environment [1]. As a result, mitigating space debris has become a top priority for the 
international space community, necessitating the implementation of effective strategies to reduce 
the accumulation of space debris and ensure the safety of space operations [2]. Mathematical 
modelling of this phenomenon is very challenging due to the high velocities involved and the large 
energies generated during impact. It is therefore essential to perform impact tests that accurately 
represent the conditions that occur in orbit [3]. In addition, to properly calibrate the models, it is 
essential to perform parametric tests that allow the influence of the impact geometry (impact angle, 
velocity, point of impact, etc.) on debris generation to be isolated and studied individually.  

To achieve these outcomes, it is crucial to have access to hyper-velocity facilities capable of 
executing impacts with excellent velocity control. 

Hypervelocity impact facility  
There are different types of Hypervelocity laboratories that perform impact tests, the most common 
are the powder-gas guns [4], it is possible to manufacture them in a two-stage light gas 
configuration that does not involve the use of explosive dust [5].  

The conceptual process for both is similar: a piston is accelerated to compress a light gas 
(usually hydrogen) adiabatically inside a cylinder. The very quick compression leads to a sudden 
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increase in the gas temperature and pressure (about 5000K and 4000Bar peak). When the pressure 
reaches its peak a valve is opened (usually is a rupture disk that breaks due to high pressure) and 
the gas is discharged onto a projectile that is fired at high velocity into the target in a vacuum 
chamber.   

The difference in functioning between the two guns is in the way the cylinder is accelerated in 
the first stage: the light gas gun uses high-pressure gas (e.g., Helium at 120bar) while the second 
uses gunpowder as a propellant. Both methods are very efficient and it is difficult to compare them, 
however, from tests, it seems that gunpowder accelerators are able to reach higher velocities while 
the process with the light-gas guns has higher repeatability, this is because the combustion process 
is more unstable than unloading a pressurized tank. Moreover, the light gas gun requires 
significantly less maintenance. 

In recent years, research is being directed toward the possibility of manufacturing three-stage 
accelerators [6]. This achievement would be very interesting because it involves adding a powder 
stage upstream to existing light gas guns. This could improve the performance of the guns and 
achieve peak velocities of more than 10 km/s. 

 
Figure 1: Two stage light gas gun in the hypervelocity facility of the university of Padova. 

Fragmentation test  
The use of a target with a realistic material distribution is essential to obtain representative results 
for the physical parameters of the debris. In recent years, there has been increased interest in 
satellite fragmentation tests to study the response of complex geometries to hypervelocity impacts. 
The first such impact study was the SOCIT (Satellite Orbital debris Characterization Impact Test) 
tests series, which was made up of four hypervelocity impacts on representative satellite in space. 
In particular, in the fourth test, Socit4, the target was a flight ready Navy Transit 1960 era satellite. 
[7]  

An aluminium projectile with a diameter of 4.7cm (150 grammes) fired at a speed of 7km/s was 
used for the test. The shot was performed on a model of an old generation satellite, therefore the 
materials are different from those mounted on new-generation spacecraft, for this reason it was 
decided to carry out a further experimental campaign with more modern targets.  

Two hypervelocity tests were conducted in the DebriSat campaign. The first target was a 
representative upper stage model of a launch vehicle (DebriLV) and the second a 56kg satellite 
(DebriSat). For both tests, an aluminium cylinder measuring 8.6cm x 9cm was used as the 
projectile, which was fired at speeds of 6.8 and 6.9km/s, respectively.  

DebriLV was composed of 2 pressurised gas tanks of different material and size, the rest of the 
structure was composed of other materials used in space such as aluminium 6061 and stainless 
steel [8]. 

Debrisat is a representative model of a LEO satellite, with a diameter of 60 cm and a height of 
50 cm. In addition to using more advanced materials, it was decided to make the satellite 45% 
more massive than the Socit test. In order to better study the fragmentation of the satellite, each 
sector of DebriSat was built with different coloured material to better identify its origin [9].  
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Figure 2: DebriSat photo (left) and schematic representation of the colour subdivision (right).  

A rigorous procedure was developed to collect the fragments; the foam panels placed inside the 
firing chamber were first scanned by X-ray. Once scanned, fragments larger than 2mm were 
identified, extracted, a characteristic length is measured (the average of the three largest orthogonal 
dimensions of the fragment) and a unique identification number is assigned. The fragments were 
then sorted by material, shape and colour and scanned in 2D or 3D [10]. The data were collected 
and cumulative graphs of mass, shape and size distribution were produced, as well as characteristic 
length plots with area to mass ratios. This data will be used to improve the modeling of the 
relationships of these physical characteristics to each other and to calculate more accurate 
distributions of such parameters.  

A team of researchers from CARDC (China Aerodynamics Research and Development Center) 
carried out a fragmentation test on three cubic aluminium mock-ups of 40x40x40 cm^3 with 
increasing weights of 7.3, 8.2, and 13.1 kg respectively. Inside these mockups there were a 
cylindrical central body and representative electronic boxes also made of aluminium, some parts 
of a printed circuit board were also included. The impact occurred at a speed of approximately 
3.5km/s. The fragments were collected and cumulative debris distributions were made in terms of 
area to mass ratio and cross-sectional area. [11]. 

A further study was carried out at THIOT Ingénierie and included the fragmentation of a 
nanosatellite measuring 15x10x10 cm^3. On the satellite were mounted components representative 
of those used in space such as a 4-cells battery pack, electronic boards, inertia wheels and a solar 
panel (although it should be noted that they were non-flight acceptable). The projectile used was 
a 9mm-diameter polycarbonate equilateral cylinder incorporating a second 4mm-diameter 
aluminium equilateral cylinder fired at approximately 6.7km/s. The size and weight of the 
fragments were then collected by a six-axis robotic arm that also performed a 3D scan of each 
analysed fragment [12]. 

In this context, CISAS also decided to start a test campaign on complex structures. Two tests 
were performed on a mockup of a Picosatellite of size 50x50x50 mm^3. The first shot was central, 
with the impact face perpendicular to the projectile (a), while the second test was a glancing 
impact, performed with the picosatellite inclined at 45° with respect to the projectile direction (b). 
For these tests, fragments were manually collected, divided by size, weighed and measured to 
obtain cumulative distributions, characteristic lengths and shape diagrams [13]. The results 
obtained from the tests were then compared with those predicted by models in the literature (c).  
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                              a)                                                     b)                                                  c) 

Figure 3: Experimental setups and characteristic length cumulative distribution. 

The glancing impact produced less fragments compared to the other test and also compared to 
those predicted by the NASA SBM model. However, the inclination of the curves of the 
experimental and model data have a similar inclination. 

Conclusion 
Several tests have been performed in recent years to better understand the fragmentation dynamics 
of a hypervelocity impact. For the development of new models, it is of critical importance to have 
an increasingly rich and parameterized impact database available for the scientific community. 
Building new facilities or upgrading existing ones with the objective of reaching higher speeds 
and find fast and accurate fragment analysis procedures is a key target to achieve this goal. 
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Abstract. In the last few years the number of orbiting satellites has increased exponentially, in 
particular due to the development of the New Space Economy. Even if this phenomenon makes 
the space more accessible, bringing a great contribution to the scientific, economic and 
technological fields, on the other hand it contributes to the overpopulation of the space 
background. Therefore, it is necessary to develop new techniques to manage the space 
environment, such as in orbit servicing, which is a procedure that aims to refuel and repair satellites 
to extend their operational life. A first step to reach this goal is to inspect closely the object of 
interest to study its features. In this framework, the Space Rider Observer Cube (SROC) mission 
is being developed. SROC is a payload that will be deployed by Space Rider, an uncrewed and 
reusable robotic spacecraft designed by ESA. SROC is a 12U CubeSat, whose goal is to carry out 
inspection manoeuvres around the mothership, then re-enter on board using a safe docking system 
to come back to Earth. The feasibility of a mission similar to SROC has been simulated during a 
university class, starting from the definition of the system requirements with particular focus on 
the analysis of the payloads and subsystems, to ensure the achievement of the mission goals. In 
particular, the CubeSat is equipped with an optical instrument to capture high resolution images 
of Space Rider surface and a docking mechanism. Then the design of the orbit and the simulation 
of the effects of the space environment on the CubeSat have been studied using GMAT, 
SYSTEMA, MATLAB and other numerical tools. The results of the study are useful for future 
missions, aiming to inspect orbiting objects, such as operative satellites for in orbit servicing, space 
debris and dead satellites to study their geometries and plan their removal. 

Introduction 
As the number of orbiting objects around Earth is constantly rising, it is necessary to develop new 
strategies to manage the space environment. For this purpose, it’s crucial to study the space objects 
in-situ with a close observation for future in orbit-servicing missions that will allow to extend the 
operative life of functional satellites. Examples of these missions are: Seeker, a 3U CubeSat used 
to complete autonomous mocking inspections [1] and AeroCube-10, a 1.5U CubeSat created to 
demonstrate precision satellite-to-satellite pointing [2]. However the number of space missions 
involving CubeSats meant to inspect other satellites remains low. The aim of this work is to 
contribute to this field studying a CubeSat inspired by SROC (Space Rider Observer Cube), a 
future mission designed by ESA in conjunction with Politecnico di Torino and Tyvak 
International, that aims to carry on inspections and docking manoeuvres with its mothership Space 
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Rider (SR), a reusable robotic spacecraft. In fact, SROC will reach its operative orbit inside Space 
Rider cargo bay and then will be deployed by it [3,4]. 

This project has been developed during a university class, and it started from the definition of 
the system requirements, followed by the selection of components and sizing of the subsystems, 
leading to the preliminary design of the system (Fig. 1).  

Requirements and preliminary definition  
Starting from the mission objectives of performing safe inspection and docking manoeuvres and 
transposing them into mission requirements, all the subsystems with their performance level have 
been defined. Afterwards, the design and operational requirements have been taken into account 
to reach a first iteration of requirements. Since the CubeSat is inspired by SROC, it has some 
similarities that have been included in the requirements such as its 12U structure, an imaging 
payload and a docking payload. It was established that Space Rider model orbit should be a 600 
km dawn dusk 6 a.m. Sun Synchronous Orbit.  

Fig. 1: Work procedure 

Mission phases 
The initial date of departure of the CubeSat from the mothership is set to be June 21, 2024, chosen 
to reduce the umbra periods and increase the electric power collected by the solar panels. Three 
reference frames have been designed for the simulations implemented in GMAT and MATLAB: 
the Earth inertial frame MJ2000Eq to define the mothership motion around the planet (Fig. 2a) 
[5]; radial in-track cross-track (RIC) centred in the mothership (Fig. 2a) and the CubeSat body 
frame to describe its relative orbit (Fig. 2b). 

The motion of the CubeSat around the mothership is described by a Walking Safety Ellipse 
(WSE), chosen to be a safe orbit for both satellites. [6] 
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Fig. 2: a. MJ2000EQ and RIC frame system; b. Body system 

The mission is designed to last 25 days, and its operative life can be divided in six phases: 
1.  Departure from Space Rider model (five hours): the CubeSat separates from the mothership 
and prepares for the first manoeuvre; 
2.  WSE entering phase (five hours): the CubeSat achieves the RIC coordinates to enter the WSE; 
3.  Inspection on a WSE orbital keeping: the CubeSat moves forward in the WSE for two days, 
then performs the orbital keeping manoeuvres to return to the initial conditions to repeat the 
inspection. This cycle is performed eleven times, to take pictures of the entire surface of the 
satellite in different conditions; 
4.  WSE departure: the CubeSat is brought to a stationary point, 100 m far from the mothership; 
5.  Hold Point approach (five hours): the CubeSat reaches a hold point at 50 m from SR model; 
6.  Rendezvous phase: the CubeSat reaches a 2 m distance from the mothership through a bang-
bang technique. 

CubeSat design 
The CubeSat has the standard dimensions of a typical 12U CubeSat with a mass of 16kg. The 
skeleton of the external structure is made of Aluminium 6061, closed by graphene panels. Two 
other panels are added to the internal structure to create different zones inside the satellite and 
facilitate the storing of the components.  

The satellite has two payloads: a camera (CMOS sensor and optical lens) that fits 1U and a 
partially external docking mechanism, whose dimensions are 1U. The camera is protected by a 
“Zerodur” layer. The images are taken and then transferred to the On-Board Computer (OBC) to 
be processed and then sent to Earth by the Telemetry and Tracking Control subsystem (TTC) 
antennas. The TTC communicates with ground stations using UHF band, through which the 
satellite also transmits telemetry data and receives commands. 

The CubeSat is equipped with an Attitude Determination and Control Subsystem (ADCS) based 
on an Inertial Platform (Inertial Measurement Unit, IMU), navigation system GNSS, a 
magnetometer and multiple sun sensors to determine the configuration of the CubeSat around the 
Space Rider model. In addition, three reaction wheels are used for disturbances control and one 
for redundancy, together with three magnetorquers for their desaturation, while a momentum 
wheel is necessary to maintain the pointing towards SR during the inspection on the WSE. 

The electric power, essential to all subsystems, is guaranteed by body mounted solar panels, 
positioned on the 6U faces and on the 4U face opposed to the camera lens, and a Li-Ion battery 
that comes into play when the energy provided by the panels is not sufficient. These components 
form the Electric Power Subsystem (EPS). The surface of the solar panels is covered with 125μm 
“Kapton”. The thickness has been chosen to resist erosion due to the atomic oxygen. 
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The environment analysis (external and internal) has been 
realised with MATLAB, SPENVIS and Systema, and it 
suggested that a passive Thermal Control Subsystem (TCS) 
is sufficient to guarantee the maintenance of the operative 
temperature for individual components: for that purpose, the 
ADCS components have been covered with a Multi-Layer 
Insulation (MLI) material. Furthermore, it is not necessary 
to equip the satellite with a device for dissipating the internal 
thermal energy, i.e. a radiator.  

The propulsive system consists in three cold gas B1 
thrusters, fuelled by N2O propellant (nitrogen peroxide). 
This propellant is self-pressurising and has a good thermal 
control in space. This technology has been chosen because 
it presents a low power consumption, low mass and can 
perform every requested manoeuvre during the mission.  

In the end, the CubeSat is provided with a drag sail that will be used in case of docking failure 
to guarantee the compliance with the Space Debris Mitigation Guidelines. 

Discussion and conclusions 
During this study, some issues related to the CubeSat design arose. The resolution of the camera 
has been one of the most challenging aspects, because it is not only related to the pictures quality 
level, but it is also fundamental for the choice of a technology that can fit in the CubeSat. 
Moreover, the communication frequency band has been discussed, starting from a S-band 
communication to send images and a UHF band for the telemetry and command data. Due to power 
consumption issues, the UHF band has been chosen. In fact, the body mounted configuration is 
not able to provide the electric power necessary to guarantee an S-band communication. This led 
to the definition of two configurations for the EPS: the first one consisting of Sun tracking 
deployable solar panels, the second using the same structure without the Sun tracking mechanism. 
Both alternatives proved to be unsuitable as one of the mission objectives is to provide a way to 
dock safely with the mothership.  

This paper showed the feasibility of the mission, giving results that will be useful for future 
missions developed with the goal of making in orbit servicing a reality. Further details on this work 
will be provided in a future extended paper.  
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Abstract. In the last years, the scientific interest in Mars exploration has become more and more 
relevant, driving the development of technologies aimed at improving the current capabilities to 
land scientific payloads or to insert probes into stable orbits around the planet. In this framework, 
the use of low-cost small satellites could represent an advantageous solution for both the mission 
scenarios. In planetary exploration, the aerocapture manoeuvre is considered a promising 
technique to overcome the limits imposed by specific volume and mass ratio constraints on the 
design of the propulsion system. Based on these premises, this work focuses on the 2D aerocapture 
manoeuvre of a small spacecraft equipped with a Deployable Heat Shield (DHS). Specifically, the 
analysis aims at assessing the aerocapture manoeuvre feasibility exploiting a single shield surface 
variation. 

Introduction 
The aerocapture is an aero-assisted manoeuvre to transfer a vehicle from a hyperbolic orbit to a 
closed one at lower energy, by exploiting the aerodynamic drag force through a single atmospheric 
passage with properly designed decelerators, such as DHS, drag skirt or inflatable drag devices. 
Once out of the atmosphere, the spacecraft performs a subsequent Pericenter Raise Manoeuvre 
(PRM) to avoid repeated atmospheric passages and stabilize the spacecraft on a scientific orbit or 
on a parking orbit, ready for suppletive Post-Aerocapture Manoeuvres (PAM). If compared to a 
purely propulsive orbit injection (OI), the aerocapture manoeuvre allows to drastically increase the 
delivered mass payload thanks to the propellant savings and the smaller weight of the aerodynamic 
decelerators compared to the propellant needed for propulsive OI. The reduction of the propellant 
mass decreases the costs per kg of payload, thus enabling or enhancing many potential planetary 
mission profiles [1]. Moreover, the aerocapture benefits of inherent reduction of the manoeuvring 
time with respect to the aerobraking manoeuvre, which instead exploits multiple atmospheric 
passages for depleting the right amount of energy to reach the final orbit. Although the consensus 
of recent studies about the possibility to use aerocapture for science mission at Titan, Mars and 
possibly Venus [2], it has never been implemented to date because of environmental and object 
related uncertainties, e.g., the limited knowledge of the local atmospheric density and/or the lack 
of real-time navigation data. However, both the growing scientific interest in Mars exploration and 
the technological readiness acquired in atmospheric flights during the last decades motivate further 
investigations on Mars aerocapture. This contribution specifically focuses on the aerocapture 
technique for a small satellite equipped with a DHS, exploiting a single-event drag modulation. 
The aerocapture has been studied from a purely dynamical point of view, and a multiparametric 
analysis has been carried out to identify suitable aerocapture corridors. The results of the single-
event drag modulation strategy are compared with the outcomes of fixed shield aperture strategy 
to assess the benefits of this technique in terms of number and characteristics of possible solutions. 
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Finally, the conductive thermal heat at the pericenter has been estimated to evaluate the 
thermodynamical loads the spacecraft will encounter during the atmospheric crossing. 

Methodology 
The present work analyses the aerocapture manoeuvre of a spacecraft initially moving on a 
hyperbolic approaching trajectory, resulting from a patched conics approximation of the Earth-to-
Mars interplanetary transfer. According to this construction, the spacecraft dynamics can be 
modelled as a two-body problem. The trajectory is then propagated up to the Mars Atmospheric 
Interface (AI), usually set to 150 km. Once the spacecraft crosses the atmosphere, the drag perturbs 
the motion as according to the following equation: 

r⃗̈ +
μMars

r3 r⃗ = ad�����⃗  (1) 

where 𝑟𝑟 is the spacecraft position vector in a 2D reference frame centred in Mars, μMars is the 
planetary standard gravitational parameter, while ad����⃗  the atmospheric drag perturbing acceleration 
modelled as: 

ad����⃗ >".
2

3

ρ
β

vv�⃗    (2) 

In Eq. 2, ρ is the atmospheric density, v�⃗  is the spacecraft velocity vector relative to the 
atmosphere, v is its module and β is the ballistic coefficient defined as β =  m

CDS 
 , being CD the 

drag coefficient, S the shield cross-section and m the spacecraft mass. The velocity variation 
produced by the aerodynamic deceleration, Δvdrag, has been computed as the difference of the 
velocity at the pericentres of the arrival hyperbolic trajectory and the elliptical one obtained after 
the atmospheric crossing. Moreover, the impulsive burn ΔvPRM to circularize the elliptical exit 
orbit has been computed as a Hohmannian manoeuvre executed at the ellipse apoapsis as: 

ΔvPRM = �
μMars
𝑟𝑟𝑎𝑎

 −�μMars( 2
ra
− 1

aexit
)    (3) 

where ra and aexit are respectively the apocenter and the semi-major axis of the elliptical orbit. 
Finally, the Sutton and Graves [3] semi-empirical relation for stagnation-point convective heat rate 
has been employed to quantify the thermal conductive heat rate in W/m2: 

�̇�𝑞c = Km �
ρ
RN
�
0.5

v3  (4) 

in which Km is the Mars atmospheric conductive constant (1.898x10-4 kg0.5/m) and RN is the shield 
nosecone radius. Results are then converted into W/cm2 to compare them with literature ones. 

Results 
Results here provided refer to spacecraft characteristics in [4] (and references therein). The 
spacecraft of m = 150 kg is equipped with a DHS providing a maximum surface extension of Smax 

= 7.065 m2 and a RN of 0.6 m. All the simulations have been conducted assuming the possibility 
of changing the shield surface after the spacecraft transit at the pericenter of the arrival trajectory. 
Several dynamics conditions have been evaluated, resulting from the combination of arrival 
velocities (v∞ = 2, 3, 5 km/s), Keplerian arrival pericenters (hp = 70,75,80,85,90 km) and trigger 
altitudes for the ballistic coefficient variation (htr), supposing two different possible values of β 
respectively equal to 2β and 3β, and analyzing all the trigger altitudes from the Keplerian 
pericenter up to the aerodynamic interface, with step of 5 km. Moreover, results here reported 
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refers to the density nominal condition for September 1st, 2031, of the Mars Global Reference 
Atmospheric Model (Mars-GRAM) [4], and to a CD = 1. Figure 1 shows the apocentric altitude ha 

and eccentricity eexit of the orbit obtained after the atmospheric passage as function of htr and β for 
v∞ = 3km/s, while Table 1 lists the values of  q̇c at the pericenter, Δvdrag and ΔvPRM for some of 
the most relevant settings. In all the figures, dashed lines represent the solution achievable with 
the nominal (constant) ballistic coefficient. 

 

 

Figure 1 – exit orbit ha and eexit as function of htr for different hp, β and v∞ = 3 km/s 

Table 1 - Most relevant results for v∞ = 3 km/s 

hp [km] htr [km] Δvdrag,2β [km/s] Δvdrag,3β[km/s] ΔvPRM,2β [km/s] ΔvPRM,3β [km/s] q̇c [𝑊𝑊/𝑐𝑐𝑚𝑚2] 

75 75 -1.607 -1.508 0.253 0.336 10.21 
75 85 // -1.780 // 0.0802 10.21 
80 80 -0.906 -0.843 0.657 0.665 10.15 
80 110 -1.086 -1.084 0.598 0.599 10.15 
85 95 -0.645 -0.631 0.629 0.620 9.035 
85 110 -0.669 -0.668 0.638 0.637 9.035 

 
As expected, the largest variation of the exit orbit parameters is obtained when the ballistic 

coefficient modulation is triggered soon after the transit of the spacecraft at the pericenter. In 
particular, because of the larger density values encountered during the atmospheric crossing, the 
smaller is the hp, the more circular is the exit orbit (i.e. the smaller are both eexit and ℎ𝑎𝑎). In turn, 
up to hp =80km, ΔvPRM reduces with increasing htr, because of the larger amount of time spent with 
Smax at low altitudes, On the other hand, q̇c values at the pericenters are in line with those expected 
from the literature [3], showing a small variation with hp. Finally, an important result is that, thanks 
to the variation of β, it is possible to have solutions also at pericenter altitude where we have no 
solutions with the nominal β (i.e. 75 km), that are of high interest due to the possibility to reduce 
the eccentricity of the exit orbits. However, no solutions have been obtained for hp smaller than 75 
km or larger than 85 km. To better understand the range of aerocapture solutions, in Fig. 2 the 
results for v∞ = 2 and 5 km/s are depicted, while Tab.2 focuses on most relevant results obtained. 

When the hyperbolic speed is of 5 km/s, it is possible to have solution only for hp = 75 km. On 
the contrary, when the satellite arrival speed is smaller, solutions have been obtained only for hp 
higher than 75km, since the atmospheric drag at those altitudes is considerably smaller. However, 
as previously described, the final ha is again severely affected by the hp and v∞ values.   
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Figure 2 - exit orbit ha and eexit as function of htr for different hp, β and v∞ = 2 and 5 km/s 

Table 2 - Most relevant results for v∞ = 2 and 5 km/s 

hp [km] htr [km] Δvdrag,2β [km/s] Δvdrag,3β[km/s] ΔvPRM,2β [km/s] ΔvPRM,3β [km/s] q̇c [𝑊𝑊/𝑐𝑐𝑚𝑚2]  

75 75 -1.43 -1.34 0.661 0.627 15.72 
75 110 -1.71 -1.71 0.626 0.627 15.72 
80 80 -0.94 -0.88 0.553 0.583 8.74 
80 110 -1.12 -1.12 0.442 0.443 8.74 
90 95 -0.40 -0.38 0.614 0.606 6.72 
90 120 -0.42 -0.42 0.633 0.633 6.72 

Conclusions 
This work presents an analysis of a single-event aerocapture manoeuvre for a small spacecraft 
equipped with a DHS. Results confirm the increasing number of solutions achievable with a 
ballistic coefficient modulation, although a strong dependency on the arrival conditions emerges. 
Additionally, aerocapture enables some otherwise unattainable exit orbits. For relatively high 
arrival speed, the atmospheric aerocapture corridor shortens in such a way to suggest further 
investigation of possible control techniques for a finer modulation of the deployable shield 
aperture. Thus, future development will focus on 3D aerocapture analysis with the definition of a 
deployable shield modulation logic.  
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Abstract. The increasingly high number of spacecrafts orbiting our planet requires continuous 
observation to predict hazardous conjunctions. Direct onboard analysis would allow to ease the 
burden on ground infrastructure and increase the catalogued debris. A spaceborne optical sensor 
is used to assess the performance in terms of different targets visibility. A fast relative orbit 
determination algorithm is then proposed to compute the probability of collision for a particular 
case study and compared to a more accurate ground analysis. 

Introduction 
The growing number of satellite launches increases the risk of in-orbit collision, with potential 
cascade effects, further worsening the situation. Given the high number of close encounters every 
day, estimation processes must be frequently updated to avoid the occurrence of catastrophic 
collisions such as the Iridium-33/Cosmos-2251 event. The possibility to autonomously analyze 
any conjunction directly onboard would allow to significantly reduce the burden on ground 
infrastructure, leading to a faster update rate and lower risk of unexpected collisions. Therefore, in 
this research, a satellite is equipped with an optical sensor to determine the visibility performance 
with respect to a catalogue of potentially hazardous objects, with different parameters considered 
relevant for a significant statistical analysis. The closest encounters are then identified and a novel 
approach is presented for an accurate and computational efficient onboard orbit determination 
algorithm, providing results directly at the Time of Closest Approach (TCA), where the 
conjunctions are analyzed onto the B-plane.  

Simulation design 
The simulation consists of an asset spacecraft, based on the real satellite COSMO-SkyMed 4, 
operating in a Sun-Synchronous Low Earth Orbit, and a catalogue of 425 possible threats. The 
sensitivity analysis is carried out in the first eight days of September 2022. The chosen optical 
sensor is characterized by a limiting magnitude of 15, 30° field of view and 30° minimum Sun 
separation, operating in tracking mode; the camera is inertially pointed at the expected target 
direction, at the beginning of each visibility window, without any attitude information. The chosen 
sensor allows to see objects as small as 10 cm up to 6000 km [1]. The simulation is carried out 
though SOPAC (Space Object PAss Calculator), a Python library developed by Politecnico di 
Milano to compute all the possible observation opportunities for a given sensor network [2]. First, 
a sensitivity analysis is carried out, with the sensor performance evaluated both in terms of total 
visibility and revisit times for all the computed windows and compared to the asset observation 
uniformity along its orbit. Of the six main keplerian elements, only right ascension of the ascending 
node (or RAAN) shows a remarkable trend; higher semi-major axis may grant higher visibility, 
yet the considered catalogue is too limited for a significant inference. The total visibility time is 
shown on the left of Fig. 1, expressed in hours for three different sensor limits: pure geometry, 
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only illumination and full limitations, as defined before. As expected, the presence of the Earth 
shadow strongly reduces the total time to values lower than 25 hours, while limiting magnitude 
and Sun separation have a relevant influence only for particularly small objects. The second 
relation highlights the total time as function of RAAN and uniformity index, computed dividing 
the asset orbit in 36 sections covering 10° in true anomaly and counting how many contains at 
least one potential observation. It is thus an important indication of the quality of measurements 
taken for the specific target.  

 
Figure 1 Total visibility time expressed in hours for three different sensor limits (left) and 

function of RAAN and uniformity index (right). 

Objects with RAAN between 200 and 300 degrees are characterized by a higher time and higher 
uniformity index with no significant influence from initial target conditions. This is an expected 
result as COSMO-SkyMed 4 has a RAAN of about 70°, approximately 180° apart, resulting in 
encounters being mostly “head-on”. On the contrary, objects with RAAN similar to the asset may 
reach higher values, though they are strongly dependent on the initial relative position.  

An important parameter when scheduling observations is the revisit time, the time between two 
consecutive passages, reported on the left of Fig. 2. The maximum and minimum revisits are 
highlighted as function of RAAN, with an upper limit of 3000 seconds. At around 250 degrees, 
the two values are almost coincident at approximately 2000 seconds. 

 
Figure 2 Maximum and minimum revisit (left), non-visible objects as function of inclination and 

RAAN (right) 

Concerning non-visible objects, on the right of Fig. 2, out of the 425 objects, 25 are never visible 
due to geometric limitations, 7 due to lack of Sun illumination and 11 due to the specific sensor 
adopted. Once again, satellites with RAAN between 200° and 300° are always visible, regardless 
of the considered limit. 
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Methodology 
The conjunction events are searched in the 8 days after the statistical analysis. The optical sensor 
accuracy is set at 0.01° for both right ascension and declination, to account for lower performance 
of an onboard system, as well as possible mounting errors. Since the proposed filtering method is 
based on the linear, minimum variance Least Squares, the propagation should be close to the real 
motion to ensure accurate results even with a single iteration. The best compromise is found by 
propagating directly from the TLEs using SGP4, allowing to keep a low computational time and 
high accuracy. On the contrary, the contribution of the State Transition Matrix (STM) is much less 
sensitive to inaccurate orbit modeling and a simple J2 effect can be implemented without 
excessively diminishing the estimation accuracy. The proposed method is based on the property 
of the STM to map each observation to the relative state directly at the TCA, without the need to 
further propagate the solution, which would result in a higher computational time and lower 
accuracy. If the primary spacecraft motion is assumed to be perfectly known, then the relative state 
deviation is equal to the target one, allowing to work in terms of absolute quantities, as reported in 
Algorithm 1. Although the asset spacecraft is tracked by ground stations providing accurate orbit 
determination, its trajectory is still affected by uncertainties, included in the filter post-processing 
through the Consider Covariance Analysis (CCA) [3]. Given the solution of the filtering process, 
relative position and covariance at the TCA are projected onto the B-plane, reducing the state 
dimension from six to only two positional coordinates, greatly simplifying the conjunction analysis 
and a potential CAM design [4]. The probability of collision is thus computed according to the 
Chan formulation, truncated to the third order [5]. The results provided by the onboard algorithm 
are compared to the ones obtained with a classic Unscented Kalman Filter (UKF), with 
observations coming from a set of three stations part of the EU SST sensor network (EU Space 
Surveillance and Tracking): S3TSR, MFDR and Cassini.  
 

Algorithm 1: OnBoard conjunction analysis 
1 Identify conjunction events and visibility windows 
2 Simulate real measurements, according to the defined camera frame 
3 Propagate reference trajectory from TLEs 
4 For each measurement 
5  Compute reference observations 
6  Compute measurements deviation  
7  Integrate STM to linearly map each observation to TCA 
8 end 
9 Compute target state and covariance at TCA 
10 Project onto the b-plane and compute probability of collision 

 

Conjunction result 
The results of the onboard relative orbit determination and conjunction analysis are here presented 
for the closest event, involving Falcon 1 rocket body, orbiting in a quasi-equatorial orbit of 9° 
inclination at approximately 650 km of altitude. Despite the low visibility time of only 16 hours, 
284 measurements are processed. As highlighted in Fig. 3, the estimated error is 23 m, with a 
covariance of 76 m computed from the Least Squares, and 120 m added from the CCA. 
Considering the miss distance of 871 meters, the probability of collision is effectively equal to 
zero. The ground-based analysis is performed for all the involved objects, computing error and 
covariance of the orbit determination process alone, in order to directly compare the two 
methodologies. The square root of the covariance trace and the positional error highlight similar 
trends for both the asset and the target spacecrafts. The final values are 33 and 23 meters 
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respectively for COSMO, 110 m and 120 m for Falcon 1. The latter lies in correspondence of a 
spike, though the steady-state values are comparable to the asset. In general, the UKF results are 
slightly better, especially in terms of covariance, with the advantage of a real-time estimation 
process; however, the difference in computational time is considerable, with the Least Squares 
providing results in few seconds. Furthermore, the space-based platform is capable of seeing 
objects with very different orbits, still with a sufficiently high number of measurements, thus 
showing greater flexibility especially for low-inclination targets.  

 
Figure 3 COSMO-SkyMed 4 and Falcon 1 projected onto the B-plane at the conjunction epoch. 

The combined covariance is centered at the target. 

Conclusions 
The proposed filtering method allows to estimate target position and covariance directly at the 
conjunction epoch in a fraction of the time required by typical ground-based algorithms. The 
sensitivity analysis performed for the onboard camera showed good performance in terms of target 
visibility for all the objects characterized by RAAN between 200 and 300 degrees. In future, the 
method could be expanded to include fully autonomous initial orbit determination and threat 
detection, allowing to reduce the burden on ground infrastructure and improve the sustainability 
of human activities in space. 
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Abstract. This paper presents some of the results of the suborbital flight of the Mini-IRENE Flight 
Experiment (MIFE), flight demonstrator of the IRENE technology. A capsule equipped with a 
deployable heat shield was successfully launched with a VSB-30 suborbital rocket, achieving an 
apogee of 260 km, a peak deceleration of 12g and surviving the landing with successful retrieval. 
A huge set of telemetry data was acquired, including GPS, attitude, temperature, acceleration 
measurements. The capsule showed aerodynamic stability at all flight regimes. The derived drag 
coefficient was different from the predicted one, possibly due to flexible aero-brake deformation. 

Introduction 
The paper describes the main outcomes of the qualification flight of Mini-IRENE, a capsule 
launched with a Maser sounding rocket on 23rd November 2022 during the SSC S1X3-M15 
campaign. The flight has represented the clou of the Mini-IRENE Flight Experiment (MIFE) 
project [1], funded by the Italian Space Agency (ASI) and managed by the European Space Agency 
(ESA) in the framework of a GSTP (General Support Technology Program). The project aimed at 
increasing the ripeness of an innovative technology for atmospheric (re-)entry up to TRL 6, 
developed by the companies of the ALI consortium, CIRA and University of Naples Federico II, 
as part of the wider IRENE program [2], and featured by an innovative deployable heat shield, 
resulting in a very low ballistic coefficient, allowing the exploitation of off-the-shelf materials for 
the thermal protection system, because of the acceptable heat fluxes, mechanical loads and final 
descent velocity [3]. The IRENE program aimed at developing a low-cost re-entry capsule, able 
to return payloads to Earth from the ISS and/or short-duration, scientific missions in Low Earth 
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Orbit (LEO). MIFE was the latest phase of the IRENE program, with the objectives to design and 
test a Ground Demonstrator (GD) for the thermal qualification in a Plasma Wind Tunnel, and 
realize a Flight Demonstrator (FD) to be qualified in a sub-orbital flight with a Sounding Rocket.  

All the qualification tests have been performed successfully. The GD was qualified in the CIRA 
Scirocco Plasma Wind Tunnel for the thermal loads of a specific re-entry mission; the FD has 
successfully achieved the two main objectives of the sub-orbital flight mentioned above after 
ejection from the sounding rocket, namely the verification of the stability in every flight regime 
and the resistance of the heat shield under the thermal and mechanical loads due to the impact with 
the atmosphere. 

This paper is focused on the analysis of the re-entry flight based both on recorded data and 
telemetry data. The recorded data have been retrieved from an Inertial Unit and a sensors suite 
while the telemetry data were transmitted to ground even in the supersonic regime.  

The suborbital flight 
A CAD model of the FD is shown in Fig. 1a, in the deployed configuration. For the launch, it was 
stowed inside an external shell composed of three panels, as shown in Fig. 1b. 

 

         
Fig. 1 (a) CAD of the deployed capsule, (b) picture of the stowed capsule before launch. 

The capsule was launched from the Esrange base, in Sweden, on 23rd November 2022, onboard 
a VSB-30 rocket, in the Maser 15 mission (Fig. 2a). The capsule successfully completed its 
suborbital flight, with a correct aero-brake deployment, and was retrieved few minutes after 
landing thanks to GPS coordinates and telemetry data provided even after ground impact (Fig. 2b). 
The capsule trajectory was monitored by GPS and is compared with the nominal predicted 
trajectory in Fig. 3. A slightly lower apogee than expected was achieved (257 km instead of 261 
km). The trajectory showed a sharp deviation in east direction, which was attributed to wind 
(thanks to balloon measurements) and not to any asymmetry in the capsule aerodynamics. Video 
recordings, together with magnetometers and accelerometers measurements, demonstrated that 
MIFE did not lose stability nor tumbled in any flight regime, even in the critical transonic phase. 
A significant spin rate was measured at the beginning of the continuum regime, possibly due to 
minor geometrical asymmetries in the TPS or center-of-mass unbalance. 
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Fig. 2 (a) A picture of the launch, (b) the capsule retrieved after landing 

 

 
Fig. 3 Capsule parabolic trajectory, measured and predicted 

 

 
Fig. 4 Three images of the flexible TPS in free fall, during the peak of dynamic pressure, and 

during the final part of the flight; and a schematic representation 

The capsule deceleration was higher than expected (12g versus 10.5g), and the peak of dynamic 
pressure occurred at a lower altitude. This allowed testing the system in a even harsher 
aerodynamic environment, which caused a deformation of the flexible TPS (Fig. 4), that had not 
been taken into account in the derivation of the aerodynamic database. This may be one of the 
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reasons for the differences between the expected and rebuilt drag coefficient, whose trend with 
Mach number from supersonic to subsonic regime is shown in Fig. 5. The “flight” drag coefficient, 
computed on the basis of velocity and acceleration measurements, is lower than nominal in 
supersonic and higher in subsonic, even when considering a ±10% error on the standard 
atmospheric density used for the calculation. Further analyses, including CFD simulations of the 
aerodynamics of the deformed TPS, will be carried out for a deeper understanding of this 
discrepancy. 

 

 
Fig. 5 Drag coefficient estimated based on flight data (blue line), with ±10% uncertainty (light 

blue lines), compared with numerical aerodynamic database, versus Mach number 

Conclusions 
The Mini-IRENE Flight Experiment (MIFE) project was successfully concluded with the 
suborbital launch of the flight demonstrator, which achieved all the mission objectives, including 
effective separation from the launcher, complete mechanism deployment, aerodynamic stability at 
all regimes, capsule survival to the aerothermodynamic loads, telemetry data acquisition and 
capsule retrieval after flight. Flight data analysis is still ongoing for a full comprehension of the 
capsule behavior and to learn important lessons for the future design of an orbital system based on 
the IRENE technology. 
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Abstract. Deorbiting techniques with small or better no propellant consumption are an important 
and critical field of space studies for the mitigation of orbital debris. Electrodynamic tethers 
(EDTs) are of particular interest because they make possible to deorbit space debris by exploiting 
the Lorentz force that is provided by the current flowing in the tether thanks to the interaction of 
the system with the Earth’s magnetosphere and the ionosphere. This paper focuses on the 
differences between two software packages built at the University of Padova (FLEX and 
FLEXSIM) and their results in simulating various deorbiting scenarios. Both FLEXSIM and FLEX 
simulate the electro-thermal behaviour and the dynamics of an EDT. However, while the first one 
has the simplifying assumption that the tether is always aligned with the local vertical, the second 
one considers also the overall system attitude with respect to the radial direction and the tether 
flexibility. The computational times of these S/W are very different and it is important to 
understand the scenarios that are more appropriate for their use. Results aim to show the impact of 
different solar activity (simulations are done at different epochs) and lengths of conductive and 
non conductive segments of tether, in the range of a few hundreds of meters, on the total re-entry 
time. As expected, deorbiting is faster for high solar activity and conductive tether length but the 
performance must be balanced against the dynamics stability. The issue of stability over the 
deorbiting time is evaluated numerically for specific cases by using FLEX.  

Introduction 
The interest in the space exploration is increasing day by day because of a steady growth of orbital 
debris around the Earth. Thus, it’s important to find ways to mitigate this growth and 
electrodynamic tethers (EDTs) represent a possible green and effective solution. Indeed, they don’t 
use the traditional propulsive systems (chemical and electrical), because they can provide good 
drag forces (i.e., Lorentz forces) by operating in a passive way, that is, exploiting only 
environmental factors: the ionosphere and the Earth magnetic field.  

This work presents briefly how these systems work and then focuses on some analysis of their 
performances in different deorbiting scenarios. Solar activity influences space environmental 
characteristics, like the atmospheric and plasma densities, and consequently also the deorbiting 
time. Consequently, specific simulations are performed to understand how the reentry time and the 
dynamics of a deorbiting kit based on an EDT change with respect to the solar activity.  

Moreover, the effects of the tether length is also analyzed, because it impacts directly the current 
produced by the tether itself and consequently the Lorentz force generated by the system. 

FLEX and FLEXSIM software packages (built by the University of Padova) are used to 
simulate the different mission scenarios, understand the differences between them and analyze the 
performance of EDT systems for deorbiting. 
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Electro-dynamic tether systems 
Electrodynamic tether systems are one typology of space tethers [1]; they are based on a 
conductive tether (or tape) that links two satellites at its ends. If they operate in a passive way, they 
exploit the current that flows in the tether from the collection of ionospheric electrons on the bare 
tether anode, that are then re-emitted at the cathode at the opposite end of the tether. The current 
produces a Lorentz force through the interaction with the geomagnetic field, as follows:  

𝑭𝑭𝐿𝐿 = ∫ 𝑰𝑰 × 𝑩𝑩 𝑑𝑑𝑑𝑑𝐿𝐿
0  ≈  𝐼𝐼𝑎𝑎𝑎𝑎𝐿𝐿 (𝒖𝒖𝒕𝒕 ×  𝑩𝑩) (1) 

In the case of the passive mode, this force is opposite to the orbital velocity of the system, that 
is, a drag force that progressively decreases the altitude of the spacecraft.  

However, electrodynamic tethers can be used in Low Earth Orbits (LEO) to have sizeable 
performances, because at higher altitude the electron density is too low to generate usable currents. 

Software packages 
FLEXSIM and FLEX are the chosen software packages to perform simulations. They were both 
built at the University of Padova for the E.T.PACK initiative [2] to study the electro-thermal 
dynamic of an EDT deorbiting system. They are different because in FLEXSIM a simplification 
is assumed: the tether is straight and always aligned with the local vertical and does neither 
oscillate nor flex, as in a real case. This assumption allows to use FLEXSIM as a first iteration 
step in the mission evaluation, especially for what concerns the deorbiting time and the 
computation of the average current in the tether. On the other hand, FLEX simulates  the tether 
dynamics allowing the evaluation of dynamics stability, which is discussed later.  

From the modelling point of view, while FLEXSIM considers the tether as a single element, 
FLEX divides the tether in different segments and computes the dynamics of each one. In 
FLEXSIM an average current of all the conductive length is considered and used in Eq. 1. In 
FLEX, instead, an average current and thus a Lorentz force is computed for each segment, leading 
to a more detailed dynamics of the tether, as stated above. 

These two simplifications reduce drastically the computation time of FLEXSIM with respect to 
FLEX. The codes use a set of subroutines that allows to evaluate the environmental characteristics 
[3,4,5]. A critical element is the current subroutine, based on [6], that computes the current I(x) as 
a function of the electron density, the motional-electric field and the voltage drop at the cathode.  

Numerical Simulations 
Several simulations were done to evaluate the performances of the deorbiting tethered system. As 
just mentioned, the environmental characteristics that determine the current on the tether are 
influenced by solar activity. Therefore, the same mission is simulated with both FLEX and 
FLEXSIM at three different epochs, with low, medium and high solar activity (based on the F10.7 
index), in order to understand the solar activity impact on the reentry time. 

All these simulations were conducted on an EDT with a tape of 500 m (450 m of Aluminum 
and 50 m of PEEK, the inert segment) and two tip masses of 12 kg. This is the baseline 
configuration of the In-Orbit Demonstration flight, presently planned for 2025 for E.T.PACK-F. 
The system is initially on a circular orbit at 600 km height inclined of 51.5°; the mission is 
considered completed when the system reaches an altitude of 250 km where the atmospheric 
density is strong enough to reenter the system in a few orbits. As mentioned earlier, the tether 
length is also investigated as a driving parameter. The investigated scenarios is the same of the 
previous simulations, but the tether length changes from 400 to 700 m, with a constant percentage 
of conductive (90%) and non-conductive (10%) tether for all cases. These simulations are done 
with FLEX, so that, not only the deorbiting time is evaluated, but also the system dynamics, 
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because the variable length leads to a different behavior, allowing for the study of dynamics 
stability. 

Results 
Simulations results are now presented, starting from the effects of solar activity. As shown in Table 
1 for the case of E.T.PACK-F with 500-m tether, the deorbiting time decreases at higher solar 
activities, since the electron density increases [7], leading to an improvement of electron collection 
on the tether and consequently higher currents (Fig. 1) and Lorentz forces.  
 

Table 1 Deorbiting time [days] for different solar activities with FLEXSIM and FLEX 

 Low solar activity Medium solar activity High solar activity 
FLEXSIM [days] 94.152 25.161 19.706 

FLEX [days] 88.182 23.267 18.075 
 

 
Figure 1 Envelope of current peaks vs time scaled (0 start of mission, 1 end of mission)  for low, 

mean and high solar activity (FLEXSIM) 

The differences between FLEXSIM and FLEX in deorbiting times is due to the tether dynamics, 
which helps the electromotive force (e.m.f.) thanks to the out-of-plane tether dynamics..  

Varying the tether lengths at fixed environmental conditions (high solar activity), it is possible 
to see in Table 2 and Fig. 2, that increasing the length the time of reentry is lower. This is due to 
the the increase in the e.m.f. that generates higher currents and the increased overall Lorentz force 
that acts on a longer tether length. However, with a 700 m tether (or longer) instability occurred, 
the system begins to tumble and could not be controlled. This is due to the increased Lorentz force, 
and indeed longer tethers require heavier tip masses to be stabilised.  
 

Table 2 Deorbiting time as function of tether length (with high solar flux) 

Tether 
length [m] 

400 
(360 Al-40 PEEK) 

450 
(395 Al-45 PEEK) 

500 
(450 Al-50 PEEK) 

600 
(540 Al-60 PEEK) 

650 
(585 Al-65 PEEK) 

700 
(630 Al-70 PEEK) 

Deorbiting 
time [days] 

25.226 21.369 18.075 15.815 13.374 instability 

 
Fig. 3 shows the in and out of plane angles for the configurations with 400 m and 650 m of 

tether (both stable since the angles never reach the 90 deg). It’s possible to see that the blue lines 
have more peaks than the orange ones, indicating oscillations of longer tether are more persistent, 
hence these systems are less stable. 
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Figure 2 Center of mass altitude vs time as 
function of tether lengths (FLEX) 

 

Figure 3 In and out of plane angles for 
tether length of 400 m (orange) and 650 

m (blue) 

Conclusions 
The focus of this paper is the use of EDT systems for the deorbiting of space debris and the 
investigation of software packages (FLEX and FLEXSIM) that allow to study EDT performances 
and their dynamics.  From the simulations done for this work, it is possible to confirm that EDTs 
have better performances at higher solar activities (where they can generate higher Lorentz forces) 
and with longer tethers. This increased performance must be balanced against the dynamics 
stability of the system that must be evaluated to assess the feasibility of the mission.  

FLEX and FLEXSIM are valid software packages to investigate the performance of EDTs. 
They are also the starting point to evaluate other applications of tethered system, like EDT 
operating in active mode for generating thrust to allow a wider spectrum of orbital maneuvers. 
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Abstract Close proximity operations demand an accurate control in a micro-gravity environment, 
hence they must be reproduced and simulated systematically. Consequently, laboratory tests are a 
crucial aspect to validate the performances of space systems. This paper presents the development 
of a floating pneumatic module, whose dimensions and mass are representative of a 12U CubeSat. 
The vehicle has been designed to perform planar low friction motion over a levelled table for 
docking experiments. The paper focuses on the pneumatic and mechanical designs and on the 
laboratory tests of the module. The pneumatic design regards the air-compressed pneumatic 
system. The major specifics have been determined by the requirement of performing a docking 
procedure by starting from a distance of 500 mm. The mechanical design has been guided by two 
main requirements. The first is the possibility to accommodate different docking systems (e.g.: 
docking port). The second is the possibility to control the position of the centre of mass of the 
module. Several tests have been performed to verify the capabilities of the vehicle, such as: (1) 
pneumatic tests to evaluate the thrust of the propulsion system through the execution of linear 
motions and (2) mechanical measurements with dedicated setups to improve the estimation of the 
position of the centre of mass from the CAD model of the system. 

Introduction 
A Close Proximity Operation (CPO) of an on-orbit spacecraft can be defined as a manoeuvre of 
one spacecraft (chaser) in a relative orbit with respect to another spacecraft (target) [1]. These 
operations are performed in micro-gravity conditions and include docking manoeuvres which 
require a systematic characterization of the forces and torques arising from the interaction of the 
chaser and the target. Therefore, laboratory tests and the realization of dedicated facilities are a 
critical aspect to validate the performances of docking mechanisms.  

Among various microgravity simulation methods, such as parabolic flights, drop towers or 
robotic manipulators, an achievable solution for a laboratory environment is the use of planar Air-
Bearings (ABs), which allows floating of tested devices [2] with the creation of a thin film of 
pressured gas between an internal porous structure and a surface. Thus, a planar 3 DoF motion can 
be achieved in a quasi-frictionless condition. Although a reduced number of DoF is obtained 
compared to the 6 DoF of an on-orbit motion, planar ABs are usually used as a support for 
dedicated vehicles which are equipped with thrusters and/or reaction wheels to simulate a satellite 
for CPOs and, specifically, docking manoeuvres experiments [2]. 
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This paper presents the development of a floating pneumatic module, which has been designed to 
perform 3 DoF low-friction planar motion with three ABs over a levelled table. The module has a 
volume of 330x224x224 mm3 with a mass of approximately 12 kg, so that it represents the mass 
properties of a 12U CubeSat. 

With a dedicated propulsion system, the main goal of the vehicle is to simulate docking 
manoeuvres starting from a distance of 500 mm. The vehicle can operate both as a chaser, active 
mode, and as a target, passive mode, and it can accommodate different docking systems. 

Pneumatic design 
The pneumatic system has been designed to allow the vehicle to float with three round ABs and 
perform translational and rotational manoeuvres over a levelled table with a compressed air 
propulsion system. 

Furthermore, the pneumatic system has been realized to satisfy the following requirements: (1) 
motion is provided by 8 thrusters (2 thrusts for each corner of the vehicle); (2) each thruster is 
activated by one Electro-Valve (EV); (3) the pneumatic circuit ensures a total floating time of 3 
min and performs an acceleration of 50 mm/s2. 

Requirements (2) and (3) have led to the following specifications: (a) the three ABs with a 
diameter of 40 mm are able to lift a total weight of approximately 68 kg at an input pressure of 3.9 
bar; (b) each thrust is composed by two nozzles with a throat diameter of 1.3 mm to improve the 
produced force and reduce the working pressure; (c) the total air volume should be at least 2 L at 
10 bar. Therefore, the pneumatic circuit has been realized with a 2.5 L tank and a single pressure 
regulator to control ABs and thrusters at the same pressure. 

Mechanical design 
The mechanical design has revolved around the positioning and sizing of components, so that they 
would fit inside the total volume of the module. The mechanical design has been guided by three 
main requirements: (1) the module accommodates different docking systems with a dedicated 
volume of 100x224x224 mm3 in the front part; (2) the three ABs are positioned in an equilateral 
triangular configuration and the Centre of Mass (CoM) of the module is controlled to be coincident 
(with an error of 1 mm) with the centroid of the ABs to guarantee uniform floating of the vehicle; 
(3) the centroid of the thrusters is aligned with the CoM of the system to allow pure rotational 
motions. Additionally, the centroid of the ABs coincides with the Geometrical Centre (GC) of the 
330x224x224 mm3 volume of the system. 

Figure 1 shows (a) the CAD model of the vehicle with the reference frame at the GC used to 
refer the position of the CoM and (b) the assembled module.  
 

  
                                                                  (a)                                             (b) 

Figure 1: (a) CAD model of the vehicle (b) Assembled module 
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An estimation of the position of the CoM has been obtained from the complete CAD model. 
With a total estimated mass of 8.2 kg with no payload, the CoM has been placed at -27.4 mm along 
the X axis and -0.9 mm along the Y axis with respect to the GC (Figure 1a). Moreover, the fully 
assembled module of Figure 2b has a greater total mass of 8.4 kg, because it includes electrical 
components and wiring which have not been considered in the CAD model. 

A possible solution to control the position of the CoM of a system is the realization of custom 
masses which can be moved either automatically with motors [3] or manually [4]. For this reason 
and to get closer to the goal of a total mass of 12 kg, a group of manually movable steel masses 
has been designed and their masses have been determined from the CAD estimation. 

In particular, three sets of masses have been designed: (1) a set of fixed masses (total mass of 
620 g) to be mounted on the front part of the system to bring the CoM closer to the GC; (2) a 
couple of movable masses of 687 g each to control the X coordinate of the CoM; (3) a movable 
mass of 240 g to control the Y coordinate of the CoM. 

Furthermore, considering a mass of 1 kg to represent a generic payload, by acting on the moving 
masses, it is possible to shift the X and Y coordinates of the CoM in a ±5 mm and ±2 mm ranges 
which contain the centroid of the ABs. 

Tests on the pneumatic system 
The tests on the pneumatic system have involved the execution of linear motions over the levelled 
table to estimate the provided thrust. The position of the module has been measured by a motion 
capture system (OptiTrack Primex 13 with an accuracy of ±0.2 mm). Figure 2 shows the setup for 
the tests on the pneumatic system. 
 

 
Figure 2: Main setup for the tests on the pneumatic systems 

 

By commanding an impulse of 1 s to the EVs, two linear trajectories along the X and Y axes 
have been performed. By analysing the data of the measured position, the resulting thrusts have 
been estimated to be 1.541 N along the X axis and 1.531 N along the Y axis. The expected thrust 
has been calculated to be 2.225 N: the discrepancy could be related to the localized pressure losses 
in the pneumatic system. 

Measurement of the position of the centre of mass 
Mechanical measurements have been performed to estimate and balance the position of the CoM 
of the module. The position of the CoM has been measured with a setup of three load cells (rated 
load of 10 kg with an output of 2 ± 0.2 mV/V) placed under the supports of the three ABs. Figure 
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3 presents (a) the CAD model of the setup of the load cells and (b) the assembled setup with the 
module placed on top. 

A Matlab algorithm has taken the three outputs of the load cells as inputs and converted them 
into mass values to compute the position of the CoM. With no payload and no fixed or movable 
masses (total mass of 8.4 kg), ten measurements have been acquired to account for the noise of the 
load cells. With an uncertainty of ±1 mm (~0.4% of the dimensions of the module), the mean value 
of the ten positions has placed the CoM at -25.6 mm and -3.1 mm along the X and Y axes with 
respect to the GC. The discrepancy from the CAD estimation is approximately 0.7%. 
By mounting and acting on the moving masses, the CoM can be aligned with the GC within a ±1 
mm range. 
 

    
                                                      (a)                                                      (b)                                     

Figure 3: (a) CAD model of the load cells setup – (b) Assembled load cells setup with module 

Conclusions 
This paper presents an overview of the pneumatic and mechanical designs and the performed tests 
and measurements of a floating pneumatic module which has been designed to execute 3 DoF 
planar low friction motion. 

The thrust provided by the propulsion system has been quantified and the capability of the 
module to perform simple linear trajectories proven. 

The position of the CoM has been measured with an uncertainty of ±1 mm, through a dedicated 
measuring setup.  

The next steps of the development will involve the execution of rotational motions around the 
main axis over the levelled table to estimate the inertia of the module. 
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Abstract. Stellar in-flight calibrations have a relevant impact on the ability of space optical 
instruments, such as telescopes or cameras, to provide reliable scientific products, i.e. accurate 
calibrated data. Indeed, by using the in-flight star images, the instrument optical performance can 
be checked and compared with the on-ground measurements. The results of the analysis of star 
images, throughout the whole instrument lifetime in space, will allow tracking the changes in 
instrument performance and sensitivity due to optical components degradation or misalignment. 
In this paper we present the concept, the necessary input and the available outputs of the 
simulations performed to predict the stars visible in the FoV of a specific space instrument. As an 
example of the method, its application to two specific cases, i.e, Metis coronagraph on-board Solar 
Orbiter and the stereo camera STC on-board BepiColombo, will be given. Indeed, due to their 
operation in proximity to the Sun, and also to Mercury for STC, both instruments operate in a 
hostile environment, are subjected to high temperatures and experience high temperature 
variations. Performance optical monitoring is thus extremely important. 

Introduction 
The proper calibration of a space instrument allows its optimal performance throughout the entire 
mission duration.  

Space is a hostile environment: e.g. a mission going near the Sun experience hot temperatures, 
likely to induce component degradation, even if the mission is carefully planned and built.  

The instrument response to a well-known source, e.g. star acquisition, is a valuable mean for 
monitoring the optical performance of space instrument and, if necessary, to update and correct 
the image calibration. 

In this paper, a description of the possible in-flight stellar calibrations, and their related 
simulations, are given and then applied to two space instruments: on board of Solar Orbiter [1] on 
board of Solar Orbiter; and of SIMBIO-SYS have an original optical design [2] on board of 
BepiColombo. Both instrument have an original optical design and are working in very hostile 
environments, near the Sun, and at distances rarely reached so far by other space missions. 
Comparing on-ground calibration with simulations and in-flight calibration is a key element for 
assuring the correct performance of these space instruments. 
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In the next sections the emphasis will be put on: the importance of the calibration, a brief 
description of the instrumentation where the simulations are applied, how the simulations have 
been performed and the results obtained are then presented.  

Calibrations  
Calibration is a key and fundamental step in achieving accurate and reliable scientific 
measurements from space instruments. To this end, on-ground calibration is crucial. Both are 
important to validate instrument design, mitigate systematic errors, ensures data consistency. For 
the in-flight calibration, by comparing the instrument response to known stellar characteristics, 
any deviations or discrepancies in the optical performance can be detected and corrected. This 
process enhances the quality and reliability of the acquired scientific data, making calibration an 
essential component of space missions.   

In-flight calibration basically consists in following a star moving across the detector during 
several minutes. Repeated stellar observations, at different times during the lifetime of the 
instrument, are important to track the changes in instrument sensitivity due to optical elements or 
detector degradation and other causes. Systematic observations of several stars will track 
sensitivity changes, and comparison between the in-flight and on-ground results can give important 
information on the status and performance of the instrument. 

Following such stars requires achieving high accuracy acquisitions over high dynamic range, 
which is a fundamental challenge. Yet, it is necessary to determine an accurate absolute calibration 
for astronomical photometry. Direct comparisons of stellar outputs with calibrated flux sources 
can generally only be made for very bright stars. 

Concretely, our goal is to find the stars on a Metis, and on a STC image. Our approach is based 
on defining an upper limit on a grayscale image in intensity (mean value +3σ): every pixel with a 
higher intensity corresponds to a star. Then around the maximum value we define a box, usually 
is 10 pixels x 10 pixels, and we plot a 2D gaussian, from which we extrapolate information like 
PSF. Knowing the PSF all over the detector gives us the information on some defocus, vignetting 
and so on.  

Besides, every detector has a linearity curve. On ground we can measure this curve with a 
uniform light source like an integration sphere, it can give very useful information about the 
efficiency of each pixel. In flight our light source is the light from the stars. We can use them as 
calibration sources, acquiring the light of the same star for different Integration Times (IT), and 
analyzing the response of the detector pixels. 

And finally, through the passage of stars all over the detector we can identify defects such as 
shadows and bad pixels. It is important to know if such defects are stable over time or are 
changing, which would have an impact on imaging (the Sun or Mercury in our context). 
To do so we have to analyze the stars in any parts of the detector to know if it responds 
differently. 

Instrumentations: Metis and STC 
The Metis coronagraph and STC have innovative optical design due to their respective missions. 
Metis makes linearly polarized measurements of the solar corona in the visible spectral range, and 
simultaneously acquires images in the ultraviolet Ly-α neutral hydrogen line 121.6 nm, with an 
annular field of view from 1.5° to 2.9° and with an unprecedented temporal resolution among other 
space coronagraphs (10s). Metis will observe the Sun as close as 0.28 AU, so it is important to 
reduce the extremely high thermal load, therefore an Inverted Externally Occulted configuration 
is used to block the light of the solar disk. Indeed, to reduce the thermal load, the light of the 
photosphere enters in Metis through the Inverted External Occulter (IEO) and is then rejected 
towards the entrance aperture by the mirror M0 that is acting as an occulter as shown in Figure 1 
(a). Coronal light is reflected by mirror M1 towards mirror M2, which also induces diffused light 
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from real images of the edges of the IEO and the M0 mirror. Therefore, an internal occulter (IO) 
and a Lyot Stop (LS) are respectively introduced, the rest of the diffused light being blocked by a 
Field Stop (FS). Then, the coronal light is reflected by mirror M2 in the direction of the dichroic 
beam-splitter, the Interferential Filter (IF). The IF is optimized for narrowband spectral 
transmission in the ultraviolet (UV, 121.6 nm, H I Lyman-α), and broadband spectral reflection in 
the visible (VL, 580–640 nm). The visible light reflected by IF enters in a polarimetric unit and 
arrives on the detector. Both channels have a CMOS sensor, a 1024 x 1024 pixel matrix for the 
ultraviolet, and a 2048 x 2048 pixel matrix for the visible [1]. 

STC is a double wide-angle camera which main scientific aim is the mapping of the entire 
surface of Mercury in 3D. As shown in Figure 1 (b), the STC camera consists of two sub-channels 
named High (H) and Low (L) with respect to the mounting interface on the spacecraft. There are 
also two different fore optics for each sub-channel plus a common modified Schmidt telescope. 
The light scattered by Mercury passes through the external baffle, is reflected inside a rhomboid 
prism, passes through a correcting doublet, the aperture stop (AS), and arrives on the spherical 
mirror M1. It reflects on a telescope mirror, positioned off axis, which in turn reflects into a two-
lens field corrector and arrives on the focal plane assembly (FPA). The STC detector can read a 
maximum of six specific windows. Nominally, these windows correspond to the areas of the 6 
filter: two panchromatic (PAN) with FoV 5,3°×2,4° and four colored filter with FoV 5,3°×0,4° 
[2]. The tridimensional modeling of the instrument is available on [5]. 

Knowing the accurate location of the spacecraft and the optical path going through the 
instruments enables to perform simulations on what may be acquired by the instruments. This is 
of major importance to enhance in fine the performances of the in-flight calibrations. 

Simulations  
Simulations have emerged as powerful tools for addressing the challenges associated with in-flight 
stellar calibration. They enable scientists to create virtual environments that accurately mimic the 
behaviour of space instruments and their interaction with celestial objects. These virtual 
experiments allow for the optimization of calibration strategies, evaluation of instrument design 
choices, and testing of data analysis techniques. Simulations offer a cost-effective and efficient 
means of exploring a wide range of scenarios that may not be feasible in real-world settings.  
 

 

 

 

(a) (b) 
Figure 1 Optical path inside the Metis coronagraph (a), and STC (b) [4]. 

The keystone of these simulations, performed in Python, is the SPICE kernel (Spacecraft, Planet, 
Instrument, Camera pointing, and Events). For each space instrument, the SPICE kernel gives, among other 
things, the information of the location of the spacecraft in the past and in the future, the boresight 
of each specific channel and the Field of View (FoV).  
This kernel is used alongside the SIMBAD catalogue, which exhaustive for our purposes because 
it provides extensive stellar data. The Metis team and Slemer et al. for STC [3] performed the 
analysis for determining the maximum apparent magnitude of a star detectable by the instruments. 
Combining the SPICE kernel with the SIMBAD catalogue allowed us to obtain the results described 
in the next paragraph. 
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Results 
The simulations reported for both instruments have been performed on the same day: 10-03-2026 
at the 8:58:05, in order to highlight the fact that they are looking at different places. For this reason, 
the results of the stars seen by each channel is different.  

The stars seen by the Metis coronagraph are presented in the Figure 2, respectively for the 
Visible channel (VL, (a)) and for the Ultraviolet channel (UV, (b)). Inside the Field of View there 
are 18 stars. Metis acquires in two channels but is looking at the same objects. The results appear 
mirrored because of the reflection inside the elements of the coronagraph. 
 

 

 

(a) (b) 
Figure 2 Simulations of the stars seen by the Metis the day 10-03-2026 at the 8:58:05 in the 

visible (a) and UV (b). 

For STC, in the FoV of the two panchromatic on March 10th 2026 at 8:58:05 are shown in Figure 
3 (a) and (b). The stars seen by the Pan L and Pan H are respectively, 24 and 29 stars. Because 
they are looking at 20° of difference respect to the Nadir. 
 

  

(a) (b) 
Figure 3 Simulations of the stars seen by the panchromatic L (a) and H (b) the day 10-03-2026 

at the 8:58:05. 

The difference between the imaged simulated for Metis and STC are the display of the results.  
Knowing the stars can be seen from the instruments give us the opportunity to select the best target 
for the in-flight calibration.  

Conclusion 
In this paper, the problematics of stellar in-flight calibration have been presented, in particular the 
importance of the calibrations (on-ground and in-flight), and the crucial role of the stars as in-flight 
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calibration light sources have been highlighted. We report the simulations to determine the stars 
observable by two instruments: the Metis coronagraph on board of Solar Orbiter, and STC on 
board of BepiColombo. This simulation activity is part of an on-going work, associated with on-
ground and in-flight, acquired and simulated images. 

Fundings 
This activity has been carried on in the framework of the ASI-INAF Contracts Agreement N. 2018-
30-HH.0 and 2017-47-H.0.  
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Abstract. In this paper, we simulate the nonlinear deployment mechanics of a modified flasher 
origami structure designed to be a deployable solar panel. We compare reduced-order bar-and-
hinge simulations, where panels are modelled as bar assemblies connected by joints and torsional 
springs, with results obtained from commercial finite element software. Through this comparison, 
we demonstrate the ability of the bar-and-hinge approach to capture key features of the origami 
behaviour at a fraction of the time needed to perform regular finite-element simulations. We also 
provide details on how to properly tune the bar properties to simulate panels made bonding printed 
circuit boards to textile, and the joint properties to mimic folds that are made of fabric and flexible 
circuit interconnects. 

Introduction 
In the past few decades, origami structures have attracted significant attention in the field of 
science and engineering, due to their unique mechanical properties and reconfigurable and 
tuneable attributes. These properties make origami designs suitable for applications in fields such 
as robotics, medicine, and especially aerospace. 

The task of modelling origami structures for space applications presents several challenges. 
First, modelling origami requires accounting for significant geometric nonlinearity due to the large 
rotations that the panels undergo during deployment and stowage. Additionally, real-life origami 
structures do not deploy following rigid body motions and are instead characterized by panel 
bending. Additional challenges appear when the origami systems to be modelled are made of 
multi-layer materials such as rigid-flex printed circuit boards (PCB). These materials are typically 
used in CubeSat applications, in which origami techniques are applied to deployable solar panels, 
communication devices and solar sails. Finally, origami simulations must yield information on the 
forces exerted by the deployment on the spacecraft. 

Research investigations on the deployment of origami structures have been conducted utilizing 
a variety of finite element software and techniques, including ABAQUS 5, formulations based on 
Hamilton’s equations to capture the dynamics of deployment with validation using ADAMS 
multibody dynamics [2], and quasi-static bar and hinge methods [3]. The fundamental principle of 
the bar-and-hinge approach, elucidated by Schenk and Guest [4] as well as Filipov et al. [5], centers 
on the simplification of the mechanics in origami, by replacing panels with assemblies of bars, 
hinges and torsional springs that limit out-of-plane rotations. This approach leverages the inherent 
limitations of permissible deformations within origami structures: in-plane stretching, out-of-plane 
folding along creases, and out-of-plane bending of panels. Bars are strategically positioned along 
straight fold lines and across panels to ensure in-plane stiffness. Rotational hinges are incorporated 
along the bars connecting panels to simulate crease folding, as well as along the bars traversing 
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panels to replicate panel bending. The method solves the equilibrium equations iteratively, using 
a displacement-controlled algorithm. Despite having a limited number of degrees of freedom, the 
reduced-order bar-and-hinge model accurately predicts the overall mechanical behaviour of 
origami structures [6]. 

Here, we use the bar-and-hinge method to simulate the deployment of a modified flasher 
origami for space applications and compare the results to shell FEM results from ANSYS Motion. 

Model generation workflow 
The selected folding pattern is a modified Flasher origami, which is renowned for its radial 
deployment mechanism and has been notably utilized in the design of the NASA Starshade 
prototype, for which the modification amounts to an octagonal variation of the folding technique. 
The geometry is initially designed in 2D and saved as .svg. A specific color convention is used to 
distinguish between mountain folds and valley folds, as illustrated in Figure 1 (left): mountain 
folds are red, valleys are blue and boundary edges are black. 

To simulate the deployment process, we need a closed version of this origami structure. This 
closed configuration is obtained using the interactive origami software (Origami simulator) by 
Ghassaei et al. [7]. The structure before and at a stage of partial folding are shown in Figure 1 
(center and right). 

 

 
Figure 1 – Origami pattern in .svg file (left), 3D open configuration (center) and 3D partially 
closed (right).  The image in the center and the one on the right have been rendered from the 

code in [7]. 

After obtaining the closed version of the origami structure, we export it as .obj file and import 
it in Merlin 2 (written in MATLAB) [2]. Prior to using it, the nodal coordinates from the .obj file 
are modified to better fit the desired geometry. The geometry of the origami structure is a 
10x10x10 centimeters cube. 

After importing the geometry, we set boundary conditions and loads. The only boundary 
condition imposed on the model is a complete translational block along the three axes to the central 
node of the horizontal panel. The loads are represented by four displacement constraints of 385 
millimeters imposed on the top four vertices of the outermost panels. 
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Figure 2 – Closed geometry of the flasher with graphical representation of boundary conditions 

and loads 

In Merlin 2, the most important modelling parameters are the type of discretization of each 
panel, the material properties and the thickness of the geometry elements. The discretization 
alternatives for the analysis are called N4B5, which includes four nodes and five bars for every 
square panel and N5B8, including five nodes and eight bars for every square panel; here, we choose 
the latter.  
 

    
Figure 3 –N5B8 (left) and N4B5 (right) discretization, images from [2] 

The parameters imposed for the material properties come from experimental data on a specific 
textile-based electronics substrate [8], used for the realization of the physical prototype that will 
be subjected to experimental tests to validate the data coming from both models. 

The code allows to obtain a load-displacement curve for any node from the simulation, together 
with information concerning the stored energy of the bending and folding hinges in the geometry. 
The result of our analysis is shown in Figure 4. At large displacements, the load increases 
asymptotically since the deployment is complete at 360 millimeters and any further loading 
engages the high axial stiffness of the panels. The detail of the load-displacement curve, shown on 
the right, shows a gradual increase of the force from zero to 350 millimeters.  

It can also be noticed that the first part of the plot shows a zero load, due to an initial free 
rotation given by the imperfect alignment of the forces in the model. 
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Figure 4 – Full load-displacement curve (left) and partial graph from 0 to 360 mm 

 

Figure 5 – Four configurations of flasher origami pattern during different phases of deployment, 
the numbers next to each configuration are related to the Load-Displacement curve in Figure 4 

Ansys Motion 
The same geometry is imported in the finite element software ANSYS Motion, with the objective 
of obtaining a comparison between the reduced order model and the finite-element one for 
validation purposes. To import a .obj geometry in ANSYS, we first import it in Solidworks, export 
it as a 2D geometry to the Ansys Workbench environment and successively modify it using 
SpaceClaim. 

The material properties imposed to the ANSYS model are the same utilized for the reduced 
order model, with the approximation of elastic isotropic material, which is suitable for the expected 
large deformations and small strains. The contact constraint has been created for every panel to 
accurately model the interaction between the geometric elements. 
 

     
Figure 6 – From left to right: schematics used for constraints enumeration in ANSYS, geometry 

 imported in ANSYS Workbench and geometry discretized using shell elements 

The geometry in the closed configuration is renamed according to Figure 6 (left) to make the 
constraint-imposition process more efficient. The discretization is carried out using shell elements. 
All the boundary conditions and loads have been set up to create a simulation identical to the bar-
and-hinge one. The main difference between the two models is the absence of folding springs in 
the ANSYS one, which causes zero resistance during deployment and therefore does not allow to 
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validate load-displacement curves. As we can see, both models capture the same kinematics of 
deployment. 
 

 

 
Figure 7 - Diagram of deformation in the final configuration 

Conclusions and future developments 
The finite element model and the bar and hinge one capture different aspects of the behaviour of 
the structure. FEM pursues this task through the utilization of higher-order elements, such as 
plates/shells or volumetric elements, with the same amount of information for the material 
properties under the approximation of linear isotropic behaviour. Bar-and-hinge models are an 
efficient tool for approximating the mechanical behaviour of origami structures. Despite their 
simplicity, these models can be used to capture out-of-plane bending and in-plane shearing, 
allowing to obtain a conspicuous amount of information with a reduced computational expense 
compared to the finite element models. 

As a next step, we plan an in-depth analysis of the results of the two models (introducing 
torsional springs in the FEM as well), with a campaign of experimental tests on a physical 
prototype of the origami structure. This will allow a complete validation of the results, as well as 
the opportunity to refine the models and the material properties. 

Up to now, deployment is simulated as outward radial applied displacements. To accurately 
capture the forces exerted on the spacecraft during deployment, we will implement a follower load 
in both models and change the boundary conditions by blocking rotations along the structure’s 
axis; this should allow us to extract the moment produced on the structure during deployment – 
which will be useful to design the actuation device for deployment. 
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Abstract. Over the past few decades, the man-made space debris has become an increasingly 
concerning problem for future space missions. Fortunately, some innovative "green" deorbiting 
technologies have been emerged. Among these strategies, electrodynamic tethers have 
demonstrated to be a promising option, thanks to their passive and fuel-free characteristics. By 
leveraging the Earth's ionosphere and the geomagnetic field, an electrodynamic tether generates a 
Lorentz drag force, that can significantly reduce the altitude of a satellite and ultimately cause it 
to re-enter the atmosphere. The goal of this research is to investigate a critical part of satellite 
tethered technology, namely the deployment phase. To accomplish this, we utilized a software tool 
developed by the University of Padova to simulate the dynamics of the deployment phase and 
optimize its trajectory, in order to meet the desired boundary conditions. This paper gives a 
description of the software and shows the results of a sensitivity analysis on the trajectory profile 
that examines the impact of variations in the release angle of the tether and the speed profile 
actuated by the motor that controls the deployment speed. 

Introduction 
Tethered satellites technology has been studied for almost 60 years (first mission, Gemini 11 in 
1966) [1]. These satellites can be used for many different purposes such as generating artificial 
gravity, electrical power generation or electrodynamic thrust [2]. One of the most critical part of a 
tethered satellite mission is the deployment phase. Depending on the purpose of the mission, the 
deployment profile followed by the tether, in order to meet the desired final conditions, must be 
carefully controlled. There are two possible ways to control the tether deployment: by imposing 
either a tension profile or a length/velocity profile on the reeled-out tether [3]. For the purpose of 
our study, we chose the second option, where a velocity profile is given as input to a motor that 
controls the angular velocity of a spool, where the tether is winded. The goal is to reach a final 
condition where the two satellite are aligned along the local vertical. The advantage of the second 
strategy is that the reel-out velocity can be more easily measured than the tension on a moving 
tether and also it can be accurately controlled by a motor with a feedback velocity control.  

Mathematical model 
The dynamic of tethered satellite is strongly non-linear and is influenced by several parameters. In 
order to reduce the complexity of the problem, we use a classical Dumbbell model for the system 
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dynamics that assumes a rigid, straight, length-variable and mass-less tether [4]. The reference 
system and the parameters used are shown in Fig. 1. 

  

Fig. 1: Reference system frame for 
tethered satellite 

Fig. 2: Archimedean spiral parameters 
used to model the tape-shaped tether  

The equations describing the deployment of a tethered system are the following: 
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where 𝑙𝑙 is the tether length, 𝜃𝜃 the in-plane libration angle, 𝜑𝜑 the out-of-plane libration angle, 𝐹𝐹𝑡𝑡ℎ𝑟𝑟 
the thrust applied on the second mass 𝑚𝑚2, 𝑚𝑚𝑅𝑅 = 𝑚𝑚1𝑚𝑚2

(𝑚𝑚1+𝑚𝑚2)
 the reduced mass, 𝑇𝑇𝑝𝑝 the tether tension, 

and 𝜔𝜔𝑂𝑂 the orbital angular velocity. For the reference deployment profile computation only the in-
plane libration dynamics is considered (𝜑𝜑, �̇�𝜑, �̈�𝜑 = 0); the out of plane oscillation is used only for 
the sensibility analysis. 

Finally, in order to derive the control profile of the motor that extracts the tether from the 
stationary spool, we use the Archimedean spiral to model the tape-shaped tether winded on the 
spool [5] (see Fig. 2): 
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where 𝑟𝑟0 is the initial radius, ℎ the tether width, 𝜙𝜙 the angular coordinate of the spiral, 𝑟𝑟(𝜙𝜙) the 
radial coordinate of the spiral, and 𝐿𝐿 the tether length in the spool varying from 𝑟𝑟0 to 𝑟𝑟. 

Software implementation 
The software utilized for implementing the dynamics of the deployment was developed by the 
E.T.PACK-F team of the University of Padova. It mainly consists of four phases: the first three 
phases are used to derive the reference profile trajectory [6], and the last one is used to derive the 
input motor profile. 

First Phase. In order to simulate the separation phase at the beginning of the deployment, we 
impose an acceleration profile driven by an initial thrust provided by the thrusters on board the 
module with mass 𝑚𝑚2. As boundary conditions we imposed the maximum tether velocity that we 
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want to reach and a time of 50 s needed to reach it. These values are compatible with the 
performance of the thrusters and the deployment motor. 

Second Phase. During this phase, starting from the final conditions of the first phase, the 
trajectory is optimized using the software BOCOP [7], that approximates the optimal control 
problem with a finite-dimension optimization problem (NLP) through a time discretization. The 
boundary conditions to solve this problem are: the initial and final state conditions, i.e., tether 
length, length rate, libration angle and libration rate, the total deployment time, and upper and 
lower bounds of the state variables during the optimization process. 

Third Phase. The last step for the trajectory profile derivation is to smooth out the transition 
between the first and the second phase, and the final part of the trajectory. This phase is important 
because we want to avoid sudden change in the acceleration profile, hence a sudden change in the 
tension of the tether that can lead to its rupture. In order to obtain a continuity of the second 
derivative (the acceleration) and a final acceleration equal to zero, we use an 8th-order polynomial 
to approximate the length profile. 

Fourth Phase: Finally, the velocity profile is converted to an angular velocity, using the 
Archimedean spiral model. The angular velocity is converted from deg/s to rpm which can be used 
as a reference profile for the motor that controls the spool mechanism. 

Sensibility analysis 
In order to study the stability of the reference trajectory we introduced errors in our simulations 
associated with the orientation misalignment of the modules at the beginning of the deployment 
(𝜀𝜀𝜃𝜃 =  ±10 𝑑𝑑𝑑𝑑𝑑𝑑, 𝜀𝜀𝜑𝜑 = ±10 𝑑𝑑𝑑𝑑𝑑𝑑) on the in-plane and out-of-plane angles, respectively. In 
addition, we evaluated the influence of errors on the actual angular velocity of the deployment 
motor with respect to the reference profile (𝜀𝜀𝑡𝑡 =  ±15 𝑑𝑑𝑑𝑑𝑑𝑑/𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑐𝑐), e.g., with an error of 𝜀𝜀𝑡𝑡 =
9 𝑑𝑑𝑑𝑑𝑑𝑑/𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡 the spool performs 1,025 turns instead of 1 turn, hence the motor is running faster 
than the reference velocity. The values considered for the 𝜀𝜀𝑡𝑡 error is exaggerated with respect to 
the actual performance of our motor, but we decided to use these values in order to have a better 
understanding of the general trend of the error. 

The analysis was conducted by varying one driving variable at a time, in order to understand 
how each parameter affects the deployment dynamics and quantify its contribution to the error on 
the desired libration amplitude. For the demonstration flight of E.T.PACK-F, the requirement on 
the final libration amplitude is 10 deg [8]. 

Results 
The following Fig. 3 show the results obtained while Table 1 summarizes the upper bounds of the 
limit cases. From the Fig. 3 it is possible to understand that the out-of-plane angle error has a 
smaller influence on the libration amplitude than the in-plane angle error. 

Moreover from Fig. 4 it is shown the three trajectory obtained for the limit case of the three 
errors compared to the nominal trajectory. From this figure it is possible to visualize the effects of 
these three errors. 

Table. 1 upper and lower bound error on the final libration angle 
 𝜀𝜀𝜃𝜃 𝜀𝜀𝜑𝜑 𝜀𝜀𝑡𝑡 
𝜃𝜃𝑙𝑙𝑙𝑙𝑙𝑙𝑟𝑟 lower bound error 0.9065 [deg] 5.5247 ∙ 10−3 [deg] −0.4385 [deg] 
𝜃𝜃𝑙𝑙𝑙𝑙𝑙𝑙𝑟𝑟 upper bound error −0.1651 [deg] 0.1689 ∙ 10−3 [deg] 0.7656 [deg] 
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Fig. 3: Results of the sensibility analysis, where on the y-axis is indicated the difference between 
the free libration amplitude and the nominal libration amplitude 

 
Fig. 4: Comparison of the trajectories for a the limit case of the three errors and the nominal 

trajectory 

Finally, we can conclude also that having a higher velocity than the nominal brings to a higher 
error on the libration amplitude. Overall, the in-plane angle error has more influences on the 
libration amplitude, and it has the same order of error as the velocity error. 

Conclusions 
In this paper, we presented the software developed for the E.T.PACK-F project to compute the 
deployment reference trajectory and described the four phases of its operation. By considering 
initial and final conditions, we were able to determine an optimized trajectory that fulfills our 
deployment requirements. After that, we identified potential errors that could impact the post-
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deployment libration amplitude. To assess their influence, we conducted a sensitivity analysis 
evaluating the effects of each error individually. Based on the simulations conducted, we can 
conclude that the post-deployment libration amplitude is less than 2 deg, which satisfies the 10 
deg requirement. This confirms that the computed reference trajectory for deployment shows a 
good robustness to the errors considered in this study. 
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Abstract. After the successful launch of the JUICE (JUpiter ICy moons Explorer) on the 14th of 
April 2023 all the on board subsystems and instrument are testing their functionalities. The JANUS 
(Jovis, Amorum ac Natorum Undique. Scrutator) telescope  is the imaging system on board the 
spacecraft and is an optical camera devoted to the study of global, regional and local morphology 
and processes on the Jovian moons, and to perform mapping of the clouds on Jupiter. Following 
the heritage of the successful design of the OSIRIS WAC camera, on board the Rosetta mission, 
the group of researchers at CISAS “Giuseppe Colombo”- Università degli studi di Padova, led by 
prof. S. Debei, in collaboration with colleagues of the Leonardo spa Company developed the 
mechanism responsible for the protection of the telescope during cruise phase. The COver 
Mechanism (COM) provides the external closure of the JANUS Optical Head Unit (OHU). It 
shields the optical parts from contamination, it is light and dust tight and works in the plane of the 
telescope entrance window avoiding the exposure of the inner surface of the cover itself and the 
core part of the telescope to the external dust and pollution. The lower part of the cover provides, 
also, a reference surface for the in-flight calibration of the telescopes. The main functional and 
environmental requirements of this mechanism can be identified and summarized as follows: the 
door provides optics and detector protection from sunlight and contamination; the subsystem, 
located at the main entrance of the JANUS OHU outer Baffle, provides the function of opening 
and closing of the cover.  The opened Cover allows the JANUS OHU and detector to face the outer 
environment to perform planetary observations during science mission phases and to perform in-
flight calibration observation of different targets (e.g., moons, stellar fields).  This paper presents 
the design, the mechanical solutions adopted for a reliable system and the results of the test 
performed on ground in order to qualify the JANUS COM mechanism before flight. 

Introduction 
The astonishing JUICE mission, launched early this year, will perform a very detailed exploration 
of the ocean layers and analysis of subsurface water reservoirs; it will study the Ganymede’s 
intrinsic magnetic field, its topographical, geological and compositional maps. The JUICE mission 
was designed to investigate the physical properties of the icy crusts and of the internal mass 
distribution of jovian moons [1]. It will arrive at Jupiter in January 2031 after 7.6-years using an 
Earth–Venus–Earth–Earth gravity assist sequence. 

Among the JUICE payload, JANUS (Jovis Amorum ac Natorum Undique Scrutator) is the 
narrow-angle camera selected as the visible (from near UV to NIR) imager onboard JUICE. An 
overview of the scientific goals of JANUS, together with measurements needed to fulfil the 
specific goal, is given in the following. The detailed investigation of the Galilean icy satellites, 
which are believed to harbor subsurface water oceans, is central to elucidating the conditions for 
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habitability of icy worlds. Visible wavelength imaging is needed to determine the formation and 
characteristics of magmatic, tectonic, and impact features, relate them to surface forming 
processes, constrain global and regional surface ages, and investigate the processes of erosion and 
deposition [2]. The JANUS instrument is composed by the following functional (and physically 
independent) subsystems: 

• Optical Head Unit (OHU), mounted on the S/C Optical Bench 
• Proximity Electronics Unit (PEU), located close to OHU on S/C Optical Bench 
• Main Electronics Unit (MEU), located in the S/C vault 
• Interconnecting harness 

 
The COver Mechanism (COM) provides the external closure of the JANUS Optical Head Unit 

(OHU). It protects the optical parts from contamination; it is dust tight and works in the plane of 
the entrance window avoiding the exposure of the inner surface of the cover itself and the core part 
of the telescope to the external dust and pollution. The lower part of the cover provides, also, a 
reference surface for the in-flight calibration of the telescopes. 

 

 
Fig. 1. OHU unit layout overview; on the left side of image the JANUS COM subsystem [1]. 

 

COM Subsystem Requirements and Baseline Design 
The main functional and environmental requirements of this mechanism can be identified and 
summarized as follows: 

• the cover provides optics and detector protection from sunlight and contamination; 
• the subsystem, located at the main entrance of the JANUS OHU outer Baffle, provides the 

function of opening and closing the door; 
• the subsystem mechanism implements the following needed functionalities in each flight 

condition: 
o Closed - Locked position: to protect of the optical elements and detector from 

contamination by the inner part of the door during launch (pre-loaded); 
o Closed - not Locked (Cruise) position: to protect the optical elements and detector 

from contamination during the cruise phase and to prevent long-term sticking of 
the COM door and the OHU Baffle I/F; 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 558-562  https://doi.org/10.21741/9781644902813-122 
 

 
560 

o Open - Locked position: to allow the JANUS OHU and detector to face the outer 
environment to perform planetary observations during science mission phases and 
to perform in-flight calibration observation of different targets (e.g., moons, stellar 
fields). 

• single-point failure tolerance requires redundancy and the ability to open the door 
permanently in the case if an irreversible system failure occurs (fail-safe device); 

• requirement to validate open and closed positions; 
• dynamic load during launch;  
• non-operational temperature range (−40 to +35 °C) implies a design for high differential 

thermal loads within the mechanisms. 

COM Subsystem  
The COM subsystem is mainly composed by the following parts, which can be seen in Figure 2: 

 
• the stepper motor (MT) for controlling the position of the cover; 
• the interface flange (FL) for fixing the mechanism to the baffle of the telescope; 
• the main body (BD) were the mechanical parts for allowing the movements are present; 
• the main shaft (MS) governing the vertical movement; 
• the bracket (BR) holding the cover shield; 

 
Figure 2:  COM  subsystem together with its components; left image: rendering; right image: 

flight model. 

Mechanism Functional Test and Calibration 
To demonstrate that mechanism functionality in the presence of environmental loads a life test has 
been executed during the thermal cycles. Due to waiting time between each activation, all the 
activations have been divided in 3 slots. The activations have been distributed along each cycle at 
different temperatures. The total activations are 5520 cycles divided as shown  in Table 1. 
The mechanism open and closed position has been calibrated with repeatability tests. Figure 3 
shows repeatability test performed on EQM, data collected on 15 runs, both resistant torque and 
the switch status are reported, and highlights the repeatability of the mechanism performances. 
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Table 1 COM lifetime test activations 

 
 

 
 
 
 
 
 

Figure 3: Repeatability test performed on EQM, data collected on 15 runs, both resistant torque 
and the switch status are reported, and highlights the repeatability of the mechanism 

performances. 

Thermal Monitoring 
COM temperature is measured by five Pt1000 thermistors, three are located on the external surface 
of the COM close to the heaters (see Figure 4), other two are mounted on the motor chassis. 

COM temperature is controlled by means of two heaters (2 nominal and 2 redundant) located 
on the COM external surface. The survival thermal control subsystem is composed by the three 
Pt1000 plus two magnetically self-compensating heaters on the COM mantle.  

 

                    
 

  

Phase P [Pa] T [°C] Cycles 
1 amb amb 500 
2 5e-3 Ambo 500 
3 5e-3 -45…-20 2880 
4 5e-3 -20…+10 720 
5 5e-3 +10…+35 920 

Figure 5: Thermal cycles (-45°C…+45°C); 
red arrows show the activation events; red 

cross shows the SMA activation event d 
highlights the repeatability of the mechanism 

performances. 

Figure 4: Monitoring PT1000: located in 
COM main body near the thermal regulation 

heater. 
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Conclusion 
The JANUS COM Team members are very grateful to prof. Stefano Debei for his inspiring 
scientific activity and for all the precious suggestions he gave us for the design, development and 
testing of the last space exploration equipment he lead at the CISAS “Giuseppe Colombo” space 
center of the University of Padova and for his valuable ideas collaborating with the members of 
Leonardo SPA- Florence company. 
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Abstract. The LARES 1 and LARES 2 missions were designed to test an intriguing phenomenon 
predicted by the theory of general relativity: the Lense-Thirring (frame-dragging) effect. In 
particular, the LARES 2 mission was designed with the goal of reaching an accuracy 10 times 
better than that obtained with LARES 1, launched 10 years earlier. To reach this demanding goal 
a special orbit and a specific satellite design was required. Knowledge of the gravitational field of 
Earth of ever-increasing accuracy, thanks to the Follow-on GRACE space mission together with 
the spectacular orbital injection accuracy provided by the Avio-ASI-ESA launcher VEGA C, will 
make possible an even better accuracy after a few years of data analysis. In this paper the two 
missions are compared along with the results obtained from the LARES 1 mission and those 
expected from LARES 2. 

Introduction 
LARES 2, was successfully launched from the European spaceport in French Guyana on the 
inaugural flight of VEGA C (13 July, 2022). This launch occurred 10 years after the maiden flight 
of VEGA that carried as main payload the LARES 1 satellite. Both launch vehicles were 
developed, financed and managed by ASI, Avio and ESA. The two orbits are quite special. 
Particularly the LARES 2 orbit needed to be quite high compared to classical LEO orbits, and in 
comparison, to the case of LARES 1 there were very tight tolerances in the orbit parameters. The 
injection accuracy for LARES 1 was very high, but for LARES 2 the accuracy was spectacular; it 
matched the orbit to 10 times better accuracy than previously required, affording the prerequisites 
for even better results than originally designed [1]. This will allow an improvement in the accuracy 
of the frame-dragging (Lense-Thirring effect) measurement by one order of magnitude with 
respect to obtained using LARES 1 [2], allowing an accuracy of at least as good as a few parts per 
thousand. Frame-dragging is measured by observing how the node of a satellite orbit is shifted by 
the dragging of spacetime induced by the Earth rotation. In general relativity spacetime is 
deformed by mass-energy but also by currents of mass-energy, such as Earth’s rotation. Laser 
ranging provides the most accurate ranging measurement achievable today in near-Earth space and 
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is capable of providing the necessary data for the LARES missions. The main problem in 
measurement of frame dragging arises from classical gravitational and non-gravitational 
perturbations whose effects on the node are huge compared to frame-dragging. A combination of 
the data of the two LARES satellites and the two LAGEOS satellites is required, together with 
very accurate knowledge of the gravitational field of Earth is necessary to extract the frame 
dragging values during the analysis. (The gravitational fields from GRACE and GRACE Follow 
On missions are used.) 

Frame-dragging of general relativity 
General relativity (GR) is the best theory of gravitation interaction available today [3,4]. However, 
there are still open issues such as its reconciliation with quantum mechanics and the problem of 
spacetime singularities inside black holes where all known physical theories break down, and 
whose existence is a robust prediction of general relativity [5]. The accelerating expansion of the 
universe [6] is another mystery that increases the interest in experimental verification of GR. In 
this framework LARES 1 and LARES 2 missions find their natural environment, to measure the 
effect of Earth rotation on spacetime: the Lense-Thirring effect, named after the two Austrian 
physicists that derived it in 1918. In principle the measurement is relatively easy because it would 
be sufficient to measure the node shift of one satellite orbit and compare it with the prediction of 
GR. Unfortunately, the shift due to GR is only about 118.5 mas/y for LARES 1 and about 30.7 
mas/y for LARES 2, translating to only about 4 m/y and 2 m/y respectively, while classical 
perturbations produce shifts about 7 orders of magnitude larger, translating to node shifts of many 
thousands of km per year. The original idea to circumvent this problem was proposed and 
published in references [7-12]; the key is to use two satellites orbiting at the same altitude but with 
supplementary inclinations or in other words to use a so-called butterfly configuration (Fig. 1). 
Originally, in the 80’s, the mission was named LAGEOS 3 and was supposed to put a copy of 
LAGEOS 1 and 2 in the supplementary orbit now occupied by LARES 2. In 2012 ESA and ASI 
offered a launch opportunity with the inaugural flight of the VEGA launcher developed by Avio. 
The launch envelope of the inaugural flight was limited to 1500 km and so a different approach to 
eliminate the effect on the node of the even-zonal harmonics was devised [2]. In this case the 
combination of the three satellites LAGEOS 1, LAGEOS 2 and LARES 1 was necessary to 
eliminate major disturbances due to the uncertainties of the first two even-zonal harmonics: 𝐽𝐽2 and 
𝐽𝐽4. Intermediate results were reported in the years that followed the launch (see for instance [13]), 
culminating 7 years after the launch in reaching the mission goal of 1-2% accuracy in the frame-
dragging [2]. Frame-dragging around Earth is tiny and very difficult to measure, but observable 
with high accuracy with the LARES missions. In extreme astrophysical/cosmological phenomena 
such as the formation of accretion disks of rotating black holes and in explaining the fixed direction 
of jets in active galactic nuclei, frame dragging is very important, large, but difficult to determine 
to high accuracy. Also, black hole mergers which produce gravitational waves observed by the 
LIGO-Virgo-KAGRA laser interferometer detectors [14], are strongly influenced by frame-
dragging.  
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Fig. 1. The even zonal gravitational 
harmonics of the Earth produce the very large 
and well-known shift of the node 𝛺𝛺𝐶𝐶𝐶𝐶 (the 
superscript 𝐶𝐶𝐶𝐶 reminds us that the shift is due to 
classical perturbation) while  𝛺𝛺𝐿𝐿𝐿𝐿 = 𝛺𝛺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 +
𝛺𝛺𝐿𝐿𝐿𝐿𝑅𝑅𝐿𝐿𝐿𝐿 2
𝐿𝐿𝐿𝐿   (LT stands for: Lense-Thirring effect) 

is the tiny shift due to the dragging of inertial 
frames predicted by the theory of general 
relativity and J is the Earth angular momentum. 
The small variations of the gravitational field of 
Earth are represented in false colors and report 
actual experimental values obtained for instance 
by the GRACE and GRACE FO space missions. 
The red lines are a pictorial representation on 
how spacetime is dragged by the Earth rotation. 
 
 
 

LARES 1 and LARES 2 missions 
Both missions are based on the precise orbit determinations of the two satellites along with those 
of the two LAGEOS satellites. Laser ranging is used to measure the satellite orbits to a few 
millimeters’ accuracy. Both LARES satellite bodies are made in one single piece, differently from 
all other geodetic passive satellites; LARES 2 has a novel CCR distribution which is not regular 
along the parallels. In Table 1 are compared other characteristics. In Fig. 2 is reported the last LT 
measurement obtained with LARES 1 mission that shows the mission goal was fulfilled.  

 
Fig. 2. Result of the LARES 1 mission 
[2]. The figure reports the LT effect 
measurement obtained by analyzing 7 
years of orbital data of three satellites: 
the two LAGEOS and LARES 1. The 
horizontal axis reports the number of 
days. In red are the actual data and in 
black a linear fit. Taking 1 as the 
theoretical value of LT effect we have 
obtained 0.9910 ± 0.02, i.e., with 0.02 
systematic error and with 0.001 formal 
error. 
 
 

The orbital analysis of LARES 2 combined with that of LAGEOS 1 is in progress. The current 
availability of approximately one year of data is not sufficient to reduce the effects on the satellite 
nodes of the large perturbations due to some tides and, so far, to improve the accuracy of the 
measurement of LT in Fig. 2. By applying proper averaging and fits of such orbital perturbations, 
using data of a longer period of time, an improved measurement will be obtained in a few years.  
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Table 1. Comparison of the LAGEOS with the two LARES satellites. 𝑆𝑆 and 𝑀𝑀 are the surface and 
the mass of the satellites respectively. 𝑆𝑆/𝑀𝑀 is calculated relative to the value of LAGEOS 1. 

 ORBITAL PARAMETERS Metal 
alloy 

𝐷𝐷 
[m]  

𝑀𝑀 
[kg] 

CC
R 

No. 

CCR  
dia [in] 

𝑆𝑆/𝑀𝑀 
relative  𝑖𝑖 [°] 𝑎𝑎 [km] 𝑒𝑒 

LARES 1 69.44 7827.598 0.0009 W 0.364 386.8 92 1.5” 0.39 
LARES 2 70.158 12266.198 0.00027 Ni 0.424 294.8 303 1.0” 0.69 
LAGEOS 1 109.844 12269.988 0.004 Al-Cu 0.6 407 426 1.5” 1 
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Abstract. Early detection and tracking of ejecta in the vicinity of small solar system bodies is 
crucial to guarantee spacecraft safety and support scientific observation. During the visit of active 
asteroid Bennu, the OSIRIS-REx spacecraft relied on the analysis of images captured by onboard 
navigation cameras to detect particle ejection events, which ultimately became one of the mission’s 
scientific highlights. To increase the scientific return of similar time-constrained missions, this 
work proposes an event-based solution that is dedicated to the detection and tracking of centimetre-
sized particles. Unlike a standard frame-based camera, the pixels of an event-based camera 
independently trigger events indicating whether the scene brightness has increased or decreased at 
that time and location in the sensor plane. As a result of the sparse and asynchronous 
spatiotemporal output, event cameras combine very high dynamic range and temporal resolution 
with low-power consumption, which could complement existing onboard imaging techniques. 
This paper motivates the use of a scientific event camera by reconstructing the particle ejection 
episodes reported by the OSIRIS-REx mission in a photorealistic scene generator and in turn, 
simulating event-based observations. The resulting streams of spatiotemporal data support future 
work on event-based multi-object tracking. 

Introduction 
An active asteroid shows evidence of mass loss caused by natural processes or as a result of human-
planned activities, sharing characteristics more often associated with comets. Detecting and 
interpreting the dynamic properties of these small solar system bodies (SSSB) constitute important 
scientific objectives of sample-return and flyby missions as they may hold the key to understanding 
their past and future [1]. In the case of asteroid Bennu, such activity was only detected in situ as 
the navigation cameras of visiting spacecraft OSIRIS-REx captured centimetre-size rocks being 
ejected from the surface. Whether for situational awareness to guarantee spacecraft safety or 
scientific observation, missions to active asteroids or comets benefit from early detection and 
tracking of such events [2]. Currently, extensive offline image analysis is needed to balance the 
brightness of the body and the dimness of the particles (stray light reduction), to negate the static 
objects in the scene (image differencing) and to detect the relative motion of the particles (blinking) 
[1]. Given the time-constrained nature of these missions, techniques that automate the detection 
and tracking of particles, such as the frame-based multi-object tracking algorithm proposed in [3], 
could significantly contribute to the mission's scientific returns. 

This work proposes a solution based on the principles of dynamic vision sensing and the event 
camera, a novel imaging sensor inspired by the neural pathways of the retina [4, 5]. Where a 
standard frame-based camera would capture redundant static information, an event camera would 
only report pixel-level brightness changes induced by the dynamics present in the scene. The 
sparse and asynchronous output of the sensor and its large dynamic range provide an effective 
low-power solution to detection and tracking problems in challenging lighting conditions [6]. 
Given particularly dynamic environments around SSSBs as a result of plumes, dust and/or particle 
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ejecta, we theorise that event-based technology could augment onboard navigation and scientific 
cameras, streamlining current approaches based on offline image analysis. 

The apparent advantages of these dynamic vision sensors for space applications have recently 
been reviewed in [7]. While the principles of dynamic vision have yet to be applied to the detection 
and tracking of particles around an active asteroid, similar work on event-based star tracking [8] 
and (event-based) space situational awareness [9, 10] provide valuable insights into the challenges 
posed by the problem at hand. Unlike the streaks produced by resident space objects (RSOs) 
crossing the field of view of a ground-based or in-orbit telescope, the particles of interest in this 
study undergo more complex dynamics locally, given the proximity of the SSSB, limiting the 
utility of classical approaches such as the Hough transforms. Moreover, the problem of associating 
observations to tracks is exacerbated by significant measurement noise that is inherent to the event 
camera. Popular multi-object tracking solutions such as the (probabilistic) multiple hypothesis 
tracking filters have been adapted to event-based representations of RSOs [9, 11], suggesting that 
these algorithms also lend themselves to the analysis of particle dynamics in the vicinity of an 
SSSB. 

To support the evaluation of event-based multi-particle tracking, we use the navigation and 
ancillary information of the OSIRIS-REx mission in simulation as well as reports of notable 
particle ejection episodes [12] to highlight how an event-based sensor can augment visual data 
capture and contribute to the mission's scientific objectives. The dynamic scene, composed of 
asteroid Bennu and several centimetre-size particles ejected from its surface, is first reconstructed 
with photorealistic computer graphics tools from the point of view of the visiting spacecraft [13]. 
Dynamic vision sensing is subsequently simulated by emulating the sensitivity and noise 
characteristics of a real event camera [14, 15]. In turn, we demonstrate that, in the absence of 
frames, asynchronous streams of events capture sufficient information about the scene to enable 
fast and continuous tracking of multiple particles. This constitutes an essential step to support 
future research on event-based determination of the size and orbit of RSOs. 

The following section introduces the principle of operation underlying the high temporal 
resolution and high dynamic range of the event camera. Section Simulation and Results describes 
the simulation environment in which the dynamic scene is reproduced and the preliminary results 
on event-based tracking of particle ejecta. Given the sparse and asynchronous output of the event 
camera, future work will focus on the formulation of a multi-object tracking problem that is 
compatible with the event-based representation of the particle tracks. 

Theoretical Background 
Event-Based Vision. The pixels of a dynamic vision sensor independently report changes in scene 
brightness, which is generally taken to be the log intensity (i.e., 𝑙𝑙𝑙𝑙𝑙𝑙 𝐼𝐼), resulting in a sparse and 
asynchronous stream of events. The pixel at location (x, y) in the sensor plane outputs a 1 
(alternatively, 0) if the sensed brightness at time t increased (decreased) by the predefined 
magnitude ΘON (ΘOFF) known as the contrast thresholds. Thus, an event can be represented by the 
4-tuple (t, x, y, p), where p denotes the polarity of the brightness change. After triggering an event, 
the pixel resets its baseline from which to monitor subsequent changes in brightness to the current 
log intensity, as depicted in Figure 1 (a). Figure 1 (b) shows a synthetic example of a stream of 
events output by an event camera capturing a black dot spinning on a white disk. As only the 
motion of the black dot contributes changes in brightness in the scene, the spatiotemporal output 
of the sensor takes the form of a spiral. 
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Figure 1 Dynamic vision sensing overview: (a) principle of operation of a DVS pixel (adapted 
from [4]) (b) example output from an event camera capturing a black dot spinning on a white 

disk (based on synthetic data from Prophesee’s Metavision toolkit [16]) 

The sparsity of the output allows for high readout rates in the range of 2 − 1200 𝑀𝑀𝑀𝑀𝑀𝑀, high 
temporal resolution (in the order of μs), low-power consumption and, owing to the logarithmic 
scale used by each pixel, high dynamic range [5]. While these are appealing characteristics for an 
onboard sensor, the event camera is inherently noisy due to the complex transistor circuits 
underlying its differential mode of operation. Figure 1 (b) captures some of these noisy 
contributions in the form of sporadic streaks of ON events at several pixel locations in the sensor 
plane. These artefacts are the result of nonidealities such as hot pixels and leak currents which 
produce events irrespective of the scene dynamics. In order to faithfully simulate the output of 
these sensors, event camera emulators [14, 15] model these sources of noise and other hardware-
related nonidealities (e.g., shot noise). 

Simulation and Results 
The first step of the simulation of dynamic vision sensing around active asteroid Bennu consists 
in extracting the relative position of the OSIRIS-REx spacecraft, the Sun and the ejected particles. 
The Orbital C mission phase is of particular interest given that it was dedicated to particle 
monitoring, resulting in a higher cadence of imaging. Specifically, a time window centred on the 
particle ejection episode of September 13th, 2019, is considered in this work given that out of the 
30 particles detected, 22 tracks led to successful orbit determination [12]. Figure 2 depicts the 
reconstructed particle ejection episode based on the interpolation of the relevant SPICE kernels. 

 
Figure 2 Bennu-fixed particle ejection visualization based on the interpolation of SPICE kernels 

from 2019-09-13T21:00:00 to 2019-09-14T00:00:00 [12] 

Given the dynamic nature of the event camera, the ejection scene depicted in Figure 2 is then 
animated in Blender, using photorealistic models of the asteroid and the particles. Different 
textures and reflectance properties are used to reproduce the rubble pile appearance of Bennu [13] 
based on the position of the Sun during the Orbital C phase. The simulated ejecta consists of 14 
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particles with sizes ranging from 1 − 11 𝑐𝑐𝑐𝑐 according to the average diameters reported in [1]. 
We emulate the large field of view and image sensor size of the onboard navigation camera 
(NavCam 1) by configuring the Blender perspective camera with 𝑊𝑊 = 2592 px, 𝑀𝑀 = 1944 px 
and a horizontal field of view of ϑ = 44∘. Then, the positions of the particles and the emulated 
camera along the Orbital C trajectory are updated to capture frames of the ejection episode, as 
shown in Figure 3 (a) (cropped near the limb where the ejecta emanate). 

Overall, 40 additional renders are generated and combined into a video at 30 𝐹𝐹𝐹𝐹𝐹𝐹 tracing the 
path of the particles from the surface of Bennu to the lower-left borders of the field of view. To 
study an event-based representation of the scene dynamics, the video is then passed to an event 
camera emulator [14, 15], which converts the video to spatiotemporal streams of events based on 
the operation principle described in Section Event-Based Vision. In the interest of qualitative 
comparison with the original renders, synthetic events are binned into event-frames over short time 
windows such that the original frame rate is recovered. 

 
Figure 3 Reconstruction of a 14-particle ejection episode: (a) the particles are difficult to detect in the photorealistic 
render, (b) accumulation of synthetic events in a single frame with are more easily identifiable against a dynamic noisy 
background (b) and clearly visible in the absence of noise (c), where the arrows indicate the ejecta direction. 

While the low-light conditions depicted in Figure 3 (a) significantly challenge the detection of 
any particles, the accumulation of synthetic events depicted in (b) allows the particles to be visually 
distinguished from the asteroid, despite significant noise contributions from the sensor emulation 
(to aid in locating the particles, frame (c) depicts a noiseless emulation of the same event camera). 

Conclusion 
This work showcases preliminary results on the scientific use of event cameras onboard a 
spacecraft in dynamic environments around small solar system bodies. After reconstructing the 
scene of a particle ejection episode from the SPICE kernels of the OSIRIS-REx mission, we 
emulate the viewpoint of an event camera to gain familiarity with event-based representations of 
particle tracks. In follow-up work, we will evaluate the formulation of a multi-object tracking 
problem, given event-based observations of an unknown (and potentially time-varying) number of 
particles. Multi-object tracking algorithms may be applied directly to the event-frames shown in 
Figure 3. However, this defeats the purpose of emulating an event camera in the first place, as by 
so doing, solutions do not take full advantage of the sparsity and temporal resolution of the data. 
Instead, we will consider approaches that process events in an online manner. 
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Abstract. We propose to use a recently introduced Totimorphic metamaterial for constructing 
morphable space structures. As a first step to investigate the feasibility of this concept, we present 
a method for morphing such structures autonomously between different shapes using physically 
plausible actuations. The presented method is part of a currently developed Python library 
bundling non-rigid morphing and finite element analysis code, which will be made publicly 
available in the future. With this work, we aim to lay a foundation for exploring a promising and 
novel class of multi-functional, reconfigurable space structures. 

Introduction 
The last decade has seen rapid expansion and interest in the field of advanced materials and 
structures, especially in the development of programmable, multi-functional, and morphable 
structures. Such structures are particularly suited for space environments, where payload mass and 
volume are tightly constrained, making light structures capable of performing multiple functions 
highly desirable. For instance, Origami principles have already been used in the development of 
deployable solar panels and antennae, and applications for other advanced structures, such as 
NASA’s starshade [1], have been proposed [2,3]. However, most deployable space structures are 
currently limited between strict configurations (typically stowed and deployed), often prohibiting 
any reconfiguration thereafter. 

Here, we explore a recently proposed metamaterial called a Totimorphic structure [4] whose 
characteristic properties might enable designs capable of redeployment and reconfiguration into 
many different shapes after initial deployment. This is especially intriguing for constructing 
adaptive structures, as many recent papers [5,6] have demonstrated the feasibility of changing a 
structure’s mechanical properties through geometric alterations alone. Such systems might enable 
mission designs capable of complex and efficient post-launch reconfiguration, adjusting to 
changing mission goals or conditions in situ and providing space missions with greater flexibility, 
thus fundamentally changing the types of missions possible in the future. 

In the following, we first explain the concept of totimorphic structures before introducing a 
computational method for obtaining the actuations needed to morph them into different shapes. 

Methodology 
Totimorphic structures are composed of neutrally-stable unit cells (also called Totimorphic Unit 
Cells, TUCs) [4] shown in Fig. 1a,b. A TUC consists of a beam with a ball joint in its middle (A-
P-B in Fig. 1a), a lever connecting to the joint (P-C) and two springs connecting the ends of the 
beam with the end of the lever (A-C and B-C). The neutrally stable behaviour of TUCs arises from 
the lever-spring motive: if the two springs are zero-length springs with identical spring stiffness, 
any position of the lever results in zero moment acting on the lever. The result of this property is 
propagated across larger structures built from TUCs (e.g. Fig. 1c), such that in the absence of 
external forces (e.g. gravity), the totimorphic structure will retain its shape while remaining 
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completely compliant to any external force or displacement. By selective locking and unlocking 
of the structure’s joints, we predict that the totimorphic property will allow the structure to be 
smoothly morphed between different shapes via beam/lever rotations alone – which we exploit in 
our method presented in the next section. Once the desired target shape is reached, the structure 
can be made rigid by locking all joints. 

 
Figure 1: (a) Illustration of a TUC with lever rotation θ. (b) The TUCs beam rotation is given by 

φ, i.e., A-P-B is seen from the side here. (c) A simple auxetic structure built from four TUCs. 
Before presenting our approach for morphing such structures, we first introduce the used 

mathematical description. Each TUC is geometrically fully defined by its position vector P, the 
beam vector AB, the lever length r, the angle between beam and lever θ, and the roll angle of the 
lever from the vertical φ (Fig. 1b). TUCs may be connected to each other at the A, B, C nodes, 
however for this paper’s analysis, only A-B and C-C connections were considered. Additionally, 
r was set to be equal for all TUCs. If the coordinates of A, B or C are already known (i.e. the unit 
cell is attached to another unit cell), the unit cell can be described just by AB, θ, and φ – which is 
useful for implementing the morphing method. 

Results 
Our morphing method works as follows. We first define the initial and target geometries, set a 
maximally allowed change in AB, θ, and φ per iteration (same for all TUCs), and a subset of nodes 
are set as ‘pinned’ (i.e. their position is fixed, but they are allowed to rotate). We also ‘activate’ 
the pinned cells, (i.e. allow them to morph). Then we run the following iteration until the 
structure’s geometry is within some tolerance of the desired target geometry: each activated TUC 
changes AB, θ and φ as much as possible to reach its target configuration while still maintaining 
structural cohesion (i.e. no beams breaking/prolonging/squeezing or TUCs separating). Then they 
become ‘fixed’ (cannot be activated anymore in this iteration, so the TUCs are frozen in place) 
and inform their neighbouring cells that they should move next (they activate their neighbours). 
This process is repeated until all cells are fixed. Consequently, all TUCs are unfixed and the next 
iteration begins. Intuitively, a wave of ‘cell activation’ moves through the structure, where 
activated cells are moved closer to their target and become immovable (fixed) afterwards. 
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Figure 2: A totimorphic structure morphing continuously from a stowed plane to a square plane 
(a) θ=30 (b) θ=60 (c) θ=90, and then into a semi-cylinder (d-f). Red lines indicate pinned nodes 

with fixed coordinates. 
The morphing method is illustrated in Fig. 2 for continuously morphing a structure to different 

target shapes: (a-c) turning a stowed geometry into a large flat surface, and (d-f) turning the flat 
surface into a half-cylinder. Although we halt at the shape in Fig. 2f here, in principle the structure 
can be mapped to any developable surface of an equal or smaller surface area [4], so long as there 
is a valid target geometry for the method. 

In comparison with an Origami structure, which must necessarily unfold and change its 
thickness during deployment, we can see in (a-c) that the stowed totimorphic structure can 
continuously increase its surface area without any increase in the stowing thickness, resulting in a 
large stowed-to-deployed surface area ratio. Further, the stowing of the totimorphic structure does 
not constrain its final structural geometry, since it is possible for the structure to morph into 
intermediary states that enable better deployment before morphing into the final configuration. 

Discussion 
For the presented method to work, one requires knowledge about the exact initial and target 
configuration of the totimorphic structure (including angles) instead of just the shapes. Moreover, 
the choice of pinned nodes is crucial to ensure convergence to the target shape. Thus, we plan to 
develop an improved non-rigid morphing methodology that is both more robust and general, based 
on a model that predicts the whole structure’s response to small perturbations. Such a model might 
further allow us to use inverse design approaches from artificial intelligence [6] to autonomously 
find configurations that possess desired effective mechanical properties. 

Although totimorphic structures are more flexible in their morphing capabilities than Origami-
based structures, they come with the drawback of having a high number of degrees of freedom as 
well as many movable mechanical parts. We anticipate that this will lead to challenges in the 
production of a physical prototype, which have to be overcome first for totimorphic structures to 
compete with alternative approaches. For instance, the neutrally stable behaviour will most likely 
not be perfectly realised in a physical system due to effects such as bending of the beam in a TUC 
from radial forces applied through the lever – an effect that has to be considered during the design 
and testing stages of a real prototype. 
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We are confident that totimorphic structures are ideally suited for deployment in extremely-low 
gravity environments such as orbits and deep space, where no external loads due to gravity 
interfere with the morphing process and the neutrally stable behaviour can be utilised to its fullest. 
As noted in [7], the gravitational forces experienced on planetary bodies will impede the morphing 
of totimorphic structures, the extent of which has to be investigated in future work. 

To lock and unlock the joints as well as induce beam/lever rotations, we envision a thin and 
foldable support layer glued to the totimorphic structure through which lock, unlock and rotation 
commands, e.g., from a microcontroller, can be relayed electronically. For instance, since only a 
small number of cells are unlocked at a time, electrical pulses could be used with a shared bus to 
realise an efficient and economic solution. 

Conclusion 
Totimorphic structures offer unique structural characteristics that make them ideal for space 
missions – providing a high degree of flexibility coupled with a low mass and volume. They are 
suitable for a multitude of potential space applications; such as deployable habitats and structures, 
tools (e.g. nets for grabbing something), or for building moving structures by creating locomotion 
from morphing. Hence, we believe that totimorphic structures are a promising candidate in the 
search for technologies that enable morphable, multi-functional space structures. 
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Abstract. As space exploration technology advances, the need for reliable re-entry systems 
becomes increasingly critical. The European Flexible Heat Shields: Advanced TPS Design and 
Tests for Future In-Orbit Demonstration – 2 (EFESTO-2) project is a Horizon Europe-funded 
initiative aimed at improving the Technology Readiness Level of Inflatable Heat Shields (IHS), 
an innovative thermal protection system that can be deployed during re-entry. The project seeks to 
further advance the work achieved in the EFESTO project, with a focus on expanding 
investigations into critical aspects of IHS and increasing the confidence level and robustness of 
the tools and models used in the field. The EFESTO-2 project is built on four pillars, including 
consolidating the use-case applicability through a business case analysis for a meaningful space 
application, extending the investigation spectrum of the father project EFESTO to other critical 
aspects of the IHS field, increasing the confidence level and robustness of tools/models, and 
consolidating the roadmap to guarantee continuity in presiding the IHS field in Europe among the 
scientific and industrial community. This paper provides an overview of the EFESTO-2 project's 
objectives, achievements, ongoing activities, and planned activities up to completion. The project's 
advancements in the fields of thermal protection systems, inflatable heat shields, and technology 
readiness level are described in detail, highlighting the project's contributions to the European re-
entry technology roadmap. Through this project, the European Space Program aims to push the 
limits of re-entry technology and reinforce its position as a leader in innovative technology for 
space exploration. This project has received funding from the European Union’s Horizon Europe 
research and innovation program under grant agreement No 1010811041.  
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Introduction 
The EFESTO-2 project builds upon the success of the previous H2020 EFESTO project and aims 
to advance European expertise in the field of Inflatable Heat Shields (IHS). With the increasing 
demand for reusable space transportation systems, the development of innovative thermal 
protection solutions is crucial for safe and cost-effective space missions. Inflatable Heat Shields 
have shown great potential in enabling controlled re-entry and recovery of spacecraft, making them 
a promising technology also for future space exploration missions. 

Project Objectives 
The EFESTO-2 project, funded by the European Union's Horizon Europe program, aims to achieve 
the following objectives. Firstly, it seeks to consolidate the use-case applicability of Inflatable Heat 
Shields (IHSs) through a comprehensive business case analysis for a meaningful space application. 
Secondly, it aims to expand the investigation spectrum by conducting extensive tests focused on 
aerodynamics and mechanical aspects, complementing the previous EFESTO project. Thirdly, the 
project aims to enhance the confidence level and robustness of the tools and models developed in 
EFESTO by incorporating test data. Lastly, it aims to consolidate the definition of a roadmap 
towards the near-future development of IHS technology up to Technology Readiness Level 7 
(TRL7). The study-logic applicable within the EFESTO-2 initiative for implementing the planned 
effort is represented in Figure 1. 

 
Figure 1 EFESTO-2 project study-logic 

Business Case Analysis 
The Business Case Analysis (BCA) was conducted as the initial task in the EFESTO-2 project to 
identify the most promising use-case application for inflatable heat shields (IHSs) and guide the 
subsequent design study for a reference mission/system. The BCA focused on exploring potential 
applications of IHSs in the re-entry and recovery of space systems meant for reuse. Examples of 
potential applications included the recovery of launch system stages, ISS cargo systems, and de-
orbiting and recovery of reusable satellites. 

The BCA workflow involved several stages. An overview of target markets for IHS technology 
was conducted, followed by the identification of the most promising commercial applications 
using a trade-off analysis. Qualitative evaluations were performed using frameworks such as 
SWOT and PESTEL, considering market trends, substitutes, competitors, and potential customers. 
Additionally, a cost-oriented assessment of a reference use-case for re-entry and recovery was 
carried out. 

The evaluation of IHSs application scenarios considered different planetary re-entry scenarios, 
including Earth, Mars, and others. The trade-off criteria included market size, market timeline, 
complexity, and technological score. The outcomes indicated that stage reusability, small payload 
recovery, and space mining cargo recovery were promising applications for IHS adoption. 
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In the Earth re-entry scenario, LV stage recovery, small payload recovery, and space mining cargo 
recovery were identified as the most commercially interesting cases. These use-cases were further 
assessed using SWOT and PESTEL frameworks, considering factors such as political, economic, 
social, technological, environmental, and legal aspects. Based on the SWOT/PESTEL assessment, 
the best candidate use-case for Earth re-entry was identified as "LV stage recovery," which 
demonstrated relevant characteristics for both micro and macro IHSs, achievable marketability in 
a short time, and good profitability opportunities. 

Therefore, the recovery of an LV stage will serve as the reference use-case for the subsequent 
work presented in the conference paper. 

Reference Mission 
A review of over 70 launch systems worldwide resulted in the identification of 20 potential 
candidates. Key parameters and indicators were considered to classify the launch systems into four 
clusters. Cluster II was selected as the most promising due to its compatibility with the IHS 
technology development and a significant technology development step already taken during the 
EFESTO project. The concept of operations (ConOps) for the Inflatable Heat Shield exploitation 
is based on the recovery of a launch vehicle upper stage. The ConOps includes two main phases: 
LEOP/ORBITAL and RECOVERY. The baseline strategy for the EFESTO-2 project is to execute 
the recovery via mid-air retrieval by helicopter. The engineering effort focused on the re-entry part 
of the recovery, and the descent and mid-air retrieval phases are out-of-scope. 

 

Figure 2 EFESTO-2 baseline ConOps 

Mission Analysis / Aerodynamics and Aerothermodynamics 
A parametric analysis was conducted to determine the combination of boundary conditions that 
offer a good initial flight path angle range and compliance with system constraints. Reference and 
sizing trajectories were calculated, and a Monte Carlo analysis confirmed compliance with all 
constraints. 

Aero-shapes with varying parameters were investigated, and an aerodynamic database was 
developed for the selected flight points. CFD simulations were conducted to evaluate aerodynamic 
and aerothermodynamic behavior and obtain load distributions along the body. 

System Design 
A system design loop was performed to obtain a coherent layout for the IHS and its subsystems 
integrated with the Firefly Alpha upper stage. An option with a diameter of 5.32 m and a half cone 
angle of 60°, was selected based on qualitative assessment, aerodynamic performance, and mass 
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estimation. Further efforts were made to reduce system mass, resulting in a minor reduction in the 
diameter of the inflated IHS. 

 

Figure 3 LV-stage and Inflatable Heat Shield integration (left), Inflatable Structure model (right) 

Future Work 
In the future, the project will focus on conducting ground tests for aerodynamics and flying 
qualities, as well as mechanical characterization of the Inflatable Structure. The aerodynamics 
testing will involve wind tunnel experiments with subscale models to study stability, while the 
mechanical characterization will use a ground demonstrator to evaluate structural behavior. The 
collected data will be used to improve numerical models and enhance the understanding of 
inflatable heat shield technology. The project aims to consolidate the technology up to TRL7 and 
has made progress in the initial stages, including a Business Case Analysis and reference system 
design. The project will conclude with test campaigns and the dissemination of findings through 
additional papers. 
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Abstract. In today's context, where climate change is increasingly topical and of global interest, 
the ATEMO (Atmospheric Technologies for Earth Monitoring and Observation) project proposes 
a multi-purpose solution, which can be integrated on board drones or stratospheric balloons, to 
provide a framework for environmental assessment in areas of interest. Specifically, ATEMO, 
equipped with a set of cameras and sensors, aims to enrich data on air pollution, light pollution 
and vegetation health with high spatial resolution and rapid deployment. 

Introduction 
In environmental protection, monitoring activities are crucial for determining preventive strategies 
or large-scale solutions; particular interest is arisen regarding Earth observation from space [1]. 
However, due to low spatial and, mainly, temporal resolution of such instrumentation, information 
about an area or site of interest is often not sufficient and may need to be validated by other 
measurement and analysis methods. 

The ATEMO project therefore aims to increase knowledge on environmental issues with the 
development of a versatile device that can be used in various contexts and environments, from the 
analysis of atmospheric composition, through the detection of substances and pollutants such as 
VOCs (Volatile Organic Compounds), NOx (Oxides of Nitrogen), SOx (Oxides of Sulphur), CO2 
(Carbon Dioxide), O3 (Ozone), to the determination of ground-based light sources and their 
characterisation. Furthermore, in order to understand how these factors may influence ecosystems, 
ATEMO also aims to determine ground vegetation indices (e.g.  the NDVI - Normalized 
Difference Vegetation Index). The ultimate goals are comparing these data with the ones obtained 
from satellites [2] and to look for a correlation between the various investigated parameters. In 
fact, while the influence of air pollutants and night lighting on ecosystems, plants and humans is 
already known [3], recent studies suggested that the combined effect of light and air pollution leads 
to the formation of harmful and worsening reaction by-products [4] of the already critical situation.  

In the remainder of this paper, the ATEMO device will be introduced, and the main design 
solutions will be described: the selected solution allows compactness and integrability on different 
vehicles (drones, tethered balloons and stratospheric balloons). Last, the tests campaign planned 
to validate the device functional requirements will be briefly introduced. 

Design of ATEMO experiment 
Due to the desired versatility of ATEMO, the device is strictly constrained in both mass and size. 
The device has a weight of 2.5 kg, a base of 17 cm x 17 cm and a height of 25 cm; as shown in 
Fig. 1, the instrument consists of an external aluminium frame to which are attached 3D-printed 
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components that guarantee both the safe integration of the various sensors and cameras and their 
easy attachment and removal in the event of a change of setup. In fact, one of ATEMO's main 
strengths is its modularity and scalability, which allows it to best adapt its physical and 
measurement characteristics to the application context. 

Regarding the sensing part of the device, ATEMO is equipped with two cameras (one 
monochrome and one colour) Basler ace 2 both with Sony's IMX546, an 8MP square CMOS 
sensor with a wide relative response spectrum (from approximately 400 nm to 1000 nm). In 
addition, a FLIR typology Vue Pro R thermal imaging camera is mounted on board. There are also 
several sensors for temperature, pressure, humidity, detection of O3, CO2 and other substances, a 
GPS tracking system and an SQM-L (Sky Quality Meter - L type), a sensor that allows to measure 
the brightness of the night sky in magnitudes per square arc second. 

The two cameras are used for two main purposes: the estimation of vegetation indices during 
the day and the analysis of light sources at night. For the two cases, the setup of the cameras 
obviously slightly changes in function of the required the light filtering. In the case of the 
vegetation analysis, the colour camera is equipped with a triple-band filter (475, 550 and 850 nm) 
and the monochrome camera with a band-pass filter (735 nm), both of which are designed to 
reproduce indices already calculated by means of Planet satellites [5]. In the night-time application, 
however, the two cameras are used with a filtering solution similar to that of the MINLU 
experiment [6], another project conducted by our research group. In order to easily switch filters, 
a filter wheel driven by a stepper motor has been chosen; its attachment points can be seen in Fig.1, 
at the centre of the camera compartment in the view from below. 

The cameras field of view (FOV) is another additional key point to consider. In fact, the choice 
of optics is made according to the host vehicle; in the case of integration on drones or balloons 
tethered at a height of 50-100 m, optics with large apertures are used, while in the case of 
stratospheric balloons, optics with much narrower apertures are favoured. 

 

  

    
 

Figure 1: On the left: the complete assembled experiment. On the right the main components: the 
SQM with its 3D-printed baffled and the cameras at the bottom. 

The system is controlled by a Raspberry Pi 3, programmed with Python, which, thanks to a 
20000 mAh lithium battery, acquires data from on-board instrumentation and manages electrical 
and electronic systems for more than 6 hours. ATEMO's power consumption is in the range 
between 6 W and 14 W, depending on the sampling frequency and the subsystems in use. 

For a correct interpretation of the data provided by ATEMO, a calibration using a commercial 
spectrometer (Black Comet C-SR-14) was necessary; the on-board cameras were characterised in 
the various filtering configurations since the input information is affected by the transmission of 
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the optics, the filter, and the response of the CMOS sensor. Using a selection of known sources 
and the spectrometer, the response function of the system was thus defined, making the collected 
results consistent and comparable with those of other measurement systems (e.g., satellites). 

It shall be underlined that the current design choices may be affected by the experimental 
activities planned in the next years and briefly introduced in the following section; thanks to its 
modularity, it is expected to easily adapt ATEMO with only minor modifications to the bus. 

Test programme 
Several test campaigns have been planned over the next three years to verify the functioning of 
ATEMO. These campaigns retrace previous experiments already conducted by the research group, 
but with a more compact configuration that encompasses them all.  

This summer (2023), some experiments have already begun in collaboration with the 
Department of Agronomy, Food, Natural Resources, Animals, and the Environment (DAFNAE) 
of the University of Padova. The aim is to evaluate the effects of differential irrigation of soybean 
fields in order to understand whether it is possible to obtain abundant harvests with a considerable 
saving of water. In this situation, the experiment is integrated aboard a tethered balloon and 
stationed for a day at the same location at a height of 50 metres (Fig. 2).  

Of course, this is only one of the possible configurations in which ATEMO will be involved in 
measurement campaigns. In the coming months, in fact, other collaborations will be launched, e.g. 
with the Chilean PUCV (Pontificia Universidad Católica de Valparaíso) University for the 
determination of light pollution. 

 

 
Figure 2: In the first two photos, on the left, the release phase, on the right, the tethered balloon 

at an altitude of 50 metres. 

Conclusions 
In this paper, the ATEMO device for Earth monitoring has been presented. To date, the device is 
in the early stages of testing; the different application cases will be investigated in the next months. 
Functional and operational tests will be consequently performed by the research team, which has 
an excellent knowledge of drone flights [7], stratospheric balloons [8] and the assessment of air 
[9] and light pollution [10].  

In conclusion, ATEMO is promising for its potential to provide a global environmental image 
of an area of interest, thus proving useful in a variety of fields, from atmospheric monitoring in 
populated areas to precision agriculture and in the verification of satellite data. 
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Abstract. Hera is the European part of the Asteroid Impact & Deflection Assessment (AIDA) 
international colaboration with NASA who is responsible for the DART (Double Asteroid 
Redirection Test) kinetic impactor spacecraft. Hera will be launched in October 2024 and will 
arrive at Didymos in January 2027. The Hera mothercraft will accommodate two 6U Nanosatellite, 
Milani and Juventas. The Milani Nanosatellite is developed by Tyvak International leading a 
consortium of European Universities, Research Centers and Firms from Italy, Czech Republic, 
Finland. During the cruise to the Asteroid (+2 years), Milani Nanosatellite will be hosted inside 
the Hera mothercraft, periodically checked for health and charged. At arrival it will be deployed 
and commissioned while HERA is performing the Didymos detailed characterization phase, at 
about 10 to 20 km distance from the asteroid.  The Milani mission objectives are defined as to add 
scientific value to the overall Hera mission: i) Map the global composition of the Didymos 
asteroids, ii) Characterize the surface of the Didymos asteroids, iii) Evaluate DART impacts effects 
on Didymos asteroids and support gravity field determination, iv) Characterize dust clouds around 
the Didymos asteroid, enhancing the scientific return of the whole HERA mission. The scientific 
payloads supporting the achievement of these objectives are the main Payload “ASPECT” 
(developed by VTT, Finland), a SWIR, NIR and VIS imaging spectrometer and the secondary 
Payload “VISTA” (developed by INAF, Italy), a thermogravimeter aiming at collecting and 
characterizing volatiles and dust particles below 10µm.  The Milani mission and the project team 
is facing challenges such as, among others, the use of COTS components in deep space 
environment, optical navigation implementation, interfaces management with the HERA 
mothercraft since the very beginning of the design up to the mission. Tyvak International work 
focuses on the development and integration of the Milani vehicle, including mission specifics 
development enabling the mission and vehicle models enabling early interface testing with Hera 
mothercraft. 
Introduction 
In 2027, the Hera spacecraft will rendezvous with the binary asteroid 65803 Didymos as the 
European contribution to the AIDA (Asteroid Impact and Deflection Assessment) international 
collaboration. NASA is responsible for the Double Asteroid Redirection Test (DART) kinetic 
impactor spacecraft. Hera and DART have been conceived to be mutually independent, however, 
their value is increased when combined. Indeed, Hera is a planetary defense mission aimed to 
investigate the effect of DART impact, with clear scientific objectives as a bonus. In proximity to 
the target, Hera will release two 6U Nanosatellites called Milani and Juventas. The two 
nanosatellites will be the first Nanosatellites to orbit in the close proximity of a small body and the 
first to perform scientific and technological operations around a binary asteroid. 
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Tyvak International is responsible for the Milani system development and is leading (as Prime 
Contractor) a large consortium made by 10+ entities from Italy, Czech Republic and Finland. 
Milani will contribute to the scientific value of the Hera planetary defense mission, mainly through 
the visual inspection of the asteroid (main payload: ASPECT) and dust detection (secondary 
payload: VISTA). 
Didymos properties 
Didymos is a binary Near-Earth Asteroid (NEA) of S-type discovered in 1996 formed by Didymos, 
or D1 (the primary) and Dimorphos, or D2 (the secondary). Up-to-date data about Didymos and 
Dimorphos are reported in the following tables: 

 
Table 1. Binary system parameters (semi-major axis, eccentricity, inclination, revolution period) 

System parameters 
a 

1.66446 AU 
e 

0.3839 
i 

3.4083 deg 
T 

770 days 
 

Table 2. Didymos and Dimorphos mass and spin periods properties 

System parameters 
M1 

5.226x1011 kg 
M2 

4.860x109 kg 
T1 

2.26h 
T2 

11.92h 
 
The orbital properties are retrieved from the up-to-date kernels of the Hera mission. In the up-

to date reference model, Dimorphos and Didymos are assumed to share the same equatorial plane 
on which their relative motion occurs and Dimorphos is assumed to be in a tidally locked 
configuration with Didymos. In this work, two reference frames are used. “DidymosEclipJ2000” 
is a quasi-inertial reference frame, centered in the system barycenter with the axis directed as the 
inertial EclipJ2000 reference frame. This frame can be considered inertial for intervals of time 
negligible with respect to Didymos heliocentric motion. “DidymosEquatorialSunSouth” is a non-
inertial reference frame in which the trajectories are shown. It is centered in the system barycenter 
and has the X-Y plane on the asteroid equatorial plane. The X axis is aligned with the projection 
of the Sun vector on the equatorial plane and the Z-axis is aligned to the south pole of Didymos. 

 

 
Figure 1. Didymos geometry. The reference frames are 

highlighted. The red frame is the inertial Eclip2000 which 
corresponds to the quasi-inertial DidymosEclipJ2000 

when centred in the system barycentre. The yellow frame 
is the Didymos Equatorial Sun South (Courtesy: 

Politecnico di Milano) 

 
Figure 2. Didymos system 

geometry: polyhedral radar 
shape model of D1 and triaxial 

ellipsoidal model of D2 in 
D1_Body reference frame. 

(Courtesy: Politecnico di Milano) 
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Scientific goals and operational constraints 
Milani scientific phases design has been mostly driven by its main payload, ASPECT. ASPECT 
is a passive payload, equipped with a four-channel visible to near-infrared hyperspectral imager 
and will be used on Milani to perform global mapping of the asteroids with detailed observation 
of the DART crater on Dimorphos. ASPECT main scientific goals can be summarized in three 
actions: 

1. Imaging both the asteroids with a spatial resolution better than 2 m/pixel 
2. Imaging the secondary asteroid with a spatial resolution better than 1 m/pixel 
3. Imaging the DART crater with a spatial resolution better than 0.5 m/pixel at phase angle 

(Sun-Asteroid-Milani angle) in the range [0-10] deg and [30-60] deg. 
In terms of trajectory design, spatial resolution requirements drive the maximum range at which 

scientific observations can be performed. From an operational point of view, Milani’s 
communication with ground will be performed via Inter-Satellite Link (ISL) using Hera as data 
relay. For this reason, data downlink and uplink must be performed within the same 
communication windows used by Hera. Operations will be scheduled considering: 

- Hera mission operations requirements 
- Milani Nanosatellite mission operations requirements 
- Mission Data downlink (Milani-to-Hera) 
- Communication window (Hera-to-Earth) 
In order to avoid open-loop manoeuvres, Milani needs to select the manoeuvring frequency to 

be as close as possible to Hera’s pattern (4-3 days). This is not mandatory, however, it ensures the 
compatibility of the strategy with the requirement on the Turn-Around time (TAT)1 of 48 h. 

Scientific goals and operational constraints are the results of an initial phase of requirements 
definition and consolidations, led by Politecnico di Torino team and have been the main driver for 
the detailed design of the main phases of Milani’s mission: Far Range Phase (FRP) and Close 
Range Phase (CRP). The scientific goals that mostly drove the mission design of Milani have been 
derived from its main payload, ASPECT, presented in the following sections. 
Milani Mission profile and Concept of Operations (ConOps) 
The Milani Mission is designed by Politecnico di Milano (PoliMI). Milani trajectory design has 
been mainly driven by the main scientific goals of the mission, but it has also been influenced by 
both technical and operational constraints. Due to the low gravity environment around the 
asteroids, selecting Keplerian orbits as nominal trajectories would require a demanding station 
keeping strategy to counteract the SRP effect. For this reason, a patched-arc manoeuvring strategy 
that leverages the SRP acceleration to target pre-selected waypoints has been implemented. This 
strategy has flight heritage in small-body environment. It is the one currently envisaged by the 
Hera spacecraft during its operational phases and previously performed by the Rosetta spacecraft 
during its initial scientific phase, after rendezvous with comet 67-P/Churyumov-Gerasimenko. The 
waypoints selection has been mostly influenced by the passive nature of Milani’s payload as well 
by the on-board navigation strategy, which forces the Nanosatellite to avoid the night-side. The 
resulting trajectories are loop orbits with manoeuvres points placed as far away from each other as 
possible to maximize the time spent in proximity to the system. Main Milani mission phases are 
hereafter presented: 
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Figure 3. Milani mission phases 

- Low Earth Orbit Commissioning Phase (LEOP), will be done on Hera spacecraft upon 
launch; a specific list of checkout tests will be executed also on Milani Nanosatellite to 
verify the basic functionalities that can be verified in stowed and integrated Configurations 

- Mission Transfer Phase (MTP), or interplanetary cruise, will be characterized by regular 
checkout tests to be executed on Milani Nanosatellite to verify the basic functionalities 

- Ejection and separation phase (ESP), will start upon arrival to the asteroids and will be 
characterized by checkout test in stowed configuration, ejection of Milani Nanosatellite 
outside Hera, pre-deployment checkout in exposed configuration, Milani Nanosatellite 
separation from Hera 

- Commissioning Phase (COP), checkout, stabilization, and calibrations 
- Far Range Operations Phase (FRP), transfer to the operative orbits, first global mapping, 

and technologies demonstration 
- Close Range Operations Phase (CRP), transfer to the operative orbits closer to the 

asteroids, Close-up observation of Didymos bodies, additional technology demonstration, 
observation of the DART impact crater 

- Experimental Phase (EXP), foreseeing the landing on the asteroids or transfer on a 
heliocentric graveyard orbit, currently under evaluation 

- Disposal Phase (DIP), Passivation 

System Overview 

The Nanosatellite leverages on Tyvak Trestles platform architecture, avionics technology Mark II. 
This is a standard platform, however, some customizations were made specifically for Milani 
mission. In the following figure, the vehicle configuration is shown. 

 
Figure 4. Milani nanosatellite – Deployed configuration 

The system is composed of the following elements: 
- Avionics (Tyvak Mark II technology), including Flight Computer, Electrical Power 

System, ADCS 
- Primary Payload (ASPECT) 
- Secondary Payload (VISTA) 
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- Cold-gas propulsion system, enabling technology 
- External Inter-satellite link (ISL) radio + antennas 
- Navigation Camera 
- COTS components 
- Mission Specific Interfaces (such as Payload Interface Board, PIB) 
- Interfaces with the Hera mothercraft: 

o Milani is integrated into the Deep Space Deployer (DSD) developed by ISIS, 
providing also a specific CubeSat Interface Board to interface the Milani CubeSat 
with the DSD 

o The main interface with the assembly constituted by the DSD and Milani Nanosat 
with the Hera mothercraft is the Life Support Interface Board (LSIB), developed 
by KUVA Space and allowing the exchange of power and data between the two 
spacecraft and so the execution of the checkout tests during the stowed and exposed 
configuration. 

A radiation-related analysis was executed to mitigate risks associated to the execution of the 
mission in deep space environment. The radiation analysis effort was led by Politecnico di Torino 
team and included both fault injection approaches and dedicated radiation testing on a subset of 
components identified as critical for the mission.  
Conclusions  
To date, the Milani project is in Assembly Integration and Test phase. Upon successful vehicle 
qualification, a System Validation Testing (SVT) Phase will be foreseen aiming at testing the end-
to-end communication with the Hera mothercraft at ESTEC. A risk mitigation approach was 
implemented during the project through the reduced EM and Structural and Thermal Interface 
Model (STIM) development and delivery.  
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Abstract. This work presents a large-scale simulation study investigating the deployment and 
operation of distributed swarms of CubeSats for interplanetary missions to small celestial bodies. 
Utilizing Taylor numerical integration and advanced collision detection techniques, we explore 
the potential of large CubeSat swarms in capturing gravity signals and reconstructing the internal 
mass distribution of a small celestial body while minimizing risks and Delta V budget. Our results 
offer insight into the applicability of this approach for future deep space exploration missions. 

Introduction 
In the last decade CubeSats have emerged as an innovative and cost-effective platform for testing 
new satellite technologies, with applications ranging from Earth observation to deep space 
missions. For instance, the HERA interplanetary mission that will explore the Didymos binary 
system in 2025 will embark two CubeSats to perform a detailed exploration of the system. [1] In 
this context, distributed swarms of CubeSats are a promising strategy for future exploration 
missions to small celestial bodies, enabling increased scientific return while minimizing risks 
associated with operating in an unknown environment. [2] 

In this work, we present a large-scale simulation study of the deployment and operation of many 
CubeSats around small celestial bodies, with the aim of assessing the applicability of large 
CubeSats swarms for distributed operations during interplanetary missions to asteroids and 
comets. Our approach leverages the cascade and heyoka C++/Python libraries to propagate the 
evolution of the swarm, reliably detecting close encounters and collisions using high-order Taylor 
numerical integration and collision detection. [3] We assume that the swarm is deployed 
sequentially by a “mother” spacecraft operating in proximity of the celestial body of interest, and 
that each CubeSat has the capability of performing 6-DoF orbital manoeuvres with limited ΔV 
budget. We use mascon mass models to have a representation of the mass distribution of the bodies 
around which the swarm is orbiting and consider CubeSat deployment uncertainty in position and 
velocity as well as a fully automated trajectory control strategy aimed at keeping the overall Delta 
V budget under control while maximizing scientific return and controlling the risk of conjunctions. 
Our simulations offer insights into the trade-offs involved in deploying and maintaining large 
CubeSat swarms for distributed operations in deep space. 

Background and Models 
In this study, we consider a prospective advanced mission concept inspired by the European Space 
Agency’s HERA mission. [1] We assume that a mothership satellite is inserted into orbit around a 
small celestial body of irregular shape and will consequently deploy a swarm of CubeSats from a 
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common orbit. The swarm’s objective is to capture gravity signal around the body to assess its 
mass distribution at a later stage following the procedure described in the geodesyNETs project. 
[4] The swarm CubeSats will have to orbit around the body without colliding with each other, 
staying within a spherical region defined by a minimum safety radius to the body’s center of mass 
and a maximum radius of operations. These operations will have to be performed with minimum 
ΔV budget requirements. 

Small celestial bodies of interest for this study will have their internal mass distribution 
represented by a heterogeneous mascon model. In other words, they will be modelled as a set of 
point masses located in specific positions and with some given mass. The mascon models used for 
this study were developed in the geodesyNETs project. [4] The dynamics of the swarm around the 
spacecraft are simulated via cascade simulations making use of the heyoka high-performance 
Taylor integrator. The equations of motion are represented by a gravitational N-body problem 
where N is the number of mascons, plus the solar radiation pressure integrated in an inertial 
reference frame and consider a rotating celestial body. Terminal events are added to the equations 
of motion to enforce a maneuver when a spacecraft enters the safety sphere around the body or 
exits the operations sphere. 

We assume that each CubeSat of the swarm has the capability of performing maneuvers with 
full degrees of freedom whenever it gets close to another element of the swarm, to the central body 
or flies too far away. A 2-phase collision detection algorithm is used to detect when two elements 
of the swarm get too close to each-other. It exploits the availability, at each step, of Taylor 
polynomial expansions of the system dynamics that are the product of the integration scheme 
offered by heyoka and therefore come at no additional cost. Cascade makes use of these expansions 
to compute Axis Aligned Bounding Boxes (AABB) encapsulating the positions of each orbiting 
object within a chosen collisional timestep. The algorithm operates in two phases: a broad phase 
with a Bounding Volume Hierarchy (BVH) over the 4-dimensional AABB defined in cartesian 
coordinates, followed by a narrow phase more computationally demanding making use of a 
polynomial root finding algorithm. This approach is well-suited to parallelization and particularly 
performant in non-collision rich environments such as the ones considered in this study. 

Simulations and Results 
We apply our framework to simulate swarm missions to Itokawa, Bennu and Ryugu. [5,6,7] For 
each body four swarm configurations are considered, with 5, 10, 25 and 50 spacecraft respectively. 
Itokawa is modelled using 24800 mascons, Bennu with 17400 mascons and Ryugu with 26800 
mascons. The mothership is initially located on a circular orbit around the body of interest with a 
semi-major axis of 1.5km, an inclination of 90° and a mean anomaly of 90°. The solar radiation 
pressure acting on the swarm spacecraft is computed considering a wet area of 1 m2, with the sun 
direction being selected arbitrarily in the ecliptic plane. The spacecraft must remain in an 
ellipsoidal region around the asteroid, with a no-entry safety ellipsoid whose dimensions are those 
of the celestial body with a factor 1.3 and a no-exit sphere of radius 3 km for Itokawa and 2 km 
for Bennu and Ryugu. The relative release velocities of the swarm spacecrafts with respect to the 
mothership are randomly selected in [1.5, 3.5] cm/s. 100 collisional timesteps are processed in 
parallel to account for CubeSat collisions, where one timestep is defined as 1/60th of the orbital 
period of the mothership spacecraft and is also representative of the release frequency of the 
CubeSats in the swarm. The collisional radius, the minimum relative distance required between 
two CubeSats to avoid collisions, is set to 5 m. The dynamics and operations of the swarm are 
simulated in each case for a total duration of 4 days. 
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Table 1: Simulation results for swarms orbiting around Itokawa/Bennu/Ryugu, 

 Itokawa Bennu Ryugu 
Swarm size 5 10 25 50 5 10 25 50 5 20 25 50 
ΔVmin [m/s] 0.1 0.1 0.1 0.1 0 0 0 0.03 0 0 0 0 
ΔVmax [m/s] 1.4 2.6 3 3.7 0,66 2.9 2.6 4.5 0.26 0.26 1.04 1.63 
ΔVmean [m/s] 0.82 0.85 0.97 1.4 0.39 0.68 0.7 0.92 0.08 0.05 0.12 0.34 

Collision events 2 2 5 12 2 9 51 89 4 4 21 77 
Safety events 7 9 39 191 34 15 40 78 4 4 12 36 

Re-entry events 39 82 192 393 46 114 259 481 4 9 26 142 
 

Table 1 showcases the Results obtained from the simulations. The number of events requiring 
maneuvers is in general dominated by re-entry requirements when the satellites are in danger of 
exiting their operational region around the asteroid. As expected, the size of the swarm has a direct 
impact on the ΔV budget for the mission. The increase observed in the maximum ΔV required for 
swarms with a higher number of spacecrafts is partially due to the increased number of collisional 
events recorded, especially for Bennu and Ryugu. However, re-entry events account for most of 
the budget and increase proportionally with the number of satellites in the swarm. This is because, 
on average, every CubeSat of the swarm will need to be actuated several times to stay within the 
operational region for the mission. Safety events are more predominant for Itokawa due to the 
elongated shape of the body that makes trajectory correction maneuvers more likely to cause future 
safety events. 

Of particular interest is the fact that the trade-off for the number of satellites in the swarm, 
therefore gravity signal recovery, versus the ΔV budget of the mission is dependent on the shape 
and mass distribution of the body. Itokawa sees an 18% increase in mean ΔV going from 5 to 25 
satellites in the swarm, for a drastic increase in recovered gravity signal and therefore internal 
shape reconstruction. But the increase from 25 to 50 satellites leads to a 44% increase in mean ΔV: 
the number of collision events increases enough to create a cascade of safety events that increase 
the overall budget significantly. The tradeoff for Bennu and Ryugu appears at different sizes for 
the swarm but exhibits a similar behavior: an increased number of collisional events leads to an 
increased number of safety and re-entry events and therefore hinders the mission budget. This 
could signify that the number of collision events dominates the trade-off analysis and could be a 
suitable preliminary indicator to size the swarm when gravity signal reconstruction is sufficient. 
Regularity in the shape of the body seems to be correlated with a higher number of collisional 
events but overall lower maintenance budgets, as the cascade phenomenon is not as pronounced. 
This analysis will be refined in future work with a more robust optimization setup, the purpose of 
this work being principally to propose and make available a framework for the efficient parallel 
simulation of CubeSat swarm operations around small celestial bodies. 

Fig. 2 presents a top-view of a 50-spacecraft swarm simulation orbiting Itokawa as well as the 
asteroid shape reconstruction from the gravity signal gathered from the swarm after 4 days of 
operations and using the procedure described in the geodesyNETs project, along with the ΔV 
budget distribution for the swarm. [4] 
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Figure 2: Itokawa study case, (left) simulation of a collision-free swarm of 50 elements. The 

position of the swarm elements during the gravity field measurements are shown in blue. 
Impulsive maneuvers to keep the swarm in safe proximity are shown in black (collision 

avoidance, triangles). (middle) reconstruction of the asteroid shape after 4 days of operation. 
(right) ΔV budget distribution across the CubeSats in the swarm. 

Conclusion 
In this work we have applied our framework to simulate CubeSat swarm missions to Itokawa, 
Bennu and Ryugu. We show how swarms of different sizes, ranging from a few CubeSats to 
several dozen, can efficiently capture gravity signal and reconstruct spherical harmonic expansions 
while minimizing the risk of conjunction and counteracting the effects of environmental 
disturbances. Our results showcase the potential of large CubeSat swarms for future exploration 
missions to small celestial bodies and propose an Open-source framework for preliminary mission 
analysis studies in such scenario. The code used for this study will be made publicly available at 
https://gitlab.com/EuropeanSpaceAgency/collision-free-swarm, and the cascade library used for 
this work is an open source python module available at https://github.com/esa/cascade. 
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Abstract. This work is focused on designing a low-energy orbit transfer in the Earth-Moon system, 
aimed at reaching stable capture in a highly elliptical lunar orbit, with the use of low-thrust 
propulsion. The mission at hand includes three different phases: low-energy ballistic transfer 
starting from Earth, low-thrust minimum-fuel arc, and low-thrust lunar orbit insertion using 
variable-thrust nonlinear orbit control. First, a reference trajectory is generated in the framework 
of the Patched Planar Circular Restricted Three-Body Problem (PPCR3BP), leveraging invariant 
manifold dynamics. Trajectory propagation is performed using the Bicircular Restricted Four-
Body Problem (BR4BP) model. Particle swarm optimization is applied for trajectory refinement 
and to detect the subsequent minimum-fuel low-thrust arc. Finally, the lunar orbit is entered thanks 
to the use of variable-thrust nonlinear orbit control. 

Introduction 
Low-energy Earth-Moon transfers have been studied extensively in the last decades. Some 
missions have already exploited the results from these studies, leading to considerable propellant 
savings and other advantages, such as flexibility in target orbit selection, extended launch 
windows, and more relaxed operational schedules. At the end of the 60s Conley [1] used elements 
of dynamical systems theory to identify temporary lunar capture conditions. Three decades ago, 
Belbruno and Miller [2] developed the Weak Stability Boundary (WSB) technique and applied it 
to lunar transfers, discovering a low-energy transfer through the equilibrium regions of the Sun-
Earth-Moon system. Koon et al [3] obtained similar results by following the Conley methodology, 
taking advantage of invariant manifolds of planar Lyapunov orbits around the Earth-Moon L2 
libration point. More recently Mingotti et al [4] designed low-energy low-thrust transfers, using 
PPCR3BP for the low-energy trajectory arc and optimal control with a direct method for the low-
thrust lunar capture arc. An alternative approach to reach a stable capture orbit is represented by 
variable-thrust nonlinear orbit control, as described by Gurfil in [5] and Pontani et al. in [6]. In 
fact, using a feedback control law allows applying real-time control and compensate perturbations, 
with no need of a reference trajectory.   

This work is focused on designing a low-energy Earth-Moon transfer starting from a GTO 
parking orbit and aimed at reaching a stable lunar capture orbit, with the use of low-thrust 
propulsion. Several design approaches are being employed: (a) use of the invariant manifold 
dynamics, to obtain a low-energy planar reference trajectory from Earth to Moon, (b) optimal 
control with the use of the particle swarm algorithm (PSO) to detect the subsequent minimum-fuel 
low-thrust arc, and (c) variable-thrust nonlinear orbit control to enter the desired lunar orbit. This 
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work intends to show that the mission design techniques proposed in this study represent a 
convenient approach to preliminary Earth-Moon mission analysis. 

MISSION Analysis and results 
The mission is composed of two phases, analyzed using different reference frames, to simplify the 
design. Phase 1 covers the low-energy low-thrust Earth-Moon transfer. A planar low-energy 
exterior transfer is found using invariant manifold dynamics in the PPCR3BP framework. First, 
two convenient Jacobi constants 𝐶𝐶𝑆𝑆𝑆𝑆 = 3.0075  and 𝐶𝐶𝑆𝑆𝐸𝐸 = 3.15 are selected for the Sun-Earth 
and Earth-Moon three body system. Then, Sun-Earth L2 and Earth-Moon L2 planar Lyapunov 
orbits associated with those constants are found by exploiting their symmetry properties with the 
use of PSO. Invariant manifolds are propagated from Lyapunov orbits. Invariant manifolds in 
PCR3BP are a subset of the phase space, and separate bouncing trajectories from transit orbits. 
Taking advantage of this property, invariant manifolds are cut with Poincaré sections, reducing the 
phase space dimension to 2. Manifold cuts and Poincaré sections are shown in Figure 1, where 
section 𝑆𝑆𝐴𝐴 cuts stable manifold 𝑊𝑊𝑆𝑆

+(𝛾𝛾2) and section 𝑆𝑆𝐵𝐵 cuts unstable manifold 𝑊𝑊𝑈𝑈
−(𝛾𝛾2) of Sun-

Earth L2 Lyapunov orbit 𝛾𝛾2; instead, section 𝑆𝑆𝐶𝐶 cuts stable manifold 𝑊𝑊𝑆𝑆
+(𝛿𝛿2) of Earth-Moon L2 

Lyapunov orbit 𝛿𝛿2.  

 
Figure 1: Manifolds cut and Poincaré sections 

 
Intersections are evaluated in the 𝑟𝑟2 − 𝑟𝑟2̇ plane, shown in Figure 2, where 𝑟𝑟2 is the distance 

and  𝑟𝑟2̇ the radial velocity with respect to Earth, secondary body in the Sun-Earth three-body 
system.  

 
Figure 2: Manifolds intersection in 𝑟𝑟2 − �̇�𝑟2 plane 
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From figure 2 it is possible to see that the angle 𝜑𝜑𝐴𝐴 is tuned to move the 𝑊𝑊𝑆𝑆
+(𝛾𝛾2) stable manifold 

cut 𝜕𝜕Γ2𝑆𝑆 close to the starting point P corresponding to GTO pericenter conditions. Trajectories 
starting from P in 𝑆𝑆𝐴𝐴 end in the ℰ𝑆𝑆𝑆𝑆 set on section 𝑆𝑆𝐵𝐵, at external points close to the 𝑊𝑊𝑈𝑈

−(𝛾𝛾2) 
unstable manifold cut 𝜕𝜕Γ2𝑈𝑈. Tuning angle 𝜑𝜑𝐶𝐶 allows moving the set 𝒦𝒦�𝑆𝑆𝐸𝐸, until intersection with 
ℰ𝑆𝑆𝑆𝑆 occurs. The set ℰ𝑆𝑆𝑆𝑆 ∩𝒦𝒦�𝑆𝑆𝐸𝐸 represents temporary ballistic capture trajectories and here the 
Patch Point (PP) between Sun-Earth and Earth-Moon trajectory arcs is chosen. The PP conditions 
are then integrated backward using the Bicircular Restricted Four-Body Problem (BR4BP), to 
reach (through backward integration) the GTO orbit, with parameters 𝑎𝑎 = 24363.57 km, 𝑒𝑒 =
0.7036, 𝑖𝑖 = 23.45°, Ω = 0°, 𝜔𝜔 = 163.72°, 𝜃𝜃∗ = 0°. The velocity change to perform Translunar 
Injection (TLI) is Δ𝑣𝑣(𝑇𝑇𝑇𝑇𝑇𝑇) = 671.8 m/s and the time of flight is Δ𝑡𝑡1 = 142.47 days.  The small 
maneuver necessary at patch point to link the trajectories is substituted with a low-thrust arc 
obtained with minimum-fuel optimal control. The low thrust propulsion system is identified by 
𝑢𝑢𝑇𝑇

(max ) = 𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚
𝑚𝑚0

= 2 ∙ 10−4 m/s and 𝑐𝑐 = 𝑔𝑔0𝐼𝐼𝑠𝑠𝑠𝑠 = 18.142  km/s. The state vector is defined as 𝑿𝑿 =

�𝑚𝑚,𝑦𝑦, 𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦 , 𝑚𝑚
𝑚𝑚0
�
𝑇𝑇

= [𝑚𝑚1, 𝑚𝑚2, 𝑚𝑚3, 𝑚𝑚4, 𝑚𝑚5]𝑇𝑇 and the control vector is 𝒖𝒖 = [𝑢𝑢𝑇𝑇 ,𝛼𝛼], where 𝑢𝑢𝑇𝑇 = 𝑇𝑇/𝑚𝑚0 

with 0 ≤ 𝑢𝑢𝑇𝑇 ≤ 𝑢𝑢𝑇𝑇
(max ) and 𝛼𝛼 is the angle between the thrust direction and the line from the Sun 

and the Earth-Moon barycenter. The objective of minimum-fuel optimal control is to find the 
control 𝒖𝒖𝑻𝑻 and the constant parameters vector p such that the cost function 𝐽𝐽 = −𝑚𝑚𝑓𝑓 is minimized, 
while satisfying the state equations  �̇�𝑿 = 𝒇𝒇(𝑿𝑿,𝒖𝒖, t, p) and the boundary conditions 
𝚿𝚿�𝑿𝑿𝟎𝟎,𝑿𝑿𝒇𝒇, 𝑡𝑡0, 𝑡𝑡𝑓𝑓 ,𝒑𝒑� = 𝟎𝟎. Additional constraints are added to the Lunar Orbit Insertion (LOI) 
condition, limited to orbits with 𝑒𝑒 ∈ (0.6,0.7), to arrive at a capture orbit, and 𝑟𝑟𝑃𝑃 = 𝑅𝑅𝐸𝐸 + 100 km 
to avoid Moon impact. These constraints are written in terms of equality constraints using the 
parameter vector p. Exploiting the necessary optimality conditions and the Pontryagin minimum 
principle it is possible to obtain the control law, depending on co-state vector 𝝀𝝀 =
[𝜆𝜆1, 𝜆𝜆2, 𝜆𝜆3, 𝜆𝜆4, 𝜆𝜆5]𝑇𝑇. The minimum set of unknown parameters is  𝛘𝛘 = {𝝀𝝀𝟎𝟎, 𝑡𝑡𝑓𝑓 ,𝒑𝒑} and is found using 

PSO. The minimum time of flight is 𝑡𝑡𝑓𝑓 = 13.30 days, with 
𝑚𝑚𝑓𝑓
𝑚𝑚0

= 0.994. The time histories of the 

thrust angle are shown in Figure 3. 

 
Figure 3: Time histories of thrust 𝑇𝑇 and thrust direction 𝛼𝛼 

 
In Phase 2 of the mission nonlinear control was employed to enter a stable lunar orbit. This 

control enjoys quasi-global stability properties and allows compensating perturbations [6]. The 
main objective of this phase is convergence to the target orbit, while compensating perturbations 
due to Earth and Sun. In this framework the state vector is given by the Modified Equinoctial 
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Elements (MEE) and the mass ratio, i.e. 𝑿𝑿 = �𝑝𝑝, 𝑙𝑙,𝑚𝑚, 𝑛𝑛, 𝑠𝑠, 𝑞𝑞, 𝑚𝑚
𝑚𝑚0
�
𝑇𝑇

= [𝑚𝑚1, 𝑚𝑚2, 𝑚𝑚3, 𝑚𝑚4, 𝑚𝑚5, 𝑚𝑚6, 𝑚𝑚7]𝑇𝑇 =

[𝒛𝒛, 𝑚𝑚6, 𝑚𝑚7]𝑇𝑇, whereas the control vector is 𝒖𝒖𝑻𝑻 = 𝑻𝑻/𝑚𝑚0 with 0 ≤ 𝑢𝑢𝑇𝑇 ≤ 𝑢𝑢𝑇𝑇
(max ). The target set is 

defined in terms of MEE as  

𝚿𝚿 = �𝑚𝑚1 − 𝑎𝑎𝑑𝑑(1 − 𝑒𝑒𝑑𝑑2),   𝑚𝑚2 − 𝑒𝑒𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠(Ω𝑑𝑑 + 𝜔𝜔𝑑𝑑),   𝑚𝑚3 − 𝑒𝑒𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛(Ω𝑑𝑑 + 𝜔𝜔𝑑𝑑), 𝑚𝑚4 −

tan �𝑖𝑖𝑑𝑑
2
� cos(Ω𝑑𝑑) , 𝑚𝑚5 − tan �𝑖𝑖𝑑𝑑

2
� sin (Ω𝑑𝑑)�

𝑇𝑇
.   

The dynamics is governed by the Lagrange Equations with MEE [6]. The control law is derived 
in [6] and yields 𝒂𝒂𝑻𝑻, i.e. the thrust acceleration as a function of the state, the boundary condition 
violation, and the perturbing acceleration. The latter includes the effect of Earth and Sun as third 
bodies. Matrix 𝑲𝑲 is a positive definite diagonal matrix of gains, selected after trial-and-attempt 
tuning. The target orbit is reached in a time of flight 𝑡𝑡𝑓𝑓 = 77.52 days, with 

𝑚𝑚𝑓𝑓
𝑚𝑚0

= 0.920. After 100 

days from Lunar Orbit Injection (LOI) the mass ratio reduces to  
𝑚𝑚𝑓𝑓
𝑚𝑚0

= 0.909, because propellant 

is used to compensate the perturbations. The orbit elements of the planar capture orbit reached at 
the end of Phase 1, together with target parameters and parameters after 100 days of propagation, 
are shown in Table 1. The trajectory in Phase 2 and the full trajectory are shown in Figure 4. 

 

 𝑎𝑎 [km] 𝑒𝑒 𝑖𝑖 [deg] Ω [deg] 𝜔𝜔 [deg] 

LOI 108058 0.7000 0 -23.78 48.14 

Target orbit 9751 0.6870 55.70 120.00 90.00 

Final  9772 0.6871 55.71 120.01 89.99 

Table 1: orbit elements at LOI and along the target orbit 

 
Figure 4: a) Trajectory in Phase 2, in MCI reference frame b) Full transfer in ECI reference 

frame 

Concluding Remarks 
This paper proposes a preliminary mission analysis for a low-energy low-thrust Earth-Moon 
transfer, starting from a GTO orbit and aimed at reaching a lunar highly elliptical orbit. In Phase 
1 of the mission, regarding the Earth-Moon transfer, invariant manifold dynamics is used to obtain 
a low-energy planar reference trajectory, thus reducing the trajectory design to the research of a 
point in the phase space. The PSO algorithm allows further refininement of the trajectory in the 
framework of the BR4BP. Then, the same algorithm is employed to find the subsequent minimum-
fuel low-thrust arc. In Phase 2 the final highly elliptic lunar orbit is reached using variable thrust 
nonlinear orbit control, with perturbations compensation and no need of a reference trajectory. 
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Assuming that the departure from GTO is demanded to the launch vehicle, as a part of its 
operations, the overall propellant consumption for the spacecraft equals 8% of its initial mass. In 
the end, the combination of the techniques described in this study allows defining an Earth-Moon 
mission profile with modest propellant consumption. In principle, the methodology at hand is also 
appliable to a variety of departure and target orbits in the Earth-Moon system. 
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Abstract. Modern spacecraft design requires high density, low mass, modular electronic system 
architectures. This format often utilises a common backplane with Printed Circuit Boards (PCBs) 
interconnects. Adaptable electronic systems, such as modular Data Acquisition (DAq) systems, 
allow for configuration via insertion and removal of modules to meet the mission requirements. 
Common methods to mechanically fix the PCB to the chassis are by using stand-offs, with the 
primary function to minimise displacement through structural rigidity and to provide strain relief 
to the electronic connectors. Other methods, such as PCB friction lock allow for strain relief, 
improved thermal grounding of the PCB to the chassis but also allows for easy insertion and 
removal of the PCBs. One disadvantage of this system is that the retention force of the PCB is 
carried by a friction lock device and under acceleration loads, typically experienced in the launch 
environment, may cause failure. This paper presents a method to establish compliance of PCB 
friction lock devices using modal Finite Element Analysis (FEA) to predict the resonant 
frequencies and their Mass Participation Factor (MPF). Using this data, it is proposed that the use 
of an adaptation of the Miles Equation along with an equivalent g-RMS estimation can be used to 
determine the Random Vibration Load Factors (RVLF). A comparison of the RVLF with the 
retention force of the friction lock device can then give insight to the friction joint compliance.  

Introduction 
Quasi-Static Load (QSL), Shock Response Spectrum (SRS), sine and random vibration 
Acceleration Spectral Density (ASD) are typical acceleration loads required for qualification of 
space bound hardware. They represent loads during maneuvers (e.g., roll/tilt and orbital), 
pyrotechnic events (separation and fairing jettison) and motor induced vibrations. Payload flight 
equipment is designed against a defined set of these acceleration loads but are often equated to 
Load Factors (LF) which are equivalent accelerations (expressed in g’s) and applied through the 
Centre of Gravity (CoG) of the structure [1]. This paper considers Random Vibration Load Factor 
(RVLF) and its equivalent g (force) for verification of PCBs friction lock mechanisms (see Fig 1). 
This efficient design allows for high density electronic architectures and modularization via 
insertion/extraction into a chassis by accessing front side only. This verification technique is an 
effort saving technique for the purposes of Proto Flight development. 
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Fig 1: PCB on AA6082-T6 PCB frame with QTY 2 friction locking devices (NVENT).  

In theory, structures may contain millions of Degrees of Freedom (D.O.F), each having a 
resonant frequency. Of these modes, high resonant frequencies (>2000 Hz or > 10,000 Hz) may 
be deemed to have low structural impact, one; because it is beyond the typical random vibration 
spectrum upper frequency limit  (2000 Hz) and SRS (10,000 Hz) and two;  because displacement 
is inversely proportional to modal frequency and often do not constitute a ductile failure mode (not 
withstanding that these modes should still be considered for load spectra for the purposes of fatigue 
compliance and failure modes for brittle ceramic components).The amount of mass moving in any 
direction is a function of the mode participation factor and the effective mass at that mode. This is 
sometimes called Mass Participation Factor (MPF) and it is common, using modal FEA, to 
evaluate MPF such that the summation accounts for > 90 % of the total structural mass in all 
orthogonal directions [2]. Significant modes of interest are extracted from this data (typically with 
MPF > 5 %). The resonant frequency of the structure in each orthogonal axis can also be identified 
as the first significant mode (i.e., lowest mode frequency typically with > 5 % MPF) in each 
orthogonal direction. On consideration for structural analysis of the PCB friction lock compliance, 
the following data is of importance; the mode frequency (Hz), the MPF and the orthogonal 
direction in which it acts. Mode frequency because it is inversely proportional to displacement and 
using Steinberg studies can determine electronic component survivability [3], MPF because of the 
inertia involved with this mode frequency and finally direction (mode shape), because in some 
cases, the direction in which it acts may coincide with friction locking mechanism or its 
deformation may cause collision with adjacent structures (i.e., adjacent PCBs components). This 
analysis considers the modes that are parallel to direction of the friction lock and the MPF at these 
modes. From this, the force response In-Plane (IP) with the PCB friction lock can be compared to 
the friction force holding the PCB in-situ. In summary, this method aims to determine if the PCB 
friction lock will be compromised by random vibration ASD load. Displacement and translation 
can cause a critical failure, especially for electronic systems that rely on a common backplane for 
interconnects. In the next section a proposed pass/fail criteria to determine if the friction lock joint 
will survive the random vibration acceleration load case is presented. 

Method 
The random vibration spectrum is non-deterministic but when analysed statistically over a period 
of time the g-RMS is constant and the likelihood of peaks (g) outside of the RMS are given by a 
Gaussian distribution (3σ). The random vibration spectrum is a base excitation to the hardware 
and typically ranges from 20-2000 Hz but allows for numerous frequencies to be excited at the 
same time. A conservative assumption for the analysis of PCBs within an electronic chassis is to 

Backplane connector 

PCB frame 

PCB Friction lock devices 
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assume no attenuation of the base excitation to the PCBs. However, it has been shown for shock 
inputs that structural discontinuities can significantly attenuate the shock pulse, this is known as 
the 3-joint rule [4].  For frequencies above 2000 Hz or for systems where the resonant frequencies 
are unknown, the RVLF can be approximated by multiplying the overall g-RMS by 3 (i.e. 3σ). 
Standard methods used to formulate the RVLF are based on the Miles Equation [1][5] where the 
base input amplitude is taken at the resonant frequency and the amplitude (g2/Hz) is taken as a 
maximum value from the ASD plateau and considered constant across the entire frequency 
domain. This is over conservative unless the ASD is flat or within one octave either side of the 
resonant frequency [7] because typically the ASD plot has a ramp up (+3 dB) to the knee point 
and decline (-5 dB) after the plateau knee point (e.g. MIL-STL-1540C [6]) where levels are lower 
in these regions.  A more accurate method would be to predict the resonant frequencies and MPF 
using modal FEA and, using Q (often estimated as Q = 20 or approximated using Q = �𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃) 
[3] calculate the g-RMS (�̈�𝑋𝑔𝑔−𝑅𝑅𝑅𝑅𝑅𝑅) using the following equation Eq 1. 

�̈�𝑋𝑔𝑔−𝑅𝑅𝑅𝑅𝑅𝑅 = 3σ.�∑
�1+(2𝜉𝜉(

𝐹𝐹𝑖𝑖
𝐹𝐹𝑛𝑛

)2�

�1−(
𝐹𝐹𝑖𝑖
𝐹𝐹𝑛𝑛

)2�
2
+�2𝜉𝜉(

𝐹𝐹𝑖𝑖
𝐹𝐹𝑛𝑛

)�
2

𝑁𝑁
𝑖𝑖=1  (1) 

The derivation of this method, taken by others [5][7] and adapted for PCB friction lock 
compliance, is based on the system’s response to a typical random vibration ASD. This method 
allows for the inclusion of the ASD amplitude to vary across the frequency range of interest, i.e. 
representing the ramp and declines typically found in random vibration ASDs. Once the g-RMS 
been calculated the total RVLF can be calculated using Eq 2:  

𝑅𝑅𝑅𝑅𝑅𝑅𝐹𝐹 = 𝑚𝑚. �𝑀𝑀𝑀𝑀𝐹𝐹. �̈�𝑋𝑔𝑔−𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖 + ((1 −𝑀𝑀𝑀𝑀𝐹𝐹). �̈�𝑋𝑔𝑔−𝑅𝑅𝑅𝑅𝑅𝑅,𝐴𝐴𝑅𝑅𝐴𝐴�  (2) 

Where; m = mass of PCB and PCB frame, MPF = MPF at resonant frequency of the system in 
direction of the friction lock, X g-RMS, mode i =  g-RMS at resonant frequency using Q = 20, ξ=1/2Q, 
3σ and XRMS, spectrum = g-RMS of overall spectrum multiplied by 3σ. The RVLF is an estimation of 
the forces acting on the PCB friction lock device in the direction of slippage due to the random 
vibration load case. The retention force (Fmax) from a friction lock device (typical values NVENT 
CardLok systems Flock = 400-3000 N) opposing this is Fmax and is calculated using Eq 3: 
  
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜇𝜇.𝐹𝐹𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙.𝐹𝐹𝑛𝑛𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑜𝑜𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝐹𝐹 𝑙𝑙𝑜𝑜𝑓𝑓𝑙𝑙 𝑑𝑑𝑛𝑛𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛𝑑𝑑               (3) 

Friction coefficient (µ) is taken as 0.3 for static aluminum-aluminum interfaces [8]. Failure of 
the locking device is established when the RVLF exceeds the Fmax. A sample calculation is 
provided for the PCB and PCB frame in Fig. 1 against the random vibration ASD in Tab. 1. with 
g-RMS of 14.7 g. A modal FEA study of the assembly predicts an IP resonant frequency of 1318 
Hz with an MPF of 0.2 %. This was the only significant mode within an order of magnitude below 
2000 Hz. 

Tab 1: Random vibration ASD used in study. 

Frequency g2/Hz 

20 0.08 
100 0.4 
300 0.4 
2000 0.017 
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Results 
This paper presents a methodology for the analysis of PCB and PCB frame assemblies that are 
fixed using friction lock devices against random vibration acceleration load case that are 
experienced during spacecraft launch. A sample calculation based on the assembly in Fig.1 is 
presented:  

 
𝑅𝑅𝑅𝑅𝑅𝑅𝐹𝐹 =  0.415 × [(0.002 ×  120.8) + (0.998 × 44.1)] = 18.35 𝑁𝑁    (4) 

 
Where:  
MFrame+PCB = 0.415 kg 
MPF1 = 0.002 @ 1317.8 Hz  
XRMS, mode i = 120.8 g (3 σ and Q = 20), see Fig. 2 and Eq. 1, implemented using MS Excel 
XRMS, spectrum = =14.7 g-rms *3 σ = 44.1 g 
 
As per Eq. 3, assuming the use of NVENT Schroff Series 48-5 (1418 N retention force each) 
 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 =  0.3 × 1481 × 2 = 888.6 𝑁𝑁         (5) 
 

Therefore:  𝑀𝑀. 𝑜𝑜. 𝑆𝑆 = 888.6
18.35

− 1 = 47.4       (6) 

 

 
 

Fig 2: Random vibration ASD response based on Eq. 1 and resonant frequency of PCB 
assembly. 

Conclusion 
This research is based on flight hardware destined to be launched on the Ariane 6-2 in 2026 and is 
currently under development. The hardware has passed system qualification testing for 
acceleration load cases. The sample calculation shows very low force response acting on the PCB 
assembly IP (18.35 g) which is primarily due to the low MPF (0.2 %) within the ASD limit range 
(2000 Hz). It is also due to the vehicle IP random vibration requirements of 14.7 g-rms. The Out-
of-Plane (OOP) is greater at 22.7 g-rms. Nevertheless, given the retention force of the NVENT 
product and excluding any Factors of Safety (FoS), Local Design Factors (LDF), Qualification 
Loads (QL), Design Loads (DL) etc., the MoS for slip is high at 47.4 and presents a low risk for 
movement or failure. This study would benefit from a more detailed validation of the PCB 
assembly modes by locally instrumenting low-mass triaxial accelerometers on PCB locations and 
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spectra analysis of multiple accelerometers across the PCB which can allow for validation of the 
MPF and mode shapes. It is a laborious technique and one such example of this is presented by 
Sandia National Laboratories [9]. Furthermore, an experimental apparatus capable of measuring 
forces on such friction lock devices could be used to establish the random vibration ASD 
thresholds for slip and failure.   
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Abstract. This research proposes a near-optimal feedback guidance based on nonlinear control for 
low-thrust Earth orbit transfers. For the numerical simulations, two flight conditions are defined: 
(i) nominal conditions and (ii) nonnominal conditions that account for the orbit injection errors 
and the stochastic failures of the propulsion system. Condition (ii) is studied through an extensive 
Monte Carlo Analysis, to demonstrate the nonlinear feedback guidance’s numerical stability and 
convergence properties. To illustrate the performance under both conditions, an orbit transfer from 
low Earth orbit to geostationary orbit is considered. Near-optimality of the feedback guidance 
comes from carefully selecting the nonlinear control gains. Comparison of the transfer with an 
existing study that uses optimal control reveals that orbit transfers based on feedback orbit control 
are very close to the optimal solution. 

Keywords: Earth Orbit Transfers, Low-Thrust Spacecraft, Feedback Guidance and 
Control 

Introduction 
Orbit control is a critical part of spacecraft control design and was extensively studied over the last 
century. Most studies focus on impulsive transfers. However, near-optimal and nonlinear strategies 
for low-thrust transfers are becoming popular since they allow compensation of orbital 
perturbations.  

The study of nonlinear and near-optimal feedback guidance for low-thrust spacecraft is a 
reasonably new topic, with significant publications taking place over the last three decades. An 
important contribution is due to Gurfil [1], who utilizes nonlinear control with modified 
equinoctial orbit elements for low-thrust orbit transfers. The study guarantees asymptotic 
convergence from an initial elliptical orbit to any final elliptical orbit using Gauss’s variational 
equations. Pontani and Pustorino [2] have recently applied nonlinear control strategies to orbit 
injection and maintenance problems where the control scheme takes advantage of Lyapunov 
stability combined with LaSalle’s invariance principle. Gao [3] presents a linear feedback guidance 
approach that exhibits near-optimality for low-thrust Earth orbit transfers using orbital averaging. 
Kluever [4] proposed a simple closed-loop feedback-driven scheme for low-thrust orbit transfers 
that allows calculating sub-optimal trajectories. Petropoulos [5] developed a simple strategy based 
on candidate Lyapunov functions for low-thrust orbit transfers while coining the term proximity 
quotient or Q-Law. There are several other studies based on Q-Law [6, 7], and they focus on 
mitigating the sub-optimality of this strategy.  

This research proposes a near-optimal feedback guidance based on nonlinear control for low-
thrust Earth orbit transfers. Both eclipse condition and orbit perturbations (i.e., several Earth 
gravitational harmonics, solar radiation pressure, aerodynamic drag, and gravitational attraction 
due to Sun and Moon) are modeled. Two flight conditions are defined: (i) nominal conditions and 
(ii) nonnominal conditions that account for orbit injection errors and stochastic failures of the 
propulsion system. An orbit transfer from low Earth orbit to geostationary orbit is considered. The 
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initial and final orbit elements are taken from an existing study on optimal orbit control [8] for the 
purpose of comparing and demonstrating the near-optimality of the nonlinear feedback guidance.  

Nonlinear orbit control using modified equinoctial elements 
Orbit elements lead to singularities in the Gauss planetary equations for circular and equatorial 
orbits. To avoid similar issues, this study utilizes Modified Equinoctial Orbit Elements (MEE), 
defined as  

( )21p a e= −   ( )cosl e ω= Ω+     ( )sinm e ω= Ω+     tan cos
2

i
n = Ω     tan sin

2

i
s = Ω     *q ω θ= Ω+ +    (1) 

where a, *, , , ,e iω θΩ  are semimajor axis eccentricity, right ascension of the ascending node 
(RAAN), argument of periapsis, inclination, and true anomaly, respectively. Five of them are 

collected in z, defined as [ ] [ ]1 2 3 4 5

T T
x x x x x p l m n s= =z , and subject to the governing 

equation  
 6( , )x=z z aG  (2) 

The last element is 6x q= . The a term in (2) includes the projections of both perturbing and 
thrust acceleration onto the LVLH-frame. The explicit expression of G and the governing equation 
for 6x  are reported in [2]. Two (constant) parameters identify the characteristics of the low-thrust 

propulsion system: ( )
0

max
T maxu T m=  and c, where maxT , 0m , and c denote respectively maximum 

thrust magnitude, initial mass, and effective exhaust velocity. As a result, letting 7 0x m m=  (where 

m is the instantaneous mass), one obtains 7 Tx u c= − , with 0Tu T m= . Thus, 7T T x=a u  defines 

the instantaneous thrust acceleration. The term a  includes two contributions, T P= +a a a , where 

the Pa  term refers to the perturbing acceleration. For this study, four types of orbital perturbations 

are considered: (a) the Earth gravitational harmonics (with 6
, 10l mJ −> ), (b) solar radiation pressure, 

(c) third-body attraction due to the Sun and the Moon, and (d) aerodynamic drag. The drag is 
modeled by assuming a reference surface area of 223.569 m  and ballistic coefficient equal to 

20.0576 m kg . In addition, the solar radiation pressure is modeled using a fully reflective surface 
area where the reflective coefficient is equal to 2. In the end, 

[ ]6 7 1 2 3 4 5 6 7

T TT x x x x x x x x x = = x z identifies the complete state vector in compact 

form, whereas Tu  is the control vector. 
Nonlinear orbit control allows identifying a feedback law that can drive the spacecraft toward 

the desired orbit while ensuring global asymptotic stability. For the problem at hand, the target set, 

associated with the final orbit, is ( )2 2 2 2 2 2
1 2 3 4 5 tan 2d d d

T
x p x x e x x i = − + − + − ψ , where 

subscript d denotes the desired value of the respective variable. The feedback law 

 ( ) ( )
( ) ( ){ }

7

7max ,

P
T

max
T max

T P

x
u

u x

+
= −

+

b a
u

b a
, with { }1 2 3  and  diag , ,

T
T k k k

∂ = = ∂ 

ψ
b ψ

z
G K K  (3) 

is proven to enjoy quasi global stability [2], using the Lyapunov direct method, in conjunction 
with the LaSalle’s principle. However, the choice of the three gains ( )1 2 3, ,k k k  plays a crucial role 

for the purpose of speeding up convergence to the target set. This study proposes and applies a 
gain selection method composed of two sequential steps: 

Step 1. Exhaustive table search that includes different gain combinations; each gain is changed 
with increment by 0.110 , in the interval 61 10ik≤ ≤ . 
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Step 2. Using the values found at step 1, the native “fminsearch” MATLAB routine, which 
employs a Nelder-Mead simplex algorithm, is used. 

The preceding two steps are completed for different initial orbits, associated with identical 
values of semimajor axis, eccentricity, RAAN, and argument of perigee, and different initial 
inclinations. The propulsion parameters for the gain optimization process are assumed to be 

30 km/sc =  and 4(max)
010Tu g−=  with 2

0 9.8065 m/sg = . 

Numerical results 
The near-optimal feedback guidance proposed in this study is tested under nominal and 
nonnominal conditions. For both cases, initial and final orbit elements and the propulsion 
parameters are taken from an existing study focusing on optimal orbit control [8]. The final orbit 
is geostationary, whereas the initial orbit is circular, with 0 6927 kma =  and 0 28.5i = ° . The 

propulsion parameters are 32.361 km sc =  and (max) 243.348 10  m sTu −= ⋅ , and they characterize a 
low-thrust propulsion system. The gain values are selected from the preceding systematic study 
and are 1 0.9722k = , 2 1056k = , and 3 967k = . For the transfer time and final mass ratios reported in 
this section, the following criteria are used to indicate the end of the transfer:  
 10 kmdp p− ≤            0.005e ≤           0.5i ≤ °  (4) 

Nominal Conditions 
This subsection reports the numerical results under nominal conditions and compares the proposed 
nonlinear feedback guidance with the existing optimal solution. Figure 1 shows the near-optimal 
transfer path, with eclipse arcs (where propulsion is unavailable) highlighted in blue.  

 

  
Figure 1: Cartesian motion of the spacecraft in the ECI frame (blue lines indicate eclipse)  

At the beginning of the transfer, the perturbing acceleration is higher than the thrust 
acceleration. However, the perturbing term quickly decays to low values as the osculating radius 
increases. Using the criteria defined by (4), the transfer time is 228.2 daysft =  with a final mass 

ratio,  7 0.8245fx = . This result is compared to the optimal solution found in [8], which considers 

shadowing (but neglects orbit perturbations). The optimal path is completed in 215.9 days, with 
final mass ratio 7 0.8394fx = . Therefore, with the proposed nonlinear feedback approach, the 

transfer time is only 5.71% higher, and the final mass ratio is 1.78% lower than the optimal 
solution. Hence, this demonstrates that nonlinear feedback control can generate a transfer path 
very close to the optimal, minimum-time solution. 
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Monte Carlo Analysis 
This subsection concentrates on nonnominal flight conditions, which account for the orbit injection 
errors and the stochastic failures of the propulsion system. The propulsion parameters, initial and 
final orbits, and gain values are the same as in the nominal case. Orbit injection errors are modeled 
by randomizing the initial orbit elements, using a uniform distribution. More specifically, the 
perigee and apogee radii ( pr  and ar ) and inclination i have uniform distribution in the following 

ranges: [ ] [ ]350,549  km  and  549,750  kmp E Ear R r R= + = +  (where ER  is the Earth radius), and 

[ ]22.5,34.5  degi = . Moreover, RAAN, argument of perigee, and true anomaly have uniform 

distribution in the entire range of definition. The stochastic failure of the propulsion system is 
modeled by specifying the starting point of failure and its duration. These two stoachastic 
variables, denoted respectively with failt  and durt  have uniform distribution as well, i.e. 

[ ]1,100  daysfailt = and [ ]5,20  daysdurt = .  

In spite of initial errors at orbit injection and stochastic propulsion failures, feedback control 
successfully drives the spacecraft to the desired orbit. Table 1 reports the Monte Carlo Analysis’s 
statistical results, based on 1000 simulations, and compares the proposed feedback guidance and 
existing optimal solutions. These results testify to the excellent stability properties of feedback 
control as well as to the effectiveness of the gain selection method.  

 

Table 1: Statistical results of the Monte Carlo Analysis and comparison with the optimal solution 

 Mean Std. Dev. Optimal Solution 

ft  (days) 236.41 10.51 215.94 

7x  0.8234 0.0063 0.8394 

Concluding Remarks 
This paper proposes and applies a near-optimal feedback guidance strategy based on nonlinear 
orbit control to low-thrust Earth orbit transfers. Feedback guidance utilizes some fundamental 
principles of Lyapunov stability theory and LaSalle’s invariance principle. A novel gain selection 
strategy that involves an exhaustive table search and a numerical optimization algorithm provides 
near-optimality of the optimal paths traveled through feedback guidance. Two different flight 
conditions are considered: (i) nominal conditions and (ii) nonnominal conditions that account for 
the orbit injection errors and the stochastic failures of the propulsion system. The numerical 
results testify to the excellent stability properties of feedback control, as well as to the effectiveness 
of the gain selection method, even in nonnominal flight conditions. 
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Abstract. This paper presents a method for achieving a desired boresight pointing of an instrument 
on a spacecraft using only magnetorquers as torque actuators. The desired pointing direction is 
inertially fixed. The proposed method is of proportional-derivate type and stabilizes the boresight 
pointing. Numerical simulations illustrate the effectiveness of the method and show that 
convergence to the desired pointing direction occurs faster than employing a three-axis 
stabilization approach. 

Introduction 
Pointing of the boresight of an instrument is a common task of many spacecraft during their 
operational life. For example, it might be required to point a telescope at a star, to point a 
transmitting or receiving antenna at a ground station, or to point the Sun with solar panels. A 
common approach for boresight control is performing three-axis attitude control which requires 
knowledge of the full attitude of the spacecraft. However, in boresight pointing applications, only 
the pointing direction is relevant and the rotation about the boresight is not considered. In this 
sense, full attitude knowledge is not required for boresight control, and it suffices to measure the 
reduced-attitude vector defined on the two-dimensional sphere. Motivated by this practical 
consideration this research presents a method for reduced-attitude stabilization for a spacecraft that 
uses only magnetorquers as torque actuators. 

Magnetorquers are planar current-driven coils rigidly placed on the spacecraft typically along 
three orthogonal axes. The interaction between the magnetic dipole moment generated by those 
coils and the Earth magnetic field creates a torque that attempts to align the magnetic dipole 
moment in the direction of the field. Magnetorquers present the following benefits: (i) they are 
simple, reliable, and low cost; (ii) they need only renewable electrical power to be operated; (iii) 
they save weight with respect to any other class of torque actuators.  On the other hand, 
magnetorquers have the following important limitations: (i) the control torque generated by 
magnetorquers is constrained to belong to the plane orthogonal to the Earth magnetic field; (ii) the 
maximum torque they can generate is substantially smaller than for other types of torque actuators. 
Due to these limitations, using only magnetorquers for attitude stabilization leads to smaller 
pointing accuracy and slower convergence compared to other torque actuators. Thus, it is 
considered a feasible option especially for low-cost micro and nano satellites, and for satellites 
with a failure in the main torque actuators. 

This work proposes a boresight stabilization law for an inertially pointing spacecraft equipped 
only with magnetorquers as torque actuators. Numerical simulations for a case study show the 
effectiveness of the proposed law. 

Spacecraft Boresight Pointing 
Consider the problem of aligning a body-fixed boresight axis of an instrument on a spacecraft with 
an inertially-fixed reference axis. In addition, once the alignment condition is achieved the 
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spacecraft must not rotate about the reference axis to avoid blurred measurements from the 
instrument.  The body-fixed boresight axis is expressed by the constant column matrix of its body 
coordinates 𝒂𝒂 ∈ 𝕊𝕊2 = {𝒗𝒗 ∈ ℝ𝟑𝟑: 𝒗𝒗𝑇𝑇𝒗𝒗 = 𝟏𝟏 }. The inertially-fixed reference axis is expressed by the 
constant column matrix 𝒂𝒂𝑟𝑟𝑖𝑖 ∈ 𝕊𝕊2 of its coordinates along the standard Earth-Centered Inertial (ECI) 
frame [1]. Let 𝑹𝑹 be the rotation matrix that transforms a column matrix of body coordinates into 
the corresponding column matrix of ECI coordinates. Thus, the reference axis expressed in body-
coordinates is given by 𝒂𝒂𝑟𝑟𝑏𝑏 = 𝑹𝑹𝑇𝑇𝒂𝒂𝑟𝑟𝑖𝑖 . Column matrix 𝒂𝒂𝑟𝑟𝑏𝑏 describes a reduced attitude and obeys the 
following kinematics [2] 

�̇�𝒂𝑟𝑟𝑏𝑏 =  𝒂𝒂𝑟𝑟𝑏𝑏 ⨯ 𝝎𝝎 (1) 

where 𝝎𝝎 is the column matrix of body coordinates of the angular velocity of the body frame with 
respect to the ECI frame. The spacecraft is modeled as a rigid body and its attitude dynamics are 
given by [2] 

𝑱𝑱�̇�𝝎 +  𝝎𝝎⨯ (𝑱𝑱𝝎𝝎) = 𝑻𝑻𝑐𝑐 + 𝑻𝑻𝑑𝑑 (2) 

where 𝑱𝑱 is the spacecraft inertia matrix, 𝑻𝑻𝑐𝑐 is the column matrix of body coordinates of the control 
torque, and 𝑻𝑻𝑑𝑑 is column matrix of body coordinates of the sum of all disturbance torques acting 
on the spacecraft. The control torque is generated by three magnetorquers aligned with the body 
axes. Thus, it can be expressed as follows 

𝑻𝑻𝑐𝑐 =  𝒎𝒎𝑐𝑐 ⨯ 𝒃𝒃𝑏𝑏 (3) 

where 𝒎𝒎𝑐𝑐 is the column matrix of the control magnetic dipole moments generated by the three 
magnetorquers, and 𝒃𝒃𝑏𝑏 is the column matrix of body coordinates of the geomagnetic induction. 

 
The proposed boresight stabilization law is given by 

𝒎𝒎𝑐𝑐 = 𝒃𝒃𝑏𝑏 ⨯ [𝑘𝑘𝑝𝑝(𝒂𝒂 ⨯ 𝒂𝒂𝑟𝑟𝑏𝑏) − 𝑘𝑘𝑑𝑑  𝝎𝝎] (4) 

where 𝑘𝑘𝑝𝑝 and 𝑘𝑘𝑑𝑑 are positive scalar gains. The stabilization law is obtained by modifying the 
proportional-derivative like law for fully actuated spacecraft presented in [2]. Specifically, the 
cross product with 𝒃𝒃𝑏𝑏 is introduced to enforce that  𝒎𝒎𝑐𝑐 is perpendicular to 𝒃𝒃𝑏𝑏. The latter property 
allows to save energy since Eq. 3 shows that a term in 𝒎𝒎𝑐𝑐 parallel to 𝒃𝒃𝑏𝑏 does not give any 
contribution to the control torque 𝑻𝑻𝑐𝑐.  

Stability Analysis 
In this section a stability result of the proposed boresight stabilization law is presented. The 
stability analysis is carried out by adopting the inclined dipole model for the geomagnetic field 
[1]. Consider a circular orbit for the spacecraft and let 𝒃𝒃𝑖𝑖(𝑡𝑡) denote the column matrix of ECI 
coordinates of the geomagnetic induction along the orbit. The adoption of the inclined dipole 
model leads to an almost periodic time behavior for  𝒃𝒃𝑖𝑖(𝑡𝑡). Consider matrix 

𝚪𝚪𝑖𝑖(𝑡𝑡) = 𝒃𝒃𝑖𝑖(𝑡𝑡)𝑇𝑇𝒃𝒃𝑖𝑖(𝑡𝑡)𝑰𝑰𝟑𝟑×𝟑𝟑 − 𝒃𝒃𝑖𝑖(𝑡𝑡)𝒃𝒃𝑖𝑖(𝑡𝑡)𝑇𝑇 (5) 

where 𝑰𝑰𝟑𝟑×𝟑𝟑 is the identity matrix. Note that 𝚪𝚪𝒊𝒊(𝒕𝒕) is also almost periodic, and consider the 
following average value 
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𝚪𝚪𝑎𝑎𝑎𝑎𝑖𝑖 = 𝐥𝐥𝐥𝐥𝐥𝐥
𝑇𝑇→∞

𝟏𝟏
𝑇𝑇 ∫ 𝚪𝚪𝑖𝑖(𝜏𝜏) 𝑑𝑑𝜏𝜏𝑇𝑇

𝟎𝟎  (6) 

It can be shown that the following stability result holds true. 
Proposition. If 𝐝𝐝𝐝𝐝𝐝𝐝(𝚪𝚪𝑎𝑎𝑎𝑎𝑖𝑖 ) ≠ 𝟎𝟎 then it is possible to determine positive values for 𝑘𝑘𝑝𝑝 and 𝑘𝑘𝑑𝑑 so 

that the equilibrium (𝒂𝒂𝑟𝑟𝑏𝑏 ,𝝎𝝎) = (𝒂𝒂,𝟎𝟎) of the closed-loop in Eqs. 1-4 with 𝑻𝑻𝑑𝑑 = 𝟎𝟎 is asymptotically 
stable. 

It can be obtained that condition 𝐝𝐝𝐝𝐝𝐝𝐝(𝚪𝚪𝑎𝑎𝑎𝑎𝑖𝑖 ) ≠ 𝟎𝟎 is fulfilled if the orbit inclination is not too low. 

Numerical Simulations 
The goal of this section is to validate by numerical simulations the boresight stabilization law in 
Eq. (4). Consider a spacecraft with inertia matrix equal to 𝑱𝑱 = diag[27 25 17] kg m2 which 
follows a circular orbit with 450 km altitude, 87 deg inclination, and zero RAAN. The orbital 
period is about 5600 sec. The maximum value for each element of 𝒎𝒎𝑐𝑐 is set to 10 A m2. The 
body-fixed boresight axis and the inertially-fixed reference axes are set equal to 𝒂𝒂 = 𝒂𝒂𝑟𝑟𝑖𝑖 =
[0 0 1]𝑇𝑇. Disturbance torques included in the simulations are gravity-gradient torque, residual 
magnetization torque, and aerodynamic drag torque modeled as in [3]. The gains of the 
stabilization law are set to 𝑘𝑘𝑝𝑝 = 4.9 104  𝑘𝑘𝑑𝑑 = 1.2 109. Since 𝒂𝒂 = 𝒂𝒂𝑟𝑟𝑖𝑖  the required boresight 
pointing can also be achieved through a three-axis attitude stabilization action that aligns the body 
frame with the ECI frame. Thus, the performances of the proposed boresight stabilization law are 
compared with those of the following proportional-derivative-like three-axis attitude stabilization 
law [2] 

𝒎𝒎𝑐𝑐 = 𝒃𝒃𝑏𝑏 ⨯ [−𝑘𝑘𝑝𝑝 ∑ (𝒆𝒆𝑖𝑖 ⨯ 𝑹𝑹𝒆𝒆𝑖𝑖)𝟑𝟑
𝑖𝑖=𝟏𝟏 − 𝑘𝑘𝑑𝑑  𝝎𝝎] (7) 

in which 𝒆𝒆𝑖𝑖 is the i-th column of the identity matrix 𝑰𝑰𝟑𝟑×𝟑𝟑. The numerical values of 𝑘𝑘𝑝𝑝 and 𝑘𝑘𝑑𝑑 are 
the same as for the boresight stabilization law.  

A Monte Carlo campaign of 40 simulations is run by considering random initial attitude and 
random initial angular velocity with maximum amplitude of 3 deg/sec. The time behaviors of the 
pointing error and of the control magnetic dipole moment are reported in Fig. 1. In each simulation 
the pointing accuracy is evaluated through the magnitude Θ𝑚𝑚𝑎𝑎𝑚𝑚 𝑠𝑠𝑠𝑠 which denotes the maximum 
pointing error in steady-state.  Table 1 reports the mean values Θ𝑚𝑚𝑎𝑎𝑚𝑚 𝑠𝑠𝑠𝑠��������� and the standard deviations 
σ(Θ𝑚𝑚𝑎𝑎𝑚𝑚 𝑠𝑠𝑠𝑠) obtained with the two types of stabilization. 
 

Table 1. Statistics of the Monte Carlo campaign 

type of stabilization Θ𝑚𝑚𝑎𝑎𝑚𝑚 𝑠𝑠𝑠𝑠��������� [deg] σ(Θ𝑚𝑚𝑎𝑎𝑚𝑚 𝑠𝑠𝑠𝑠) [deg] 
boresight 17.68 3.22 
three-axis 18.25 0.60 
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Figure 1. Time histories of the pointing error and of the control magnetic dipole moment. 

The statistics show that the pointing accuracies of the two types of stabilization are similar. 
However, through visual inspection of the time behaviors of the pointing error obtain that boresight 
stabilization achieves a faster convergence to the steady-state behavior. Specifically, by employing 
boresight stabilization converge is obtained after approximately 60 orbital periods in the worst 
simulation run whereas with three-axis stabilization it is obtained only after about 250 orbital 
periods in the worst case. Faster convergence is probably due to the fact that the objective of 
boresight stabilization is achieving the desired alignment only for the boresight axis rather than for 
of all three body axis. 
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Abstract. In this paper the problem of guiding a vehicle from the entry interface to the ground is 
addressed. The Space Shuttle Orbiter is assumed as the reference vehicle and its aerodynamics 
data are interpolated in order to properly simulate its dynamics. The transatmospheric guidance is 
based on an open-loop optimal strategy which minimizes the total heat input absorbed by the 
vehicle while satisfying all the constraints. Instead, the terminal phase guidance is achieved 
through a multiple-sliding-surface technique, able to drive the vehicle toward a specified landing 
point, with desired heading angle and vertical velocity at touchdown, even in the presence of 
nonnominal initial conditions. The time derivatives of lift coefficient and bank angle are used as 
control inputs, while the sliding surfaces are defined so that these two inputs are involved 
simultaneously in the lateral and vertical guidance. The terminal guidance strategy is successfully 
tested through a Monte Carlo campaign, in the presence of stochastic winds and wide dispersions 
on the initial conditions at the Terminal Area Energy Management, in more critical scenarios with 
respect to the orbiter safety criteria.  

Introduction 
The development of an effective guidance architecture for atmospheric reentry and precise landing 
represents a crucial issue for the design of reusable vehicles capable of performing safe planetary 
reentry. Unsurprisingly, the interest in guidance and control technologies for atmospheric reentry 
and landing of winged vehicles has increased [1-2], as the flexibility and controllability of the 
reentry trajectory can be increased through the employment of lifting bodies. However, this implies 
a greater sensitivity to the environmental conditions. Thus, the usefulness of a real-time guidance 
algorithm, able to generate online trajectories, is evident, for the purpose of guaranteeing safe 
descent and landing even in the presence of nonnominal conditions and dispersions caused by the 
preceding transatmospheric phase. 

The guidance and control strategy of the Space Shuttle relied on the modulation of the bank 
angle to follow a pre-computed reference drag profile, and could only account for small deviations 
from the nominal conditions [3]. Mease and Kremer and Mease et al. [4] revisited the Shuttle 
reentry guidance, using nonlinear geometric methods. Later on, Benito and Mease [5] developed 
and applied a new controller based on model prediction, where the bank angle is modulated to 
minimize an effective cost function which accounts for the error in drag acceleration and 
downrange. Nonlinear predictive control was employed by Minwen and Dayi to generate skip 
entry trajectories for low lift-to-drag vehicles [6]. Most recently, Lu [7] considered a unified 
guidance methodology based on a predictor-corrector algorithm, for vehicles with different 
aerodynamic efficiency, while satisfying the boundaries on the thermic flux and load factor. 
Instead, a more limited number of papers addressed the terminal descent and landing, which is 
traveled after the Terminal Area Energy Management (TAEM) interface. Kluever [8] developed a 
guidance scheme for an unpowered vehicle with limited normal acceleration capabilities. Bollino 
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et al. [9] employed a pseudospectral-based algorithm for optimal feedback guidance of reentry 
spacecraft, in the presence of large uncertainties and disturbances. Fahroo and Doman [10] used 
again a pseudospectral method in a mission scenario with actuation failures. Finally, reinforcement 
learning was used for autonomous guidance algorithms for precise landing [11]. Recently, sliding 
mode control was proposed as an effective nonlinear approach to yield real-time feedback control 
laws able to drive an unpowered space vehicle toward a specified landing site [3,12]. Depending 
on the instantaneous state and the desired final conditions, sliding mode control was already shown 
to be effective for generating feasible atmospheric paths leading to safe landing in finite time, even 
when several nonnominal flight conditions may occur that can significantly deviate the vehicle 
from the desired trajectory, e.g. winds or atmospheric density fluctuations [13]. 

In this work, an open-loop optimal guidance is developed for the transatmospheric arc, capable 
of minimizing the total heat input while driving the vehicle toward the TAEM. The Space Shuttle 
Orbiter is taken as the reference vehicle and an analytical method is employed to keep the 
maximum thermic flux below the safety limit, while accounting for the saturation on the control 
variables. Finally, the multiple-sliding-surface guidance is employed in order to drive the vehicle 
from the TAEM to the landing point, with accurate aerodynamic modelling, while including 
stochastic winds and large dispersions on the initial values of the state and control variables. 

Reentry dynamics 
The reentry vehicle is modelled as a 3-DOF lifting body and the position of the centre of mass is 
identified by a set of three spherical coordinates , representing respectively the 

instantaneous radius, the geographical longitude and the latitude. The additional variables are 
given by the relative velocity with respect to the Earth surface , the heading angle  and the 

flight path angle . The trajectory equations describe the motion of the center of mass due to the 

effect of the forces acting on it [14]. 
The Space Shuttle Orbiter is taken as the reference vehicle for numerical simulations. It is 

assumed that the lift and drag coefficients (  and ) depend only on the angle of attack   and 

Mach number , while the sideslip coefficient  depends only of the sideslip angle  and 

Mach number . The aerodynamics coefficients are obtained from wind tunnel tests [15] and are 
interpolated in order to derive their expressions as continuous functions of the aerodynamic angles 
and Mach number ( , , ). 

Transatmospheric phase  
The transatmospheric guidance drives the vehicle from the entry interface towards the TAEM, 
while keeping the thermic flux per unit area at the stagnation point   below the maximum value 

and minimizing the cost function 

  (1) 

where the coefficients k are chosen to balance the different contributions, while the terms  
represent the deviations on the state variables at the final time, located at the TAEM. The reentry 
trajectory is sampled at equally-spaced time instants  from the entry interface to the TAEM and 

the guidance law is determined through parametric optimization of the following parameters: 
• sampled values of the bank angle; 
• sampled values of the angle of attack from  to the TAEM; 
• the total time of flight  from the reentry interface to the TAEM; 
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• the Mach number  at the end of the costant-angle-of-attack flight profile; 
• the argument of latitude  at the initial time; 

The boundary conditions reflect the typical discent profile of the Space Shuttle [16]                     (
, , , , , , 

°, ) and the algorithm must keep the thermic flux below the maximum 

allowable value, equal to 681.39 kW/m2, even lower than the typical value reported in the scientific 
literature, i.e. 794.43 kW/m2 [17]. The dynamic pressure must be less than 16.375 kPa. 

Thermic flux saturation. The thermic flux at the leading edge can be computed as , 

where  and , with a  = 17700, b =  0.0001 and n = 3.07 

[17]. The derivative of the thermic flux can be easily computed as , where F and 

G are auxiliary functions that do not depend on the input variable ( ). Therefore, the time 
derivative of the lift coefficient can be computed as 

   (2) 

Guidance strategy. The descent of the vehicle through the atmosphere is controlled through 
modulation of the angle of attack and bank angle. In particular, the variation of the angle of attack 
follows the succession of four distinct flight profiles: 

• constant-angle-of-attack flight from the entry interface to ; 
• variable-angle-of-attack flight as described by Eq. 10; 
• variable-angle-of attack flight following a sinusoidal profile from  to ;  
• variable-angle-of-attack flight optimized by the guidance algorithm. 

Numerical results. Table 1 reports the results of the optimization. The guidance algorithm is 
able to drive the vehicle through the atmosphere, with limited dispersions on the final state at the 
TAEM (cf. Table 1), along a descent path close to the actual trajectory of the Orbiter [16]. 

Table 1: displacements of the state variables from the boundary values at TAEM 

 
[MJ/m2] 

 
[m] 

 
[m] 

 
[m] 

 

[m/s] 

 

[°] 

 

[°] 
325.87 2.05 0.32 53.95 9.50 6.35 ⋅10-4 1.26 ⋅ 10-5 

 
Fig. 1 and 2 highlight the time history of the angle of attack, which keeps the thermic flux below 

the maximum value. Saturation of the thermal flux occurs after about 200 s, as shown  

 
Fig. 1: time histories of the thermal flux along the transatmospheric arc 
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Fig. 2: time histories of the angle of attack along the transatmospheric arc                 

Terminal guidance 
Along the transatmospheric arc, different factors may modify the reentry trajectory from the 
reference profile. Therefore, the terminal guidance must be able to drive the vehicle despite a wide 
range of initial conditions. In a previous work, sliding-mode control was already employed as a 
nonlinear approach to yield real-time feedback guidance laws in an accurate dynamic framework, 
including winds and large deviations from the initial trajectory variables [13]. In this study, 
significant improvements are developed with respect to the previous research: 

• sliding-mode guidance is tested for a longer time period (i.e. from the TAEM to ground) 
and the aerodynamic modeling is based on real data rather than approximate analytical 
expressions; 

• the saturation of the control variables is accounted inside the expression of the control 
input, so that only feasible trajectories are generated; 

• the guidance gains are updated through an adaptive strategy, allowing further extension of 
the capability of the algorithm. 

Numerical results. A total number of 500 simulations are run and the initial conditions are 
randomly generated with upper/lower bounds set to (where  denotes the standard 

deviation of the variable of interest). Stochastic wind is also accounted for, whose intensity and 
direction is stronger than the safety limits prescribed for the Space Shuttle Orbiter landing [18]. 
Table 2 collects the initial conditions and associated standard deviations, which reflect the actual 
reference flight profile of the Space Shuttle [16]. Instead, Table 3 collects the results of the Monte 
Carlo campaign. 
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Table 2: initial conditions and standard deviations 

Variable 
 

[m] 
  

[m] 
  

[m] 
 

[m/s] 

  

[deg] 

 

[deg] 

  

[-] 

 
[deg] 

Initial 
Conditions 

24050 -54850 95932 762  -8 0.3969 0 

Std. Dev. 0 2500 2500 15 5 1 0.01 5 

 
Table 3: results of the Montecarlo campaign 

Variable 
  

[m] 

 

[m] 
  

[m/s] 
  

[m/s] 

  

[deg] 

 

[deg] 

  
[deg] 

  
[deg] 

Mean 761.61 4.41 -1.02 138.69 -60.23 -0.43 6.26 -0.07 

Std. Dev. -5.66 ⋅ 10-3 5.04 ⋅ 10-3 0.10 16.63 0.02 0.09 1.74 1.17 

 
From inspection of Table 3, it is evident that the algorithm is able to drive the vehicle to the 

prescribed landing point, which is located 762 m beyond the runway threshold, with limited 
crossrange component and vertical velocity at touchdown, and the proper alignment with the 
runway [16]. Figure 3 shows the stream of trajectories from the TAEM to the landing runway. 

 
Fig. 3: stream of trajectories 

Concluding remarks 
This paper addresses the problem of driving a winged vehicle (i.e. the Space Shuttle Orbiter) from 
the entry interface to landing, while satisfying all the constraints. The transatmospheric guidance 
is based on an open-loop algorithm that minimizes the total heat input and saturates the maximum 
thermic flux. The terminal guidance is based on a multiple-sliding-surface strategy, which allows 
online generation of trajectories. The simulation setup includes a complete dynamic framework 
with an accurate aerodynamics modeling based on wind tunnel tests. The numerical results show 
the ability of the proposed guidance to modulate the angle of attack to avoid exceeding the 
maximum thermal flux, while compensating for winds and dispersions of position and velocity 
from the nominal trajectory during the terminal phase. The vehicle reaches the landing point with 
the proper alignment with the runway and a safe vertical velocity. 
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Abstract. The paper deals with a technique developed along the years at the Scuola di Ingegneria 
Aerospaziale to provide an exact solution for J2 perturbed orbits, here applied to spacecraft 
formations. Analytic solutions are useful in the design phase and can help in operations to identify 
and to efficiently maintain a suitable configuration. The approach is based on the elaboration, 
conveniently performed by means of a symbolic software tool, of a set of equations analogous to 
the Lagrange planetary relations. Resulting parameters are expressed  through Fourier series 
depending only on the initial conditions. Comparison with standard, longer to obtain and less 
accurate numerical propagation clarify the advantage of the technique, which is limited only by 
the number of terms taken into account in the expansion.  

Introduction 
Numerical propagation of orbits gained widespread acceptance due to the availability of large 
computation resources and to the possibility to include the effects of all perturbations. However, 
analytic formulations – when available - offer an exact and really fast solution and helps in the 
understanding of the problem, with obvious advantages in design. It is well known that Keplerian 
trajectories can be expressed as an expansion of terms, providing an analytical solution, even if 
practically limited by the number of terms taken into account. Taylor expansions in powers of the 
time or of the eccentricity and Fourier expansion in terms of the anomaly are possible, with a 
bound on eccentricity values in order to ensure convergence [1, 2]. It is interesting to similarly act 
for real orbits, where perturbations have to be considered. There is a large interval of orbital 
altitudes, between 600 and 900 km, where – for standard spacecraft, i.e. the ones missing extremely 
large appendages – the dominant perturbation is the one due to the aspherical gravitational 
potential of the Earth. Furthermore, the second harmonic of the Earth potential, the one 
representing the oblate or polar-flattened Earth and shortly indicated as J2, is definitely the most 
relevant term, so that the analysis can be conveniently limited to it. Interestingly, this interval of 
altitudes is highly important for Earth observation missions. In such a frame, an analytic solution 
– with obvious advantages with respect to numerical propagation in terms of time and accuracy – 
can be of significant interest. The present study is inspired to the original approach by Broglio [3], 
and has been step-by-step improved and applied to tracking and orbit determination and in 
previous works by present authors [4,5,6]. In this paper the focus is mostly on the computation of 
the distances among satellites, i.e. in the field of formation flying. The ultimate goal would be to 
obtain results similar to the ones provided by extensive numerical simulations aimed to identify J2 
invariant formations [7] and to help in the relevant analysis [8], with the target to limit the effort 
required to control the configuration [9].  
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Fig. 1 – Sketch of a J2-perturbed orbit (not anymore laying on a plane) with the parameters 

adopted to describe the position of the satellite (adapted from [4]). 

Approach 
The position of the satellite along the orbit can be defined, according to the frame reported in Fig. 
1, by the radius and the three angles Ω, i and ξ . The dynamics (Laplace planetary equations) can 
be written as 
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where K is the angular momentum, t the time and derivatives, represented by the apex (' ), refer to 
the angular variable and the a coefficients, if we limit to the case of the J2 effect, are simply given 
as 

 𝑎𝑎𝑙𝑙 = 𝜇𝜇
𝑟𝑟2
− 3

2
𝜇𝜇𝐽𝐽2𝑅𝑅⊕2

1
𝑟𝑟4

(1 − 3 𝑠𝑠𝑠𝑠𝑠𝑠2 𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜉𝜉)    
 (2) 

𝑎𝑎𝑚𝑚 = −
3

2
𝜇𝜇𝐽𝐽2𝑅𝑅⊕

2 1

𝑟𝑟4 𝑠𝑠𝑠𝑠𝑠𝑠
2 𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠 2 𝜉𝜉           𝑎𝑎𝑠𝑠 = −

3

2
𝜇𝜇𝐽𝐽2𝑅𝑅⊕

2 1

𝑟𝑟4 𝑠𝑠𝑠𝑠𝑠𝑠 2 𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠 𝜉𝜉  
 
After a significant mathematical elaboration (see [5]), the set of Eq.(1) leads to an expression 

for r and for the three angles Ω, i and ξ  as in following Eq. 3. Coefficients depend on the initial 
conditions only, and can be evaluated until the desired order. Notice that nowadays such an 
elaboration has been helped by symbolic software (e.g. MATLAB [10] in the present case). 
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The correctness of the solution can be easily estimated by the comparison with a standard 

numerical propagation (see Fig. 2 for examples relevant to two parameters of interest). 
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Fig. 2 – Differences between analytical approach and numerical integration. 

Formations 
The very same approach can be iterated for different spacecraft. However, it is extremely important 
to remark the relevance of the initial conditions to be imposed to the satellites belonging to the 
formation. A simple computation of the distance between generic, yet close initial conditions gives 
the results presented in Fig. 3 for two spacecraft. Notice that the distance is given by the difference 
between the two vectors representing the radii, with three backward rotations in the angles Ω1, i1 , 
ξ1 for the first spacecraft and Ω2, i2 and ξ2 for the second one to obtain the components along the 
inertial frame’s axes.  

Within the concept of formation flying, it is desired that a configuration with limited inter-
satellite distances should last in time. So, additional constraints can be applied among the 
parameters referred to the two - or more – spacecraft belonging to the formation. A first 
preliminary indication can be given by imposing the same energy to the two satellites (Fig. 4). 

   
    Fig. 3 – Distance between two close satellites.      Fig. 4 – Distance imposing equal energy. 
 

A first constraint is given by equal period, that is a requirement to avoid divergence. A second 
constraint is related to the inclination, that has to be assumed as quite close for the satellites to stay 
in formation: in fact, even 1 degree if difference would create a distance in the order of 120 km for 
orbits of 600 km altitude. Furthermore, larger differences end up in a different environment in 
terms of other perturbations, so an almost equal inclination can be reasonably assessed. A third 
constraint is given by the equal precession of the ascending nodes. Note that the analytical solution 
gives a secular term: this term vanishes for some critical inclinations. Once all of these constraints 
are imposed, the results plotted in Fig. 5-6 can be obtained. 
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Fig. 5 – Distance imposing the condition of an         Fig. 6 Initial conditions as per Fig.4 adding 
equal location after a short time interval  (8s).        constraints of equal period and secular drift. 
 

Final Remarks 
Design and operations phases of formation flying missions can be helped by the availability of 
analytic solutions taking into account the oblateness effects. The work, following the path pursued 
along the years by the authors, proposes analytic formulas for the distances between satellites 
considering the dominant effect of the J2 term, and prove their correctness and their appeal even 
if only a limited number of terms in the expansion should be used. 
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Abstract. This work presents a novel method to estimate perturbations with respect to nominal 
maneuver planning by exploiting Two-Line-Element (TLE) data as initial step, then moving on to 
Global Positioning System (GPS) processed data. The case study is a low-thrust engine validation 
mission in Low Earth Orbit. The first algorithm exploits a couple of TLEs as boundary conditions 
to set up a least-squares problem and find the tangential thrust magnitude and firing duration to 
best fit the bounding orbital states, making use of Taylor differential algebra and Picard iterations. 
The second one makes use of a sequence of GPS states to apply multistep finite differences and a 
root-finding algorithm to retrieve information about both thrust profile and firing bounding times. 

Introduction 
Over the past few decades, there has been a steady growth in the quantity of scientific and 
commercial Earth-bound space missions. This upward trend has led to a significant expansion of 
activities and programs focused on Space Situational Awareness. Up-to-date orbital data obtained 
by updating ephemeris data with new observations play a vital role in effectively tracking 
cooperative target assets, offering valuable information to ensure a mission’s success [1]. The main 
product provided by the processing pipelines used to exploit measurements’ information are 
regularly maintained Resident Space Object catalogs [2].  

The kind of anomaly detection performed in this framework is usually linked with the orbital 
motion of the satellite and to its routine maneuvers. The high-level workflow starts by exploiting 
available intel about known objects to build predictions of a target’s nominal behavior and 
compare it to the actual incoming acquisitions. If any properly defined distance from the nominal 
path trespasses some user defined threshold, the anomalous event is recorded, and further analysis 
can be carried out. This specific case of anomaly identification widely overlaps with maneuver 
detection and characterization of a tracked object. The reason for this is that according to how 
much it is known about the nominal trajectory and control policy of an object, any anomalous 
event involving the dynamics of the target can be modeled as a maneuver, steering it away from 
the nominal path, and characterized as such, in terms of an equivalent acceleration or expense. 
Examples in literature are diverse, most of them stemming from the theory of maneuver target 
tracking, dealing with observations that partially describe the state at observation epoch. These 
techniques are usually based on adaptive Kalman filtering modeling an input term as a stochastic 
process or a deterministic input to be estimated when the measurement innovation term fails a 
Gaussian test, meaning that the modeled uncertainty is no longer enough to explain deviations 
from the prediction [3]. As for a more SST-tailored application, the work in [4], shows how State 
Transition Matrix theory can be remodeled to linearly map small variations of control, modeled as 
an impulsive Δ𝑉𝑉, to variations in the final orbital state. Following the usual optimal control 
assumption, the residual between the predicted final state and the actual one is minimized, linking 
the pre- and post-maneuver orbit with an impulsive magnitude and a firing epoch. This last method 
represents the basis for the one proposed in this work, allowing to connect two TLEs, by leveraging 
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some assumptions based on the knowledge of the target features, by a high-order Taylor expansion 
of both thrust and firing epochs. As for the module exploiting GPS states, due to lack of rich 
literature, for the low-thrust case, a finite different method has been envisaged as first approach to 
test if an acceleration profile and accurate onset and termination times can be directly extracted 
from the states sequence.  

Fundamentals and method 
The theoretical tools used for the TLE-based maneuver anomaly detection are mainly Taylor 
Differential Algebra (DA) and Picard iterations, allowing for the condensation of iterative function 
evaluations in a single polynomial map, function of both thrust magnitude and time variations with 
respect to the reference onset and termination epochs. 

DA provides a solution to analytical problems through an algebraic approach by means of the 
Taylor polynomial algebra. A Taylor expansion up to an arbitrary order 𝑘𝑘 can be used to represent 
any deterministic function 𝑓𝑓 of 𝑣𝑣 variables that is 𝐶𝐶𝑘𝑘+1 in the domain of interest [−1, 1]𝑣𝑣 (scaled 
according to the needs), with limited computational effort: 

𝑓𝑓(𝑥𝑥) = ∑ 𝑓𝑓(𝑘𝑘)(𝑥𝑥0)
𝑘𝑘!

(𝑥𝑥 − 𝑥𝑥0)𝑘𝑘𝑁𝑁
𝑘𝑘=0                                                 (1) 

Thus, variables are represented as truncated power series around an expansion point 𝑥𝑥0, instead 
of standard types [5]. The DA framework is implemented in a C + + computational environment 
through the DACE library. The key feature of DA leveraged for this technique is the flow 
expansion of an Ordinary Differential Equation (ODE): this feature relieves the processing burden 
due to iterative integrators embedding the whole integration scheme in a single function 
evaluation. 

As for Picard iterations, they are implemented exploiting the same C++ computational 
environment following the scheme to obtain a 𝑘𝑘-order time expansion [6]: 
 

𝜙𝜙0(𝑡𝑡) = 𝑦𝑦0                                                                (2) 

𝜙𝜙𝑘𝑘+1(𝑡𝑡) = 𝑦𝑦0 + ∫ 𝑓𝑓�𝑠𝑠,𝜙𝜙𝑘𝑘(𝜏𝜏)�𝑑𝑑𝑘𝑘𝑡𝑡
𝑡𝑡0

                                               (3) 

 
Where 𝜙𝜙𝑘𝑘+1(𝑡𝑡) is the order 𝑘𝑘 expansion, 𝑦𝑦0 is the function value at the center of the expansion 

and 𝑓𝑓 is 𝜙𝜙 function’s time derivative expression, used to iteratively integrate around the reference 
time 𝑡𝑡0. 

As regards the GPS data-based technique, multi-step, high-order finite differences are used to 
provide an estimate of the acceleration and jerk directly from the velocity provided with the GPS 
states. The general formulation used to compose the coefficients involved in the differentiation 
scheme are derived from the Fronberg method reported in [7] to compute a 1-D derivative of 
arbitrarily high order on a uniformly spaced grid for a given number of points. To detect the onset 
and termination epochs of each firing instead, a thresholding method is employed, based on the 
variance computed on the cumulative sequence of data to detect abrupt changes in it, such as peaks 
or steps [8]. A final refinement step is performed to resolve the above-mentioned epochs below 
the sampling frequency of the given GPS states by exploiting a non-linear system root-finding 
algorithm (MATLAB fsolve) to put to zero the residuals corresponding to the first sampled GPS 
state downstream the discontinuities as a function of their corresponding epoch. 

Concerning the method itself, the TLE-based module is based on several assumptions to limit 
the complexity of the problem: constant and tangential thrust during the firing, constant burning 
rate and known onset time. The process starts by propagating the state coming from the first TLE 
file by augmenting the state with thrust and mass and by using the nominally controlled trajectory 
as reference for the expansion. The number of firing arcs to be included between the TLE couple 
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can vary, increasing the number of variables of the problem and, therefore, the number of possible 
solutions. The DA variables are initialized to order 4. They model the constant thrust norm 
perturbations of each firing arc together with its termination time, computed by 4 Picard iterations 
around the expected termination time. The process is repeated for every firing arc, composing 
TPSs mapping perturbations for each of them to the one on the orbital state. The process outputs 
a propagated final state used to build a residual with respect to the one derived from the second 
TLE file. This residual function is then fed to MATLAB fsolve so to find perturbations putting it 
to zero with limited computational effort. The firings’ modeling process is summed up in Fig. 1. 
 

 
Figure 1. DA variables configuration for a 3-firing case, 𝑑𝑑𝑇𝑇𝑛𝑛 being thrust magnitude 

perturbations, 𝑑𝑑𝑡𝑡𝑛𝑛 termination time perturbations. 

As for the GPS-based technique, the assumptions are two: the thrust is constant and tangential 
throughout the firing and so is the burning rate. It starts by simply computing the second time 
derivative of the velocity extracted from the sampled states. The norm of this quantity (jerk) is 
then employed to build residuals with respect to the second derivative norm of the expected 
trajectory velocity, computed by differencing only once, starting from the expression of the 
nominal dynamics. This sequence of residuals is scanned for abrupt changes by analyzing the 
variance computed on a progressively higher number of elements and checking whether it 
overcomes a predefined threshold.  

 
Figure 2. Segments of data used to accurately differentiate the GPS velocity time series. 

The discontinuity points identified are used to perform a composite finite difference method, 
splitting the time series of velocities into 7 segments for every arc, divided by the onset and 
termination times (as shown in Fig. 2). The method is composed of a backward finite differencing 
scheme of order 6 for the samples immediately before the discontinuities, a forward scheme of 
order 6 for the values just after it and a centered scheme of order 8 for the rest. In this way, a first 
estimate of the thrust profile can be obtained to give reliable boundary conditions to the boundary 
time estimates refinement. This last step is performed with a propagation across each discontinuity 
that is only a function of the related epoch. Residuals on the downstream state are defined and put 
to zero by MATLAB fsolve. Once the actual onset and termination times are obtained, the 
composite finite differencing scheme is performed once again with updated epochs and mass 
profile, and the final thrust estimate is retrieved. 

Uncertainty propagation is embedded in both modules by means of linear projection of available 
covariances to the estimated quantities space (via the Jacobian of the transform). 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 625-629  https://doi.org/10.21741/9781644902813-136 
 

 
628 

Results 
The scenario used to test the TLE-based module is simulated starting from a LEO object with the 
following Keplerian elements: 
 

𝒆𝒆 = [7.5805𝑒𝑒 + 03 𝑘𝑘𝑘𝑘, 0.0760, 0.7151 𝑟𝑟𝑟𝑟𝑑𝑑, 5.9935 𝑟𝑟𝑟𝑟𝑑𝑑, 2.1723 𝑟𝑟𝑟𝑟𝑑𝑑]              (4) 
 
performing from 1 to 3 nominal firing arcs of 1100 s duration with a constant tangential thrust of 
10 mN. The nominal trajectory is then perturbed with a 10 mN thrust parasitic magnitude and a 7 
s firing termination time delay for the single firing case to generate the post-maneuver TLE. The 
same is done for the 2-firing (10 mN, 7 s for the first one, -7 mN, -3 s for the second one) and 3-
firing cases (10 mN, 7 s, -7 mN, -3 s, -3 mN, 5 s). The tests show errors in below 1e-4 mN in thrust 
perturbation magnitude and 1e-5 s in termination time perturbation both in the 1 and the 2-firing 
cases, while the 3-firing one results in convergence to wrong local minima, due to solution 
multiplicity of the non-linear system. 

As for the GPS-based module test scenario, the same target is involved and the thrust 
magnitude, onset and termination times perturbations are (4 mN thrust magnitude perturbation, -
17 s onset perturbation, 35 s termination perturbation), used to sample the GPS states with a 5 s 
time step. In this case results show fair performance with 1e-1 mN as average error order of 
magnitude on thrust profile and errors of 1e-4 s for both onset and termination time perturbations. 

Conclusions 
This work presents a method to effectively exploit publicly available orbital data to perform 
maneuver anomaly detection on a cooperative asset. A crucial detail to understand the current 
performance of the technique resides in the fact that, due to the kind of preliminary study 
conducted on them to be then further elaborated, these first tests have been conducted without 
adding any noise to the states used as measurements. The first further step to take is in facts to 
study how sensitive these techniques are to measurement noise and whether to integrate the 
pipeline with filtering techniques to take this aspect into account and even it out. 
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Abstract. A family of analytical and semi-analytical models for the characterization and design of 
low thrust collision avoidance manoeuvres (CAMs) in space is presented. The orbit modification 
due to the CAM is quantified through the change in Keplerian elements, and their evolution in 
time is described by analytical expressions separating secular and oscillatory components. 
Furthermore, quasi-optimal, piecewise-constant control profiles are derived from impulsive CAM 
models. The development of these models is part of an ESA-funded project to advance existing 
tools for collision avoidance activities. 

Introduction 
The number of objects in orbit around the Earth is growing at an accelerating pace, due to both the 
increasing number of public entities and private companies leveraging space assets for diverse 
applications and the accumulation of space debris. Regarding active satellites, their numbers are 
soaring owing to the deployment of large constellations like Starlink, and the democratization of 
access to space enabled by lower launch costs and smaller, cost-effective platforms like CubeSats. 
The increasing congestion in space presents multiple challenges for Space Traffic Management 
and Space Situational Awareness, and demands the implementation of space debris mitigation 
actions like end-of-life deorbiting and collision avoidance (COLA) to curb the increase of space 
debris. However, an increasing portion of satellites are equipping low thrust propulsion systems, 
which, although more efficient, present a smaller control authority and complicate the design of 
disposal and collision avoidance manoeuvres (CAMs), particularly for last-time scenarios. As a 
result, new models and tools are needed to support low thrust COLA activities in congested orbital 
regions like low Earth orbit (LEO) and geostationary orbit (GEO). 

In this context, GMV, UC3M and Politecnico di Milano are developing the ELECTROCAM 
project, funded by the European Space Agency to advance their models and tools for the analysis 
of low thrust COLA activities. The project covers several aspects of COLA activities, including 
the assessment of current capabilities of low thrust satellites [1], propagation of uncertainties [2,3], 
efficient analytical and semi-analytical models for CAMs [4], and update of ESA’s operational 
software tool ARES. 

This work deals with some of the analytical and semi-analytical CAM models developed within 
the ELECTROCAM project. The models are focused on computational efficiency, to serve as 
initial guesses for more accurate, higher-cost numerical algorithms, and to perform sensitivity 
analyses over large sets of data. To this end, a single-averaging of the thrust-perturbed equations 
of motion is performed to express the evolution of the Keplerian elements as the combination of 
linear and oscillatory contributions, both expressed through exact or approximated analytical 
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expressions. A simplified control law is also proposed, leveraging analogous models for the 
impulse propulsion case. The performance of the models has been assessed through sensitivity 
analyses in relevant COLA scenarios, and some selected results are presented here. 

Single-averaged low-thrust CAM model 
Let us consider a predicted close approach (CA) at a given time of closest approach (TCA) between 
a low-thrust-capable spacecraft and a debris (in general, a non-collaborative object). The CAM is 
modelled following the scheme proposed in [5], composed of three steps. First, the orbit 
modification due to the CAM is quantified through the change δα of its vector of Keplerian 
elements α=[a,e,i,Ω,ω,M], whose components are, respectively, semimajor axis, eccentricity, 
inclination, right ascension of the ascending node, argument of pericentre, and mean anomaly. 
Second, the change in orbital elements is mapped to changes in position and velocity at the TCA 
using a linearized relative motion model with the nominal trajectory as reference orbit. Because 
the displacements associated to CAMs in practical scenarios are typically small, the loss of 
accuracy due to the use of a linearized model is limited. Finally, the outcome from the CAM is 
projected and characterized in the nominal encounter plane at TCA, and the change in collision 
probability quantified. 

The most complex step is the derivation of (semi-)analytical expressions for δα under a 
continuous thrust acceleration at. The models considered here are based on the single-averaging 
of Gauss’s planetary equations over one revolution, under the assumption of small thrust 
acceleration. This assumption allows to linearize the equations of motion in thrust acceleration and 
study the tangential and normal components separately (denoted by superscripts t and n): 

�̇�𝜶 = 𝐆𝐆(𝜶𝜶, 𝑡𝑡;𝒂𝒂𝑡𝑡) ≈ 𝐆𝐆𝑡𝑡(𝜶𝜶0 + 𝛿𝛿𝜶𝜶𝑡𝑡, 𝑡𝑡; 𝑎𝑎𝑡𝑡𝑡𝑡) + 𝐆𝐆𝑛𝑛(𝜶𝜶0 + 𝛿𝛿𝜶𝜶𝑛𝑛, 𝑡𝑡;𝑎𝑎𝑡𝑡𝑛𝑛) + �̇�𝜶0 = 𝛿𝛿𝜶𝜶𝑡𝑡̇ + 𝛿𝛿�̇�𝜶𝑛𝑛̇ + �̇�𝜶0.  (1) 

Where G represents Gauss’s planetary equations, and �̇�𝜶0 is the evolution of mean anomaly for 
the unperturbed orbit. The solutions for 𝛿𝛿𝜶𝜶𝑡𝑡 and 𝛿𝛿𝜶𝜶𝑛𝑛 from Eq. 1 fall into three categories. First, 
some Keplerian elements are unaffected by the corresponding thrust component (Ω and i for 
tangential, a, i and Ω for normal). Then, some elements have only oscillatory behaviours, and their 
expressions can be integrated directly (ω for tangential, e for normal). Finally, the rest of elements 
combine secular behaviours with time scale proportional to the thrust magnitude, and oscillatory 
components with period linked to the orbital one. This is the case for a and e under tangential 
thrust, and ω under normal thrust. The secular expressions are obtained changing the independent 
variable in the equations of motion from time to eccentric anomaly E, and averaging the ODEs 
over 1 revolution. The resulting secular terms are linear, with slopes function of complete elliptic 
integrals of the first and second kind of the reference eccentricity eref. The oscillatory terms are 
obtained as a series expansion in eref and involve harmonics of the orbital period in E. The detailed 
derivation of the single-averaged analytical models and resulting expressions can be found in 
[5,6,7,4]. 

The proposed expressions for δα have E as independent variable. A time law for E(t) can be 
obtained from the differential equation for E, introducing the analytical approximation obtained 
for α(E)= α0+ δα(E). The resulting time law is explicit to compute time as function of anomaly, 
t(E), but implicit to compute E(t). This situation is analogous to that of the Kepler’s equation, to 
which it reduces for at=0, and prevents the solution from being fully analytical 

Quasi-optimal control law 
The previous models allow to evaluate the outcome of a CAM without a numerical integration, 
but to optimize the CAM they should be used within an iterative numerical optimizer. A more 
computationally efficient approach is proposed based on analogous models developed for 
impulsive CAMs [8]. The optimization problem for impulsive CAMs can be reduced to an 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 630-633  https://doi.org/10.21741/9781644902813-137 
 

 
632 

eigenproblem, where the eigenvector associated to the largest eigenvalue determines the optimal 
direction of thrust. Then, a piecewise-constant low-thrust CAM can be defined by dividing the 
thrust arc in segments and assigning to each of them the orientation of the impulsive CAM at its 
middle point. Furthermore, given that optimal fuel manoeuvres follow bang-bang structures, the 
magnitude of thrust at each segment will be either maximum or 0. To define in which segments is 
more convenient to thrust, it can be proven that the eigenvalue of the impulsive CAM at each 
segment serves as proxy for the local efficiency of the CAM compared to the other segments. 

Test case 
Multiple scenarios for low-thrust CAMs have been studied within the ELECTROCAM project. 
For brevity, a single case is presented here. The Keplerian elements at TCA of the spacecraft are 
αsc = [7552.1 km, 0.0012, 87.93 deg, 1.95 deg, 127.53 deg, 5.10 deg], while for the debris 
αdeb = [7575.5 km, 0.0100, 89.39 deg, 179.03 deg, 112.64 deg, 295.72 deg]. The elements of the 
combined covariance matrix in the B-plane (defined as in [5]) are σξ=0.0179 km, σζ=0.0214 km, 
ρξζ=-0.0524. Fig. 1 shows the results in terms of probability of collision PoC and displacement 
inside the B-plane δb, for a single-thrust-arc CAM with fixed thrust magnitude (10-8 km/s or 10-9 
km/s) and different values of the thrust arc duration, ΔtCAM, and the coast arc between thrust end 
and TCA, Δtcoast. Times are expressed as fractions of the nominal orbital period T. 

 

  

  

Figure 1. Displacement and PoC for test case in LEO, with at=10-8 km/s (top) and at=10-9 km/s 
(bottom) 

Conclusions 
The latest developments in a novel family of analytical and semi-analytical models for low-thrust 
CAM computation and design have been presented. These models rely on the single-averaging of 
the equations of motion in Keplerian elements to derive approximate analytical solutions 
separating the secular and oscillatory components for the orbit evolution induced by the CAM. For 
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CAM design, instead, quasi-optimal piecewise-constant thrust profiles are derived from the 
impulsive counterpart of the models. Part of these developments have been performed within the 
ESA-funded ELECTROCAM project. 
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Abstract CubeSats are becoming a reliable alternative for low-cost space applications in deep 
space, as mission companions or as standalone missions. The use of CubeSats in deep space 
requires to address many operational challenges, particularly those related to navigation. 
LICIACube and ArgoMoon are the first two 6U CubeSat missions to the outer space funded and 
managed by the Italian Space Agency, whose spacecrafts have been developed and operated by 
Argotec. The flight dynamics operations of both missions were performed by the flight dynamics 
team of the University of Bologna using NASA/JPL’s navigation software MONTE. This paper 
gives a brief presentation of the flight dynamics operations of ArgoMoon and LICIACube and 
presents the obtained results highlighting the challenges of cis-lunar and deep space CubeSat 
navigation as well as the achieved successes. 

Introduction 
The CubeSat standard identifies a category of small satellites whose design is based on an 
elementary form factor of 1 U, that corresponds to a cube of 10 cm of latus [1]. The use of compact 
and lightweight spacecraft (S/C) enables a reduction of costs (design, assembly, integration, and 
launch) without sacrificing research objectives. Many CubeSats have been launched in Low Earth 
Orbit (LEO) [2], demonstrating that this small satellite technology is also trustworthy for complex 
missions other than educational or technological demonstrations. These characteristics made 
CubeSats appealing for deep space and cis-lunar exploration [3], either as stand-alone missions or 
as companions to conventional, larger spacecrafts. Two recent and relevant cis-lunar and deep 
space CubeSat missions, that successfully proved the capabilities of the platform and ground teams 
to operate in the outer space, are LICIACube and ArgoMoon. 

Light Italian CubeSat for Imaging of Asteroids (LICIACube)    
LICIACube is a 6U CubeSat mission of the Italian Space Agency (ASI) [4] that participated to the 
Double Asteroid Redirection Test (DART) mission of NASA [5]. The DART mission aimed to 
perform a technology demonstration to examine asteroid redirection by performing a controlled 
high velocity impact [6]. The objective of LICIACube was to take thorough and relevant photos 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 634-638  https://doi.org/10.21741/9781644902813-138 
 

 
635 

of the effects of DART impact on Dimorphos. LICIACube was equipped with an active attitude 
determination and control system, a cold-gas orbital Propulsion System (PS), and a star tracker, 
while the core of the scientific payload was composed of two optical cameras [7]. LICIACube was 
placed into DART as a secondary payload and, after a cruise of 10 months, it was released into 
space on September 11, 2022, 15 days before the planned impact [8]. 

LICIACube ground-based navigation has been performed by the Radio Science and Planetary 
Exploration Laboratory (RSLab) of the University of Bologna (UNIBO), and independently also 
by the NASA’s Jet Propulsion Laboratory (JPL), both using the NASA/JPL’s orbit determination 
software MONTE [9]. The navigation strategy was based on two-way radiometric observables, 
Doppler and range, acquired by the Deep Space Network (DSN) [10]. The navigation aimed to fly 
LICIACube through a specific region of the Dimorphos B-plane defined from the mission high-
level scientific requirements. The primary navigation requirements were to maintain the nominal 
trajectory and fly-by conditions to prevent collisions with the impact ejecta debris, maintain the 
impact scene within the cameras field of view, and prevent the saturation of the reaction wheels 
during the high-rate rotation phase to point at Dimorphos near the closest approach. The mission 
timeline included a calibration maneuver (CAL1) to check the thrusters, a targeting maneuver 
(Orbital Maneuver 1 - OM1) to address the aimpoint, and two clean-up maneuvers (OM2, OM3) 
to clear potential trajectory deviations during the operations. 

On the first hours after the LICIACube deployment from DART, the acquired Doppler data 
showed a signature compatible with a tumbling motion caused by the S/C, which entered in safe 
mode because of the release event. However, the tumbling motion was then successfully damped 
by the CubeSat before the end of the first tracking pass. To properly fit the data of the first two 
tracking passes, a Doppler bias of ~1.86 Hz had to be estimated. Then, a commanded re-
configuration of the LICIACube transponder during the second pass removed the latter bias, 
leaving only a small residual bias of ~0.025 Hz to be estimated. The Doppler biases were caused 
by a quantization error on the on-board digital IRIS [11] transponder. Stochastic accelerations were 
implemented and estimated to fit the data to the noise level. A detailed inspection of the stochastic 
accelerations shown signatures currently attributed to larger than expected non-gravitation 
accelerations. Despite the challenges, the team managed to design all the necessary maneuvers to 
reach the target point and to reconstruct the trajectory of LICIACube, satisfying all the navigation 
requirements. Figure 1 reports the Orbit Determination (OD) solutions of OM1, OM2, and OM3 
deliveries, on the Dimorphos B-plane. As can be seen from the presented results, after OM2, the 
predicted trajectory and its 3-σ state uncertainty were widely contained in the requirement region 
and, as consequence, OM3 was scrubbed. 

On September 26, 2022, LICIACube flew by Dimorphos at a distance of ~58 km and at a 
relative velocity of ~6.1 km/s [8], successfully acquiring the images before and after the DART 
impact on the asteroid including the ejection plume. 

ArgoMoon 
NASA selected 10 CubeSats as secondary payloads of the Space Launch System (SLS) for the 
Artemis-1 mission. Among them, ASI’s ArgoMoon was chosen as an essential technological 
demonstrator [12]. The ArgoMoon S/C is based on the same 6U CubeSat platform of LICIACube, 
and the main goals of the mission were to autonomously fly around the Interim Cryogenic 
Propulsion Stage (ICPS), to capture images of the stage, and to confirm that the other CubeSats  
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Figure 1: LICIACube predicted trajectory and 3-σ uncertainties mapped to the Dimorphos B-

plane for the OD solutions of OM1, OM2 and OM3 deliveries. 
were deployed during the first six hours of the mission. After the deployment, the mission foresaw 
a highly elliptical geocentric orbit for 180 days, with multiple encounters with the Moon.  
As for LICIACube, the cis-lunar radiometric navigation of ArgoMoon was performed by the 
RSLab of UNIBO [13] using MONTE and exploited two-way radiometric data, Doppler and range, 
acquired by the DSN and the European Space Tracking (ESTRACK). The flight path control aimed 
to follow the reference trajectory through a dedicated optimal control strategy [13]. The ArgoMoon 
navigation requirements were designed to guarantee the correct pointing of the S/C from the DSN 
stations, prevent impacts with Earth and Moon, and allow the S/C disposal in a heliocentric orbit 
at the end of the mission.   

ArgoMoon was successfully launched on November 16, 2022, at 06:47:44 UTC by the SLS. 
The S/C was released from ICPS after 3 hours and 49 minutes and the first signal acquisition 
successfully occurred at 10:37 UTC. During its mission, ArgoMoon performed 4 orbital 
maneuvers (Orbit Trim Maneuver 1B - OTM1B, Statistical Trim Maneuver 0 - STM0, STM1, 
STM2). However, no maneuver reached the commanded ∆V, showing a significantly 
underperforming thruster. Moreover, after STM0, a signature on the stochastic accelerations raised 
the doubt that the S/C thruster could have been leaking, but this assumption is still under 
investigation. A successful fly-by of the Moon was accomplished on November 21 at 16:07 UTC, 
about 48 minutes earlier than scheduled. Due to the differences between the commanded ∆V and 
that actually produced by thruster, the error on the B-plane with respect to the reference trajectory 
was of 5000 km, as can be seen from UBO007-10 of Figure 2. After the Moon’s fly-by, ArgoMoon 
flew by the Earth at ~166000 km on November 24, 2022, at 18:38 UTC. The S/C was unable to 
follow a geocentric orbit due to the altered geometry of the Moon's fly-by, effectively entering into 
a heliocentric orbit. 

During the operations, the navigation team delivered a total of 10 OD solutions (UBO001 to 
UBO010) and 5 orbital maneuvers (where 4 of them have been commanded and executed, and one 
used as backup) [14]. The quality of the ArgoMoon radiometric data were mostly affected by the 

OM2 

OM1 
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S/C’s rotational dynamics, the IRIS radio design and configuration, and the on-board activates (for 
example safe mode, reboot, desaturation maneuvers). 

 
Figure 2: Summary of the delivered ArgoMoon OD solutions mapped on the Moon B-plane. 

Conclusions 
Using CubeSats in deep space requires addressing many operational challenges, particularly those 
related to the navigation, given the platform limitations related to the off-the-shelf components 
that are employed in the CubeSat philosophy and the strong requirements, similar to classical large 
deep space missions. 

The navigation of LICIACube and ArgoMoon has proven the capability of CubeSats platforms 
to operate in deep space and achieve complex objectives. The navigation results show a 
performance on the residuals as good as any typical deep space mission. The Doppler and range 
residuals of LICIACube show a Root Mean Square (RMS) of 0.05 mm/s and 80 cm, respectively, 
while ArgoMoon had a RMS of 0.1 mm/s on Doppler and 30 cm on range. For both missions, the 
UNIBO navigation team was able to fulfill the navigation requirements, even with a very stringent 
contingency timeline, proving the reliability of the designed navigation procedures. Thanks to the 
obtained success, the pioneering flights carried on by LICIACube and ArgoMoon will surely 
provide a relevant heritage for the upcoming deep space and cis-lunar CubeSats missions. 
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Abstract. This work focuses on predicting the re-entry of an uncontrolled re-entry vehicle (RV) 
and how this affects air traffic. It includes the propagation of the nominal trajectory and that of the 
fragments resulting from the breakup of the object. The breakup does not occur at a fixed altitude 
but is a consequence of the thermal and dynamic loads acting on the RV as it re-enters the 
atmosphere. The purpose of the analysis is to identify a dangerous area at specific heights (flight 
levels) to be evacuated in time for air traffic. The hazard area is defined as that which includes all 
the impact points of the fragments at this altitude taking into account the additional safety margins. 
The study also considers the presence of uncertainties affecting the initial state of the vehicle. 
Accordingly, a Monte Carlo analysis is performed to predict the worst-case scenario and to better 
estimate the hazard area. Once the area has been defined, an evacuation algorithm calculates, for 
each aircraft, the trajectory changes necessary to clear or avoid the zone over time. 

Introduction 
When a spacecraft, usually at the end of its life, leaves its nominal operating orbit, either due to 
some planned maneuver or natural decay caused by disturbances, and begins to approach 
increasingly dense atmospheric layers, it is said to be re-entering the Earth. Some reentry vehicles 
are designed to survive in Earth's atmosphere and be recovered, so they may have additional 
capabilities, such as the ability to develop lift forces to perform a soft landing [1]. Other vehicles, 
on the other hand, are not designed to withstand aerodynamic and thermal loads during the final 
phase of the trajectory and can suffer partial or total fragmentation. This case is called destructive 
reentry [2].  

In this research, starting from the state of the vehicle at an altitude of 120 km, in which the 
reentry is supposed to start, the trajectory is propagated until the breakup conditions are met, thus 
defining the breakup point. At this altitude, the reentry vehicle (RV) is assumed to experience 
complete fragmentation caused by the high dynamic and thermal loads to which it is subjected. 
Therefore, a debris cloud is generated at the breakup point, composed of fragments each 
characterized by different parameters. Once the cloud of debris is generated, all fragments fall until 
they reach the level of interest (Flight Level) at which their dispersion is evaluated. 

Since reentries are subject to many uncertainties, a Monte Carlo (MC) analysis is performed to 
account for some errors that may be present in the initial state of the vehicle and to evaluate how 
they affect the expected impact location. All fragment trajectories resulting from the MC analysis 
are then used to define the Hazard Area (HA) which includes all predicted debris locations and 
represents the area posing a risk to local air traffic. Once the danger zone has been defined, the 
affected aircraft must be redirected to evacuate or avoid the zone. 

The procedures explained are applied to a simulated re-entry event in which real-traffic data are 
used to simulate a realistic scenario. 
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Methodology 
The analysis starts by assigning the RV initial conditions, typically referring to the beginning of 
the reentry, arbitrary set at an altitude of 120 km [2]. The nominal trajectory, corresponding to the 
initial re-entry vehicle state, is propagated in time. At each propagation step, it is verified if the 
breakup conditions are satisfied. When the conditions are met, the RV breakups and the debris 
cloud is formed. For the cloud generation, it is assumed that the object experiences a complete 
fragmentation at a single altitude and all the fragments are generated at the same time. Once the 
debris are generated, for each one of them the new initial conditions are computed taking into 
account both the pre-breakup state and the velocity increment with the proper direction. At this 
point, all the fragments are considered as single independent entities and their trajectory is 
evaluated until they reach the altitude of interest, that could be ground level or an altitude 
corresponding to a particular Flight Level. Finally, the fragments dispersion is evaluated, in terms 
of longitude and latitude, at the altitude of interest. This debris distribution will be useful for the 
following study analyzing the effects on the air traffic. 
 
Breakup Models. Two fragmentation methods are implemented in this work, both providing very 
similar results. 

The first implemented model is based on the NASA Standard Breakup Model [3] and for this 
reason is called the NASA-Based Breakup Model (NBBM). The NASA Standard Breakup Model 
derives from the analyses of the fragmentation, due to both explosions and collisions, of spacecraft 
and rocket bodies in Low Earth Orbit (LEO) and it aims at defining each fragment with three 
different parameters: the characteristic length (Lc), the Area-to-Mass ratio (AM) and the velocity 
variation imparted (∆V). All these features are described in terms of probability distributions. The 
models used in this research assume that the RV breakup occurs as a consequence of a fictitious 
collision with air. For this reason, the implemented power law distribution that provides the 
number of fragments of a given size and larger (NLc) is the one used in the NASA Breakup Model 
for collision events. 

The second model proposed in this work is called Independent-Based Breakup Model (IBBM). 
This method tries to merge some features of the NASA Standard Breakup Model [3] with others 
implemented in the Independent discrete fragmentation model [4], which is applied mainly for 
asteroid entry analyses. Specifically, the IBBM implements the same distributions of the NASA 
Breakup Model for the computation of the fragment’s characteristic length and Area-to-Mass ratio. 
The main difference between the IBBM and the NBBM is in the computation of the velocity 
variation. 

In this work, both the dynamic and thermal loads are supposed to be able to cause the RV’s 
breakup. In particular, the complete fragmentation is triggered whether the dynamic pressure 
acting on the vehicle exceed its ultimate tensile strength or if the temperature reaches the melting 
point of the material composing the RV. For this purpose, the RV is assumed to be made entirely 
of aluminum and a relation linking the aluminum ultimate tensile strength to the material 
temperature is implemented. 
 
Dynamics. The nominal trajectory and the post-breakup fragments trajectories are evaluated 
adopting the following assumptions. The RV is a non-lifting object, not capable of generating any 
lift force (L = 0). The motion is over a spherical, non-rotating Earth (ωE = 0). A ballistic entry is 
assumed, with no thrust force (T = 0) and no propellant mass flow (�̇�𝒎 =  𝟎𝟎). The mass ablation of 
both the RV and the related fragments is neglected. 

With the assumptions just mentioned, the equations of motion become the following set of six 
first order ordinary differential equations (ODEs) [1]: 
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 (1) 

where D is the drag force and the state x = {h; λ; φ; v; γ; ψ}, is composed, respectively, by the 
altitude, longitude, latitude, velocity, climb angle and heading angle. 
 
Monte Carlo Analysis. Earth re-entries are affected by lots of uncertainties that could have non 
negligible effects on the prediction of the hazard area that poses risk to the air traffic. To 
statistically predict that area, a Monte Carlo (MC) analysis is performed. Each sample generated 
for the MC analysis represents a set of new initial conditions at the nominal altitude of 120 km. 
The re-entry simulation is therefore repeated for each sample and the resulting debris dispersion 
at Flight Level 400 (FL400) are recorded. Once the MC simulation is completed, an area enclosing 
all the fragments footprints at FL400 can be defined. The final Hazard Area is then retrieved by 
adding some additional safety margin. Figure 1 shows both the pre and post-breakup trajectories, 
while Figure 2 reports both the fragments dispersion at the altitude of interest and the computed 
Hazard Area. 
 

   
  Figure 1: Re-entry trajectories. Figure 2: Hazard area and debris dispersion. 
 
Air Traffic management. Two different actions, inferred from [5], are proposed for the 
management of the air traffic in presence of an hazard area. 

The first algorithm is used to evacuate aircraft that are within the hazard area at the time it is 
computed. The algorithm’s logic is to find the required changes in the aircraft heading which allow 
the shortest evacuation time. The following assumptions are made: 1) the aircraft are assumed to 
move with constant velocity during all the operations; 2) after completing the required turns, the 
aircraft move on a straight trajectory; 3) it is assumed that aircraft can only perform horizontal 
maneuvers. 

The second algorithm is applied to an aircraft which is outside the hazard area at the moment it 
is computed but it is expected to enter it. The following assumptions are made: 1) the aircraft are 
assumed to move with constant velocity throughout the path; 2) the nominal path is assumed to be 
aligned in the same direction of the initial velocity vector; 3) turn maneuvers are not considered in 
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the computation of the alternative path and aircraft are supposed to be able to turn instantaneously; 
4) only horizontal maneuvers are taken into account. The algorithm then computes an alternative 
flight path that allows the aircraft to avoid the hazard area. 

Figures 3 and 4 show examples of the evacuation and avoidance procedures. 
 

   
  Figure 3: evacuation procedures. Figure 4: hazard area avoidance procedure. 
Real Scenario 
A generic reentry event is analyzed, leading to the definition of a Hazard Area. Then, to assess the 
re-entry impact on the local air traffic, real traffic data are retrieved from Flightradar24 [6] filtering 
only the flights at the altitude corresponding to the FL400 (40000 ft) and at a particular time instant. 
Finally, the algorithms discussed are used to manage the air traffic according to the aircraft 
positions. The simulated path are shown in Figure 5 in which stars represent the aircraft initial 
positions while dots the final ones. 

 
Figure 5: Evacuation and avoidance simulated paths. 

Conclusions 
This work has shown a preliminary assessment of the impacts Earth’s re-entries have on the air 
traffic. Some future developments can be easily integrated while keeping the overall structure 
intact. Particularly, improvements in the breakup models with the introduction of new distribution 
functions that better describe the atmosphere’s fragmentation can be integrated. Also the air traffic 
management algorithms could be upgraded with new procedures that ensure minimization of the 
impact on the routes while still avoiding collisions. 
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Abstract. In recent years, there has been a great research interest on green propulsion, both for 
environmental, cost and ease-of-use considerations, further accelerated by the needs of the 
NewSpace Economy. Hydrogen peroxide is a green and versatile propellant that is suitable for a 
lot of different uses in space applications. Following a previous AIDAA publication of 2019, this 
paper updates the research performed on hydrogen peroxide-based propulsion by the University 
of Padua and its spin-off T4i with the latest achievements. Starting from the simplest propulsion 
systems, several monopropellant thrusters have been successfully designed and tested, ranging 
from a propulsion module of 1 N, to a 10 N and 200 N flight-weight items. The thrusters can 
operate in blowdown or pressure-regulated mode, and they have been tested for hundreds of 
seconds of continuous operation and for thousands of pulses. A 450 N liquid bipropellant motor 
that burns the monopropellant exhausts with diesel fuel has also been developed and tested. The 
motor uses an unconventional internal vortex flow field to achieve stability, efficiency, and self-
cooling of the chamber. The nozzle throat region temperature is kept under control by regenerative 
cooling channels fed by the peroxide. All thrusters make extensive use of additive manufacturing. 
The hydrogen peroxide technology has also been applied on hybrid propulsion, which was the 
initial main expertise of the Padua University propulsion group. Hundreds of tests have been 
performed at lab-scale, mainly with paraffin wax and polyethylene as fuels, with burning time up 
to 80 seconds. The motors are able to start, stop and restart multiple times. A cavitating pintle 
valve has been developed in house in order to control the oxidizer mass flow. With this valve, the 
hybrid motors are able to throttle the thrust in a range of 1:12.6. A similar valve has been also 
employed in the integrated monopropellant propulsion system of a lunar drone, composed by a 
400 N throttleable engine together with 4 small 14 N on-off attitude control thrusters. Moreover, 
several dozens of hybrid tests have been performed at 5-10 kN scale up to 50 seconds. Finally, a 
composite sounding rocket powered by a pressure-regulated 5 kN hybrid rocket has been fully 
designed and successfully flight tested. 

Introduction 
The chemical propulsion group at University of Padua was established around 2006, working on 
hybrid propulsion with green oxidizer (N2O, GOX) and plastic fuels, mainly HDPE and paraffin 
wax. For the story before the shift to hydrogen peroxide, the reader is referred to a previous 
AIDAA paper [1]. Since 2014, the propulsion team and its spin-off Technology for Propulsion and 
Innovation (T4i) have been focused their effort on the development of hydrogen peroxide-based 
propulsion systems.  

The choice of hydrogen peroxide is due to the fact that is a very versatile green propellant 
because it can be decomposed relatively easily in liquid phase and can be used in restartable and 
throttleable liquid monopropellants, bipropellants, hybrids and gas generators. Moreover, it can be 
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stored at room temperatures at any pressure and can feed the engines with very repeatable 
performance. 

The primary feature of this research effort is the use of stabilized hydrogen peroxide 
concentrated in-situ from commercial feedstock. A distillation plant capable of concentrating 1 
kg/hour of hydrogen peroxide from 60% to 92% has been operated for years with little 
maintenance. The plant runs autonomously 24/7 and has concentrated several tons of propellant 
up to now. In little less than a decade the group has performed nearly a thousand monopropellant, 
bipropellant and hybrid rocket tests with hydrogen peroxide. In the following paragraphs the 
different types of motors will be described. 

Monopropellant propulsion 
Several monopropellant systems, ranging from 1N to 200 N, have been developed in order to 
operate as main engines and/or attitude control thrusters for space vehicles [2-3].  

 

 
Fig 1.  1 N monopropellant thruster engineering model 

 

 
Fig 2.  10 N monopropellant thruster engineering model 

 
Fig 3.  200 N monopropellant thruster engineering models 
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The thrusters can be used both in blowdown and pressure-regulated mode from 5 bar to more 
than 40 bar. The thrusters are actuated with on-off solenoid valve and operated in continuous and 
bang-bang mode. Efficiencies above 95% have been achieved with continuous firing times up to 
above 1000 s. More than 4000 pulses have also been demonstrated. Depending on thruster size, 
valve timing can go from 30 to 100 ms. The catalyst is able of cold starting without pre-heating. 
The thrusters are manufactured with 3D printing Selective Laser Melting (SLM) technology. The 
engineering models have flanges to disassemble the thrusters and pressure/temperature sensor 
ports while the flight weight units have a minimum number of interfaces/components.  

 

 
Fig 4.  1U monopropellant propulsion module engineering model 

 
An entire monopropellant propulsion module has been developed in the frame of the PM3 

project, a modular multi-mission platform founded by the Italian Ministry of Education, 
Universities and Research [4]. The fundamental objective of the project was the study of a 50 kg 
class satellite platform characterized by the ability to accommodate multiple interoperable 
payloads. The propulsion system architecture is based on a simple unregulated blowdown 
discharge starting from a MEOP of 50 bars. The engine initial thrust in vacuum is 1N and then 
slowly decreases to 0.5 N at EOL as the tank pressure decreases. The fluidic line is composed by 
a custom piston-separated tank and few COTS components: an isolation valve, the fill and drain 
valves, and the firing valve. The tank is designed to be easily extended to increase propellant 
volume and meet the additional total impulse that may be required for other missions. Despite the 
tested system being an engineering model, the overall design has been flight-oriented, including 
the required amount of propellant in the 1U envelope. Only pressure sensors used only for test 
monitoring have been accommodated outside this envelope.  
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Fig 5.  Moon Drone propulsion system (laid upside down): 400 N throttleable main engine (top) 
and four bang-bang 14 N attitude thrusters (bottom) 

 

 
Fig 6.  Moon Drone 400 N Main Engine Flow Control Valve 

 
Another program involving monopropellant hydrogen peroxide is Moon drone, a small platform 

scouting the surrounding environment that has been proposed in support of a rover mission on the 
Moon [5]. The design of the Moon Drone has been performed through an ESA TRP study lead by 
Thales Alenia Space with partners GMV, Brno University of Technology and T4i. An Earth-
related flight prototype will be tested within the program and T4i is in charge of all the thrusters’ 
development with the support of the University of Padova. After a trade-off between several 
possibilities performed by TAS with T4i/UNIPD support, the propulsion design proceeded with a 
configuration composed by a single throttleable main engine used for the main displacements aided 
by 4 small thrusters operated in bang-bang for attitude control. All the thrusters were fed by the 
same tank, which is pressurized by nitrogen. The main engine has 400 N maximum thrust; it has 
a continuous regulating cavitating pintle flow control valve driven by a stepper motor in feedback, 
a development from a previous one already developed in-house for a hybrid rocket. The rearranged 
flow control valve differs from the older version for the valve body that has been optimized and 
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reduced consistently in weight. The attitude control thrusters have a maximum thrust of 14 N, they 
are operated with a commercial on-off solenoid valve controlled at 10 Hz. Both types of thrusters 
have been designed, manufactured and thoroughly tested, demonstrating the proper fulfillment of 
the defined specifications and they are ready for the flight campaign of the Moon Drone prototype. 

Bipropellant propulsion 
A 450 N hydrogen peroxide-based bipropellant liquid engine has been designed and tested. The 
motor is a staged combustion engine that features a vortex-cooled combustion chamber based on 
a swirled oxidizer injection and uses standard automotive diesel as fuel, which is injected on the 
catalytic decomposed peroxide stream [6]. The cooling solution for the thrust chamber is 
characterized by a double co-spinning counter-flowing vortex flow. It is well known that a swirled 
flow improves mixing and residence time thus enhancing the combustion efficiency. Moreover, 
this particular flowfield allows the flame to be trapped in the inner vortex while the outer one 
composed only by the oxidizer act as a shield that extracts heat from the chamber walls. The motor 
has been successfully tested, achieving smooth ignition and shut down, stable steady combustion 
and efficiencies above 96%. 

Afterwards a regenerative cooling for the nozzle throat region with H2O2 has been designed 
through a numerical steady 1-D code [7-8]. The nozzle with its internal channels has been produced 
by additive manufacturing in Inconel® 718. The cooling has been tested successfully, 
demonstrating the capability to keep the metal parts at reasonable temperatures in steady state and 
showing only moderate heating of the liquid H2O2. 

 

 
Fig 7.  450 N liquid thruster regenerative nozzle: external view (left), lattice view (right) 

 

 
Fig 8.  450 N liquid bipropellant fire test with regenerative cooling 
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Hybrid propulsion 
Starting in 2014, hundreds of hybrid rocket tests with hydrogen peroxide have been performed at 
lab-scale (100-1000 N). Hybrid firing times up to 80 s have been achieved [9]. More than 50 scale 
up tests with thrust above 5 kN (sea level) have also been performed up to date. 

Thanks to the catalyst decomposition of the hydrogen peroxide, the hybrid motors have the 
capability to cold start, to run stable and efficiently, to stop and restart multiple times and to be 
throttled. The motors can be adapted to different missions in terms of thrust and burning times, 
tailoring the regression rate level of the fuel by varying the intensity of the swirled injection [10]. 
 

 
Fig 9.  H2O2 hybrid rocket firing (5 kN at sea level) 

 
A cavitating venturi variable pintle flow control valve has been developed in house [11]. The 

valve is able to choke the oxidizer mass flow and decouple the feed system from the combustion 
chamber dynamic. Afterwards a stepper electric motor has been connected to the movable flow 
control valve [12]. With this set-up an outstanding real time throttling ratio of 12.6:1 has been 
achieved showing the possibility to perform different thrust profiles on demand [13]. A remotely 
controlled human manual throttling test has been also performed.  

 
Fig 10.  Throttling of a H2O2 hybrid rocket: step command (left), sinusoidal command (right) 
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Fig 11.  Throttling of a H2O2 hybrid rocket: max thrust (left), min thrust (right) 

 
Afterwards, the team started to develop a 200 mm diameter, 6 m long sounding rocket propelled 

by a 5 kN thrust hydrogen peroxide-paraffin hybrid rocket [14]. The aim of the passive, 
aerodynamically stabilized, sounding rocket was to serve as a flight test bed for new technologies 
in the structures and propulsion system. The sounding rocket was finally launched succesfully on 
February 24, 2022, from the Poligono Interforze of Salto di Quirra (PISQ) in Sardinia, within the 
project Aviolancio (Air-launch), coordinated by the Italian Research Center (Consiglio Nazionale 
delle Ricerche, CNR) and the Italian Air Force (Aeronautica Militare Italiana, AMI). 

 

 
Fig 12.  5 kN H2O2 sounding rocket: on the ramp (left), at launch (right) 

Conclusions 
The University of Padua and its spin-off company T4i have been conducting research on green 
propulsion using hydrogen peroxide as a propellant since 2014. Hydrogen peroxide is a very 
versatile chemical that can be used in multiple propulsive applications. 

The team has successfully designed and tested various monopropellant thrusters, ranging from 
1 N to 200 N. These thrusters can operate in blowdown or pressure-regulated mode and have been 
tested for continuous and pulsed operations. Efficiencies above 95% have been achieved with 
continuous firing times up to above 1000 s. More than 4000 pulses have also been demonstrated. 
Depending on thruster size, valve timing can go from 30 to 100 ms. An entire 1U-1N unregulated 
blowdown pressure-fed propulsion unit has also been developed and tested. 

The integrated propulsion system for a lunar drone, which includes a 400 N throttleable 
monoprop main engine and four 14 N bang-bang attitude control thrusters have been also 
developed and successfully tested. The main engine is actuated by a cavitating venturi pintle flow 
control valve developed in-house. 
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The team has also developed and tested a 450 N liquid bipropellant motor that burns the 
monopropellant exhausts with diesel fuel. This motor utilizes an unconventional internal vortex 
flow field for stability, efficiency, and self-cooling of the combustion chamber. The nozzle throat 
region is regeneratively cooled with the H2O2. The motor has been successfully tested, achieving 
smooth ignition and shut down, efficiencies above 96%, stable steady combustion and proper 
thermomechanical behavior.  

Both the monopropellant thrusters and the liquid motor extensively employ additive 
manufacturing techniques to reduce the number of parts and allow complex design features.  

Finally, the hydrogen peroxide technology has also been applied to hybrid propulsion, initially 
the main expertise of the Padua University propulsion group. Numerous lab-scale tests have been 
carried out, mainly with paraffin wax and polyethylene as fuels, achieving burning times of up to 
80 seconds. The hybrid motors can start, stop, and restart multiple times, again utilizing a 
cavitating pintle valve to control oxidizer mass flow and enable deep thrust throttling. 
Additionally, several dozen hybrid tests have been performed at 5-10 kN scale for up to 50 seconds. 
Lastly, a composite sounding rocket powered by a pressure-regulated 5 kN hybrid rocket has been 
designed and successfully flight tested. 
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Abstract. The present paper describes the results of the numerical simulations performed by 
means of the “EcosimPro” software, aimed at reproducing the operative conditions of the 
regenerative thrust chamber “DEMO-0A” designed by the Italian Aerospace Research Center. The 
operative conditions simulated are both cold flow and firing conditions. A validation of the 
numerical cold flow results has been performed by comparing them with the experimental data 
gathered during a cold flow campaign. Once validated the cold flow numerical model, various hot 
test conditions of the demonstrator have been simulated by considering different heat wall 
exchange coefficient correlations, in order to obtain information about the thermal power released 
during the combustion process and to assess the simulation capabilities of the “EcosimPro” 
software in predicting the behaviour of the demonstrator in firing conditions by modelling it with 
a 1-D approach. 

Introduction 
The utilization of liquid oxygen/liquid methane couple (LOx/LCH4) as a potential candidate to 
substitute hypergolic propellants in the next future propulsion systems has arisen an increasing 
interest due to the advantages offered in terms of high specific impulse, cooling capabilities, re-
usability and low environmental impact [1]. In this perspective, the Italian Aerospace Research 
Center manages the “HYPROB” research program, which includes also the realization of a 
LOx/LCH4 demonstrator engine named “DEMO-0A”. 

The thermal exchange in a liquid rocket engine regeneratively cooled represents a coupled heat 
transfer problem between the hot gases, the chamber wall and the coolant in the channels. Various 
approaches have been used to solve this problem: the possibility to use a 3-D modelling for the 
heat conduction through the wall and a 2-D approach, based on semiempirical correlations for the 
coolant and the hot gas flows, has been evaluated in [2], [3]. To overcome the complexity and the 
computational cost introduced by 3-D approaches, simplified quasi-2-D models have been 
extensively used to solve the heat transfer problem ( [4], [5], [6]).  

The aim of the present paper is to model the “DEMO-0A” engine designed and realized by the 
Italian Aerospace Research Center (CIRA) by means of 1-D components offered by the EcosimPro 
software. In particular, a series of numerical simulations have been performed to simulate cold 
flow and firing conditions, in which the coupled heat transfer problem between the hot gases, the 
chamber liner and the coolant has been solved by a 1-D approach. The scopes of these simulations, 
performed with a 1-D approach, consisted in: 1) validating the numerical results of the cooling 
system by a comparison with the experimental cold flow results; 2) investigating the effects on the 
thermal power released by the combustion chamber by considering different wall heat exchange 
semiempirical correlations; 3) assessing the capabilities of the 1-D model implemented in 
EcosimPro to predict the behaviour of the demonstrator in firing conditions. 
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The “DEMO-0A” Thrust chamber assembly 
The “DEMO-0A” is a 30 kN thrust class demonstrator, fed with LOx/LCH4, technologically 
representative of a thrust chamber assembly of an expander engine, regeneratively cooled by a 
counter-flow cooling jacket made up of 96 axial channels. The cooling channels of the “DEMO-
0A” are obtained by joining an inner liner made of a cooper alloy (CuCrZr) with two outer layers 
(the first one made of cooper and the second one of nickel). The outer layers are deposited on the 
inner one by means of the electrodeposition technology. In a former version of the demonstrator 
the cooling channels were obtained by brazing the inner layer with an Inconel outer layer. Both 
liquid methane and water can be used to cool the engine ([7], [8]). 

Figure 1 shows a model of the demonstrator that includes the igniter, the injector head with 18 
coaxial recessed injectors and the thrust chamber with inlet/outlet manifolds for LCH4 (or water).  

 
Figure 1:3-D model of the «DEMO-0A» architecture 

The main geometrical and performance parameters are reported in Table 1. 
 

Table 1 

“DEMO-0A” performance and geometrical parameters 
Performance Geometry 

T [kN] @ sea level 23.7 L [mm] 440 
Isp [s] 286 Dchamber [mm] 119.6 

ṁ LCH4 [kg/s] 1.92 Dthroat [mm] 59.8 

Methodology 
The numerical simulations have been performed by means of the EcosimPro software, a simulation 
tool that allows to model continuous and discrete systems. 

The equations solved in the cold flow condition simulation are the mass conservation and the 
momentum conservation equations written under steady state conditions hypothesis ( [9], [10]). 

On the contrary, the system of governing equations of the combustor and cooling jacket 
coupling consists in the continuity equation written for the vaporized propellants, the momentum 
equation and the energy equation, all written under the hypothesis of steady state conditions [9]. 
The vapours are assumed to be fully released at the first node of the grid discretizing the combustor 
component assuming a characteristic vaporization time τvap set to 0.1 ms. The energy equation 
contains the term modelling the heat exchange between the hot gases, the chamber liner and the 
cooling jacket. Both convection and radiation are considered and EcosimPro offers three empirical 
correlations to calculate the wall heat exchange coefficient hc: the Bartz, the modified Bartz and 
the Pavli correlations. The heat conduction in the cooling jacket liner is modelled by the Fourier 
equation. Regarding the combustion modelling a delayed equilibrium model has been chosen, in 
so doing a non-equilibrium combustor is simulated by introducing a time delay between the 
equilibrium condition and the actual burnt gases composition. 
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The discretization scheme considered is the AUSM with a 2nd order accuracy and the integration 
method is the «CVODE_BDF_SPARSE» [9] with transient and steady tolerances set to 1 ∗ 10−6 
as recommended in [9] in order to reduce the simulation time. The final time of the simulation has 
been set to 20 s. 

Results 
The cold flow experimental campaign was carried out at the AVIO/ASI FAST2 facility in 
Colleferro (Rome) and was devoted to perform tests in order to measure the pressure drops along 
the cooling channels of the regenerative cooling system and to define a characteristic law to predict 
the pressure drops of the “DEMO-0A” cooling system. 

A mesh sensitivity analysis has been performed in order to individuate the discretizing mesh 
that allows to obtain a good quality solution with the minimum number of nodes and in the end 
the mesh independence turned out to be a discretizing grid of 35 nodes. 

The results of three out of the six cold flow tests simulations performed in EcosimPro in terms 
of coolant pressure drop are reported in Table 2. The numerical results slightly underestimate the 
experimental ones and it is possible to see that the estimation error is between 2% and 3%. 

The water pressure profile along the cooling jacket is reported in Figure 2(a) (red line) and 
allows to appreciate that the larger pressure gradients are concentrated in the throat region, as 
expected. 

 
Table 2 

 Cold flow tests results 
   EcosimPro Experimental 𝜀𝜀 = ∆𝑋𝑋𝐸𝐸𝐸𝐸𝐸𝐸−∆𝑋𝑋𝐸𝐸𝐸𝐸𝐸𝐸

∆𝑋𝑋𝐸𝐸𝐸𝐸𝐸𝐸
  

Test01 
Δ_P_cool. [bar] 60.73 62.37 -2.63% 

Water MFR [kg/s] 5.12 5.12 0% 

Test02 
Δ_P_cool. [bar] 46.96 48.03 -2.23% 

Water MFR [kg/s] 4.47 4.49 -0.4% 

Test03 
Δ_P_cool. [bar] 35.83 36.68 -2.32% 

Water MFR [kg/s] 3.91 3.91 0% 
 
By relating the pressure drops obtained during the six experimental tests with the squared water 

mass flow rates it is possible to note that their relation can be modelled as linear (Figure 2(b)). 
The firing test campaign has been carried out at the AVIO/ASI FAST2 facility in Colleferro 

(Rome) and consisted in three tests. The mesh independence analysis, considered for the coupling 
of the cooling jacket with the combustor, differs from the one used in the cold flow simulations 
and is a discretizing grid made of 25 nodes. 

In order to predict the temperature rise of the water inside the cooling channels, the three 
empirical correlations offered by EcosimPro to compute the wall heat exchange coefficient have 
been considered and the results in terms of water temperature rise and heat flux have been 
compared. These comparisons are here presented and they refer to the first firing test, labelled as 
«FT01».  
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Figure 2: (a) Pressure variation along the cooling jacket. (Test01 results). (b) Pressure drop vs 

squared water MFR linear relation. 

Figure 3(a) compares the water temperature profiles obtained with the Bartz, modified Bartz 
and Pavli correlations. The Bartz correlation underestimates the temperature increase while the 
modified Bartz and the Pavli correlations overestimate it. 

The heat fluxes coming from the combustor are compared in Figure 3(b) and show how a peak 
is reached in the throat section, phenomenon due to the fact that in this region the exchange area 
(i.e. the lateral surface through which the thermal power coming from the combustor is exchanged) 
is the minimum. The heat flux obtained with the Pavli wall heat exchange correlation is 
characterized by the highest peak, on the contrary the Bartz correlation provides the lowest peak. 
Since the modified Bartz correlation provides the lowest error in estimating the water temperature 
rise, it has been considered as the correlation to use to predict the firing condition behaviour. 

 
Figure 3: (a) Water temperature profiles comparison (FT01). (b) Heat fluxes comparison 

(FT01). 

Table 3 reports a summary of the numerical and experimental results of the three firing tests. 
The numerical results well predict the pressure chamber, the coolant pressure drop and the thrust, 
on the contrary the coolant temperature rises are overpredicted. As expected, the higher thrusts 
occur during the tests where the chamber pressure is higher. Furthermore, the combustion 
efficiencies for the three tests are 93%, 89% and 93 %, respectively. 
  

(a) (b) 

(b) (a) 
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Table 3: Firing tests results 

 FT01 FT02 FT03 

 Experimental EcosimPro Experimental EcosimPro Experimental EcosimPro 
P_CC [bar] 37.99 38 36.61 35.98 45.66 45.76 

Water MFR [kg/s] 5.55 5.55 5.46 5.43 5.52 5.52 
Water ΔP [bar] 67.86 69.19 65.72 66.99 66.85 68.46 
Water ΔT [K] 62.87 71.93 61 73.16 71.92 83.23 

Conclusions 
The simulations performed by means of the EcosimPro software on the «DEMO-0A» to reproduce 
the cold flow operative conditions turned out to be very accurate for the prediction of the pressure 
drops experienced by the water in the cooling jacket that are slightly underestimated with respect 
to the experimental ones. This underestimation can be ascribed to the fact that the schematic used 
does not include the inlet and outlet manifolds that add further pressure drops. The simulations 
reproducing the firing conditions of the demonstrator had the aim to investigate the effects of the 
different wall heat exchange coefficient correlations on the thermal behaviour of the engine and 
the outcome of this study shows that the results obtained by considering the Bartz correlation 
underestimates the coolant temperature rise and thermal flux, on the contrary the modified Bartz 
and Pavli correlations overestimate them and the empirical correlation that provides results 
comparable to the experimental ones is the modified Bartz correlation. The results in terms of 
chamber pressure and temperature, pressure drop of the cooling jacket and thrust delivered are 
better predicted. In the end, the outcomes of the numerical simulations aimed at reproducing the 
firing conditions suggest that the EcosimPro software can be used to perform preliminary 
simulations able to provide accurate results in terms of chamber pressure, temperature and thrust, 
but with thermal results characterized by a lower accuracy due to the fact that the model developed 
is 1-D and does not take into account some phenomena that can occur in an engine and that are 
typically 2-D or 3-D , such as the thermal stratification of the coolant inside the cooling channels 
that changes the coolant thermophysical properties and consequently the thermal exchange 
occurring between the combustion chamber and the cooling jacket. 
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Abstract. In this work, the formation flight of the CubeSat cluster RODiO (Radar for Earth 
Observation by synthetic aperture DIstributed on a cluster of cubesats equipped with high-
technology micro-propellers for new Operative services [1]) with respect to a small satellite in 
LEO (Low Earth Orbit) has been analyzed. RODiO is an innovative mission concept funded by 
the Italian Space Agency (ASI) in the context of the Alcor program [2]. The small satellite is 
equipped with an antenna that allows it to function as a transmitter, whereas RODiO functions as 
a receiver. The extension of the virtual SAR (Synthetic Aperture Radar) antenna can be achieved 
by establishing an along-track baseline performing an orbital coplanar maneuver (a phasing 
maneuver). Another interesting scenario is the possibility to create a cross-track baseline 
performing an inclination change maneuver, useful for stereoradargrammetric applications. Such 
formation reconfiguration maneuvers can be achieved in relatively short times only by use of a 
high-thrust propulsion system, i.e. based on conventional chemical technologies. From the study 
of maneuvers, it is possible to identify the required ∆V, which represents an input parameter for 
the design of propulsion system. Among the different kinds of propulsion systems, a Hybrid Rocket 
Engine was chosen for its safety, compactness and re-ignition and throttle capabilities. 

Introduction 
In recent years, the use of CubeSats has become increasingly popular due to their simplicity of 
construction, cost and reduced production time compared to conventional satellites. These 
miniaturized satellites are well suited to formation flight for telecommunication and imaging 
purposes. In this study, the formation flight of a 16U CubeSat constellation (RODiO, consisting 
of four micro-satellites) was analyzed with respect to a LEO-satellite. The objective is to perform 
maneuvers to extend the virtual SAR antenna. The LEO-satellite is moving on a quasi-circular 
Sun-Synchronous Orbit (eccentricity ≈ 10-3, inclination ≈ 97°) at a mean altitude of ≈ 400 km 
(World Geodetic System-84), and RODiO cluster follows it on this orbit. 

In the following sections the orbital maneuvers considered were described. Using GMAT 
(General Mission Analysis Tool) an estimation of the maneuvers ∆V budget was obtained. 
Identified the maneuvers costs, a preliminary design of the Hybrid Rocket Engine for the CubeSat 
was carried out, complying with the requirements for propulsion unit volume (<1.5U) and mass 
(<2kg). 

Phasing maneuver 
In this maneuver, the objective is to bring one of the satellites of the RODiO cluster, which follows 
the LEO-satellite in its orbit, from a distance in the range [-90 km, -50 km], to a distance in the 
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range [+50 km, +90 km]. In this way a multistatic SAR data collection with a triplet of acquisitions 
over the same area at three different observation angles is possible.  

To this aim, a ∆V in the opposite direction of the motion must be applied. In this way the 
satellite RODiO reaches an elliptical orbit with an orbital period smaller than the period of the 
initial orbit and, after one orbit, the RODiO satellite reduces the along-track distance. After few 
orbits, the RODiO satellite reaches a new position beyond LEO-satellite and, at this point, a ∆V in 
the motion direction must be applied to establish a constant along-track baseline. The challenging 
point of this mission is the need to apply two ∆V but in opposite direction and evaluating the re-
ignition capability of the propulsion system. 

To study the relative motion between two satellites, the Hill reference frame defined in [3] was 
used, assuming that the LEO-satellite is the chief, while RODiO is the deputy. Combining the 
equations for the Hohmann transfer reported in [4] (under the assumptions of Keplerian 
mechanics), it is possible to write Eq. 1, which provides an initial estimate of the along-track 
baseline variation per orbit (∆Yorbit): 

Δ𝑌𝑌𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = (𝜏𝜏𝑐𝑐𝑜𝑜 − 𝜏𝜏𝑒𝑒) 𝑉𝑉𝑐𝑐𝑜𝑜 (1) 

where “τci” is the orbital period of initial circular orbit, “τe” is the period of elliptical orbit, and 
“Vci” is the velocity on the initial circular orbit. In Table 1 different cases are presented, and a 
simulation of relative motion using GMAT considering the presence of the atmosphere (Jacchia-
Roberts model), the non-sphericity of the earth (Earth Geopotential Model 96), and solar radiation 
pressure, has been performed (results in Fig.1). 
 
Table 1: Possible phasing maneuvers in the along-track distance ranges considered for different 

∆V. (Yi is the initial distance between a RODiO satellite and the LEO-satellite, Yf is the final 
distance). 

∆𝐕𝐕 of single burn [m/s] 𝐘𝐘𝐢𝐢 [km] ∆𝐘𝐘𝐨𝐨𝐨𝐨𝐨𝐨𝐢𝐢𝐨𝐨 [km] Number of orbits 𝐘𝐘𝐟𝐟 [km] 
2.5 -62.25 41.5 3 +62.25 
3 -75 50 3 +75 

 

 
Fig. 1: RODiO trajectory in Hill reference frame with respect to LEO-Satellite (on the left, first 

case indicated in Table 1, on the right, second case indicated in Table 1). 
Inclination change maneuver 
The purpose of this maneuver is to change the inclination of the orbit of a satellite of the RODiO 
constellation by applying a normal ∆V to the orbital plane when the satellite arrives in the 
ascending node. In this way a relative drift of the nodes starts, and, after a certain time, a cross-
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track baseline is established. Applying an impulsive burn in the same direction but where the 
satellite reaches the descending node, the cross-track baseline remains constant. An advantage of 
this maneuver is that the direction of ∆V does not change.  

In GMAT the study of relative motion between two satellites of RODiO cluster has been 
analyzed (RODiO-1 is the chief, RODiO-2 is the deputy). Under the assumptions of a quasi-
circular orbit, considering J2 effect, it is possible to simplify the equations of relative motion 
reported in [3] and calculate the cross-track baseline from Eq. 2: 

𝑧𝑧 ≈ 𝑎𝑎𝑎𝑎Ω sin 𝑖𝑖 (2) 

where “z” is the cross-track baseline, “a” is the semi-major axis, “δΩ” is the relative drift of 
ascending node consequent to the inclination change, and “i” is the inclination. In the Fig.2 the 
results obtained by GMAT for a ∆V = 3 m/s (that yields a ∆i of 0.02 deg [4]) for each burn and a 
waiting time of 15 days are shown. 

 
Fig. 2: Trend of inclination (on the left) and trend of cross-track baseline (on the right) with 

respect to mission time for ∆V = 3 m/s. 
Hybrid Rocket Engine preliminary design 
A mixture with Hydrogen Peroxide as oxidant (91wt%) and ABS (Acrylonitrile Butadiene Styrene) 
as fuel grain is selected to evaluate the performance of the Hybrid Rocket Engine. In first 
approximation, the regression rate for a hybrid rocket motor is related to oxidizer mass flux (Eq.3):  

�̇�𝑟 =  𝑎𝑎 (𝐺𝐺𝑜𝑜𝑜𝑜)𝑛𝑛 (3) 

where “a” and “n” are experimental coefficients which change for each couple of propellants. 
Using the procedure described in [5] and considering experimental value of “a” and “n” obtained 
from test conducted on this engine scale, an estimate of the performance of the thrust chamber was 
performed. Considering an oxidant flow rate of 3.5 g/s, a circular port fuel grain with an initial 
port diameter of 10 mm, a nozzle throat diameter of 2 mm and an Area Ratio of 15, the performance 
of the propulsion system in terms of thrust and specific impulse can be evaluated. The mass of the 
CubeSat is 22 kg, but for an initial estimation of the performance and sizing of the rocket, a 10 kg 
margin on the mass budget (total mass of 32 kg) and a 100% margin on the ∆V (total ∆V required 
for maneuvers 12 m/s instead of 6 m/s) are considered. Table 2 shows the performance of the 
Hybrid Rocket Engine. The Hydrogen Peroxide total mass required is 106.75 g. From the 
performance analysis, it is possible to preliminarily size the propulsion system, in particular the 
thrust chamber, which will include a case containing the fuel grain and nozzle. Fig. 3 shows a 
sectional view of the thrust chamber with all dimensions of interest indicated from which it is 
possible to observe a pre-combustion chamber (upstream to fuel grain) of 10 mm length, a post-
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combustion chamber (downstream of the fuel grain) 
consisting of a cylindrical section (10 mm long) and the 
converging nozzle section (10 mm long). The pre- and 
post-chamber lengths shall be better defined by a more 
accurate study of the rocket's internal thermo-fluid 
dynamics. Considering graphite as material, the conical 
nozzle has a mass of 55 g. To reduce the length of the 
diverging section, a bell-shaped nozzle can be considered. 
In first approximation, the external case made up of steel, 
and its mass is 179 g. The mass of ABS fuel grain is 46 g. 
Since the dimensions of the thrust chamber are 
considerably smaller than the imposed limits (1.5 U, 10 
cm x 10 cm x 15), it is reasonable to assume that there is 
sufficient space for the feed line, tanks, and catalytic 
chamber. With an appropriate choice of materials, the 
total mass requirement (<2kg) is also satisfied. 

 

Table 2: Summary of mixture performance H2O2 (%wt 91) - ABS. Average values of regression 
rate, OF, vacuum thrust, specific vacuum impulse, fuel flow rate, chamber pressure, chamber 

temperature, and final grain diameter were reported (combustion efficiency and nozzle efficiency 
about 95%. Overall efficiency 90.25%). 

tb [s] �̇�𝐨[mm/s] OF Tvac[N] Ispvac[s] 𝐦𝐦𝐟𝐟̇ [g/s] Pc [bar] Tc [K] Dfinal [mm] 
30.5 0.53 2.31 12.6 255 1.53 22.6 1930 42.5 

Concluding remarks 
From numerical GMAT simulations it is possible to conclude that the along-track baseline 
variations are possible to move one RODiO satellite from the original position to a final position 
in few orbits, whereas a cross-track baseline variations up to few kilometers are possible with 
maneuvers duration of the orders of few days. Future developments could include a detailed design 
of the other main subsystems, numerical analysis of fluid dynamic, thermal and structural aspects, 
and the possibility of developing breadboards for ground testing of the propulsion unit. 
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Fig. 3: CAD model section of thrust 
chamber (dimensions in mm). In blue 

the conical nozzle, in red the fuel grain, 
in black the external case, in brown a 
closing flange (wall thickness flange 

and case: 2 mm). 
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Abstract. An experimental campaign, in the framework of the HYPROB-NEW hybrid rocket 
studies, was carried out on a 200N-thrust class hybrid rocket engine, using gaseous oxygen as the 
oxidizer and paraffin wax-based fuel, to investigate the effect of fuel grain length on motor 
performance and internal ballistics. Numerical analysis have been also performed to support the 
experimental findings. It was observed that, for given oxidizer flow rate, fuel grain length directly 
affects the characteristic velocity, because of its influence on residence time and mixing efficiency, 
so that the shortest grain configuration displayed the lowest performance. Moreover, CFD 
simulations provided an estimation of the regression rate profile along the grain length, providing 
a possible interpretation for the measured space-time-averaged fuel regression rate. Finally, a 
method for the rebuilding of the convective heat-transfer coefficient in the nozzle was used, based 
on a combination of numerical simulations and experimental acquisitions.  

Introduction 
The application field of hybrid rockets is currently still limited much probably for the low fuel 
regression rate compared to solid rockets, especially when the use of conventional polymeric fuels 
is foreseen, because of the diffusion-limited phenomena affecting grain regression [1]. One of the 
most investigated solutions to overcome limitation in fuel regression rate and thus rocket thrust is 
the use of liquefying fuels, characterized by a relevant liquid droplet entrainment component, 
which can substantially enhance fuel mass flow rate [2]. 

Within this framework, the HYPROB-NEW project, funded by Italian Ministry of Research 
and managed by the Italian Aerospace Research Centre (CIRA), envisaged a collaboration between 
CIRA and University of Naples Federico II, and was focused on the study of paraffin as a potential 
high-performance fuel for hybrid rockets. Among the various activities, firing test campaigns were 
carried out on a 200 N thrust-class hybrid rocket engine, using axially injected gaseous oxygen as 
oxidizer and a paraffin wax-based fuel. Different cylindrical fuel grain lengths were adopted to 
extend fuel characterization under different operating conditions, and to evaluate rocket 
performances and internal ballistics in the different configurations. In addition to data collected 
with 220 mm propellant grain length [3] (labeled as L), two further test campaigns were carried 
out considering 130 mm (labeled as M) and 70 mm (labeled as S) grain lengths. Full details on the 
experimental setup and results are reported in [4]. In this work, based on measurements of 
pressures, temperatures, thrust and mass flow rate, and with the support of Computational Fluid 
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Dynamic (CFD) simulations, some considerations on performance, regression rate and graphite 
nozzle heat transfer. 

Characteristic velocity analysis 
In this subsection, the motor performances of the three configurations are discussed. Fig. 1a 
represents the characteristic velocity obtained in the firing tests and compared with the ideal one 
computed by CEA software [5]. It can be seen that the motor length affects the mixing of the 
oxygen with the fuel. The motor shows a combustion efficiency close to 1 in the L configuration. 
This value decreases from 1 to about 0.9 and 0.75 in the M and S configurations, respectively. 

        

(a) (b) 
Fig. 1 (a) Ideal and experimental characteristic velocity of Test S, M and L versus O/F, (b) 
estimated gas residence time versus oxidizer mass flow rate in the different configurations. 

 

 

Fig. 2 Temperature contour plot with overlapped streamlines (top half) and mixture fraction iso-
lines (bottom half) of test S at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 40 𝑔𝑔/𝑠𝑠 and at the average grain port diameter. 

Therefore, it can be inferred that the grain length increases the motor combustion efficiency, 
because it increases the residence time of the gas mixture, which can be computed (Fig. 1b) as the 
ratio between the total motor length and the mean flow velocity in the chamber (weighted average 
among the flow velocities in pre-combustion chamber, grain port and post-combustion chamber, 
calculated by mass conservation using CEA software). The highest residence time (which is quite 
insensitive to mass flow rate) is shown by configuration L, which shows the highest combustion 
efficiency. 

When the residence time is extremely low as in the case of Test S, the experimental 
characteristic velocity is also little affected by the change in the overall mixture ratio. This is likely 
due to the fact that, when the residence time is too low, the fuel released from the grain does not 
have enough time to reach the axis and therefore mixing efficiency is lower, as highlighted by Fig. 
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2, showing the results of CFD simulations carried out, by means of the model presented in [6], for 
test S at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 40 𝑔𝑔/𝑠𝑠 with the corresponding average grain port diameter. 

Fuel regression rate analysis 
Another major experimental finding was that the space-time-averaged fuel regression rate 
appeared to be affected by fuel grain length. First, regression rate in tests L was roughly 10-15% 
higher than for tests S. Moreover, axial recession was observed for tests M. To provide a possible 
explanation for these experimental 
observations, a CFD simulation was performed 
by the same model used above for the 
configuration L at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 40 𝑔𝑔/𝑠𝑠, computing 
the wall heat flux along the fuel grain wall, 
whose normalized trend is shown in Fig. 3. The 
wall heat flux behavior can be outlined as the 
product of the heat transfer coefficient, hc, and 
ΔT. Indeed, �̇�𝑞 increases with the temperature, 
reaching a maximum at the axial coordinate 
between 125 mm and 150 mm, where the 
stoichiometric conditions are achieved; then, it 
decreases because a fuel-rich mixture is 
obtained. Three stations are highlighted in the 
picture, which correspond to the lengths of the 
configuration S, M and L. It can be seen that the 
space-averaging process leads to an apparent 
underestimation of the fuel regression rate for the shortest configuration. Moreover, as shown, the 
peak of wall heat flux is approximately achieved at the end of configuration M, which explains the 
reason why this configuration was affected by the axial recession. 

Nozzle heat transfer rebuilding 
Finally, measurement of temperature inside the graphite nozzle allowed for a rebuilding of wall 
heat flux in the S configuration (the most oxidizing) [4]. An iterative procedure was used to 
determine a profile of the convective heat transfer coefficient hc matching the experimental 
temperature measurement, by solving the unsteady energy equation inside the nozzle with CFD 
simulations. The obtained coefficient was compared to that provided by empirical correlations. 
Fig. 4 shows this comparison for a test at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 40 𝑔𝑔/𝑠𝑠 and O/F ≈ 3.5, and a test at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 60 𝑔𝑔/𝑠𝑠 
and O/F ≈ 4.79. It can be observed that, in the less oxidizing condition, the experimental trend of 
hc deviates more from the empirical correlations, likely because in that condition the wall 
temperature remains almost always below the gasification temperature of the fuel, therefore 
creating a liquid paraffin layer at wall acting as insulator and heat sink. 

Fig. 3 Non-dimensional wall heat flux along 
the motor axis 
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(a) (b) 

Fig. 4 Comparison of ℎc predictions with different methods: tests at �̇�𝑚𝑜𝑜𝑜𝑜 ≈ 60 𝑔𝑔/𝑠𝑠  (a) and 
�̇�𝑚𝑜𝑜𝑜𝑜 ≈ 40 𝑔𝑔/𝑠𝑠 (b) 

Conclusions 
The following main conclusions can be drawn: 

- The characteristic velocity is affected by the grain length, with increasing efficiency for 
increasing length, because of the corresponding increase of gas mixture residence time, 
enhancing propellant mixing. 

- The space-averaging process in the regression rate calculation is affected by the axially 
increasing grain consumption. Longer grains exhibit a higher space-time-averaged 
regression rate for a given Gox, but the regression rate trend in time is similar for all the 
configurations in the upstream region 

- At low O/F, a significant part of the convective heat transfer to nozzle wall is absorbed by 
fuel gasification, leading to an overestimation of wall heat transfer by empirical correlation 
laws, while above a certain O/F threshold, the nozzle wall temperature is higher than fuel 
gasification temperature and the empirical correlations work properly. 
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Abstract. The major hazard associated with uncontrolled atmospheric re-entry is the casualty risk 
on ground. An innovative concept to support spacecraft demise that is now under investigation is 
the use of exothermic reactions. Thermites are good candidates for this role, being capable of 
releasing a noticeable amount of heat upon ignition. An appropriate selection of the metal-metal 
oxide couple can grant a formulation that is compliant with the main space operation needs, e.g., 
that is relatively insensitive to external stimuli and non-toxic. To support the selection of the 
energetic material for the experimental tests in the ESA-founded project SPADEXO and to 
preliminarily size the charge to be placed on board, the object-oriented code TRANSIT has been 
developed. This software has been compared to ESA’s spacecraft-oriented code SCARAB 
(developed by HTG), that is capable to predict spacecraft re-entry with the highest possible level 
of detail. Both the models were subjected to a genetic algorithm optimization process to identify 
the best thermite properties and the foreseen energetic material mass for simple geometries 
applications. In this paper, the SCARAB results obtained for one geometry will be presented and 
compared with the ones retrieved by TRANSIT. 

Introduction 
The threat posed by space debris to the access and use of space is becoming more and more urgent 
every year. Recently, both the European Space Agency (ESA) and the Inter-Agency Space Debris 
Coordination Committee (IADC) have published their reports on the status of the space 
environment [1,2]. Considering the protected Low Earth Orbits (LEO) region as defined by IADC 
[3], the space traffic is now 10 times the level observed in 2000. However, both the cited 
documents demonstrate that the adoption of the space debris mitigation measures is insufficient. 
The ESA report [1] reveals that the 93% of small satellites (<10 kg) are naturally compliant with 
the 25-year rule, but for larger payloads the compliant share is significantly lower. Only between 
the 40% and 70% of the total payload mass is estimated to reach its end-of-life (EOL) in an orbit 
compliant with the current mitigation rules. If naturally compliant objects are discarded, until 2017 
only between 10% and 40% of spacecrafts respected the mitigation guidelines [2]. Even if the 
trend in the last years has been generally positive, it is evident that the compliance rate is 
significantly lower than the internationally declared objective (90% [1,3,4]). Therefore, post-
mission disposal (PMD) is still a problematic topic and the adoption of the current, if not even 
more stringent, mitigation rules is of paramount importance to reach a sustainable exploitation of 
space. 

However, the necessity of de-orbiting spacecrafts from LEO involves an implicit casualty risk 
on ground. The current international guidelines [3] impose a maximum threshold for this risk of 
10-4. A first strategy to meet this requirement is to perform a high-thrust manoeuvre to force the 
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impact on an uninhabited area, with the subsequent impacts on costs (e.g., additional fuel) and 
design. A second option is to perform an uncontrolled re-entry, possibly after a low-thrust 
manoeuvre or the deployment of passive devices to limit the residence time in orbit coherently 
with the 25-years limit. In this case, the associated costs and impacts on the post-mission disposal 
reliability would be lower. The main limitation for the use of this second strategy is the casualty 
risk limit. Its value must be computed using re-entry software like ESA’s Debris Risk Assessment 
and Mitigation Analysis (DRAMA) [5] or Spacecraft Atmospheric Re-entry and Aerothermal 
Breakup (SCARAB) [6]. The uncontrolled re-entry is allowed only if the casualty risk threshold 
is respected. As its value is strictly connected to the spacecraft mass and to the robustness of its 
components, a rather new field of research is now becoming more and more important. This 
approach, named Design-for-Demise (D4D), consists in the intentional design of the spacecraft to 
promote its demise during the atmospheric re-entry, to limit the number and the mass of the 
fragments reaching the ground. One of the D4D strategies involves the maximization of the 
available heat to aid the demise of the most robust equipment. The main proposed solutions to act 
in this sense are the modification of the ballistic coefficient of the spacecraft, the exploitation of 
particular shapes to increase the local heat fluxes, or the use of exothermic reactions to provide 
additional enthalpy. The latter approach is the focus of this paper. 

The hereby named Thermite-for-Demise (T4D) technology consists in placing a pyrotechnic 
charge into the structural voids of some spacecraft components. The energetic material, once 
ignited, provides the additional enthalpy necessary to induce the demise of the equipment. 
Thermites are particularly interesting for this application, thanks to their high energetic density, 
high adiabatic flame temperature, tunability and intrinsic safety [7]. An appropriate selection of 
the starting metal-metal oxide couple allows to meet both performance and operational 
requirements [8]. Recent patents proposed the use of thermites to promote spacecraft demise 
[9,10], and wind tunnel tests proved the concept in relevant environment [11,12]. A systematic 
study on the topic is currently ongoing in the framework of ESA-TRP SPADEXO project [13]. 

One of the main aspects of this technique that needs to be defined are the minimum thermite 
mass to be used and the best ignition time. Even if these parameters are strictly connected to the 
particular application (e.g., re-entry path, equipment material and shape) a heuristic optimization 
is hereby proposed for a selected simple geometry. A genetic algorithm is used on both an object- 
and a spacecraft-oriented re-entry software to minimize the thermite mass. The impacts of the 
different level of detail of the numerical models will be assessed, as well as the ratio between the 
component and the thermite masses for the selected conditions. 

Methodology 
TRANSIT. The object-oriented re-entry software used for this analysis is the TRANsatmosferic 
SImulation Tool (TRANSIT), developed to support the research on the T4D technology. The 
objective of this Python novel numerical model is to provide simple and fast simulations for a 
preliminary assessment on the efficacy of a T4D strategy for a given application. The selected 
atmospheric model is the NRL-MSISE00 [14] and the non-spherical shape of the Earth is described 
through a fourth-degree zonal harmonic description. The dynamic model that represents the 
ballistic re-entry is lumped and considers three degrees of freedom [15]. The aerodynamic model 
can handle three different geometries (sphere, cylinder, and box). The correlations for the 
computation of the coefficients of drag are taken from [16]. Shape factors are used to relate the 
heat load on the three randomly tumbling geometries with the stagnation heat flux on a flat plate 
[17] (for free molecular regime) or on a sphere [18] (for continuum regime). The hot air after the 
shock is considered as a non-calorically perfect gas in chemical equilibrium [19]. The thermal 
model is lumped, and the surface is assumed to regress uniformly. 

SCARAB. The spacecraft-oriented software used for this study is SCARAB. It was developed 
since 1995 under the lead of HTG in the frame of ESA/ESOC contracts. It has been used to model 
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the re-entry of numerous European satellites and launcher stages, as well as for rebuilding test 
campaigns in hypersonic wind tunnels. It has been compared to other re-entry prediction tools and 
validated with in-flight measurements. The main characteristic that differentiates SCARAB with 
respect to the more common object-oriented codes is the panel-based description of the spacecraft. 
This discretization allows the use of the complete 6 degree-of-freedom equations for the trajectory 
computation and the more detailed description of the temperature field in the spacecraft and of its 
break-up process. This representation consents to abandon the common random tumbling 
assumption and to include conductive heat transfer in the space object. An arbitrarily complex 
geometry can be reconstructed and then studied. 

Thermite model. The additional enthalpy provided by the thermite is modelled as an internal 
heat source, that is activated once the spacecraft reaches the ignition temperature. The effective 
heat transfer 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 from the thermite to its vessel is quantified as per Eq. 1, where 𝜂𝜂 is the heat 
transfer efficiency (hereby considered equal to 0.6 [13]), mth is the thermite mass on board, and 
𝑄𝑄𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟 is the theoretical reaction heat release (3958.20 kJ/kg). 

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒  =  𝜂𝜂 · 𝑚𝑚𝑟𝑟ℎ𝑄𝑄𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟 (1) 

The additional enthalpy is released according to five different profiles (constant, gaussian, early 
triangular, late triangular, and centred triangular). The user can select the duration of the reaction. 
In SCARAB, the heat source is applied only on the internal panels of the geometry. The reaction 
is started once the mean temperature of the spacecraft (in TRANSIT) or the local temperature (in 
SCARAB) reaches the ignition threshold. The thermal inertia of the thermite charge is considered 
modifying the specific heat and the mass of the vessel. 

Optimization approach. When it comes to determining the impact of a thermite charge on a re-
entering spacecraft, the inherent complexity of the re-entry process must be considered. Trade-off 
effects can be difficult to estimate. For example, a higher thermite filling for a hollow object 
implies both a higher additional enthalpy release upon ignition and a higher thermal inertia for the 
system. A lower temperature of ignition could imply an early decrease in mass, with a change in 
the ballistic coefficient that can be beneficial or not. Moreover, an early ignition could anticipate 
so much the maximum temperature reached during the descent that could provoke a temperature 
increase not sufficient to reach the melting point of the spacecraft material. To consider the 
complexity of the process, the heuristic optimization adopted in this study involves the use of a 
genetic algorithm, based on the open-source Python package PyGAD [20]. An aluminium sphere, 
with radius of 0.5 m and thickness of 0.03 m, was selected for the optimization. The initial 
conditions and the boundaries of the optimization variables are respectively presented in Table 1 
and Table 2. Table 3 shows the main genetic algorithm parameters for the optimization in 
TRANSIT and in SCARAB. Notice that the lower level of detail of the object-oriented code 
consented to perform an extensive number of simulations in a reasonable time, while the 
generation and population numbers for the SCARAB optimizations are more limited due to time 
constraints. The material properties used in both re-entry software were taken from ESA’s 
ESTIMATE database [21]. No demise is predicted for the random tumbling cases without the 
additional enthalpy released by the thermite. In the SCARAB case in which the dynamic module 
was activated, the demise of around the 20% of the stating mass is registered for the case without 
thermite. The fitness function used for the optimization is shown in Eq. 2, where f is the fitness, mf 
and msp are respectively the final and the initial mass of the spacecraft, and mth is the thermite 
charge mass. 

𝑓𝑓 =  1
𝑚𝑚𝑓𝑓+

𝑚𝑚𝑡𝑡ℎ
𝑚𝑚𝑠𝑠𝑠𝑠

+0.0000001
 (2) 
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Table 1: Initial conditions of the test cases. 

Variable Value 

Longitude [°] 0 

Latitude [°] 0 

Altitude [km] 120 

Velocity [m/s] 7273 

Flight path angle [°] -2.612 

Heading angle [°] 42.35 

Temperature [K] 300 

 

Table 2: Optimization variables and boundaries for the genetic algorithm. Notice that the 
melting temperature Tmelt of the material of the test case is used as the upper boundary for the 

ignition temperature. 

Optimization variables Interval 

Profile [-] [1,5] 

Burning time [s] [1,100] 

Thermite density [kg/m3] [781,1095] 

Filling factor [-] [0.1,1] 

Ignition temperature [K] [573, Tmelt] 

 
Table 3: Main genetic algorithm parameters used for the optimization processes in TRANSIT 

and in SCARAB. 

Genetic algorithm parameters Value, TRANSIT Value, SCARAB 

Number of generations 100 20 

Population per generation 50 12 

Number of parents mating 15 4 

 

Results 
Table 4 shows the results obtained for the genetic algorithm optimization in TRANSIT and 
SCARAB. Complete demise was reached in all cases, therefore the fitness function value is the 
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ratio between the starting spacecraft mass and the thermite charge one. It can be seen how its value 
is rather similar between all the simulations, around the 20-25% of the initial sphere mass. The 
optimization performed in TRANSIT appears as the worst case, implying the highest pyrotechnic 
charge mass. In the object-oriented code the best case is represented by a brief Gaussian heat 
release, while in the spacecraft-oriented one the best result is given by a centred triangle profile, 
for both the analysed conditions. In the one performed with SCARAB considering the dynamics 
of the sphere as computed by the dynamic module a rather long duration is preferred. This could 
be due to the lower impact of the burning time in SCARAB numerical model. Notice that these 
profiles inherently imply a delay between the ignition time and the maximum thermite heat release 
equal to the half of the burning time. Moreover, it must be considered that both the cases in random 
tumbling condition foresee a maximum temperature in case of failed ignition around 700 K. On 
the contrary, the third case already experiences partial demise without the thermite action. This 
behaviour explicates why a significant difference in the best ignition temperature can be observed 
between the random tumbling cases and the one in which the dynamic module of SCARAB is 
activated. Summarizing, all the optimized results show a release of additional enthalpy that is 
concentrated on the last phase of the re-entry, when the aerodynamic heat is more pronounced. 
This behaviour suggests that a late ignition is beneficial.  

 
Table 4: Results of the genetic algorithm optimization for TRANSIT and SCARAB. 

Variable Variable value, 
TRANSIT 
(random 
tumbling) 

Variable value, 
SCARAB 
(random 
tumbling) 

Variable value, 
SCARAB 

(dynamic module) 

Profile [-] Gaussian Centred Triangle Centred Triangle 

Burning time [s] 10.16 20.34 83.18 

Thermite density [kg/m3] 861.10 784.70 781.25 

Filling factor [-] 0.16 0.14 0.16 

Ignition temperature [K] 639.44 650.11 767.66 

Fitness [-] 4.11 5.17 4.51 

 

Conclusions 
A genetic algorithm was applied on an object- and on a spacecraft-oriented code for a simple 
geometry, aiming at quantifying the best thermite properties for a T4D application, in terms of 
burning time, temperature of ignition and heat release profile. For the selected application, full 
demise was obtained in all cases. The methodology hereby presented could be applied to an 
arbitrary re-entry application. The TRANSIT result was more conservative than the ones achieved 
with SCARAB. It is suggested that this behaviour is due to the variation of shape that is considered 
in SCARAB once the geometry has started the demise process. This could imply that an object-
oriented code could be a proper tool for a first sizing of the pyrotechnic charge, later to be verified 
and further optimized using a more detailed software. An extension of the presented study to other 
geometries and materials could strengthen this insight. 
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Abstract. In the present work a linear aerospike nozzle model has been studied with cold flow 
experiments in various working conditions. A series of numerical 3D RANS simulations have been 
performed in order to directly compare numerical and experimental results. Mean pressure 
distributions have been measured on the nozzle model symmetry plane, in order to characterize 
the flow evolution along the walls of the plug. The presented results show a good agreement 
between numerical and experimental results. 

Introduction 
Key requirements of future space transportation systems are a drastic reduction of launch costs 
and an increased reliability. Single-Stage-to-Orbit (SSTO) and Two-Stage-to-Orbit (TSTO) 
configurations are being studied as possible architectures of future launchers. However, the 
performance of the rocket engines heavily influences the possibility of realization of these 
vehicles. The performances of existing rocket engines are always lower than the theoretical values 
because of the presence of several loss mechanisms. Some examples are: the imperfect mixing of 
oxidizer and fuel in the combustion chamber, losses due to the process of combustion, losses for 
divergence and non-uniformity of the exiting flow and a non-ideal expansion of the propellants 
[1]. The latter source of losses is the most important. In fact, as was for the Space Shuttle Main 
Engine (SSME), the non-adaptation of the exhaust gases can cause up to 15% decrease in 
performance during certain phases of the mission [2]. 

A possible solution for the design of the engine of SSTO vehicles may be found in aerospike 
nozzles (also called plug nozzles), which represent a valid alternative to conventional bell nozzles. 
In fact, aerospike nozzles provide, at least theoretically, continuous altitude adaptation up to their 
geometrical area ratio. For high area ratio nozzles with relatively short length, plug nozzles 
perform better than conventional bell nozzles [2,3]. For these reasons, experimental, analytical and 
numerical research on plug nozzles have been performed since the 50s worldwide. One notable 
example of an aerospike engine project and prototype is the linear aerospike engine XRS-2200, 
which was selected as candidate propulsion system for the Venture Star/X33 SSTO spaceplane in 
the 1990s. Moreover, the use of linear aerospike nozzles has also started to spark interest regarding 
the propulsion of high-speed aircraft [4]. Nozzle flow control, including thrust vectoring and 
external flow interactions, has become increasingly relevant for the controllability of aircrafts. 
Fluidic thrust vectoring techniques in particular, are gaining significant interest for their 
advantages over traditional methods, both for use with conventional and unconventional nozzles 
[5,6]. One example is, for instance, differential throttling, a simple control strategy which can be 
applied in clustered aerospike engines with multiple independent combustion chambers. Since the 
mass flow rate and the pressure can be controlled independently, it is possible to generate an 
asymmetry in thrust, creating a lateral force component [7]. Another possible solution could be the 
Shock Vector Control approach, which consists in injecting a secondary flow from the plug wall. 
This causes the flow to separate, generating a recirculation zone on the wall and a shock wave that 
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deflects the incoming flow. As a result, the pressure distribution on the nozzle walls becomes 
asymmetric, generating a lateral thrust component [8]. 

The aim of the study is to compare the pressure measurements obtained with an experimental 
setup, which was previously designed at Politecnico di Torino [9,10], with numerical simulation 
results. This experimental system will be able to be fitted with different types of nozzle geometries. 
The mean pressure is measured along the nozzle walls on the symmetry plane, and is compared 
with 3D numerical results for analogous working conditions. 

Test Rig Set-Up and Instrumentation 
The test-rig is composed of two subsystems: the air-supply control system and the nozzle model. 
The first subsystem provides the prescribed inlet flow conditions and is able to manage 
interchangeable nozzle models, both axisymmetric and linear, for example bell/dual-bell nozzles, 
and aerospikes. An interfacing duct may be required to generate the correct inlet flow conditions 
in the axisymmetric or 2D/3D case. The test rig is positioned on a frame, as shown in Figure 1. A 
corrugated metal hose with an inner diameter of 25 mm is used to provide compressed air to the 
system. It is connected to a diffuser, followed by a flow straightener. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1: Assembled Test-Rig (a). Two close-up views of the plug nozzle 
model (b-c) 

For this work, a linear plug nozzle model was used, with a width to height throat ratio 𝑏𝑏 ℎ𝑡𝑡⁄  
equal to 30.41. The model is connected to the flange at the exit of the downstream duct. The exit 
Mach number 𝑀𝑀𝑒𝑒 is equal to 1 and the design Nozzle Pressure Ratio 𝑁𝑁𝑁𝑁𝑅𝑅𝑑𝑑 is equal to 200. 
Additional details on the dimensions of the nozzle plug are available in a previous paper [9]. 

The splines describing the plug surfaces of the nozzle have been designed using the method 
proposed by Angelino [11], with a tilt angle 𝜗𝜗 equal to 68.1° at the throat. The aerospike plug 
geometry is truncated at 40% of the ideal length. 

Mean pressure distributions are measured along the nozzle plug using a Scanivalve® DSA5000 
pressure scanner. This device is capable of taking up to 16 individual pressure measurements at 
different locations along the plug, with the use of 16 temperature compensated piezo-resistive 
pressure transducers. Moreover, individual 24-bit A/D converters are included for each pressure 
sensor. This feature allows fully synchronous data collection and data stream up to 5000Hz 
(samples/channel/second). One resistance temperature detector (RTD) per pressure sensor is 
integrated in the unit and each RTD utilizes its own 24-bit A/D converter. The system accuracy is 
± 0.04 % FS for a pressure range from 0 up to 250 psi (from 0 up to 17.2 bar).   
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The static wall pressures are measured thanks to the orifices (with a diameter equal to 0.6 mm) 
drilled perpendicularly into the nozzle plug wall (see Figure 1-a). The distance between two 
adjacent pressure ports is equal to 7 mm. These ports are connected through small steel tubes and 
Teflon tubes to the Scanivalve® pressure scanner. 

Numerical and Experimental Results 
Numerical simulations have been performed for the same values of Nozzle Pressure Ratio (NPR) 
used in the experiments. The commercial solver Star-CCM+ has been utilized to perform the 
steady RANS simulations. The numerical scheme is second order accurate in space and first order 
accurate in pseudo-time. A grid of about 1.2 million cells has been utilized for these simulations.  

 

Fig. 2: Mach contour result of the flowfield in the symmetry plane of the nozzle 

The Mach contour results from the numerical simulations are shown for the symmetry plane in 
Figure 2. The structure of the expanding flow is consistent with results from the literature regarding 
overexpanded flows in aerospike nozzles [2]. The presence of regions of compression and 
expansion can be clearly seen in this figure. A zone of recirculation on the base of the plug is also 
visible. In this region pressure is higher than on the walls or in the plume and that gives a positive 
contribution to thrust. Figure 3 shows a comparison in terms of wall static pressure between the 
measurements in the present experiment runs and the numerical results from the simulations. The 
measurements were performed for different NPRs, with the nozzle working in over-expanded 
conditions. The waviness of the pressure distributions highlights the presence of compression and 
expansion waves in the region close to the plug surface. The pressure distribution for NPR equal 
to 3 and 3.7 perfectly match the experimental data. What’s more, there are some small differences 
between the numerical and experimental data for the remaining values of NPR. This could be due 
to numerical error of the simulation or imperfections in the manufacturing of the physical nozzle 
model. However, the results still match remarkably. 

 

Fig. 3: Comparison between experimental and numerical wall mean pressure distributions. 

 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 675-678  https://doi.org/10.21741/9781644902813-145 
 

 
678 

Conclusions 
An aerospike nozzle model has been tested experimentally to characterize the flow evolution along 
the walls of the plug. The experiments have been carried out in cold flow conditions at different 
values of NPR. The experimental results have been compared with 3D numerical simulation 
results, and are presented in terms of wall mean pressure distributions, and a very good agreement 
has been found. 
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Abstract.  A numerical suite developed for the analysis and design of cathodeless plasma thrusters 
is presented. The suite includes a Global Model that estimates the thruster's propulsive 
performance by means of a balance of electron energy and population density, and a 3D numerical 
strategy to assess plasma behavior. The suite incorporates a FLUID and EM modules to solve 
plasma transport and electromagnetic wave propagation within the discharge chamber. The 
PLUME module, managed by the Starfish code, handles plasma dynamics in the magnetic nozzle 
using the electrostatic particle-in-cell approach. The suite has been validated against thrust 
measurements from a Helicon Plasma Thruster demonstrating the suite's potential for optimizing 
the design and operation of cathodeless plasma thrusters for space propulsion applications. 

I Introduction 
In the last decade, an active research has been 
conducted on the electric propulsion field 
[1,2]. Particular effort has been put in the 
development of cathodeless systems such as 
Helicon Plasma Thrusters (HPT) [3,4] and 
Electron Cyclotron Resonance Thrusters 
(ECRT) [5]. In these devices, plasma is 
produced within a dielectric tube where the 
neutral gas propellant is injected. An antenna, 
operated in the Radio Frequency (RF) or in the 
microwave frequency range, sustains the 
discharge coupling Electromagnetic (EM) 
power to the plasma [6]. Magnets produce a 
magnetostatic field that has three main functions: (i) increasing the efficiency of the source by 
enhancing the plasma confinement [7], (ii) driving the power coupling between the antenna and 
the plasma [8], (iii) improving the propulsive performance via the magnetic nozzle effect 
downstream the thruster outlet [9-12]. 

The key physical phenomena that govern the plasma dynamics in the production stage, with 
reference to Figure 1, are the EM wave propagation [13], the plasma transport [14], and their 
mutual coupling [15]. Instead, the acceleration and detachment phenomena [16] take place 

 

Figure 1. Schematic of a cathodeless plasma 
thruster. Magnetic field lines highlighted 

within the plasma source.  
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downstream the plasma source in the region identified as acceleration stage (see Figure 1). The 
latter is characterized by the formation of a plume where the plasma is more rarefied (density in 
the range 1016 - 1018 m-3) than in the production stage [17]. Particle collisions and the geometry of 
the applied magnetostatic field govern the plasma behaviour in the region closer to the thruster 
[18]. Further downstream, the plasma expansion is driven by the thermal pressure, and the 
ambipolar diffusion [18]. Several analytical [19-21] and numerical approaches have been pursued 
in the literature for modelling both the production stage and the acceleration stage. The most 
relevant are: fluid [22], kinetic [23],  Particle In Cell with Monte Carlo collisions (PIC-MCCs) 
[24], and hybrid [25]. 

In this work, a numerical suite for cathodeless plasma thrusters is presented and its exploitation 
in a low power case is discussed. A Global Model is devoted to the preliminary estimation of the 
propulsive performance [26]. More advanced tools have been developed to predict the plasma 
dynamics throughout the thruster. The 3D-VIRTUS code solves, with a fluid approach, the plasma 
transport within the production stage. The PIC tools Starfish [27] and have been customized to 
simulate the plasma dynamics within the magnetic nozzle. Starfish, which handles 2D 
axisymmetric domains, has been coupled to 3D-VIRTUS in order to estimate the propulsive 
performance. 

II Methodology 
II.A Global Model 
The main assumptions associated to the Global Model [26] are: (i) cylindrical geometry of the 
plasma source, (ii) axisymmetric magnetostatic field, (iii) the presence of cusps in the source can 
be simulated, (iv) the paraxial approximation holds in the acceleration stage [19], (v) in the 
acceleration stage plasma is frozen to the field lines up to the detachment. The dynamics of the 
source is solved relying on the conservation of mass (Eq.1) and electron energy (Eq.2) equations 
 
𝑑𝑑𝑛𝑛𝐼𝐼
𝑑𝑑𝑑𝑑

= 𝑅𝑅𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒 − 𝑅𝑅𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑅𝑅𝐼𝐼𝑒𝑒𝑒𝑒 + 𝑅𝑅𝐼𝐼𝑖𝑖𝑖𝑖 (1) 

 
𝑑𝑑
𝑑𝑑𝑑𝑑
�

3
2
𝑛𝑛𝑒𝑒𝑇𝑇𝑒𝑒� = 𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 − 𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑃𝑃𝑒𝑒𝑒𝑒 (2) 

 
nI is the number density of the I-th species, being this study focused on a xenon plasma I=e, i, *, g 
for electrons, ions (Xe+), excited (Xe*), and ground state (Xe) particles respectively. Te is the 
electron temperature in eV. RI

chem, RI
wall, RI

ex, RI
in, are the I-th particle source/sink terms associated 

to plasma reactions, wall losses, particles outflow and inflow respectively. Pw, Pchem, Pwall, Pex are 
the power coupled to the plasma, along with the source/sink terms associated to plasma reactions, 
wall losses, and particles outflow respectively. The plasma reactions considered are elastic 
scattering, ionization and excitation (see Table 1), therefore the RI

chem and Pchem terms read [29] 
  

𝑅𝑅𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒 = �𝐾𝐾𝐽𝐽𝐼𝐼𝑛𝑛𝐽𝐽𝑛𝑛𝑒𝑒
𝐽𝐽

−�𝐾𝐾𝐼𝐼𝐽𝐽𝑛𝑛𝐼𝐼𝑛𝑛𝑒𝑒
𝐽𝐽

 (3) 

 

𝑃𝑃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 = ��𝐾𝐾𝐼𝐼𝐽𝐽𝑛𝑛𝐼𝐼𝑛𝑛𝑒𝑒
𝐽𝐽

𝛥𝛥𝛥𝛥𝐼𝐼𝐽𝐽
𝐼𝐼

+ �𝐾𝐾𝐼𝐼𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛𝑒𝑒
3𝑚𝑚𝑒𝑒

𝑚𝑚𝐼𝐼
𝑇𝑇𝑒𝑒

𝐼𝐼

 (4) 

 
Where KIJ is the rate constant for the inelastic transitions from species I to species J, KII is the 

rate constant for elastic collisions between species I and electrons, ΔUIJ is the energy difference 
(in eV) between species I and species J, along with me and mI are the electron mass and I species 
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mass respectively [30]. Assuming the Bohm sheath criterion at the source walls [26] and a sonic 
thruster outlet, similar expressions hold for RI

wall and  RI
ex  

 

𝑅𝑅𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =
𝑆𝑆𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑉𝑉

𝛤𝛤𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (5a) 

𝑅𝑅𝐼𝐼𝑒𝑒𝑒𝑒 =
𝑆𝑆𝐼𝐼𝑒𝑒𝑒𝑒
𝑉𝑉

𝛤𝛤𝐼𝐼𝑒𝑒𝑒𝑒 (5b) 

 
Where V is the volume of the source, SI is the equivalent surface of the source, and ΓI is the 

particles flux. For ions and electrons Se= Si and its expression, which accounts for the non-
uniformity of the plasma within the source, can be found in [30]. Similarly Γe = Γi = neuB where uB 
is the Bohm speed [31]. For neutrals Rg

wall =       -Re
wall assuming total recombination at the walls 

[26]. Instead Sg
ex is equal to the physical thruster outlet surface and, assuming the neutrals are in 

the molecular regime, Γg=1/4 ng uth [26];  uth is the neutrals thermal speed [31]. From the Bohm 
sheath criterion, the energy terms read [26] 
 

𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑅𝑅𝑒𝑒𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �2 + log�
𝑚𝑚𝑖𝑖

2𝜋𝜋𝑚𝑚𝑒𝑒
�𝑇𝑇𝑒𝑒 (6a) 

𝑃𝑃𝑒𝑒𝑒𝑒 = 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 �2 + log�
𝑚𝑚𝑖𝑖

2𝜋𝜋𝑚𝑚𝑒𝑒
�𝑇𝑇𝑒𝑒 (6b) 

 
Regarding the gas inflow, only neutral species are assumed to be injected into the source 

 

𝑅𝑅𝑔𝑔𝑖𝑖𝑖𝑖 =
𝑚𝑚0̇
𝑉𝑉𝑚𝑚𝑔𝑔

 (7) 

 
where ṁ0 is the mass flow rate.  

Table 1: plasma reactions considered. 

Reaction Formula Reference 
Elastic 

scattering 
e + Xe → e + 

Xe 
[29] 

Ionization 
e + Xe → 2e + 

Xe+ 
[29] 

Excitation 
e + Xe → e + 

Xe* → e + Xe + 
hν 

[29] 

 
The thrust is computed according to the model presented in [19]. The contribution from the 

plasma is 
 

𝐹𝐹𝑝𝑝 =
𝑀𝑀𝑑𝑑𝑒𝑒𝑑𝑑

2 + 1
𝑀𝑀𝑑𝑑𝑒𝑒𝑑𝑑

𝑞𝑞𝑛𝑛𝑒𝑒𝑇𝑇𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 (8) 

where q is the elementary charge, and Mdet is the magnetic Mach number (v/uB) at the 
detachment point. Mdet is computed according to the detachment criterion prescribed in [19]. The 
contribution to the thrust due to neutral gas expansion is 
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𝐹𝐹𝑔𝑔 = 𝑝𝑝𝑔𝑔𝑆𝑆𝑔𝑔𝑒𝑒𝑒𝑒 (9) 

 
where pg is the neutral pressure. Total thrust and specific impulse, being g0 the standard gravity, 
read 
 

𝐹𝐹 = 𝐹𝐹𝑝𝑝 + 𝐹𝐹𝑔𝑔 (10a) 

𝐼𝐼𝑠𝑠𝑝𝑝 =
𝐹𝐹

𝑔𝑔0�̇�𝑚0
 (10b) 

 
II.B Source Solver 
The plasma source is handled with the 3D-VIRTUS code [15]. Plasma transport and EM wave 
propagation are solved self-consistently by means of two distinct modules, namely the Fluid 
module and the EM module, run iteratively. In the former, the plasma transport is solved in a 2D 
domain while the latter relies on a 3D domain [13]. The governing equations of the fluid module 
are continuity, energy and Poisson 
 

𝜕𝜕𝑛𝑛𝐼𝐼
𝜕𝜕𝑑𝑑

+ ∇ ∙ 𝜞𝜞𝐼𝐼 = 𝑅𝑅𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒 (11a) 

𝜕𝜕𝑛𝑛𝜀𝜀
𝜕𝜕𝑑𝑑

+ ∇ ∙ 𝜞𝜞𝜀𝜀 − ∇φ ∙ 𝜞𝜞𝑒𝑒 = 𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 (11b) 

∇2φ = −q �
𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑒𝑒
𝜀𝜀0

� (11c) 

 
The species considered are electrons, ions (Xe+) and neutrals (Xe). Where nε=3/2 ne Te is the 

energy density, φ is the plasma potential and ε0 is the permittivity of vacuum. Formally, the terms 
RI

chem and Pchem are reported in Eq.3 and Eq.4, but in 3D-VIRTUS they are scalar fields which 
depend on the position. Reactions considered are listed in Table 1. ΓI is the particle flux of the 
species I that, according to the drift diffusion approximation, reads   

𝜞𝜞𝐼𝐼 = ±�̿�𝜇𝐼𝐼𝑛𝑛𝐼𝐼∇𝜑𝜑 −  𝐷𝐷�𝐼𝐼∇𝑛𝑛𝐼𝐼 + 𝒖𝒖0𝑛𝑛𝐼𝐼 (12) 
 

Where μI and DI are the mobility and the diffusion coefficients of the species I whose values 
are prescribed in [32]. u0 is the convection speed assumed aligned with the thruster axis and equal, 
in modulus, to 1/4 vth [7]. Γε is the energy flux that reads 
 

𝜞𝜞𝜀𝜀 = �̿�𝜇𝜀𝜀𝑛𝑛𝜀𝜀∇𝜑𝜑 −  𝐷𝐷�𝜀𝜀∇𝑛𝑛𝜀𝜀 + 𝒖𝒖0𝑛𝑛𝜀𝜀 (13) 
 

Where με and Dε are derived according to the Einstein relations [15]. The power deposition 
profile is computed via the EM module and it reads [15]  
 

𝑃𝑃𝑃𝑃 =
1

2𝑞𝑞
𝑅𝑅𝑅𝑅(𝑱𝑱𝑅𝑅𝑅𝑅∗ ∙ 𝑬𝑬𝑅𝑅𝑅𝑅) (14) 

 
Where JRF and ERF are the complex values of the current density and electric field induced by 

the RF antenna onto the plasma.  
A Robin type boundary condition is imposed to the electrons continuity and energy to enforce 

the Bohm sheath criterion [15]. A zero gradient Neumann type condition is imposed to the 
continuity of ions. At the walls, a Neumann condition is imposed to the continuity of the neutrals 
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in order to enforce the recombination of the charged species [15]. At the thruster outlet, the neutral 
density gradient is assumed null [7]. Finally, a Neumann type boundary condition is imposed to 
Poisson’s equation to enforce the equality between ions and electrons fluxes at the walls [26]. The 
thruster outlet is grounded [15]. 
 
II.C Plume Solver 
The plasma in the plume has been simulated with a fully kinetic Particle In Cell (PIC) solver, 
namely Starfish [27-28]. This handles axisymmetric domains even though the particles’ speed is 
solved in 3D. Starfish has been coupled to 3D-VIRTUS in order to solve the plasma dynamics in 
the overall thruster and, in turn, to estimate the propulsive performance. The plasma in the 
acceleration stage is assumed collisionless [33], nonetheless the dynamics of both neutral (Xe) and 
charged species, namely electrons and ions (Xe+), are tracked. Particles’ speed is solved from the 
discrete equation of motion 
 

𝒗𝒗𝑑𝑑+
1
2 − 𝒗𝒗𝑑𝑑−

1
2

∆𝑑𝑑
=
𝑞𝑞𝐼𝐼
𝑚𝑚𝐼𝐼

�𝑬𝑬𝑑𝑑 +
𝒗𝒗𝑑𝑑+

1
2 + 𝒗𝒗𝑑𝑑−

1
2

2
× 𝑩𝑩𝑑𝑑� (15a) 

𝒓𝒓𝑑𝑑+1 − 𝒓𝒓𝑑𝑑

∆𝑑𝑑
= 𝒗𝒗𝑑𝑑+

1
2 (15b) 

 
Where rt is the particle position at time step t, v is the particle speed, Δt is the time step, E is the 

electric field and B the magnetic field. A Boris scheme is used to advance particles [34]. Since the 
RF power deposition in the acceleration stage is assumed negligible [35] the EM fields in the 
plasma are calculated via the Poisson’s equation. Therefore, B consists in the background 
magnetostatic field and E=-𝛻𝛻φ where  
 

𝜀𝜀0∇2φ = −ρ (16) 
 

and ρ is the charge density computed from particles position via a linear deposition scheme 
[33]. 
Regarding boundary conditions, Eq.17 holds for the Poisson’s equation 
 

𝜑𝜑 = 0 Thruster outlet (17a) 
𝜑𝜑 = 𝜑𝜑∞ Thruster case (17b) 

𝑑𝑑𝜑𝜑
𝑑𝑑𝑑𝑑

+
1
𝑟𝑟

(𝜑𝜑 − 𝜑𝜑∞)

= 0 
External boundary (17c) 

 
Where k is the direction normal to the external boundary, r is the distance between the centre 

of the thruster and the boundary, along with φ∞ is the potential at infinity. Eq.17c derives from the 
assumption that φ≈1/r for r→∞ [36]. Regarding particles dynamics, ions and electrons that reach 
the thruster outlet and the thruster case are removed from the simulation domain [35]. The same 
condition holds for the ions at the external boundary [35] where an energy-based condition is 
defined to account for the electrons “trapped” by the potential drop across the plume [37]. The 
total energy of each electron that reaches the external boundary is computed according to Eq.18  

 

𝐸𝐸𝑑𝑑𝑡𝑡𝑑𝑑 =
1
2
𝑚𝑚𝐼𝐼𝑣𝑣2 − 𝑞𝑞𝐼𝐼𝜑𝜑 (18) 
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If |Etot|>|qφ∞| the electron is absorbed since its energy is high enough to escape at the infinity. If 
|Etot|≤|qφ∞| the particle is considered “trapped” and it is subject to a specular reflection. 
A control loop has been implemented in order to enforce the current free and the quasi-neutrality 
conditions at the thruster outlet. The value of the potential at infinity is updated according to Eq.19.  

 

𝜑𝜑∞𝑑𝑑+1 = 𝜑𝜑∞𝑑𝑑 +
1
𝐶𝐶
�𝐼𝐼𝑖𝑖𝑖𝑖𝑑𝑑 + 𝐼𝐼𝑒𝑒𝑖𝑖𝑑𝑑�∆𝑑𝑑 (19) 

 
Where C is an equivalent capacitance used to tune φ∞ so that the current free condition holds. The 
ion flux at the thruster outlet is assumed constant (Eq.20a) [35] instead the electron flux is varied 
according to Eq.20b to ensure quasi-neutrality 

 

𝐼𝐼𝑖𝑖0 =
𝑞𝑞𝑖𝑖𝑚𝑚0̇
𝑀𝑀

 (20a) 

𝐼𝐼𝑒𝑒∗𝑑𝑑+1 = 𝐾𝐾
𝑛𝑛𝑖𝑖0𝑑𝑑

𝑛𝑛𝑒𝑒0𝑑𝑑
 𝐼𝐼𝑒𝑒∗𝑑𝑑 (20b) 

 
K is a positive constant and Ie* is the emitted electron flux. It is worth noting that the total electron 
flux (Ie0) depends also on the number of electrons absorbed at the  
thruster outlet which is mainly driven by the value of φ∞ [35]. As a consequence the control 
strategy implemented relates φ∞ to the flux of particles injected into the domain and allows to 
compute self-consistently the total potential drop across the plume (namely -φ∞). 
Finally, the thrust is computed according the Eq.21 [25] 
 

𝐹𝐹 = ���𝑚𝑚𝐼𝐼𝑛𝑛𝐼𝐼𝑣𝑣𝐼𝐼𝐼𝐼𝒗𝒗𝐼𝐼 ∙ 𝒌𝒌� + 𝑝𝑝𝐼𝐼𝒛𝒛� ∙ 𝒌𝒌��
𝐼𝐼

𝑑𝑑𝑆𝑆𝑖𝑖 (21) 

 

 

Figure 2. Schematic of the 2D thruster simulation tool. The Source solver (3D-
VIRTUS) and the Plume solver (Starfish) run sequentially.  

The coupling strategy between the production stage (i.e., 3D-VIRTUS) and the acceleration 
stage (i.e., Starfish) is schematically depicted in Figure 2. First, the source solver provides plasma 
profiles at the thruster outlet assuming a sonic condition for this boundary. Second the plume solver 
takes these profiles as an input and propagates the solution of the plasma expansion. 
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III Results 
The thruster analysed in this work is a low power (50 W range) HPT. The plasma source is a 
cylinder whose dimensions are length L=0.060 m and diameter D=0.014 m. Magnetic field is 
generated by two rings of permanent magnets. At thruster outlet, the intensity of the magnetic field 
on the axis is B0=600 G. The antenna is a five turns coil whose dimensions are length LA=0.020 
m, diameter DA=0.020 m, wire width wA=0.002 m. A mass flow rate of ṁ0=0.15 mg/s has been 
assumed. The power provided to the antenna (Pw) varies in the range from 10 W up to 70 W. An 
antenna efficiency of ηA=0.8 has been assumed, so the power actually coupled to the plasma is 
Pwp= ηA Pw. 

A 2D simulation of the overall plasma thruster has been accomplished for an input power 
Pw=55 W. In Figure 3, the input power deposition profile adopted is shown, and is consistent with 
an inductive coupling mode [39,40]. 

   
Figure 3. Deposited power map (Pw) function of the radial and axial positions (r-z) in the 

source. 

The estimation of the propulsive performance obtained with both the GM and the  2D simulation 
of the HPT has been reported in Figure 4. 

For what concerns the GM, due to the several assumptions considered, an uncertainty band of 
±20% has been attributed to numerical results. The latter is mainly associated to the assumptions 
on plasma profiles (Eq.5) [26], interactions between the plasma and the walls of the source (Eq.6) 
[26], cross sections of the plasma reactions (Table 1) [26], and detachment criterion (Eq.8) [7]. 
The propulsive performance increases with the power coupled to the plasma. Trends predicted 
numerically and evaluated experimentally are in agreement. Moreover, numerical and 
experimental uncertainty bands overlap. This result can be considered sufficiently accurate for the 
scope of the GM which is meant for the preliminary characterization. 

Regarding the 2D simulation, thrust has been computed coupling the solution of the production 
stage with both the semi-analytical formulation implemented in the Global Model (i.e., Eqs.8-10) 
and the results provided by Starfish (i.e., Eq.21). In both cases, the estimation of the propulsive 
performance matches better the experimental benchmark with respect to the Global Model. The 
most accurate result is provided coupling 3D-VIRTUS and Starfish being the difference between 
numerical and experimental results less than 20%. 
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   (a) 

   (b) 
Figure 4. Performance predicted numerically compared against measures. (a) Thrust (T), and 

(b) specific impulse (Isp) in function of the coupled power (Pw). 

VI Conclusions 
A numerical suite capable of simulating the propulsive performance and the plasma dynamics in 
a cathodeless plasma thruster is shown. It consists on a Global Model [26] for the preliminary 
simulation of the propulsive performance, the 3D-VIRTUS code [15] for the estimation of the 
plasma profile in the production stage, along with Starfish [27] for the solution of the acceleration 
stage. The results of the Global Model and of the coupling 3D-VIRTUS / Starfish have been 
benchmarked against measurements of the propulsive performance (i.e., thrust and specific 
impulse). The agreement between experiments and the Global Model is always better than 50%, 
whereas differences reduce to 20% with a multi-dimensional approach.  

In future works the interfacing strategy between 3D-VIRTUS and Starfish will be improved 
adopting an iterative approach. 

Finally, it is worth noting that the numerical suite presented in this work can simulate the plasma 
dynamics also in applications different from the electric propulsion as plasma antennas [43-47] 
and water treatment reactors [48]. 
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Abstract. This work presents the development of an OpenFOAM solver to predict the migration 
of solid particles in concentrated suspensions under non-uniform shear flow. The solver modifies 
the pimpleFoam solver by implementing the conservation equation for particle volume fraction. It 
adapts the equation of motion for non-Newtonian flows and establishes a model for the viscous 
field using Krieger's correlation. The code is successfully validated by the experimental results 
from literature. 

Introduction 
Solid Rocket Motors (SRM) are commonly used in space propulsion. They provide additional 
thrust in the first phase of flight, either in conjunction with liquid engines (Ariane 5 and 6) or as 
the main thrust system (Vega C). While numerical modelling has considerably advanced [1, 2], 
there are still complex phenomena and uncertainties that make comprehensive performance 
descriptions challenging [3, 4]. Consequently, expensive testing is necessary to design and certify 
each SRM. The burning rate of the propellant plays a crucial role in predicting flight performance 
[2, 6, 7], affected by factors such as grain shape, particle orientation, air bubbles, and more [5, 8-
14]. Manufacturing processes also impact ballistic performance [15-17], with macroscopic and 
microscopic phenomena potentially altering thrust profiles [18, 19]. One notable phenomenon is 
particle migration and segregation caused by the casting process, which gives rise to grain 
heterogeneity. All these aspects produce the so-called Hump effect, and its empirical evaluation is 
typically incorporated into internal ballistic simulations. However, a complete understanding and 
reliable prediction method for the Hump effect have not yet been achieved.  

This study focuses on designing a CFD code using OpenFOAM [20] to simulate and describe 
particle migration. A bidimensional channel flow case is examined, and the simulation results are 
compared and validated against literature data. The validated approach can then be applied to 
simulate segregation phenomena in a motor. The paper is divided into two sections, one describing 
the developed model and the other presenting the results and validation using experimental data 
[21]. 

Theoretical model for particle migration 
During the past few decades, it has become common knowledge that initially uniformly distributed 
particles will assume extremely nonuniform concentration distribution when subjected to a 
nonuniform shear flow. This non-homogeneous distribution is the result of a migration process 
which occurs at small values of particle Reynolds number (~10-4), so that the importance of inertial 
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effects can be precluded. In general, solid particles will move from regions characterized by a 
higher shear rate to the neighbouring areas where lower values are measured. 

The diffusive-flux model for the prediction of particle distribution (𝝓𝝓) resulting from shear-
induced migration, has been developed by Phillips et al. [22]. In particular, two separate 
contributions to the segregation process are present, the first being related to the frequency of 
impacts between solid particles while the other depending mainly on the non-uniform viscosity 
field.  

The conservation equation for solid particles in the Eulerian frame may be written as: 

𝑫𝑫𝝓𝝓
𝑫𝑫𝑫𝑫

= 𝒂𝒂𝟐𝟐𝑲𝑲𝒄𝒄(𝝓𝝓𝟐𝟐𝛁𝛁�̇�𝜸 + 𝝓𝝓�̇�𝜸𝛁𝛁𝝓𝝓) + 𝒂𝒂𝟐𝟐𝑲𝑲𝜼𝜼𝛁𝛁 ∙ (�̇�𝜸𝝓𝝓𝟐𝟐𝛁𝛁 𝐥𝐥𝐥𝐥 𝜼𝜼(𝝓𝝓)) (1) 

where  �̇�𝜸 = (𝟐𝟐𝐃𝐃:𝐃𝐃)𝟏𝟏 𝟐𝟐⁄  (D being the deformation rate tensor) is the local value of the shear rate, 
𝑲𝑲𝒄𝒄 and 𝑲𝑲𝜼𝜼 are two empirical constants, 𝒂𝒂 is the solid particle diameter, and 𝜼𝜼 is the viscosity. 

The mathematical model for the viscosity is set following the work performed by Krieger in 
[23] through empirical observations. 

𝜼𝜼(𝝓𝝓) = 𝜼𝜼𝟎𝟎 �𝟏𝟏 −
𝝓𝝓
𝝓𝝓𝒎𝒎

�
−𝒄𝒄

 (2) 

where c is obtained by fitting the experimental data. The original fitting was performed for 
volume fractions in the range 𝟎𝟎.𝟎𝟎𝟏𝟏 < 𝝓𝝓 < 𝟎𝟎.𝟓𝟓, however, for the sake of simplicity, many papers 
assume the model to be verified on a wider range, that is 𝟎𝟎.𝟎𝟎𝟏𝟏 < 𝝓𝝓 < 𝟎𝟎.𝟔𝟔𝟔𝟔. The asymptote in 
correspondence of the volume fraction 𝝓𝝓𝒎𝒎 is due to the fact that, beyond such limit, usually 
referred to as maximum packing fraction, the dispersed particles will create a rigid structure, and 
the fluid will cease to flow. The maximum packing fraction is evaluated as a function of the 
geometry of the solid particles and the microstructure that they form within the fluid, the value for 
a monomodal packing of rigid spheres is usually set to 𝟎𝟎.𝟔𝟔𝟔𝟔, while for poly-dispersed packing, 
values are usually higher (up to 𝟎𝟎.𝟕𝟕𝟓𝟓 ÷ 𝟎𝟎.𝟔𝟔𝟎𝟎). In this paper the chosen value for 𝝓𝝓𝒎𝒎 is 𝟎𝟎.𝟔𝟔𝟔𝟔 (in 
accordance with [24]). 

Solver validation 
The simulation of the bidimensional channel flow has been carried out for the duration of 12 
seconds (time estimated for the reaching of steady conditions). The simulated channel is 35 mm 
and 1.7 mm wide. The time assumption shall be directly verified by considering the value of the 
variation of the volume fraction (∆𝜙𝜙).  

Considering the section of the channel at the position 𝐿𝐿 = 0.238 m, i.e., where the data for the 
validation are going to be gathered, and the time t = 12 s, the maximum recorded value amounts 
to: 

𝑚𝑚𝑚𝑚𝑚𝑚{|∆𝜙𝜙|}𝐿𝐿 ≅ 𝑚𝑚𝑚𝑚𝑚𝑚 ��
𝜕𝜕𝜙𝜙
𝜕𝜕𝜕𝜕
��
𝐿𝐿
Δ𝜕𝜕 ≅ 5.2 ⋅ 10−7 (3) 

It is evident how the variation has not achieved a zero value yet, however, since the order of 
magnitude is considerably narrow, and the profile peak is already close to the maximum value of 
packing, it is realistic to assume that the steady condition has been reached. It is hence possible to 
compare the results produced by OpenFOAM with the two references. 
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This comparison is performed in Fig. 1; with respect to the set of experimental data measured 
by Lyon & Leal [21] and the 1D and 2D models introduced by Ilyoung Kwon et al. in [24]. 

As it can be noticed, the OpenFOAM results emulate in a quite precise manner the behaviour 
of the 2D model. The global trend of the experimental data is respected, as the peak of the volume 
fraction is reached at the midpoint of the channel according to the theory and the observations. 
Furthermore, the right part of the curve, in the proximity of the centreline, appears to be quite close 
to the values of the two experiments. Adversely, on the left side, the situation is different, 
nonetheless, the reason may be also related to the precision of the measurements. Approaching the 
walls, the observed volume fraction diverges from the one predicted via CFD, the motivation might 
be due to the inaccuracy of the method adopted (i.e., LDV), which had the tendency to 
underestimate the particle concentration due to the drop of the signal-to-noise ratio caused by the 
solid boundaries. 

Conclusion 
The aim of this work was the development of an OpenFOAM solver aimed at correctly predicting 
the migration phenomenon that is experienced by the solid particles in concentrated suspensions 
when subjected to non-uniform shear flows. In order to simulate such behaviour, the conservation 
equation expressing the time variation of the particle volume fraction has been implemented in 
OpenFOAM. The chosen preexisting solver that has been modified is pimpleFoam, which 
discretizes the Navier-Stokes system of equation through the PIMPLE algorithm. As a first step, 
the formulation of the equation of motion has been adapted to correctly solve non-Newtonian 
flows. Successively, the model for the viscous field was established. The code implements the 
Krieger’s correlation to include the viscosity variation over the domain due to the heterogeneity of 
the particle spatial distribution. Subsequently, the iterative cycle for the solution of the migration 
equation has been included within the time loop. 

The above-mentioned code has been successfully validated by taking into account the measured 
data provided by the experiment of Lyon & Leal [21] and the results of the CFD code developed 
by Ilyoung Kwon et al. [24]. The flow that has been simulated in order to verify the capacity of 
the solver to approach the migration problem is a 2D channel flow. From the comparison between 
the results produced via OpenFOAM, with the finite volume discretization, and the data from 

Figure 1: Comparison between OpenFOAM results and literature data of the particle 
distribution across the section of the channel (L = 0.238 m, t = 12 s). The 1D and 2D have been 

developed in [24], while the experimental data are measured in [21]. 
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literature it has been verified that the particles volume fraction 𝜙𝜙 is predicted in a quite satisfactory 
way. The various operations that compose the solver migrationPimpleFoam are suitable for a 3D 
flow; therefore, more complex scenarios might be simulated. 
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Abstract. Rocket engines currently use traditional bell-shaped nozzles that have a fixed area ratio 
and can only operate at maximum efficiency at a given altitude. Plug nozzles have been proposed 
as an alternative solution to achieve higher performance over a larger altitude range. Unlike bell 
nozzles, the flow is free to expand along the plug, as it is no longer surrounded by solid boundaries. 
Therefore, plug nozzles can adapt to different altitudes by expanding the flow to ambient pressure, 
resulting in continuous altitude adaptation. Due to the high surface area that needs to be cooled, 
one of the main challenges of plug nozzle design is thermal management. However, the 
introduction of aerospike geometry, which is essentially a truncated plug nozzle, has helped 
mitigate this issue. Simulating an aerospike engine is challenging due to the interaction between 
the plume and the external flow, which is necessary to accurately predict thrust. In this work, a 
numerical strategy for predicting the performance of an aerospike engine, during a static fire, was 
developed and validated. 

Introduction 
Rocket engines commonly employ traditional bell-shaped nozzles with fixed area ratios, limiting 
their maximum efficiency to a specific altitude corresponding to the design Nozzle Pressure Ratio 
(NPR). Therefore, bell shaped nozzles operate sub-optimally for a significant portion of a 
launcher's flight. Various solutions have been proposed to address these limitations, but none have 
proven suitable for practical flight operations. In the 1950s, plug nozzles and aerospikes were 
introduced to achieve higher performance across a broader altitude range. Unlike other nozzle 
concepts, they offer continuous altitude adaptation. The advent of additive manufacturing 
techniques has sparked new developments in aerospike technology worldwide, as economically 
viable processes can address the geometrical complexity of the engine. Several research groups 
are actively exploring aerospike technology. The Beijing University of Aeronautics and 
Astronautics has developed an optimization method to design aerospike contours that maximize 
total impulse from sea level to the design altitude [1]. Technische Universität Dresden has studied 
thrust vectoring control systems and ceramic additive manufacturing techniques [2, 3]. Accurate 
thrust prediction in aerospike engines requires considering the interaction between the plume and 
external flow, posing a significant simulation challenge. This paper focuses on the development 
and validation of a numerical strategy aimed at predicting the performance of an aerospike engine. 
By utilizing advanced numerical simulations, the aim is to obtain crucial information impractical 
to measure during physical tests, such as pressure distribution along the plug and in the plume. 
The paper is divided into two main sections: the first one describes the developed model, the 
second one the results obtained and the validation using experimental data coming from literature. 
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Model structure 
The CFD software employed to carry out the simulation is OpenFOAM, the chosen solver is 
dbnsTurbFoam that is contained in foam-extend. It has been chosen because it is considered 
particularly suitable for simulating supersonic turbulent flows and results the only compressible 
solver exploiting the Harten-Lax-van Leer-Contact (HLLC) approximate Riemann solver, crucial 
to correctly capture shock waves without smearing them [4]. In [5] the fidelity of dbnsTurbFoam 
is assessed: taking as references the Sod's shock tube (analytical solution, [6]) and the Onera S8 
Transonic Channel (experimental data, [7]) scenarios, it is shown how dbnsTurbFoam is suitable 
to study high speed compressible flows. Turbulence is taken into account by means of the k-ω SST 
model developed by Menter [8]. A key feature of the SST model is the implementation of the stress 
limiter parameter, 𝑎𝑎1, in the definition of the eddy viscosity 𝜈𝜈𝑡𝑡 [9]. 

𝜈𝜈𝑡𝑡 =
𝑎𝑎1𝑘𝑘

𝑚𝑚𝑎𝑎𝑚𝑚(𝑎𝑎1𝜔𝜔;  Ω𝐹𝐹2) (1) 

Such formulation of the eddy viscosity has been considered in the model in order to better 
account for the transport of the turbulent shear stress inside the boundary layer of compressible 
flows, largely improving the performance in case of adverse pressure gradients. Ω is the absolute 
value of vorticity, and 𝐹𝐹2 is a blending function, equal to one for boundary layer flows and to zero 
for free shear layers, that, in this latter case, allows to return to the original definition 𝜈𝜈𝑡𝑡 = 𝑘𝑘 𝜔𝜔⁄  
[8]. The default value employed by Menter for 𝑎𝑎1 is 0.31. 

Results 
The experimental work of S. B. Verma and M. Viji [10] consists in testing a linear plug nozzle. 
The nozzle is fed with air stored in a tank at ambient temperature and pressure, but both values are 
not explicitly provided in the reference paper; in this work, they have been assumed of 1 bar, as 
done also in [11], and 300 K, respectively. Fig. 1 shows the experimental setup and the nozzle 
geometry as given in [10]; the design Nozzle Pressure Ratio for the internal nozzle is 14, and the 
overall nozzle design NPR is 36, corresponding to a Mach 3±0.1 exit flow; all tests have been 
performed in over-expansion conditions. The nozzle is provided with nine pressure ports 
distributed along the plug axis, as shown in Fig. 1, that allow measurements for the reconstruction 
of the time-averaged pressure distribution along the spike wall. 

 

 

Fig. 1: Experimental setup for the analyses conducted in [10]: a) shows a section of the 
experimental setup, b) shows the position of the pressure measurements on the plug surface. 

Images from [10] 

The simulations have been run until the jet achieved stationary conditions, and the obtained 
results have been compared with the data available in the two reference papers ([10] and [11]) in 
terms of flow topology and time-averaged pressure distribution along the spike wall. In Fig. 2, for 
example, the numerical results at NPR = 3.1, from [11] are compared with those obtained in this 

a) b) 
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work. Fig. 3 shows the comparison between the experimental result and the ones from the 
simulations. On the horizontal axis, there is the coordinate along the spike normalized by L = 0.1m, 
that is the length of the spike itself from the throat section to the tip. The results are very close to 
the experimental. 
 

Fig. 1: A comparison between the numerical results provided by OpenFOAM (a) and ANSYS 
Fluent (b) at NPR = 3.1 [11]. 

 
Fig. 3: Experimental spike wall pressure distribution (dots and linear interpolation) versus its 

numerical counterpart computed in OpenFOAM using two different values of the stress limiter in 
the turbulence model (NPR = 3.1). 

Conclusion 
The paper presents the definition of a model capable to simulate the supersonic flow at the exit of 
a plug nozzle. The simulation environment has been developed in OpenFOAM and based on the 
solver dbnsTurbFoam. The 𝒌𝒌 − 𝝎𝝎 SST model has been used to simulate flow turbulence and 
different parametrizations of the model have been discussed and simulated. The model has been 
validated using experimental data found in literature, collected on a linear plug nozzle, both in 
terms of pressure measurements on the plug wall, and in terms of Schlieren pictures of the flow. 
From the results that have been obtained, despite all the uncertainties associated to the reference 
experimental setup, the performance of the solver can be definitely considered appropriate. 
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Abstract. The paper presents the main characteristics of the high flux solar simulator facility 
designed and developed at University of Padova as key enabling technology to evaluate the 
effectiveness of satellite hardware for missions to the inner planets of the Solar System. The 
designed solar simulator can reproduce the intensity and spectral distribution of the Sun's radiation 
up to 8 Solar constants (around 10000 Watt/m2) and the emitted flux can be directed to the viewport 
of a Thermal Vacuum Chamber in order to test the performance of space equipment under 
representative pressure and temperature conditions. Angles of incidence between 30° and 90° can 
be achieved using a motorised setup within the thermal chamber while different intensities of 
sunlight can be obtained by properly choosing the emitting lamp and regulating the electric power. 
After the verification of optical path alignment, a series of tests has been conducted to evaluate the 
flux homogeneity installing a commercial pyranometer on cartesian reference and moving the slide 
within the target area. A final Class A classification for the spatial non-uniformity of irradiance as 
for ASTM E927-19 has been achieved for the central target area.  The facility has afterwards 
operated for validation campaign of satellite radiators in simulated orbital condition, verifying the 
repeatability of reproduced flux during continuous long-term operation. 

Introduction 
Solar simulators are used to mimic the light and heat conditions for materials, equipment and 
instruments subject to direct sunlight during operation; outdoor experiments can in fact be carried 
out but are strongly affected by variability of an uncontrollable environment. The Solar simulator 
design can be linked to two main categories of application: non-concentrating solar applications, 
employed for testing photovoltaic and solar water collectors and concentrating solar applications, 
for testing components and materials for high-temperature thermal and thermochemical 
applications.  

The achieved flux density of simulators can so range from less than one tenth of the solar 
constant to tens of thousands of solar constants as in the so called High-Flux Solar Simulators 
(HFSS); examples are the SynLight built by DLR [1] or the solar simulator developed by ETH-
Zurich [2] and [3] used for testing advanced high-temperature materials. 

Several light sources can be considered for application in solar simulators to produce a radiation 
that approximates the natural light spectrum under controlled and repeatable conditions. A 
comparison of lamp wavelength spectrum, lamp intensity, cost, stability, durability, and hazards 
associated with use is provided in [4] . 

In particular, for space applications the European Space Agency has developed several solar 
simulators able to provide illumination beams of different diameter and intensity under vacuum to 
allow qualification of satellites for Earth and planetary missions. The most powerful solar 
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simulator (the Large Space Simulator) consists of an array of 19 xenon lamp modules, each with 
25 kW power,  capable of simulating 10 solar constants into an a target area of 2.7 m and has been 
used to simulate the BepiColombo satellite operational condition at Mercury. 

Solar simulator design  
The designed solar simulator can reproduce the intensity and spectral distribution of the Sun's 
radiation up to 8 Solar constants and has been installed near a Thermal Vacuum Chamber provided 
with a viewport in order to be able to test the performance of any space equipment under a range 
of pressure and temperature conditions, including different intensities of sunlight and different 
angles of incidence. A picture of the realised Solar simulator near the Thermal vacuum chamber 
is shown in figure 1. 

The optical design of the simulator is aimed at guaranteeing repeatable values of flux and high 
levels of flux homogeneity across the target area; the light source is a Xenon arc lamp mounted 
vertically in the focus of a truncated ellipsoid reflector. The light path is afterward guided by 
multiple different reflecting surfaces mounted on a common optical bench; after the folding mirror, 
a primary mirror (spherical with 150 mm diameter), a fly-eye integrator mirror and finally a 
secondary mirror (spherical 500 with mm diameter) direct the flux onto the target area (Viewport 
with 200mm diameter). An overview of the optical path is provided in figure 2.  

The fly-eye mirror has been realised to homogenize the uneven brightness of the light source  
by arranging multiple single lenses preserving the brightness of the beam and achieving a nearly-
collimated beam with low divergence. 

 
Figure 1 Solar simulator installed near the Optical aperture of Thermal Vacuum Chamber  
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Figure 2 3D reconstruction of the Solar Simulator optical path 

 
The presence of high energy concentrated onto the small mirror areas can lead to overheating 

and potential damage so dedicated cooling systems have been implemented in the setup. The 
emitting Xenon lamp is cooled by three fans, while thermal control of the folding mirror and the 
fly-eye integrator is achieved by heat exchangers cooled by a mixture of ethylene glycol-water 
pumped within a cooled loop circuit. The heat dissipation in the secondary spherical mirror and 
the folding mirror is achieved by directing a high-velocity stream of air across the rear area 
(creating a "knife-like" airflow) using a compressed air circuit. 

Evaluation of achieved Solar flux uniformity 
Flux homogeneity is a critical characteristic of a solar simulator that refers to the uniformity of the 
irradiance across the target area. This uniformity is essential because it ensures that the devices 
being tested receive a consistent and repeatable level of illumination. Inaccuracies in the irradiance 
level can cause significant variations in the performance of the device under test, making it 
challenging to compare results and draw meaningful conclusions about its performance.   

To evaluate flux homogeneity, the distribution of radiative flux across the target area of the 
simulator has been measured using direct mapping flux measurement system: a LP PYRA 02 AC4 
pyranometer by Delta Ohm S.r.l. positioned on an equidistant grid of 4 cm. A Xenon arc emitting 
lamp with nominal flux of 1 Solar constant has been used for the test.  

Figure 3 provides an illustration of the reconstructed distribution, depicting the mapping of 
radiative flux at the viewport of the thermal vacuum chamber with the lamp in operation. The flux 
distribution approaches an ellipsoidal Gaussian distribution, with the peak flux reaching about 
1355 W/m2. 

To assess the homogeneity of the flux, the measured flux's deviation from the interpolation of 
the measures with an ellipsoidal Gaussian distribution was evaluated; this analysis provides 
valuable insights into the uniformity of the irradiance across the target area of the solar simulator.  



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 700-704  https://doi.org/10.21741/9781644902813-149 
 

 
703 

 
Figure 3 Mapping of radiative flux at the viewport of the thermal vacuum chamber as measured 

by the pyranometer. 

Figure 4  depicts the differences between the measured and interpolated Solar fluxes. Panel (b) 
shows a histogram of the frequency of deviations from the interpolated flux, while panel (a) maps 
the inhomogeneities between the measured and interpolated fluxes. 
 

 
Figure 4 (a) Map of inhomogeneities between measured Solar flux and flux interpolated via 
Gaussian ellipsoid. (b) Distribution of inhomogeneities for measured points. The histogram 

shows the frequency of deviations from the flux interpolated via Gaussian ellipsoid." 

The spatial non-uniformity of irradiance 𝑆𝑆𝑁𝑁𝑁𝑁 was evaluated according to ASTM E927-19 [5][5] 
from the interpolated solar flux 𝑊𝑊 given by Table 1 parameters for different TV chamber viewport 
diameter. The 𝑆𝑆𝑁𝑁𝑁𝑁 is given by Equation (3). 
 

𝑆𝑆𝑁𝑁𝑁𝑁 = 100
max𝑊𝑊 − min𝑊𝑊
max𝑊𝑊 + min𝑊𝑊

        (3) 

 
Table 1 shows the class corresponding to the 𝑆𝑆𝑁𝑁𝑁𝑁 calculated for the various diameters. Considering 
an entrance window with a diameter of 9 cm, the solar simulator is of Class A for the spatial non-
uniformity of irradiance. The Class passes to B if we consider the standard deviation of the 
interpolation residuals. 
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Table 1 Spatial non-uniformity of irradiance calculated according to ASTM E927-19 without 
and considering the measurement uncertainty for different TV chamber viewport diameter. 

TV chamber 
viewport diameter 

𝑺𝑺𝑵𝑵𝑵𝑵 (Classification as 
from ASTM E927-19)  

𝑺𝑺𝑵𝑵𝑵𝑵with 95% confidence 
uncertainties (Classification as 
from ASTM E927-19)) 

20 cm 8.5 % (Class C) 11.8 % (Class U) 

15 cm  4.8 % (Class B) 8.0 % (Class C) 

9 cm 1.7 % (Class A) 4.9 % (Class B) 

Conclusions 
The Solar Simulator Facility designed and developed at University of Padova has been tested to 
evaluate the flux homogeneity and repeatability using a 1 Solar Constant rated Xenon arc lamp. 

The results show achieved spatial non-uniformity of the light beam on the target area allows to 
reach Class A on a 9 cm diameter target according to ASTM E927-19.  

The facility can so be successfully used to test space hardware in representative pressure, 
temperature and direct sun illumination conditions with the capability to reproduce intensity and 
spectral distribution of the Sun's radiation up to 8 Solar constants.  
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Abstract. This paper presents a machine learned feature detector targeted to event-camera based 
visual odometry methods for unmanned aerial vehicles trajectory reconstruction. The proposed 
method uses machine-learned features to enhance the accuracy of the trajectory reconstruction. 
Traditional visual odometry methods suffer from poor performance in low light conditions and 
high-speed motion. The event-camera-based approach overcomes these limitations by detecting 
and processing only the changes in the visual scene. The machine-learned features are crafted to 
capture the unique characteristics of the event-camera data, enhancing the accuracy of the 
trajectory reconstruction. The inference pipeline is composed of a module repeated twice in 
sequence, formed by a Squeeze-and-Excite block and a ConvLSTM block with residual 
connection; it is followed by a final convolutional layer that provides the trajectories of the corners 
as a sequence of heatmaps. In the experimental part, a sequence of images was collected using an 
event-camera in outdoor environments for training and test. 

Introduction 
Bio-inspired systems are becoming increasingly widespread in the field of robotics. The 
advantages are related to the reduced use of resources, both in terms of power consumption and 
computational load. In terms of perception, Event-based vision sensors, such as Dynamic Vision 
Sensor (DVS) devices represent one of the intriguing advancements in image sensor technology. 
These devices incorporate in-pixel circuitry that can detect temporal changes in intensity and 
communicate these changes as binary "events" to the external world. Essentially, only the pixels 
that detect changes in light intensity transmit data, enabling data compression at the sensor level 
and facilitating low-latency operations. This is made possible because individual pixel changes 
can be transmitted without the need to read out full frame image frames [1]. Event-based cameras 
offer significant advantages over traditional cameras. Latency, which is the time delay in 
processing sensor data, is a critical factor, event-based cameras drastically reduce latency by 
transmitting data through events, which have microsecond-level latencies. Furthermore, event-
based cameras possess a remarkably high dynamic range of 130 dB compared to the 60 dB range 
of standard cameras. This makes them well-suited for scenes with substantial illumination changes.  

Certainly, one of the most promising applications for this type of camera is in the navigation of 
highly agile robots such as drones [2], as well as for the aspects of entry, descent, and landing of 
planetary probes [3]. To utilize these sensors for such purposes, it is necessary to adapt or invent 
new algorithms for Visual Odometry (VO). This ensures that the cameras can effectively support 
the navigation and mapping tasks required in these dynamic scenarios. 
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For VO, it is crucial to have keypoints that are repeatable and accurate across consecutive 
frames. Currently, there are handcrafted methods inspired by classical computer vision theory that 
allow the extraction of a series of features, such as the eHarris-based approach [3]. Inspired by the 
work of [4], we have chosen to utilize machine-learned features that exhibit a certain level of 
temporal stability. In this work, we present the method for training these machine-learned features, 
demonstrate how to integrate them into a visual odometry system, and showcase some preliminary 
results. 

Method  
The adopted event keypoint detection method is adapted from work of [4] and is based on receiving 
an event tensor (also called event cube) 𝐸𝐸(𝑥𝑥,𝑦𝑦, 𝑡𝑡) of dimension 𝐻𝐻 × 𝑊𝑊 × 𝐵𝐵 as input and predicts 
a set of heatmaps as keypoint location. Regarding the event tensor input, H and W represent the 
height and width of the image sensor, respectively, and B indicates the number of temporal bins, 
which is 12 in our case. Generation of the event tensor involves several steps: as first the change 
in light 𝐿𝐿𝑥𝑥𝑥𝑥,𝑖𝑖 at pixel (𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖) crosses a threshold, a spike is generated; then the event camera outputs 
a spike stream with coordinates (𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖)  and timestamp 𝑡𝑡𝑖𝑖, finally event stream is converted into 
an event tensor by considering an integration period ∆t.  

 

 
 

Figure 1 Event tensor generation: (a) when the change in light 𝑳𝑳𝒙𝒙𝒙𝒙,𝒊𝒊 pixel (𝒙𝒙𝒊𝒊,𝒙𝒙𝒊𝒊) crosses a 
threshold a spike is generated, (b) the event camera outputs a spike stream in time 𝒕𝒕𝒊𝒊 and space 
(𝒙𝒙𝒊𝒊,𝒙𝒙𝒊𝒊), (c) the event stream is converted in an event tensor considering and integration period 
∆𝒕𝒕. (d) Event tensor 𝑬𝑬(𝒙𝒙,𝒙𝒙, 𝒕𝒕) used for detector training, the training points are detected using 

Harris on grayscale frame and interpolating their position on the event frames. 

The event tensor E(x, y, t) is utilized for detector training, where training points are detected 
using Harris on grayscale frames and then their positions are interpolated between two consecutive 
event frames and filtered based on epipolar constraint. The whole event tensor generation and 
training point selection is depicted in Figure 1. 

The loss function is based on the Binary Cross Entropy (BCE) between the predicted heatmaps 
ℋℎ(𝑥𝑥,𝑦𝑦) and the interpolated keypoints positions ℋ�ℎ(𝑥𝑥,𝑦𝑦): 

 

ℒ = � � BCE(ℋℎ(𝑥𝑥, 𝑦𝑦),ℋ�ℎ(𝑥𝑥, 𝑦𝑦))
(𝑥𝑥,𝑥𝑥)ℎ∈[1,𝑛𝑛ℎ]

 ( 1 ) 

 
The first sum is over the 𝑛𝑛ℎ predicted heatmaps. The second sum is over the image locations 

(x, y). The neural network architecture used in this work is based on [5] and consists of a fully 
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convolutional network with five layers, each utilizing 3x3 kernels. Each layer has 12 channels and 
incorporates residual connections. ConvLSTMs are employed in the second and fourth layers. The 
final layer, responsible for heatmap prediction, is a conventional convolutional layer. The 
remaining feed-forward layers utilize Squeeze-Excite (SE) connections. The training parameters 
are given in Table 1. 

Table 1 Training parameters. 

Num epochs Learning rate Num ev cubes Num ev Num keypoints Num keypoint/ev 
frame (avg) 

40 0.0001 6750 13.5*10^6 5442164 67.187 
 

Results  
 

 
Figure 2 (a-c) Events frames obtained from the integration of 2000 events. (d.e) Corresponding 
RGB images of keypoints extracted from the respective event frames using the machine-learned 

detector (red) and a handcrafted feature detector such as eHarris (green). 

To gather the frames and events required for training, sequences of images were collected in 
both outdoor and indoor environments. The DAVIS 346 camera from Inivation was employed for 
the acquisitions. The DAVIS 346 camera is a DVS event camera with a resolution of 346 x 260 
pixels and includes an active pixel frame sensor. Figure 2 shows the event frames obtained from 
the integration of 2000 events and the corresponding RGB images with the detected keypoints. 
During the testing phase, the event cubes were provided as input to the machine-learned detector 
to extract the corresponding peak heatmaps. To verify the stability of the keypoints, a Nearest 
Neighbor (NN) algorithm was employed to track the keypoints in subsequent event frames. Figure 
3 shows the graphs depicting the number of keypoints extracted, matched (between two 
consecutive frames using NN and filtered with RANSAC), and tracked (i.e., keypoints that, after 
being merged into tracks, belong to a track spanning at least 20 event frames). 
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Figure 3 Detected, matched and tracked keypoints for the event stream collected outdoor.  

Conclusions  
In this work, the initial steps have been taken towards utilizing an event camera for the autonomous 
navigation of highly agile robots such as drones and entry descent and landing probes. The training 
of a stable keypoints detector across consecutive frames has been conducted. In future work, we 
will integrate this keypoint detector into a Visual Odometry pipeline and test the system on a 
tethered balloon. 

Acknowledgements 
The DVS/DAVIS technology was developed by the Sensors group of the Institute of 
Neuroinformatics (University of Zurich and ETH Zurich), which was funded by the EU FP7 
SeeBetter project (grant 270324). 

References 

[1] Lichtsteiner, P., Posch, C., & Delbruck, T. (2008). A 128$\times $128 120 dB 15$\mu $ s 
latency asynchronous temporal contrast vision sensor. IEEE journal of solid-state circuits, 43(2), 
566-576. https://doi.org/10.1109/JSSC.2007.914337 

[2] Mueggler, E., Rebecq, H., Gallego, G., Delbruck, T., & Scaramuzza, D. (2017). The event-
camera dataset and simulator: Event-based data for pose estimation, visual odometry, and 
SLAM. The International Journal of Robotics Research, 36(2), 142-149. 
https://doi.org/10.1177/0278364917691115 

[3] Sikorski, O., Izzo, D., & Meoni, G. (2021). Event-based spacecraft landing using time-to-
contact. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern 
Recognition (pp. 1941-1950). https://doi.org/10.1109/CVPRW53098.2021.00222 

[4] Vasco, V., Glover, A., Bartolozzi, C.: Fast Event-Based Harris Corner Detection Exploiting 
the Advantages of Event-Driven Cameras. In: IEEE/RSJ International Conference on Intelligent 
Robots and Systems (IROS). pp. 4144–4149 (2016). https://doi.org/10.1109/IROS.2016.7759610 

[5] Chiberre, P., Perot, E., Sironi, A., & Lepetit, V. (2022). Long-Lived Accurate Keypoint in 
Event Streams. arXiv preprint arXiv:2209.10385. 
 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 709-712  https://doi.org/10.21741/9781644902813-151 
 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

709 

The wide angle camera of rosetta  

Giampiero Naletto 

Department of Physics and Astronomy, University of Padova, Via Marzolo 8, Padova, Italy 

giampiero.naletto@unipd.it 

Keywords: Space Instrument, Wide Angle Camera, Rosetta 

Abstract. Rosetta was the ESA cornerstone missions which investigated the comet 
67P/Churuymov-Gerasimenko. One of the on board instruments was the OSIRIS imaging system, 
which included the Wide Angle Camera. This camera was designed, realized, integrated, aligned 
and tested at the Padova University. Several challenges had to be faced and solved, due to stringent 
requirements and the very peculiar mission profile which foresaw a long interplanetary travel with 
very different thermal environments. Rosetta has been a very successful mission which returned 
plenty of fundamental information about comets and more in general about the solar system origin. 
In this paper we summarize the main characteristics of the WAC and describe one of the many 
scientific results that it had returned. 

Introduction 
Rosetta was one of the ESA cornerstone missions, and it was dedicated to the investigation of the 
comet 67P/Churuymov-Gerasimenko. Launched on 2 March 2004, after a 10-year journey it 
arrived at the comet on 6 August 2014 and orbited around it until the controlled landing on the 
comet nucleus on 30 September 2016. One of the on-board instruments was the OSIRIS [1] 
imaging system, which consisted of two cameras, the Narrow Angle Camera and the Wide Angle 
Camera (WAC). The latter was realized under Italian responsibility, with contributions from other 
European partners. In particular, this instrument has been designed, realized, integrated, aligned 
and tested at the Padova University, with a coordinate effort of several departments. 

The realization and testing of the WAC lasted several years during which also many young 
researchers have been involved, at their first work experience on a space instrument. The project 
started with the optical design and tolerance analysis, then the thermomechanical design followed. 
Different breadboard models were realized to check the subsystem’s performance; then the camera 
qualification model was integrated and fully checked, and finally the flight model was prepared 
for launch after calibration. Several challenges had to be faced and solved during the instrument 
realization, due to the very peculiar mission profile which foresaw a long interplanetary travel with 
very different thermal environments. Rosetta has been a very successful mission which returned 
plenty of fundamental information about comets and more in general about the solar system origin. 

The OSIRIS Wide Angle Camera 
The two cameras of OSIRIS had complementary objectives. On one side, the Narrow Angle 
Camera had to be a system with high spatial resolution, to study the comet nucleus comet and in 
particular its structure and geological features. On the other, the WAC had a lower spatial 
resolution but a wider field of view and higher sensitivity, for observing the gas and dust flow 
around the nucleus [2]. The WAC optical configuration was an all-reflective two-mirror design, 
realized with an off-axis convex oblate ellipsoidal mirror followed by an almost on-axis concave 
oblate ellipsoidal mirror. The field of view was about 12°×12°, collected by a 2048×2048 CCD 
providing an average image scale of 21 arcsec/pixel. The optical performance was diffraction 
limited. The covered spectral range, 240-750 mm was selectable by 14 different filters, defined on 
the basis of the scientific requirements. 
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The WAC structure was based on a closed box made of aluminum alloy (see Fig. 1); it was 
lightweighted by electro-erosion machining. The structure was designed to prevent noise induced 
through vibration and to minimize vibration amplification at interfaces with mechanisms. Very 
challenging was the thermo-mechanical design [3], that had to satisfy the optical alignment 
tolerances. In fact, it was verified by ray-tracing simulation that the system could tolerate a relative 
shift of ±10 µm between the two mirrors, that is over a distance of 30 cm, during all mission 
lifetime: by thermal modelling, it was verified that to maintain this tolerance, the operational 
temperature of the WAC optical bench had to be maintained within the 12±5°C range. For an 
instrument that had to operate from 4 au to 1 au, that is with a great thermal excursion, having a 
square entrance aperture of about 15 cm side through with heat is exchanged with the space 
environment, this was a very critical requirement to be satisfied. 

To guarantee the optimal optical performance notwithstanding the great thermal excursion over 
the mission, great care was dedicated to the thermo-structural design. In particular, the WAC 
interfaced with the payload spacecraft panel by three kinematic mounting feet, which minimized 
the heat exchange. A truss structure was designed to improve the thermal decoupling between the 
large external baffle (this was the most critical element for the thermal design, and at the end a 
glass reinforced epoxy structure with absorber coating, thermally insulated from the camera, was 
shown to be the best solution) and the optical bench and to minimize the temperature gradient. 
Finally, the telescope was covered by a thermal blanket. In addition, the optic supports were made 
of the same material as the optical bench to minimize distortion. Even if this allowed to limit the 
heat exchange of the WAC with the environment, it was necessary to introduce an active control 
system in the camera by suitable radiators (visible on the bottom of the optical bench in Fig. 1 
left). 
 

  

Fig. 1. On the left there is the WAC structure, obtained by excavating a single Al piece. On the 
right the WAC structure populated with all the optical elements. 

 
As an example of the various mechanisms installed on the WAC, we describe here some of the 

characteristics of its shutter [4] (see Fig. 2), which has been the most operated one over the whole 
mission (more than 70k cycles). The shutter could expose a 28 × 28 mm2 area (the sensor sensitive 
area was about 26 × 26 mm2) with a uniformity better than 1/500. The shutter was realized by two 
blades travelling in front of the CCD, driven by a four-bar mechanism actioned by brushless dc 
motors. A customized encoder for each blade was mounted to the motor shaft and a position sensor 
at the final position verified that the first blade completed its travel, when reaching the lock device 
which kept it in open position. Then, when the exposure was completed, the second blade was 
released and unlocked the first, to back-travel together to the rest position by means of springs. 
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Fig. 2. WAC shutter mechanism; the blades are at the bottom, each joined to two moving bars. 

 

WAC scientific results highlights 
Rosetta, and in particular its imaging system OSIRIS, had a very large scientific return (e.g. 
[5],[6],[7]). Here we limit to recall one of the investigations realized with the WAC, and that took 
advantage of its extremely high contrast performance. In fact, this camera had as a target the 
observation of dust and gas in the comet coma and, because of the extremely low irradiance of 
these comet components, it was designed with an unobstructed optical configuration to minimize 
diffraction tails in the point spread function and nominally reach a contrast of more than 1000 at 
the comet nucleus-coma edge, and larger beyond. This optical design, coupled to the 16 bit detector 
dynamic range, allowed to detect extremely faint features close to the comet nucleus. 

One of the key investigations of OSIRIS was monitoring the cometary jet activity and to look 
at the characteristics of the nucleus surface at the origin of these jets. In [8] the study of jets emitted 
in the period between Dec. 2014 and Oct. 2015, so including the perihelion, allowed to map the 
locations of jet sources on comet surface as a function of time. This confirmed the difference 
between the two comet “hemispheres”, with different behaviors between North and South, 
following a seasonal trend. Thanks to the great quality images provided by the WAC, several 
extremely faint jets have been studied and their source located using a reverse propagation analysis 
(see, as an example, Fig. 3). 
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Fig. 3. WAC image (2014 Dec. 30): the image brightness has been adjusted to highlight the jets 
otherwise not visible. In the insert it is shown an example of jet identification. Image from [8]. 
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Abstract. This article describes the development of a highly modular Central Electronic Unit 
(CEU) for data handling and management in Martian atmosphere investigations as part of the 
DREAMS experiment in ExoMARS 2016 Mission. The CEU was developed by TEMIS and 
Centro Interdipartimentale di Studi e Attività Spaziali G. Colombo (CISAS) to handle, acquire and 
transmit medium and low-rate data from sensors dedicated to investigating the Martian 
atmosphere. The CEU subsystem was designed to communicate with an external host to receive 
commands and transfer telemetry, transform power from different sources, perform sensors' switch 
on and off, acquire scientific sensors and their housekeeping monitors, and provide CEU health 
status. The high modularity of the CEU architecture makes it easy to customize and interface with 
different types of equipment and instrumentation for various missions. The CEU subsystem is 
housed on Entry and Descent Module (EDM) and serves as the data handling platform of the 
DREAMS payload for the EXOMARS 2016 Mission. The CEU has proven to be an effective and 
flexible solution for data handling and management in Martian atmosphere investigations. 

Introduction 
The Dust characterization, Risk assessment, and Environment 
Analyser on the Martian Surface (DREAMS) [1] mission was 
part of the ExoMARS 2016 mission, which aimed to explore 
the Martian environment and gather data on meteorological 
conditions, hazards, and atmospheric electric phenomena. The 
Central Electronic Unit (CEU) subsystem was developed by 
TEMIS and CISAS to serve as the data handling platform [2] 
for the DREAMS payload and was installed inside the warm 
compartment of Entry and Descent Module (EDM) [3].  
The CEU subsystem consisted of primary boards and 
expansion boards, which distributed functionalities among 
various modules. The primary boards included the CEU 
Backplane and the On-Board Data Handling (OBDH) 
Board, while the expansion boards included the Analog-to-
Digital Converter (ADC) Board and the Central Processing 
Unit (CPU) Board. 
The DREAMS payload included additional subsystems such as MarsTem (thermometer), 
DREAMS-P (pressure sensor), DREAMS-H (humidity sensor), MetWind (wind sensor), 

Fig. 1 - CEU subsystem 
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MicroARES (electric probe), SIS (Solar Irradiance Sensor), and a primary battery. These 
subsystems worked in conjunction with the CEU to fulfil the mission objectives. 

CEU Architecture 
The CEU subsystem [4] was designed to fulfil its objectives through the implementation of two 
sets of boards: primary boards and expansion boards. The primary boards are responsible for 
supplying power, managing the entire subsystem (including sensor configuration), and processing 
and transmitting data from the sensors to the external host. On the other hand, the expansion boards 
are specifically designed to interface with various types of sensors (analog and/or digital) by 
adapting the electronics accordingly. To ensure modularity and efficient distribution of 
functionalities, the CEU was developed with a plug-in design and a common backplane, allowing 
for the integration of different boards and modules. 

Primary boards 
1) CEU Backplane:  
The CEU was a modular equipment designed to grant power 
connections to supply all the boards and enable communication 
interfaces between the peripheral boards and the CEU Core (OBDH 
Board). The backplane of CEU (Fig. 2) was a fully passive PCB 
populated with one connector for each board. The passive backplane 
strategy was useful during integration as it allowed inspection of the 
assembled PCB to ensure compliance with requirements without 
specific electrical tests. This streamlined the AIT phase and enabled 
adding one board at a time using the backplane as a consolidated part. 
 
2) OBDH Board 
The OBDH Board (Fig. 3) comprised several main 
blocks, namely a host interface for communication with 
an external unit, a microprocessor based on LEON2 
(Atmel AT697F) along with its associated support 
memories, an FPGA (RT PROASIC3L) for expanding 
the microprocessor interfaces and handling low-level 
control of peripherals, and a non-volatile mass memory 
(1 Gbyte NAND FLASH). The interfaces used for 
communication with the expansion boards were 
implemented on the FPGA, offering customization 
options based on user requirements within the 
limitations of the RT PROASIC3L technology. The microprocessor had the capability to operate 
with a core clock of up to 100 MHz, providing a performance of 86 MIPS (Dhrystone 2.1). The 
communication interface between the microprocessor and the FPGA could be selected from the 
following choices: a PCI interface up to 33 MHz, an 
asynchronous 32-bit memory-mapped interface up to 20 
Mbyte/s, or up to 2 UART interfaces up to 250 Kbit. 
 
3) DCDC Board 
The DC/DC Board (Fig. 4) was responsible for 
managing the primary power supply source and 
distributing power to all the CEU boards. It generated 
the necessary secondary power rails, including +/-12V, 
5V, 3.3V, and 1.8V.  

Fig. 3 - OBDH Board 

Fig. 4 - DCDC Board 

Fig. 2 - CEU Backplane 
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Extension boards 
1) ADC board: 
The ADC board (Fig. 5) was specifically designed 
to facilitate the interface between the CEU and 
sensors that required analog-to-digital conversion 
and dedicated conditioning electronics. Its main 
components consisted of an ADC section utilizing 
the Aeroflex 14-bit Analog-to-Digital Converter 
(RHD5950) with 16 input channels, and an 
Acquisition Handler FPGA (RT PROASIC3L 
device) responsible for managing acquisitions and 
establishing communication with the OBDH 
board. 
 
2) CPU board: 
The CPU board (Fig. 6) was developed to establish 
connections with digital sensors. It included an 
Interfaces section that could be customized to meet 
the specific requirements of the sensors, an 
Acquisition Handler FPGA (RT PROASIC3L device) 
for managing acquisitions and interfacing with the 
OBDH board, and a 256 Mbyte SDRAM memory 
connected to the FPGA to support onboard data 
manipulation. 
Both boards were equipped with onboard FPGAs, 
allowing for the manipulation of scientific data 
acquired from the sensors before transmitting them to the CEU's mass memory. Additionally, the 
FPGAs handled low-level control of peripherals and established communication with the OBDH 
board. 

Power Consumption 
The overall efficiency of the CEU was around 70%. To save power, the CEU was designed to have 
a "low power" mode where only the FPGA on the OBDH board was powered on while all other 
parts of the OBDH and other CEU boards were powered off. This configuration allowed the CEU 
system to consume less than 1 W of power. 
The interfaces used to communicate with the expansion boards were implemented on FPGA and 
could be customized based on user requirements. The microprocessor worked with a core clock 
up to 100 MHz, resulting in a performance of 86 MIPS (Dhrystone 2.1). The communication 
interface between the microprocessor and the FPGA could be chosen from options such as PCI 
interface up to 33 MHz, Asynchronous 32-bit memory-mapped interface up to 20 Mbyte/s, or Up 
to 2 UART interfaces up to 250 Kbit. 

Failures management 
To automatically detect and correct failures, a detailed monitoring system was implemented to 
track critical parameters of the CEU boards and DREAMS sensors. This information was used by 
the CEU's Application Software (ASW) to make decisions to ensure safety and guarantee mission 
continuity even with reduced functionalities or performance degradations. 

Conclusions 
The CEU subsystem played a vital role in handling data, managing power, and controlling 
interfaces for the DREAMS payload during the EXOMARS 2016 mission. The modular design 

Fig. 5 - ADC Board 

Fig. 6 - CPU Board 
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and flexibility of the CEU allowed customization and integration of different boards and sensors, 
making it suitable for various scientific missions. The successful deployment and operation of the 
CEU subsystem contributed to the scientific success of the EXOMARS 2016 mission by providing 
valuable data about the Martian environment during the dust storm season. 

During the descent of EDM of the Exomars 2016 mission and its subsequent impact on the 
Martian surface, both the CEU subsystem and the DREAMS payload performed their designated 
tasks flawlessly. The CEU subsystem remained fully functional throughout the descent process, 
demonstrating its reliability in the challenging Martian environment. Likewise, the DREAMS 
payload successfully carried out its scientific measurements and data acquisition during the 
descent and impact phase. This successful performance of the CEU and DREAMS subsystems 
further solidified their capabilities and effectiveness in capturing vital scientific data in extreme 
conditions on Mars. 

In addition to their successful performance during the descent and impact of the ExoMARS 
2016 EDM, the CEU subsystem and the DREAMS payload also demonstrated their reliability and 
optimal health during the intermediate checkout phase while the spacecraft was en route to Mars. 
During this period, the CEU and DREAMS experiment effectively conducted the necessary 
checkouts and provided crucial health information about the experiments. Their flawless operation 
and optimal health state reassured the mission team about the robustness and functionality of the 
CEU and DREAMS systems, further enhancing confidence in their capabilities to carry out 
scientific investigations on Mars. 
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Abstract. The SIMBIO-SYS (Spectrometer and Imaging for MPO BepiColombo Integrated 
Observatory SYStem) is a complex instrument suite part of the scientific payload of the Mercury 
Planetary Orbiter for the BepiColombo mission, the last of the cornerstone missions of the 
European Space Agency (ESA) Horizon + science program. It will explore Mercury, the closest 
planet to the Sun. The SIMBIO-SYS instrument will provide all the science imaging capability of 
the BepiColombo MPO spacecraft. It consists of three channels: the STereo imaging Channel 
(STC), with broad spectral band in the 410-930 nm range and medium spatial resolution (up to 60 
m/px), that will provide Digital Terrain Model of the entire surface of the planet with an accuracy 
better than 80 m; the High Resolution Imaging Channel HRIC), with broad spectral bands in the 
530-900 nm range and high spatial resolution (up to 6 m/px), that will provide high resolution 
images of about 10% of the surface, and the Visible and near-Infrared Hyperspectral Imaging 
channel (VIHI), with high spectral resolution (up to 6 nm) in the 400-2000 nm range and spatial 
resolution up to 120 m/px, it will provide the global coverage at 480 m/px with the spectral 
information, assuming the first orbit around Mercury with periherm at 480 km from the surface. 
It has been funded by the two space agencies, ASI (Italian Space Agency) and CNES (French 
Space Agency) and it is the result of the collaboration between more than 100 scientists and 
engineers of 12 different countries all over the world, with the Italian prime contractor Leonardo 
spa. It is the first time that a planetary mission has three remote sensing instruments integrated in 
a system, sharing the Main Electronics, and under the responsibility of one team. 

Introduction 
The Spectrometer and Imagers for MPO Bepicolombo Integrated Observatory SYStem (SIMBIO-
SYS) is a suite of three independent optical heads that will provide images and spectroscopic 
observations of Mercury's surface. The SIMBIO-SYS instrument on board the Mercury Planetary 
Orbiter (MPO), one of the two modules of the BepiColombo mission, is composed of HRIC (High 
Resolution Imaging Camera), STC (STereo Channel), and VIHI (Visible and Infrared 
Hyperspectral Imager). The scientific objectives at mission level are to obtain a global mapping of 
the surface with STC and VIHI in the first 6 months of the 1 year nominal mission. Both channels 
will provide data on the surface composition, the surface geology as well as Digital Terrain Models 
(DTMs) of the entire planet. 

The observing strategy of SIMBIO-SYS is based on the global mapping requirement and 
includes high-resolution images of 10% of the surface (HRIC). In the second 6 months, STC and 
VIHI will fill in gaps possibly left in the global mapping. In this phase, VIHI will observe selected 
regions at a spatial resolution of a factor of four better than during the previous phase. STC will 
acquire 4 color images of selected regions. 

The BepiColombo mission will arrive at Mercury in December 2025, the instrument 
commissioning will be in March 2026 with the starting nominal mission in April 2026. 

It is the first time that a planetary mission has three remote sensing instruments integrated in a 
system sharing some hardware components. The Main Electronics (ME) and the onboard software 
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are the same, allowing for synergistic management of operations, data handling, and compression 
of all the acquired data. A single factory provided all the detectors that are similar for the three 
cameras. From an engineering point of view, the systemic approach to the design has had several 
advantages: 
• the technical management structure allowed the management of the developing and testing 

phases with the main target of optimizing the overall performance and capabilities of SIMBIO-
SYS; 

• the integration of the common parts allowed a better control and the optimization of the 
resources as mass and power; 

• mechanical, thermal, and electrical interfaces towards the spacecraft have been handled at a 
unified level. 

From a scientific point of view, the systemic approach with the same management will provide 
many advantages: 
• cross-calibration and co-alignment of the three channels is included in the commissioning and 

operations; 
• co-registration and data fusion are easier and included in the scientific activities; 
• common science planning is applied. 

Scientific objectives 
The SIMBIO-SYS integrated package [1](Figure 1) aims to provide answers to almost all the 
main scientific questions of the BepiColombo mission concerning the Mercury surface and 
composition, and to provide important contributions to the understanding of its interior and 
exosphere. The main scientific questions can be summarized in the following topics:  
• shape and morphology;  
• crustal mineralogy;  
• geological mapping and stratigraphy;  
• volatiles;  
• interior;  
• Hermean extreme environment;  
• exosphere;  
• surface changes;  
• opportunity science 

Technical description 
To fulfil the scientific goals of the mission, in compliance with the limited resources available on the MPO and the 
harsh operative environment, several solutions and technologies have been implemented, namely:  
• A very compact design for HRIC  
• A wide spectral coverage wih a single channel instrument for VIHI  
• A single detector dual channel design for STC  
• A special coating (ITO) and baffle (Stavroudis design) for heat load rejection  
• Diamond turned mirrors in RSA905 Aluminum alloy  
• Spectral and radiometric in-flight calibration unit with no moving parts  
• Large use of composite materials for structural parts  
• Capabilities of stereo imaging  
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In addition, an instrument architecture with three dedicated Proximity Electronics (PE) and a 
common Main Electronics (ME) was designed, aimed at the best use of the available electrical 
resources thanks to the sharing of functions among the three channels.  

Each channel of the SIMBIO-SYS Flight Model (FM) has been successfully tested and 
characterized at Leonardo SpA premises by means of two dedicated Optical Ground Support 
Equipment (OGSE) which have been developed and manufactured for this purpose. 
 

 

Figure 1: The three channels together representing SIMBIO-SYS, including the Proximity 
Electronics (PE), on the left VIHI, in the middle STC and on the right HRIC 

 

High Resolution Camera 
HRIC is a camera operating in the 530 nm to 900 nm spectral range with 6 m resolution on ground 
from the orbital altitude of 480 km.  

The camera is equipped with a main panchromatic channel and three broadband spectral 
channels centred at 550 nm, 750 nm and 880 nm with 40 nm bandwidth.  

The HRIC optical system [2] is composed of a telescope with a Ritchey-Chretien configuration 
modified with three-lenses corrector aimed to guarantee the optical quality over the whole squared 
1.47° FoV. The instrument has a focal length of 800 mm and is equipped with a dioptric image 
corrector adapting the FoV to a 2048 x 2048 pixels detector with a pixel size of 10 µm. The focal 
ratio is F#8.9, to be diffraction limited at 400 nm and to optimize radiometric flux and overall 
mechanical dimensions. Due to the large amount of heat flux coming from Mercury, the camera 
aperture is protected from the planet radiation by means of a baffle, in Stavroudis configuration, 
and a filter, named Thermal Infrared Rejection Device (TIRD), which can be considered as part of 
the HRIC thermo-optical system. 

The selected Stavroudis configuration for the baffle is composed of six elliptical and five 
hyperbolic internally high-reflecting surfaces interconnected together. All the surfaces have two 
common foci and this provides the baffle with the geometrical property to reject externally, after 
a given number of multiple reflections, all the rays impacting on the conical surfaces from an 
angular direction within the two foci. 
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Stereo Camera 
STC represents one of the first push-frame stereo cameras on board a planetary mission. Based on 
a new concept, STC integrates the compactness of a single-detector telescope with the 
photogrammetric capabilities of bidirectional cameras [3]. Two separate incoming optical path 

oriented at ±20◦ with respect to nadir allow the instrument to acquire images of the same surface 
region with a different viewing angle at two very close moments, taking advantage of the along-
track movement of the S/C.  The optical system is an advanced compact catadioptric layout 
concept, which consists of a front-end optical separation group of mirrors inclined in order to 
realize ± 20° stereo channels and a common telescope, based on an off-axis modified ‘Schmidt 
corrector’ design. 

Visible Infrared Hyperspectral Imager 
The VIHI channel has been designed to perform hyperspectral imaging observations of the whole 
Hermean surface in the VIS-NearIR range [1].  The channel concept is based on a collecting 
telescope and a diffraction-grating spectrometer ideally joined on the telescope focal plane, where 
the spectrometer entrance slit is located. The image of the slit is dispersed by the diffraction grating 
on a bi-dimensional detector. The instantaneous acquisition on the bi-dimensional detector consists 
of the slit image diffracted by the grating over the spectral range.  The image itself is built in time 
by subsequent slit acquisitions, matching the S/C track speed with the slit size projected on ground 
(push broom mode).  The final result is an hyperspectral cube, which associates a VIS-NearIR 
spectrum to each pixel on ground.  VIHI has been designed to achieve an IFoV of 250 µrad 
(corresponding to 120m @ 480km altitude) and to cover a spectral range of 400-2000nm with a 
spectral sampling of 6.25nm. 
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Abstract. PANGAEA (Planetary ANalogue Geological and Astrobiological Exercise for 
Astronauts) is a field training course designed by the European Space Agency (ESA) that, since 
2016, has imparted to ESA and NASA astronauts, and Roscosmos cosmonauts the basic theoretical 
and practical knowledge of geology and astrobiology and trained them in the field. Hence 
developing independent field skills, including working with a remotely located science team, is a 
key part of the training. For this reason, classroom and field lessons are tightly interwoven so that 
the concepts introduced in the classroom are shown in the field soon afterwards. The primary field 
sites selected for the course are the Permo-Triassic sedimentary sequences in the Italian Dolomites, 
analogue to the Martian alluvial plains ones, the impact geological environment of the Ries Crater, 
Germany, a comprehensive suite of volcanic emplacements and deposits in Lanzarote, Spain, and 
the anorthosite outcrops, analogue to lunar highlands rocks, in Lofoten, Norway. Each site is used 
as a base to deliver the main learning sessions, respectively: 1) Earth geology, rock recognition 
and sedimentology on Earth and Mars, 2) Lunar geology and impact cratering, 3) volcanism on 
Earth, Moon, and Mars, and astrobiology 4) intrusive rocks and lunar primordial crustal evolution. 
The four sessions are designed to increase the trainees’ autonomy in the field up to autonomously 
executed geological traverses including sampling activities. Whilst PANGAEA’s primary focus is 
astronaut training, where appropriate, technologies being developed for future missions are used 
to evaluate their performances in analogue field envi-ronments and to train the astronauts in using 
technologies that might support future missions. 

Introduction 
In 2016 some of the authors proposed to ESA the first field course for astronauts in geological and 
astrobiological planetary exploration named PANGAEA (Planetary ANalogue Geological and 
Astrobiological Exercise for Astronauts). This was possible thanks to the far-sightedness of prof. 
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Debei which immediately understood the potential of a course like PANGAEA for future human 
exploration of the Moon and Mars and made available all the needed facilities of the University of 
Padua to carry out the first edition which was attended by  the ESA astronauts Luca Parmitano, 
Pedro Duque and Matthias Maurer. Other 4 editions of the training have been implemented since 
2016, with a sixth one foreseen in 2023. In total, 10 astronauts from ESA, NASA and Roscosmos 
and additional 5 non-astronaut trainees including space engineers, EVA and operation specialists 
have attended the course. In this work we will summarise the course strategy, structure and lessons 
learned, but for a more detailed description the reader is referred to Sauro et al. [1] .  

Goals and structure 
The course forms part of the basic and pre-assignment training for European astronauts, and is 
open to trainees from other agencies. Significant focus is given to skills relevant to future field 
exploration, such as practical geological and geobiological field training, execution of self directed 
traverses in the field, ability to provide clear scientific descriptions of geological landscapes and 
features, and efficient documentation of sampling sites. For this reason, although minor portions 
of the course are taught in classrooms, most of the activities are in analogue geological 
environments, as done in the seventies during the preparation for the Apollo missions [1, 2]. 
PANGAEA course integrates both geology and astrobiology (including planetary protection) 
enabling overlapping concepts and ideas to be explored thoroughly. Trainees also have the 
opportunity to practice conducting field science under the additional constraints imposed by 
realistic spaceflight operational conditions.  

Teaching in analogue sites 
The primary field sites selected for the course are Permo-Triassic terrigenous sequences in the 
Italian Dolomites, impact lithologies in the Ries Crater, Germany, a comprehensive suite of 
volcanic deposits in Lanzarote, Spain and  the Flakstadøy intrusive complex in the Lofoten 
archipelago, Norway. Each is used as a base to deliver the main learning sessions, respectively; 1) 
Earth geology, rock recognition and sedimentology on Earth and Mars, 2) Lunar geology and 
impact cratering, and 3) volcanism on Earth, Moon and Mars, execution of geological traverses, 
and sampling techniques and 4) Anorthosite and Mg-Suite intrusive complexes and lunar 
highlands.  Classroom lessons are conducted at these field sites using local facilities often provided 
by Geoparks (e.g. Bletterbach Geopark in Italy, Ries Geopark in Germany and Lanzarote Geopark 
in Canary Islands). For the field work component, trainees are initially shown the basics of field 
geology and astrobiology during the first two sessions. In the third session they begin a process of 
becoming independent field scientists conducting geological traverses with realistic scientific 
goals, such as determine the contact relationship between geological units and the relative timing 
of events, recognise stratigraphic and tectonic structures, and sample rocks representative of the 
location or affected by different alteration processes (e.g. hydrothermal alteration). Trainees are 
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initially accompanied by their instructors, but the coaching is progressively reduced until the field 
crew is supported by a remote science team, simulating a science back room in mission control. 

 
Fig. 1. a) Self directed traverse in Lanzarote by ESA astronaut Alexander Gerst and NASA 

astronaut Stephanie Wilson. b) ESA astronaut Samantha Cristoforetti acquiring a microbilogical 
sample in a lava tube in Lanzarote. c) ESA astronaut Matthias Maurer sampling an anorthositic 
block in Lofoten.; d) NASA astronaut Kathleen Rubins observing at a sample in Ries. 

 

Lessons learned 
Astronauts tend to be practically minded, and long theoretical lessons do not provide them with 
the best opportunity to learn. For this reason each theoretical lesson must be always coupled with 
field activities and firmly connected to examples on how the specific knowledge can be applied in 
the future missions. Dissociating lessons from these goals can lead trainees to lose interest and 
eventually question the point of the learning. For this reason the classroom has been  conducted in 
facilities close to the field sites so that classroom lessons and field trips often occur on the same 
day. 

Typically, field trips used for academic teaching involve visiting locations to learn more about 
a particular environment in context. For training astronauts, these types of field trips are still 
important, however bringing in some elements of planetary surface exploration and in field 
scientific research realism is pivotal to sustain trainees motivation and knowledge retention. 
PANGAEA achieves these objectives performing increasingly autonomous traverses through 
geological landscapes with predefined science goals and remotely located science teams. This 
contextualises the knowledge trainees gained through the regular field trips in a planetary 
exploration setting and promote the trainee’s independence forcing a flexible execution in the field. 
Adding to the traverses real scientific objectives, defined with the local experts, with potential for 
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further science advancements and publications, is also a very important motivational factor 
fostering the engagement of the trainees.  

The course is also very enriching for the scientists involved who had to learn about operational 
constraints and simplify the communication to be the most effective as possible. 

When available, traverses should include technological capabilities relevant to planetary 
exploration. Although the exact set of capabilities for EVAs on the lunar or Martian surface are 
yet to be designed and built, the core concepts of scientific data collection, documentation, and 
communication can still be effectively demonstrated by using Commercial off-the-shelf (COTS) 
hardware, prototypes and low TRL (technology readiness level) instruments to emulate the 
capabilities that should be available to astronauts conducting geological exploration on the Moon 
or Mars. This includes ways to collect images, notes, spectra, and other scientific data [e.g. 3]. 
Incorporating such systems into the training was found to be a highly effective way to allow 
astronauts to understand the types of information required for performing effective science during 
planetary surface exploration with remotely located science teams. Overall, it allowed them to 
appreciate the importance of quality data collection for enabling scientific interpretation. 

Conclusion 
The time constraints and areal extent of lunar surface exploration will be extended significantly 
during future Artemis missions thanks to the technological advancements made since the Apollo 
era. It is therefore particularly important to train astronauts to self-directed field work and efficient 
communication with ground based science teams. Astronauts that will be not specifically launched 
to the Moon or Mars, will be in any case likely involved in the planning, preparation and 
implementation of such missions. Training key personnel in geology and astrobiology in terrestrial 
field analogues as in the ESA-PANGAEA course will be essential to the success of such  expensive 
and high-risk endeavours 
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Abstract. The reliability of a telescope's front cover for a space mission constitutes its primary 
demand, not to compromise the functionality of the entire instrument. Avoidance to expose 
possible reference surfaces to the external environment and contamination often drives the 
selection of the motion of the cover. The Front Door Mechanism (FDM) for the OSIRIS 
experiment of the ROSETTA mission has been developed and optimised to provide protection of 
the telescope, reliable functioning and being single point failure tolerant. Its combined translational 
and rotational motion allowed also the preservation of internal calibration surface for the entire 
duration of the mission. The ROSETTA mission was launched in 2004 and reached the comet in 
2014 after several gravity assists, and deep space hibernation. It has been orbiting around the comet 
for roughly two years collecting enormous amount of data of the peculiar celestial body and 
ended in September 2016.  As legacy of the successful design of the front cover for the ROSETTA 
mission, another cover mechanics (Cover Mechanism – COM) for the JANUS Optical Head Unit 
of the JUICE mission has been prepared with minor modifications to the initial design. All 
qualification has been performed and the JUICE mission has been launched successfully on 14 
April 2023 and is now travelling towards Jupiter and its moons. 

Introduction 
Observation and collection of scientific data by means of telescopes is a very widely used approach 
for instrumentation for space missions. Such instruments allow coverage of very wide spectral 
ranges, with applications ranging from infrared to X-ray bands and with various techniques from 
imaging to spectroscopy.  

To provide the quality needed to achieve the increasingly demanding scientific objectives, the 
instruments have to be protected from external contamination that would dramatically degrade the 
performance. Protection must take place both before and during the mission lifetime, especially 
with the increase of duration of planned space missions. Cleanliness measures are put in place 
during the entire assembly phases at different levels, from unit, to instrument, to satellite and also, 
after integration into the launcher, including purging, where needed.  

After the fairing separation, still at low altitudes, the possible contamination comes from 
residual air density and from auto contamination from satellite outgassing. Finally, for missions 
with celestial bodies or planetary observation, the presence of an atmosphere or of emissions from 
the surface can constitute an important source of contamination.  
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Contamination protection of observation instruments such as telescopes can be increased by the 
usage of cover systems that close the telescope’s baffle opening, thus avoiding direct exposure of 
the inner parts of the instrument.  

By their own nature, covers constitute also one of the highest risks for the instrument itself. A 
failure of actuation of the cover would in fact result in the entire loss of the instrument. 

Reliability of such systems plays therefore the main focus in their design and development, and 
redundant solutions to make them failure tolerant is one of the prime objectives of a proper cover 
design approach. 

Several papers have been published describing the design and test results of the Front Door 
Mechanism (FDM) of the OSIRIS instrument [2, 3]. This paper deals mainly with the main 
concepts and the relevant aspects that enhanced the proven robustness and flexibility of the FDM 
and the heritage of its design for the JANUS instrument of the JUICE mission, The two missions 
are significantly different, but with similar telescope’s protection needs. 

FDM design  
OSIRIS (Optical, Spectroscopic and Infrared Remote Imaging System) is one of the instruments 
of the ROSETTA mission, an ESA cornerstone science spacecraft launched in 2004 to study in 
close proximity a comet.  

The OSIRIS instrument is composed by two telescopes, the Wide Angle Camera (WAC) and 
the Narrow Angle Camera (NAC) providing wide and detailed optical imaging of the comet. Some 
subsystems of both telescopes are identical, such as the Front Door Mechanism (FDM), the Shutter 
Mechanisms (SHM), the Shutter Electronics (SHE), the Filter Wheel Mechanism (FWM) [1].  
Among the peculiarities of the ROSETTA mission, for the instruments protection concept, the 
long journey in hibernation to reach the comet and the long observation period around the comet 
during its rising activity while approaching the Sun are the two main drivers of the conceptual 
selection for the protection cover system for both telescopes. Rather than a significantly simpler 
one-off opening system, a fully reversible mechanism approach has been chosen to allow the 
repeated closure and protection of the telescope in case of adverse conditions. 
 
 
 
 
 
 
 
 
 

The possibility to select a variable lift of the cover from the baffle, appeared quickly as a 
significant advantage allowing the selection of tightness of the closure and avoiding any possible 
adhesion risk during the long hibernation phase. The inner surface of the cover is used as reference 
for the instrument internal calibration, and as such, avoiding its direct exposure to the external 
space, to avoid its contamination, became also a concept driver. A 3D motion achieved by the 
combination of a double cam system, linked by an internal pin has been finally selected for the 
actuation mechanism. 
 
The Front Door Mechanism (FDM) during the opening motion performs four different phases:  

1) Unlocking  

Figure 1: Front Door Mechanism Flight Model in open position during characterisation 
(left) and mounted on the Flight Model WAC telescope (right) 
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2) Initial translational lift 
3) Rototranslation to achieve final lift and rotation of 90 degrees 
4) Locking  

 
The cover motion is determined by the joint interaction of the internal pin, the fixed external cam 
and the moving internal cam, driven by a stepper motor. Fig. 2 explains the coupling concept. By 
the definition of the shape of the internal and external cam the desired motion can be achieved. 
This allows great flexibility in the motion to be performed by the cover.  

One peculiarity of the cam design is its self-locking feature, both in closed and in open position. 
This allows the maintenance of the position without any power and is obtained by the kinematic 
design of the cams. A rotation of the inner cam of more than 45 degrees is needed to unlock the 
system from any of the two locked positions. No motion of the cover (except for compliance in 
the cams and couplings) is possible before the resting position, fully closed or fully open, is 
unlocked.  

Various measures are also implemented to minimise any risk of jamming of the relative motion 
between the cams, pin and cover shaft, including main guiding bearings, various bushes and 
additional kinematical bearings. Moreover, on top of the standard redundancies included in the 
mechanism design, another additional fail-safe system, completely independent from the nominal 
motion and capable of opening irreversibly the field of view has been implemented inside the cover 
arm. 

Light and dust tight closure is achieved by preloading the cover against the baffle using the 
stiffness of the arm, and also variable preload is possible.  

On top of verification of the qualification requirements tests, including lifetime tests (> 10000 
activations) on the QM model, an accurate characterisation of the performance and the 
repeatability of the parameters, especially those available in the telemetry, has been performed for 
each model.  

 
 
 
 
 
 
 
 
 
 
 

In orbit 
ROSETTA was launched on 2nd March 2004 for a long journey toward the encounter with the 
comet 67P/Churyumov-Gerasimenko that eventually happened in August 2014, after a series of 
gravity assist manoeuvres, Mars and asteroids fly-bys and after more than three years of 
hibernation and six months of orbits correction and approach to manage orbiting around the comet 
with a newly discovered and quite irregular shape [4].  

 
During all the phases of the mission the Front Door Mechanism both of WAC and of NAC 

cameras operated flawlessly from the commissioning phase to the end of mission. They allowed 

Figure 2: Front Door mechanism description (left) and cam design and conceptual interaction 
during the four phases(right) 
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the tight closure of the telescopes baffles openings during the initial phases, provided the 
telescopes’ internal calibration reference surface and protected from contamination the optical 
elements during the spacecraft journey and when the instrument was not in use.  

Its design proved its robustness, versatility and reliability allowing the extraordinary 
achievements of the OSIRIS experiment of the pioneering ROSETTA mission [5, 6, 7]. 

Legacy: JANUS instrument for the JUICE mission 
On 14th April 2023, almost 20 years after the launch of ROSETTA, the JUICE satellite was 
launched, carrying onboard as one of the instruments JANUS, a narrow angle camera imager in 
the visible range. The JUICE mission aims to explore the Jovian moons (Ganymede, Europa and 
Callisto), including ocean layers and subsurface water reservoirs, magnetic field and geological 
features. It will reach Jupiter in January 2031 after a 7.6-year travel with various Earth–Venus–
Earth–Earth gravity assist manoeuvres. JANUS instrument will enable visible wavelength 
imaging, crucial for understanding the formation and characteristics of various geological features, 
surface processes and erosion/deposition processes on icy satellites.  

JANUS consists of independent subsystems, including the Optical Head Unit (OHU), Proximity 
Electronics Unit (PEU), Main Electronics Unit (MEU), and Interconnecting harness. The COver 
Mechanism (COM), used to protect JANUS and its delicate optical elements, is a direct derivation 
of the innovative design used for the FDM for the OSIRIS telescopes. It ensures protection of the 
OHU from contamination and provides a reference surface for telescope calibration during the 
mission [8].  

Considering the very successful design of the Front Door Mechanism (FDM) for the OSIRIS 
experiment on ROSETTA, along with similar requirements and the nominal operation of the 
mechanism throughout an Interplanetary mission, it was decided to adapt the FDM to craft the 
COver Mechanism (COM) for JANUS. 

The main functional and environmental requirements for JANUS' cover mechanism are in fact 
similar: protection of optics and detectors from sunlight and contamination, offer different 
positions for various flight conditions (closed-locked for launch, closed-not locked for cruise, 
open-locked for observation and calibration. Reliability and single-point failure tolerance is also 
obviously required, as it is the case for all instrument covers, as already discussed. 

The main differences in the design of JANUS' COver Mechanism (COM) compared to 
ROSETTA's FDM are as follows.  

Some geometric parameters needed adjustment such as the arm size and the body height and a 
partial redesign of the fail safe system. The geometry of the internal cams was also optimised for 
minimal resistant torque. Moreover, the material for the sealing under the door has been modified, 
while maintaining the same goals of dust and light tightness and vibration damping. 

Fig. 3 shows the JANUS COM subsystem final design and flight model.  
 

 
Figure 3 :  COM subsystem and its components in rendering (left), flight model (centre), 

during vibration tests (right). 
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The JANUS COM successfully underwent the full qualification campaign maintaining its 
functional performance unaltered. It has been successfully integrated in JANUS instrument and 
onboard JUICE satellite and successfully launched in April 2023. 

Conclusions 
The innovative design of the cover system developed for the protection of the telescopes of the 
OSIRIS experiment of the ROSETTA mission, allowed a variety of options in its utilisation, from 
full dust and light tightness, to just partial detachment from the baffle surface and also provided 
the reference surface for internal calibration of the instrument.  

Its reliability and robustness in wide range of operative conditions has been the main focus due 
to the extreme criticality of its potential failure, and it has been demonstrated during the entire 
mission  
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Abstract. This paper presents a study on a new tuneable material for vibration control purposes. 
The material is formed by a structured fabric wrapped in a deflated bag. The fabric is made of an 
interwoven mesh of rigid truss-like particles. The vacuum inside the casing produces a jamming 
effect. Hence, the elasticity and damping of the packaged fabric can be tuned by changing the level 
of vacuum in the bag. This material can be conveniently employed to develop new vibration 
control treatments and devices. In this respect, the paper first presents the tests carried out with a 
six-point bending machine to characterise the static and dynamic stiffness of the material as well 
as its damping properties. Then it demonstrates an application, where the material is used as a 
tuneable vibration absorber.  

Introduction 
The material considered in this paper presents is formed by a structured fabric wrapped in a 
vacuum casing [1]. The fabric is made by an interwoven mesh of rigid truss-like particles, which 
forms a loose flexible construction, such as for example a chain mail armour. The fabric is 
packaged into a deflated plastic bag, whose level of vacuum is controlled online with a micro-
compressor. The vacuum generated inside the casing produces a jamming effect, which results 
from both interlocking and friction between neighbouring particles [2]. In this way, the elasticity 
and damping of the packaged fabric can be conveniently tuned by changing the level of vacuum 
in the case. The result is thus a tuneable lightweight material, which can be effectively employed 
to develop new treatments, e.g., tuneable liners, and devices, e.g., Tuneable Vibration Absorbers 
(TVA), for passive and semi-active vibration and noise control [3,4].  

Material layouts and test facilities 
This paper presents two types of experiments on prototype beam-like in-vacuo structured fabrics, 
which, as shown in Fig. 1 and summarised in Table 1, encompass either single- or double-mails 
made with cubic, octahedral, spheric truss-like particles. As shown in Fig. 2a, In the first 
experiment, the beam-like in-vacuo fabrics are pinned at the two ends and excited in the middle 
by a shaker via a pinning jaw such that they work as pinned beams excited in bending. As shown 
in Fig. 2b, in the second experiment, the beam-like in-vacuo fabrics are mounted on a shaker such 
that they work as “flapping vibration absorbers”. Table 1 summarises the principal properties of 
the structured fabrics analysed in this study. 
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Fig. 1 structured fabrics made with (a) cubic, (b) spherical octahedral, (c) octahedral chain 

mails. (d) Beam specimen made by the fabric in a deflated bag. 

 
Table 1: Prototyped structured fabrics studied in this paper with dimensions and weight 

Name Geometry Width 
(mm) 

Length 
(mm) 

Thickness 
(mm) 

Mass 
(g) 

Spheres 
 

100 210 10 49 

Octahedra 
 

110 240 15 62 

Cubes 
 

110 190 15 39 

 

 

  

 

 
Fig. 2 (a) Six points bending machine with the tested beam specimen. (b) tuneable structured 

fabric vibration absorber mounted on a shaker vibration source. 

Mechanical properties  
Figure 3a shows the modulus and phase of the dynamic stiffness measured with the six-point 
bending machine with respect to the vacuum pressure in the deflated bag with the cubic structured 

(a) (b) 
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fabric. The plot shows the typical spectrum of the middle point dynamic stiffness of a simply 
supported beam, which is characterised by a stiffness-like asymptotic response at low frequencies 
and a mass-like asymptotic response at high frequencies. At mid frequencies there is a sharp 
resonance through due indeed to the resonant response of the fundamental bending mode of the 
beam specimen. The graph shows that the vacuum shifts to higher frequencies the static bending 
stiffness of the material but has no effect on its apparent mass. As a result, it shifts to higher 
frequency the fundamental resonance too. Indeed, the graph in Figure 3b shows that, when pressure 
is increased from 5 kPa to 80 kPa, the resonance frequency of the specimens grows by about 20% 
to 25%. Also, the specimens with double layer fabrics have about 50 % to 100 % higher resonance 
frequency than their single layer counterparts. In general, the specimens encompassing the fabrics 
made with cubic grains show the highest bending stiffness and thus the highest, and widest, 
resonance frequency ranges. The graph in Figure 3c indicates that the loss factor of the specimens, 
derived with the half power bandwidth method at the first resonance frequency, are characterised 
by quite similar values for the three types of fabrics, which are confined between 5 % and 7 % for 
the single layer configuration and between 5.5 % and 9 % for the double-layer configuration.  
 

 
Fig. 3 Dynamic stiffness frequency response function (a) and resonance (b), loss factor (c) 

parameters with respect to the vacuum pressure. 

Tunable Vibration Absorber 
The beam specimen can be suitably used to construct a TVA. For instance, Fig. 2b shows a 
prototype device, which is mounted on the vibration table of a big shaker. In this case, the 
structured fabrics are insert in a fully sealed plastic bag, which is equipped in the middle span with 
a sealed inlet port built in plastic using 3D printing technology. In this way the in vacuo structured 
fabric acted as a two-arms beam clamped in the middle span to the inlet port, which acts as a post 
too. Indeed, the inlet port was designed in such a way as it served both as a connector for the 
vacuum tube and as a mechanical joint to fix the two-arms in-vacuo structured fabric beam to the 
hosting mechanical system. The vacuum was generated with an off the shelf pump and a simple 
circuit encompassing two valves and a vacuum gauge.  
 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 731-735  https://doi.org/10.21741/9781644902813-156 
 

 
734 

  
Figure 4: Impedance response for cubes assembled with one (a) or two (b) overlapped layers. 

 

  

Figure 5: Measured resonance frequency of the tuneable structured fabrics assembled with one 
(a) or two (b) overlapped layers. Magenta for spheres, blue for octahedra and green for cubes. 

 
Figure 4 shows the modulus and phase of the base impedance measured on the specimens 

encompassing either a single (left hand side plots) or a double (right hand side plots) cubic fabric 
vibration absorber with reference to vacuum pressure that grows from 5 kPa to 80 kPa. The spectra 
show the typical base impedance of a seismic mass connected to a base mass via a spring damper 
lumped element. Indeed, at low frequencies the spectrum is characterised by a modulus that rises 
proportionally to the circular frequency and a constant phase value of about +90°. There is then a 
resonance peak followed by an antiresonance through, with the phase that initially falls down to 
−90° and then recovers to +90°. At higher frequencies the spectrum shows again a modulus that 
rises proportionally to the circular frequency and a phase that maintains the +90° value. All this 
indicates that at low and high frequencies the device presents a mass effect. More precisely, 
measurements taken with the accelerometers have shown that at low frequencies the in-vacuo 
structured fabric beam behaves as a solid body together with the junction component, with 
negligible flapping effects. Therefore, the base impedance is given by the whole mass of the beam 
and base component. Alternatively, at higher frequencies, despite the base vibrations, the two ends 
of the in-vacuo structured fabric are characterised by little vibrations such that the base impedance 
is controlled by the mass of the base component. At resonance frequency the two ends of the in-
vacuo structured fabric display large counter oscillations to the base oscillations, which generate 
the desired vibration absorption effect. The extent of these oscillations is controlled by the damping 
of the in-vacuo structured beam. Normally, to counteract harmonic vibrations, the vibration 
absorber is tuned in such a way as it resonates at the tonal disturbance and its damping is kept to 
the minimum possible value such that the hosting structure faces a large impedance load. 
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Alternatively, for broadband vibrations the vibration absorber is tuned in such a way it resonates 
at the resonance frequency of the hosting system, but in this case the damping is brought up such 
that the double resonant response of the combined hosting structure-TVA modes is optimally 
dampened.  

Overall, the graphs shown in Fig. 5 indicates that the resonance frequency of the TVAs can 
be suitably shifted to higher/lower values by increasing/lowering the level of vacuum in the bags. 
For the 5 to 80 kPa pressure range, the single layer TVAs are characterised by resonance 
frequencies comprised between 60-85 Hz (cube grains), 25-30 Hz (sphere grains), 30-40 Hz 
(octahedra grins). Alternatively, the double layer TVAs are characterised by resonance frequencies 
comprised between 80-125 Hz (cube grains), 50-65 Hz (sphere grains), 45-60 Hz (octahedra 
grains). This confirms that the resonance frequency of the TVAs can be suitably tuned over 
significant ranges by varying the vacuum pressure. Moreover, these ranges can be further enlarged 
by adopting multiple layers with combinations of different grains. 

Summary 
The experiments presented in this paper have shown that the bending stiffness of the in vacuo 
structured fabric beams can be suitably varied by changing the vacuum pressure in the bag. This 
effect depends on the type of elementary truss grains of the fabric and on the number of layers 
wrapped in the bag. For instance, the cubic and octahedral fabrics offers the highest bending 
stiffness respectively for the single- and double-layer configurations. When the vacuum pressure 
is raised from 5 to 80 kPa, the stiffness of two-layers cubic fabric beam is doubled. Also, the double 
layer octahedral structured fabric shows 5 times higher stiffness than the single layer one. These 
properties can be suitably employed to shift the resonance frequency of the fundamental flapping 
flexural mode when the in vacuo structured fabric is operated as a vibration absorber. For instance, 
the study has shown that, for 5 to 80 kPa pressure range, the resonance frequency of either the 
single- or double-layer vibration absorbers can be increased by 30% to 40%. Also, the resonance 
frequency of the double layer vibration absorbers is about 50% higher than that of the single layer 
absorber. 
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Abstract. The use of wind tunnels for studying the vibrational response of structures subjected to 
turbulent flows presents various challenges, such as background noise and complex setup 
requirements. This work introduces an alternative experimental method called X-PEDEm 
(eXperimental Pseudo-Equivalent Deterministic Excitation) that aims to reproduce an equivalent 
structural response to a Turbulent Boundary Layer (TBL) excitation without the need for a wind 
tunnel. X-PEDEm involves coupling the experimental acquisition of the structure's vibrational 
response with deterministic forces, such as an impulse force from a hammer, followed by post-
processing. The method has been validated for different boundary conditions and flow speeds, 
offering versatility in recreating various types of TBL. While not an exact reproduction of turbulent 
flow-induced responses, X-PEDEm provides an optimal approximation with low time and 
resource requirements, making it easy to implement experimentally. 

Introduction 
In the field of transportation vehicle design and production, such as aircraft, ships, trains, and 
automobiles, there is ongoing research on the sound emissions caused by the interaction between 
fluids and structures. A key area of focus is predicting how structures respond to Wall-Pressure 
Fluctuations (WPFs) generated by a Turbulent Boundary Layer (TBL). 

Currently, researchers rely on semi-empirical models, often represented as 2-points Cross-
Spectral Density (CSD) functions like the Corcos model [1]. However, these models can be 
computationally intensive when applied in Finite Element Analysis (FEA) and have limitations in 
representing responses across a broad frequency range [2]. Consequently, there is a growing 
interest in alternative experimental methods for predicting the structural response to TBL 
excitation. Many researchers have used loudspeakers as a means to reproduce a TBL-like pressure 
field, but this approach can also present challenges [3, 4]. 

In this study, the authors aim to experimentally validate an alternative method based on the 
Pseudo-Equivalent Deterministic Excitation method (PEDEm) [5]. The potential of PEDEm and 
its numerical validation for experimental purposes have been previously presented [6]. Here, the 
focus is on experimentally validating the application of PEDEm, referred to as X-PEDEm, 
considering different sample panels under different boundary conditions and subjected to TBL 
excitation at various flow velocities. 
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Background theory and methodology 
Leaving the reader free to explore how PEDEm was created and developed [5, 6], here the main 
formulations are presented in Eq. 1-3 and discussed. 
 

[SFF(ω)] = ∑ di(ω)�Θ(i)��Θ(i)�
TNG

i=1   
 

(1) 
 

{w(ω, i)} = [Φ][H(ω)][Φ]T�Θ(i)��di(ω)  
 

(2) 
 

[SWW(ω)] = ∑ {w(ω, i)}∗{w(ω, i)}TNG
i=1   

 
(3) 

 
PEDEm is based on the reformulation of the CSD displacement matrix [SWW(ω)] as shown in Eq. 
2 and Eq. 3 by considering the modal decomposition of the CSD load matrix [SFF(ω)] in 
eigenvectors �Θ(i)� and eigenvalues di(ω) as expressed in Eq. 1. In particular, PEDEm considers 
two asymptotic behaviors of these eigensolutions: 

• in a low frequency (LF) domain, the eigensolutions represent a spatial distribution totally 
correlated, for which the eigenvector matrix [Θ] is an all-1 matrix and only the first 
eigenvalue is non-null;  

• in a high frequency (HF) domain, the eigensolutions represent a spatial distribution totally 
uncorrelated, for which the eigenvector matrix is an identity matrix, and all eigenvalues are 
equal and non-null. 

X-PEDEm uses the same equations and the same asymptotic behaviors of PEDEm for the post-
processing phase of experimental data that can be obtained with an easy experimental campaign 
as a hammer test. Indeed, X-PEDEm requires just the acquisition of the experimental Frequency 
Response Functions (FRFs) between acquisition points and excitation points. The acquisition 
points can be chosen randomly, and they should not be less than five, while the excitation points 
must respect the position configuration shown in Fig. 1a and they should not be less than ten.  

 

 
(a) 

 

 
(b) 

Fig. 1 – Selection of acquisition points (red circles) and excitation points (blue crosses) over 
the structural mesh of sample panel “PAN_A”. (a) Numerical mesh; (b) experimental mesh. 

Experimental method validation  
X-PEDEm has been experimentally validated with a hammer test campaign performed over three 
different sample panels, for three different boundary conditions and for different flow velocities. 
For a matter of space, only the results for panel “PAN_A” (Fig. 1b), with totally free edges as 
boundary conditions, are here shown in Fig. 2. The numerical FSR is here considered as reference 
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solution and it is calculated by using the Corcos model [1] with the following empirical coefficients 
values: αx = 0.116, αy = 0.700 and Uc = 0.8U0. X-PEDEm, on the other hand, has been 
evaluated by using the experimental FRFs collected during the hammer test campain by 
considering the acquisition and excitation points shown in Fig. 1b. The numerical formulation of 
X-PEDEm, developed with a MATLAB© code, is shown too for further validation. It is possible 
to appreciate how X-PEDEm (numerical and experimental) is able to follow the numerical FSR 
solution for three different flow velocities U0. With the increase of U0, the convective coincidence 
frequency fc increases too. fc is used as approximated indicator to establish which asymptotic 
behavior one should refer to: below the fc, the asymptotic behaviour for LF domain is considered, 
while above fc, it is chosen the asymptotic behavior for HF domain. 
 

 
(a) 

 
(b) 

  
(c) 

Fig. 2 – Comparison between the FSR calculated with Corcos model (solid black line), 
numerical X-PEDEm solution (dashed line) and experimental X-PEDEm obtained with a 

hammer test (dotted line); blue color for X-PEDEm in the LF domain, red color for X-PEDEm 
in the HF domain. (a) Solution for 𝑈𝑈0 = 25 m/s; (b) solution for 𝑈𝑈0 = 75 m/s; (c) solution for 

𝑈𝑈0 = 125 m/s. 

Conclusions 
X-PEDEm proves to be valid as alternative experimental method for the reproduction of the 
structural response to a TBL excitation. It can be performed with an easy experimental set-up and 
with fast post-processing of the experimental data. It ensures versatility for what concerning type 
of panels, boundary conditions and asymptotic flow velocities. It may be pointed out that a hammer 
test is not able to maintain reliable FRFs in a broadband frequency region, but X-PEDEm can be 
performed with different experimental tools, as for example a shaker. 
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Nevertheless, there are still some open issues: 
• It is important to find an accurate indicator that establish the frequency limits for the two 

asymptotic behaviors. 
• A direct comparison between the experimental results obtained in a wind tunnel and the 

ones obtained with X-PEDEm is required for a final validation of the method. 
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Abstract. Anthropogenic noise from navigation is a major contributor to the disturbance of the 
acoustic soundscape in underwater environments. The noise generated by ship’s machinery 
exhibits energetic tonal harmonic peaks at multiples of the rotating and firing frequency, that occur 
in the 20-200 Hz frequency range and difficult to control with classical soundproofing materials. 
Quarter wavelength tubes (QWT) can be a concrete solution since their absorption peaks are 
harmonic odd integers of the first resonance frequency. The main issue of QWT is their tuning 
length, which equals 1.43 m for a 60 Hz resonator. The problem is solved by coiling the tube into 
a labyrinth. Three labyrinth quarter wavelength tubes are tuned respectively at 60, 90 and 120 Hz. 
Samples are printed with filament 3D additive manufacturing techniques using PLA and tested 
with a square impedance tube designed for low-frequency measurements. Measurement results are 
in good agreement with analytical and numerical predictions. An array including four 60 Hz, four 
90 Hz and four 120 Hz labyrinths QWTs is finally tested.  

Introduction 
The most important source of noise of an internal combustion engine powered vehicle or 
equipment is usually the engine itself. The sound disturbance produced by a ship is dominated by 
machinery noise at low speed, and by cavitation and propeller noise at higher speeds. 
The low frequency spectrum of the noise produced by an internal combustion engine is dominated 
by the engine rotating and firing frequencies and the associated harmonics [1]. Most of the internal 
combustion engines are four-stroke engines and those will be under consideration in this work. 
The explosion frequency 𝑓𝑓𝑒𝑒𝑒𝑒 of a four-stroke engine with 𝑁𝑁 cylinders at a given speed 𝑟𝑟𝑟𝑟𝑟𝑟 can be 
calculated following: 

𝑓𝑓𝑒𝑒𝑒𝑒 =
𝑁𝑁
2
𝑟𝑟𝑟𝑟𝑟𝑟
60

, ( 1 ) 

Let's take as an example a diesel engine that is a 6 cylinder - 4 stroke engine. With symmetric 
firings, 6 explosions occur on a complete cycle (two crankshaft rotations, and thus three ignition 
events occur per crankshaft revolution). Vibration measurements were conducted on a CAT C9 
diesel engine at Innovation Maritime. With an average rotation speed of 1800 rpm, the engine 
exhibits an explosion frequency 𝑓𝑓𝑒𝑒𝑒𝑒 = 90 Hz. This frequency and its harmonics (multiples of 𝑓𝑓𝑒𝑒𝑒𝑒) 
are generally the most energetic peaks in the noise and spectrum spectra. The two other important 
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noise generation mechanisms are those associated with the rotation frequency of the crankshaft (in 
this case, 

𝑟𝑟𝑟𝑟𝑟𝑟
60

= 30 Hz) and those generated by the ignition imperfections or unbalance on a 

complete cycle (typically half of the rotation frequency, 
1
2
⋅ 𝑟𝑟𝑟𝑟𝑟𝑟
60

= 15 Hz). In Figure 1, significant 

peaks are identified each 15 Hz with a dominance at  𝑓𝑓𝑒𝑒𝑒𝑒 and its harmonics. This frequency 
spectrum is common to diesel engines used in the marine industry. Quarter wavelength tubes could 
be an efficient solution to limit this disturbance. Indeed, a quarter wavelength tube (QWT) is an 
open-closed tube (Figure 2a) that has resonant frequencies 𝑓𝑓𝑞𝑞𝑞𝑞𝑞𝑞 when the tube length 𝐿𝐿 is an odd-
integer multiple of the quarter of the acoustic wavelength λ = 𝑐𝑐0/𝑓𝑓: 

At their successive harmonic resonances, large sound absorption can be achieved, above all for 
the first harmonics. This behavior is well adapted to the defined problem of reducing the harmonic 
noise generated by reciprocating engines. One issue is related to the required length for a QWT. 
To cope with this, the QWT is stretched into a labyrinth (Figure 2b) or following a spiral path, 
depending on the application, which guarantees similar sound absorption properties compared with 
a straight tube.  

Theory and numerical implementation for labyrinth resonators 
The acoustic impedance of a labyrinth resonator (LR) is studied according to the analytical 
approach proposed by Magnani et al. [2], where the labyrinth resonator is evaluated as a perforated 
plate followed by a QWT. The QWT of length 𝑳𝑳 has an impedance equal to  
𝒁𝒁𝑸𝑸𝑸𝑸𝑸𝑸 = −𝒋𝒋𝒁𝒁𝒆𝒆𝒆𝒆𝒆𝒆𝐜𝐜𝐜𝐜𝐜𝐜 (𝒌𝒌𝒆𝒆𝒆𝒆𝒆𝒆𝑳𝑳𝒆𝒆𝒆𝒆𝒆𝒆), based on Low Reduced Frequency theory (LRF) [3], which 
studies the sound wave propagation with a lossy Helmholtz equation which takes into account 
viscous and thermal dissipation by modelling the effective density 𝝆𝝆𝒆𝒆𝒆𝒆𝒆𝒆 and speed of sound 𝒄𝒄𝒆𝒆𝒆𝒆𝒆𝒆, 
and consequently the effective impedance  𝒁𝒁𝒆𝒆𝒆𝒆𝒆𝒆 = 𝝆𝝆𝒆𝒆𝒆𝒆𝒆𝒆𝒄𝒄𝒆𝒆𝒆𝒆𝒆𝒆 and the effective wavenumber 𝒌𝒌𝒆𝒆𝒆𝒆𝒆𝒆 =
𝝎𝝎/𝒄𝒄𝒆𝒆𝒆𝒆𝒆𝒆. 𝑳𝑳𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑳𝑳 − (𝟒𝟒 − 𝝅𝝅) 𝒅𝒅

𝟐𝟐
(𝒏𝒏 − 𝟏𝟏) is the effective length to tune a labyrinth resonator, with 

𝒏𝒏 number of branches and 𝒅𝒅 width of the channel [4]. 

𝑓𝑓𝑞𝑞𝑞𝑞𝑞𝑞 =
(2𝑟𝑟− 1)𝑐𝑐0

4𝐿𝐿
. 𝒎𝒎 =  𝟏𝟏,𝟐𝟐,𝟑𝟑… ( 2 ) 

Figure 1: Result of a vibration measurement conducted on the crankshaft axis of a C9 diesel 
engine. The yellow triangles indicate the firing frequency of the pistons (90 Hz), as well as its 

first harmonic (180 Hz). 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 740-743  https://doi.org/10.21741/9781644902813-158 
 

 
742 

The plate of thickness 𝒕𝒕𝒅𝒅 with the square inlet hole of side-length 𝒅𝒅 is defined through Johnson-
Champoux-Allard (JCA) approach [5]. The impedance of the labyrinth resonator 𝒁𝒁𝑳𝑳𝑳𝑳 is: 

where 𝑍𝑍𝑑𝑑𝐽𝐽𝐽𝐽𝐽𝐽 = ρ𝐽𝐽𝐽𝐽𝐽𝐽𝑐𝑐𝐽𝐽𝐽𝐽𝐽𝐽 and  𝑘𝑘𝑑𝑑𝐽𝐽𝐽𝐽𝐽𝐽 = ω/𝑐𝑐𝐽𝐽𝐽𝐽𝐽𝐽 are respectively the impedance and the complex 

wavenumber of the perforated plate, with 𝑐𝑐𝐽𝐽𝐽𝐽𝐽𝐽 = �𝐾𝐾𝐽𝐽𝐽𝐽𝐽𝐽/ρ𝐽𝐽𝐽𝐽𝐽𝐽, 𝜌𝜌𝐽𝐽𝐽𝐽𝐽𝐽 and 𝐾𝐾𝐽𝐽𝐽𝐽𝐽𝐽 effective speed of 
sound, density and bulk modulus. 𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑞𝑞 = 𝐴𝐴ℎ𝑜𝑜𝑖𝑖𝑒𝑒/𝐴𝐴𝑟𝑟𝑖𝑖𝑝𝑝𝑞𝑞𝑒𝑒 is the perforatio ratio between the hole 
area and the plate area. Labyrinth resonators are positioned inside a box to have several peaks at 
the desired frequencies. According to the electro-acoustic analogy, this implies that the impedance 
of the global system 𝑍𝑍𝑞𝑞𝑜𝑜𝑞𝑞 and the sound absorption coefficient 𝛼𝛼𝑞𝑞ℎ𝑒𝑒𝑜𝑜𝑟𝑟𝑒𝑒 are respectively: 

𝑍𝑍𝑞𝑞𝑜𝑜𝑞𝑞 = ��
1

𝑍𝑍𝐿𝐿𝐿𝐿,𝑖𝑖

𝑁𝑁

𝑖𝑖=1

�

−1

 𝛼𝛼𝑞𝑞ℎ𝑒𝑒𝑜𝑜𝑟𝑟𝑒𝑒 =
4𝑅𝑅𝑅𝑅(𝑍𝑍𝑞𝑞𝑜𝑜𝑞𝑞/𝑍𝑍0)

|𝑍𝑍𝑞𝑞𝑜𝑜𝑞𝑞/𝑍𝑍0|2 + 2𝑅𝑅𝑅𝑅(𝑍𝑍𝑞𝑞𝑜𝑜𝑞𝑞/𝑍𝑍0) + 1
 ( 4 ) 

The sound absorption of the box is experimentally evaluated with a 1 ft x 1 ft impedance tube: 
a speaker placed at one end of the tube excites it with a normal plane wave radiation, and the 
sample is placed at the opposite end, backed by a rigid wall. Two microphones separated by a 
distance 𝑠𝑠 evaluate sound pressure in the tube, with 𝑃𝑃2 at a distance 𝑥𝑥2 respect to the sample, and 
𝑃𝑃1 at a distance 𝑥𝑥1 = 𝑥𝑥2 + 𝑠𝑠 . The sound absorption coefficient under normal incidence is 
estimated according to the ISO 10534-2 1998 standard. Numerical simulations mimic this 
experimental measurement. Analyses are made with COMSOL Multiphysics, Pressure Acoustics 
Module, with the impedance tube and labyrinth walls considered as rigid.  

Results 
Three labyrinth resonators are modelled with their fundamental resonance peak at 60, 90, 120 Hz, 
and 3D printed to form a box with multiple resonators to have high sound absorption at 60, 90, 
120 and 180 Hz. The latter is the second harmonic of the 60 Hz labyrinth. Their height (thickness 
of the sample) is fixed at 100 mm, to place them in a limited space. The 60 Hz labyrinth has lateral 
dimension of 97 mm times 97 mm, the 90 Hz has lateral dimension of 145 mm times 49 mm, and 
the 120 Hz has lateral dimension of 73 mm times 73 mm. A wooden box is designed to include all 
the resonators is a single unit of 1 foot by 1 foot area, that can be directly installed inside the 
impedance tube (of 1 foot by 1 foot square section), with four 60 Hz, four 90 Hz and four 120 Hz 
LRs (Figure 3a). In Figure 3b), the experimental sound absorption coefficient of the box with 
multiple resonators is plotted, comparing it with theory and simulation. Resonances are clearly 
distinguished even for experiments, with the sound absorption at each peak always bigger than 0.7 

𝑍𝑍𝐿𝐿𝐿𝐿 =
1

𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑞𝑞
�𝑍𝑍𝑑𝑑,𝐽𝐽𝐽𝐽𝐽𝐽

−𝑗𝑗𝑍𝑍𝑄𝑄𝑄𝑄𝑄𝑄 cot�𝑘𝑘𝑑𝑑,𝐽𝐽𝐽𝐽𝐽𝐽𝑡𝑡𝑑𝑑� + 𝑍𝑍𝑑𝑑,𝐽𝐽𝐽𝐽𝐽𝐽

𝑍𝑍𝑄𝑄𝑄𝑄𝑄𝑄 − 𝑗𝑗𝑍𝑍𝑑𝑑,𝐽𝐽𝐽𝐽𝐽𝐽 cot�𝑘𝑘𝑑𝑑,𝐽𝐽𝐽𝐽𝐽𝐽𝑡𝑡𝑑𝑑�
�, ( 3 ) 

Figure 2: a) Quarter wavelength tube excited by a plane wave radiation (PWR); b) labyrinth 
resonator excited by a PWR. 
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up to 500 Hz. Each tone is at its precise tuned frequency. In addition, their combination gives non-
zero absorption in the entire frequency range studied. 

Conclusion 
The multi-resonator box shows convincing sound absorption properties and opens interesting 
perspectives. Experimental results are compared with analytical and numerical methods: the 
experimental peaks appear at the predicted frequencies, with an amplitude difference that can be 
attributed to the rigid wall hypothesis. Future developments will be pursued with an experimental 
campaign, in a water basin or ideally in the engine cabin of a ship.  

 

 

Figure 3: a) Picture of the multi-resonators box; b) Sound absorption of the labyrinth 
resonator box excited by a normally incident plane wave – comparison of analytical, 

numerical, and experimental results. 
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Abstract. The Shock Response Spectrum (SRS) is a widely used tool for analyzing and 
characterizing the response of mechanical systems to shock and transient events. In the aerospace 
industry, the SRS is used to compute the severity of the shock event on the electrical and optical 
equipment of a spacecraft. However, the SRS only provides magnitude information and does not 
retain temporal or phase information. Moving to the time domain is not a straightforward process 
because a time history has a unique SRS, but the converse is not true. Therefore, it is challenging 
to find the right time history that reproduces an SRS when simulating a given input profile using 
pyrotechnic devices or when computing the response to a shock input profile in the time-domain. 
For a given SRS an infinite combination of time pulses is possible. Synthesizing an SRS involves 
recovering a time-domain pulse that can accurately replicate the given SRS. There are many 
methods which are already widely utilized in the aerospace industry, including the use of damped 
sinusoids, enveloped sinusoids and wavelets. In this paper we compare different techniques, with 
the objective of identifying the most suitable method based on the considered frequency range and 
type of impulse. The case study under consideration is an SRS input profile corresponding to a 
real industrial case. Three artificial SRS accelerations have been generated to replicate the input, 
and the percentage errors of each method in comparison to the reference signal have been assessed. 
Further development will involve the use of optimization algorithms to generate the SRS profile 
with the smallest possible error.  

Introduction 
One of the most significant challenges in the space industry is the design and testing of aerospace 
structures and systems for reliable and safe operation in harsh environments, including the sudden 
and impulsive loads occurring during the launch phase. The most intense events are commonly 
caused by pyrotechnic devices actuating at the base of the spacecraft. The firing of these devices 
results in impulsive loads characterized by high peak acceleration, high-frequency content, and 
short duration. This poses a significant threat to the reliability and safety of electrical and optical 
components of the spacecraft, which are sensitive to high frequency loads. To demonstrate its 
compliance to shock requirements, the structure has to be tested by applying the shock load on the 
base interface. The accepted standard for implicit description of the pyroshock environment is the 
Shock Response Spectrum (SRS), which is a useful tool for estimating the damage potential of the 
shock pulse and for test level specification. The SRS finds its first applications in the 50’s by the 
seismic and aerospace community. An SRS is generated by plotting in the frequency domain the 
peak response of a series of Single Degree of Freedom (SDoF) oscillating systems subjected to the 
same transient base acceleration input. The damping is usually assumed to be 5% (Q=10), while 
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the natural frequency of each SDoF system is chosen to be different. The primary limitation of the 
SRS is its inability to provide temporal or phase information, as it only gives magnitude 
information. As a result, when subjecting a structure to electro-dynamic shaker testing for shock 
qualification, the SRS cannot be directly utilized [1]. Instead, it becomes necessary to synthesize 
an SRS-compatible acceleration time history. A similar challenge arises when analyzing nonlinear 
structures, where a modal approach is not feasible, and a modal transient analysis must be 
conducted to account for the phase among the peak responses of individual modes. 

The aforementioned waveform can be obtained using a series of sinusoids [1,2] or wavelets [3], 
tailored to resemble an actual pyrotechnic shock pulse.  

Shock Response Spectrum Synthesis 
While a unique impulse in the time domain corresponds to a specific SRS, the opposite is not true. 
In fact, an SRS corresponds to an infinite number of possible pulses. As a result, there are several 
techniques available to obtain SRS-compatible acceleration time history. In this work we will 
investigate the accuracy of SRS synthesis throughout the summation of damped sines, enveloped 
sines and wavelets. 

Wavelets. A wavelet is a discrete waveform of limited duration that is suited for approximating 
data with sharp discontinuities [4]. The original signal can be reconstructed as a summation of a 
set of wavelets with specified parameters. The equation of a single wavelet 𝑊𝑊𝑚𝑚(𝑡𝑡) is: 

 

𝑊𝑊𝑚𝑚(𝑡𝑡) =

⎩
⎪
⎨

⎪
⎧ 0,   for 𝑡𝑡 < 𝑡𝑡𝑑𝑑𝑚𝑚
𝐴𝐴𝑚𝑚 sin �2𝜋𝜋𝑓𝑓𝑚𝑚

𝑁𝑁𝑚𝑚
(𝑡𝑡 − 𝑡𝑡𝑑𝑑𝑚𝑚)� sin[2𝜋𝜋𝑓𝑓𝑚𝑚(𝑡𝑡 − 𝑡𝑡𝑑𝑑𝑚𝑚)] ,   for 𝑡𝑡𝑑𝑑𝑚𝑚 ≤ 𝑡𝑡 ≤ �𝑡𝑡𝑑𝑑𝑚𝑚 + 𝑁𝑁𝑚𝑚

2𝑓𝑓𝑚𝑚
�

0,   for 𝑡𝑡 > �𝑡𝑡𝑑𝑑𝑚𝑚 + 𝑁𝑁𝑚𝑚
2𝑓𝑓𝑚𝑚

�
.  (1) 

 
A discrete wavelet has a sinusoidal motion with a finite and odd number of half sine oscillations 

𝑁𝑁𝑚𝑚 with unique parameters for frequency 𝑓𝑓𝑚𝑚, amplitude 𝐴𝐴𝑚𝑚 and time delay 𝑡𝑡𝑑𝑑𝑚𝑚.  
Damped sinusoids. The sinusoid approach shows a difference in the way the rise, peak and 

decay of the waveform is controlled, compared to the previously presented method. In this case 
the parameters to control are slightly different: 

 

𝑊𝑊𝑚𝑚(𝑡𝑡) = �
0,   for 𝑡𝑡 < 𝑡𝑡𝑑𝑑𝑚𝑚

𝐴𝐴𝑚𝑚𝑒𝑒−𝜉𝜉𝑚𝑚2𝜋𝜋𝑓𝑓𝑚𝑚(𝑡𝑡−𝑡𝑡𝑑𝑑𝑚𝑚) sin �2𝜋𝜋𝑓𝑓𝑚𝑚
𝑁𝑁𝑚𝑚

(𝑡𝑡 − 𝑡𝑡𝑑𝑑𝑚𝑚)� sin[2𝜋𝜋𝑓𝑓𝑚𝑚(𝑡𝑡 − 𝑡𝑡𝑑𝑑𝑚𝑚)] ,   for  𝑡𝑡 ≥ 𝑡𝑡𝑑𝑑𝑚𝑚
.  (2) 

 
It can be noted an extra term 𝜉𝜉𝑚𝑚, that is the damped sinusoid damping ratio. 
Enveloped sinusoids. The enveloped sinusoids with random phase angles approach is similar 

to the one of damped sinusoids. The equation for enveloped sinusoids is given by: 
 
 
𝑊𝑊𝑚𝑚(𝑡𝑡) = 𝐸𝐸(𝑡𝑡)𝐴𝐴𝑚𝑚 sin(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡 + 𝜑𝜑𝑚𝑚).                                                                                      (3) 
 

Where 𝜑𝜑𝑚𝑚 are random phase angles for each frequency n. The rise, plateau and decay of 𝑊𝑊𝑚𝑚(𝑡𝑡) is 
controlled by an envelope function 𝐸𝐸(𝑡𝑡) rather than damping.  

For all the three methods, iterations for the parameters of a set of m waveforms a time t yield a 
synthesized acceleration that is expressed as: 
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�̈�𝑥(𝑡𝑡) = ∑ 𝑊𝑊𝑚𝑚(𝑡𝑡)𝑁𝑁𝑚𝑚
𝑚𝑚=1 .  (4) 

An example of a synthetized time history from the SRS input in Table 1 with a duration of  T= 
0.06 s  can be seen in Fig.1. 

Table 1. Shock load input 

Frequency [Hz] Amplitude [g] 
100 56 
1000 2820 
10000 2820 

(a)

(b) 

(c) 
Figure 1. Reconstructed time history of a shock input with (a) wavelets, (b) damped sines, (c) 

enveloped sines 

The synthetized accelerations have been converted to SRS and compared to the reference input 
as shown in Figure 2.  

 
2. Synthetized SRS comparison 
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Table 2. Synthesis correlation coefficient 

 

 
Furthermore, the Synthesis Correlation Coefficient (𝐶𝐶𝐶𝐶𝐶𝐶) [5] in Table 2 has been computed in 

low, middle and high frequency range to compare the efficiency. 

𝐶𝐶𝐶𝐶𝐶𝐶 =
|∑ 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟(𝑓𝑓𝑛𝑛)𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠(𝑓𝑓𝑛𝑛)𝑓𝑓2

𝑓𝑓1
|2

∑ 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟(𝑓𝑓𝑛𝑛)2𝑓𝑓2
𝑓𝑓1

 ∑ 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠(𝑓𝑓𝑛𝑛)2𝑓𝑓2
𝑓𝑓1

.  (5) 

Where 𝑆𝑆𝐶𝐶𝑆𝑆𝑟𝑟 and 𝑆𝑆𝐶𝐶𝑆𝑆𝑠𝑠 are respectively the reference and synthetized SRS. Globally, a good 
level of accuracy (near the unity) has been achieved. In particular, the enveloped sines method 
seems to be the most effective. It can be observed that the methods are less accurate in the middle 
frequency range (200-1000 Hz).  

Conclusions and future developments 
In conclusion, the investigated techniques, namely the summation of damped sines, enveloped 
sines, and wavelets, have shown good levels of accuracy in reproducing the desired SRS input. 
Further studies should be conducted by exploring different parameter settings and types of input 
profiles to enhance the understanding of these techniques. Additionally, the development of an 
optimization algorithm, such as the least square fitting method or genetic algorithm, should be 
pursued to combine the methods and synthesize a single SRS that minimizes the error and achieves 
a higher level of accuracy. 
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Abstract. In the field of noise and vibrations control inside the cabin, passive noise solutions 
coupled with the development of new unconventional materials, called Acoustic Metamaterials 
(AMMs) can be very promising to stop incoming noise and guarantee the passenger’s comfort 
without an increase in aircraft weight. Within the framework of Carrera’s Unified Formulation 
(CUF), we study the acoustic properties of double pierced AMM plate printed with Fused 
deposition modelling technique (FDM). The influence of several geometrical parameters is 
investigated, such as the size and location of the holes and the perforation ratio. The properties of 
this AMM are derived from vibro-acoustic analyses of the finite element software, Mul2, 
developed by Politecnico di Torino, that exploits the CUF. In order to study the AMM complex 
structure in the CUF framework, the Adaptive finite elements are exploited. This new class of 2D 
elements, recently developed, allows us to model with shell elements the AMM structure, which 
presents several discontinuities in the mid-surface due to the presence of corners and internal 
cavities.   

Introduction 
The problem of noise in commercial aircraft is usually related to the emission of sound waves 
outwards, resulting in noise pollution problems in areas near airports or landing and take-off paths 
[1]. However, noise is also an internal problem of the aircraft, where sound waves follow paths 
internal to the aircraft structures or are generated by sources that are already internal (e.g., the air 
conditioning system) [2]. Internal noise negatively affects the comfort of passengers and crew 
during flight, weakening the competitiveness of the aircraft compared to other methods of travel. 

In order to decrease the amount of noise in the passenger cabin, there are several proposed 
solutions. The simplest solution in terms of both implementation and logic leads to shielding the 
passenger cabin by means of insulating panels in the cavity between the fuselage and the cabin 
panel [3]. In this work, we focus on the low and medium frequencies that are traditionally difficult 
to shield with conventional materials. For this reason, it was decided to use materials with special 
acoustic properties, acoustic metamaterials (AMMs). With AMMs, high absorption coefficients in 
a certain frequency range can be achieved with lightweight structures by using appropriate 
elementary cell geometries repeated periodically in the absorber panel. However, these new 
materials present problems related to the field of numerical analysis compared to the results of the 
current structure. The use of numerical models, the Finite Element Method (FEM) for the low and 
medium frequencies, is essential both in the preliminary stages to have extensive design flexibility, 
but even more in the later stages to study the AMM in the aircraft environment, where the analysis 
is scaled from the characterization of a simple plate to that of several panels in the aircraft fuselage. 
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The major problem is in the process of numerical homogenization of the AMM, which brings 
with it the hypothesis of a perfect repetition of the elementary cell. Small manufacturing errors can 
lead to significant differences between experimental and numerical results. To avoid this problem, 
the following work has chosen to use an AMM produced with additive printing based on literature 
[4], that can guarantee high precision in the production of the AMM and the study of a geometry 
difficult to obtain with conventional production methods. 

A second problem is the numerical method used in the finite element field to solve the vibro-
acoustic problem. Indeed, as will be further described, the proposed AMM has internal cavities 
pierced with the presence of double fluid-structure interfaces that would require the use of solid 
elements with conventional FEM methods. In order to avoid an excessive number of Degrees of 
Freedom (DoF) without losing accuracy, Carrera's Unified Formulation (CUF) has been chosen 
[5], which allows us to exploit different theories for plates, both Equivalent Single Layer (ESL) 
and Layer Wise (LW). The geometry of the material also required integration into the formulation 
of a new class of elements, the Adaptive finite elements [6, 7], to handle corners and intersections 
between the various elements. 

Vibro-acoustic problem in the CUF-FEM framework  
The vibro-acoustic problem that describes the AMM of this work is that it includes an elastic 
structure coupled to internal cavities. The following system must then be resolved before 
information on dynamic behaviour and Transmission Loss (TL) can be obtained: 

�−𝜔𝜔
2𝑴𝑴 + 𝑲𝑲 𝑺𝑺

−𝜌𝜌𝑓𝑓𝜔𝜔2𝑺𝑺 −𝜔𝜔2𝑸𝑸 + 𝑯𝑯� ∙ �
𝑈𝑈
𝑃𝑃� = �𝑭𝑭0� 

where we have the mass matrix M, Q and stiffness K, H of structure and fluid respectively, the 
coupling matrix S and the vector of the external loads on the structure F. The previous matrices 
and vectors are defined according to the fundamental nuclei formulation [8]. The vectors of the 
unknown are U and P, the three displacements and the pressure respectively. The properties of the 
fluid are defined by the density ρf and speed of the sound cf, while those of the structure are defined 
by the elasticity matrix C. The problem is solved in the frequency domain, represented by the 
angular frequency 𝜔𝜔. In the FEM approximation, the unknowns are the nodal values, the transition 
to the continuous field is guaranteed by the shape functions N. 

According to the CUF, the three-dimensional field of a shell can be split into a two-dimensional 
field on the shell plane and an expansion on the thickness 𝐹𝐹𝜏𝜏, called thickness function [5]. The 
choice of thickness functions leads to the use of different plate models. In this work, the Lagrange 
polynomials are used to have a Layer Wise approach. In addition, the integration of the Adaptive 
finite element leads to the use of a new three-dimensional shape function L, which combines the 
shape and thickness functions, in the calculation of the integral and the Jacobian. Then the 
displacement field is defined by the following equation: 

𝑢𝑢𝜏𝜏𝑘𝑘(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = �𝑁𝑁𝑖𝑖𝐹𝐹𝜏𝜏𝑘𝑘𝑖𝑖�𝓤𝓤𝜏𝜏𝑖𝑖
𝑘𝑘 = 𝐿𝐿𝜏𝜏𝑖𝑖𝑘𝑘 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧)𝓤𝓤𝜏𝜏𝑖𝑖

𝑘𝑘  

For the pressure field, being defined by three-dimensional elements, the conventional FEM 
formulation is applied. 

Acoustic solution 
The design of sandwich panels has been the subject of various studies during the past decades [9]. 
Since the panels’ faces are not designed to absorb sound, the choice of the core turned out to be 
particularly crucial for the reduction of noise [10]. Instead, by using plates with small holes and 
an air cavity in the centre, the so-called micro-perforated panels (MPPs), the sandwich plate can 
have a positive impact on noise reduction, improving sound absorption. The research by Meng et 
al. [4] is chosen as a reference since it focuses on the influences of holes’ diameter of an additively 
produced AMM. 
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It comes to light that the porosity, location, and diameter of the holes all affected the sound 
transmission loss. Following this direction, various AMM models have been developed to 
comprehend how the noise operates at low- to middle-frequency levels in various design parameter 
combinations. The dimension of the holes, the position of the holes, and the perforation ratio are 
the three main parameters of interest for the model definition in this study. The porosity or 
perforation ratio PR%, which is typically given in percentages, describes how much of a plate is 
made up of holes: 

𝐴𝐴ℎ = 𝑃𝑃𝑃𝑃% ∙ 𝐴𝐴𝑒𝑒 

where Ah is the circular area of the holes and Ae is the elementary cell area. 
Then, a series of models are created, shown in Tab. 1 and the third one is reported in Fig. 1(a). 

The production method chosen is the fused deposition modelling technique (FDM) with a Fortus 
250 mc and ABS Plus p430, as a material, on which preliminary studies have already been carried 
out [11-13]. Although it may not be one of the most precise printing techniques, it allows a 
sufficiently robust structure to be obtained and to direct the filament deposition path to increase 
the accuracy of the AMM’s holes, especially on the oblique plates. All models were printed 
correctly except the fourth due to the excessively small size of the holes (i.e., 0.5 mm). Fig. 1(b) 
shows one of the printed models. 

 

Table 1: AMM models’ properties, the first model is not pierced. 

Models  AMM density [kg/m3] PR% Holes diameter [mm]  Holes location 

1 1040 - - No holes 

2 1039 0.349 1   Upper plate 

3 1037 0.349 1   Upper plate & core 

4 1037 0.349 0.5 Upper plate & core 

5 1037 0.698 2   Upper plate & core 

6 1035 0.175 1   Upper plate & core 

7 1039 0.175 1   Upper plate & core 

 

The numerical study of the models allows us to derive a priori the TL. In order to avoid errors, 
the model has been pre-validated by comparing its natural frequencies with those obtained from 
commercial software. Then, a direct frequency analysis is performed on a simply supported AMM 
plate, loaded with constant amplitude load (1 N). The results in terms of TL show that the presence 
of the holes, their size and position is decisive in defining the acoustic behaviour of the AMM. 
Among the various results reported in a complete way in Rossi's work [14], it is interesting to note 
that the third and fifth models (which have the same homogenized density) have significant TLs 
between 1000 and 1900 Hz in Fig. 2, although for the fifth with several peaks and discontinuities. 
While the fundamental frequency of the seventh model is the highest among the six models. The 
fourth model was not produced; therefore, it was not studied. 

Conclusions 
This work is intended to provide a preliminary basis for further study of AMMs produced with 
additive techniques for noise reduction in aircraft. The results demonstrate the excellent acoustic 
properties of these structures and the possibility to study them with innovative numerical methods. 
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(a) 

In the future, it is necessary to validate the numerical results through experimental tests in the 
anechoic chamber or with an impedance tube and then scale the problem to study the AMM in the 
working environment. Finally, FDM is only one of the available additive techniques. The 
advantages or disadvantages of other technologies for AMM production need to be evaluated with 
appropriate research. 
 

Figure 2: The AMM designed in this work and based on the work by Meng et al [4]. (a) The 
third model isometric representation. (b) The first model after the production process. 

 

 
Figure 2: The average TL [dB] from 1000 Hz to 2000 Hz for the third model (grey line) and the 

fifth one (yellow line).  
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Abstract. This study explores subjective and objective metrics to assess pilots WL, with a 
particular focus on the use of full flight simulators (FFS). The results show that FFS-based research 
demonstrates no significant differences compared to real flight experiences, highlighting the 
validity of FFS as a tool for studying pilots' performance. However, further research is needed to 
understand the impact of other parameters on pilots' performance, and to address human factor-
related risks for enhanced aviation safety. 

Introduction 
Nowadays, workload (WL) can be considered one of the biggest challenges in the aeronautical 
field. The continuous growth of air traffic has led pilots to work under pressure and for extended 
periods of time. As reported in [1], 75% of aircraft accidents are linked to human errors and most 
of them are related to high levels of mental WL and fatigue. This is important in critical situations 
such as take-off, landing or emergency procedures. WL is associated with the onset of stress, a 
phenomenon with multiple facets ranging from neuroendocrine to psychological [2]. Pilots require 
training to effectively respond to both internal and external stimuli. Hence, using a flight simulator 
represents the most reliable, safe, time and cost savings way to study pilot’s performances today 
[3]. Consequentially, it is necessary to employ some metrics that can better capture the pilots’ 
stress level while performing the task. To do this, subjective and objective methods are widely 
exploited, and this work aims to describe such measures, with particular attention paid to the 
studies conducted using a full flight simulator (FFS).  

Subjective and Objective Metrics  
The concept of mental WL is described in [4] as a collection of mental, and composite brain states 
that influence human performance in various perceptual, cognitive, and sensorimotor abilities. 
Thus, it is crucial to choose the right metrics to evaluate it.   Subjective and objective measures 
represent an important contribution on pilots’ WL level evaluation. In detail, subjective WL 
measures comprise some tests which are administered while, before or after the performance. 
Being such subjective, they can be highly influenced by the pilot’s psychological condition. That’s 
why it is good practice to link them with the objective ones which represent the physical condition 
of the subject. The objective measures are mainly obtained via sensors which can detect some 
physiological parameters. In this work, subjective methods will be described first and objective 
ones after. The most reliable subjective methods are here mentioned.  

The NASA Task Load Index (TLX) was first developed by Hart and Staveland in 1988. The TLX 
is widely recognized and extensively employed globally. The test has three stages to evaluate the 
pilot’s WL. The first one obtains a global index across six dimensions: mental, physical, time 
demands, performance, effort, and frustration. Each dimension is divided into twenty intervals. In 
the second stage, pairs of dimensions are assessed, determining the ones with the greatest impact 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 754-757  https://doi.org/10.21741/9781644902813-161 
 

 
755 

on WL. The third stage assigns scores to selected dimensions, with 0 for insignificant dimensions 
and 5 for the most important one [5]. On the other hand, the Subjective Workload Assessment 
Technique (SWAT) involves obtaining subjective ratings from participants regarding three 
dimensions of WL: time load, mental effort load, and psychological stress load. During the 
activity, participants are encouraged to assess their workload across three dimensions and rate it 
on a scale of low, medium, or high. A mental workload range scale is then calculated by combining 
the scores from all three dimensions. This assessment method relies on the self-report of 
participants [6]. Other subjective techniques are not mentioned for the sake of conciseness.  

Regarding the objective metrics, some of them are reported here as well. As evidence, in [7] 
the eye movement provides indications on the pilot’s visual perception, or [8] aimed to investigate 
the potential utility of 𝛼𝛼 −Amy levels as a biomarker for stress in pilots operating within a high-
stress environment. However, the heart rate variability (HRV) is one of the most employed 
parameters today. HRV is the spontaneous fluctuation in time between consecutive heartbeats, as 
measured by the distance between two successive R peaks on an electrocardiogram. This 
parameter can be studied in both frequency and time domain. In particular, the time domain 
measures also include the NN interval series standard deviation (SDNN). Based on the existing 
literature, a reduction in this parameter indicates an elevation in both mental WL and physical 
demands [9]. As previously mentioned, the study of HRV extends to the frequency domain. In this 
context, the fast Fourier transform is employed to estimate the Power Spectral Density associated 
with frequency bands, specifically focusing on high frequency and low frequency. These 
frequency bands provide valuable information about sympathetic and parasympathetic activities 
[10]. 

FFS for Human Factor Studies  
Due to the rarity of FFS, there is a limited body of literature that specifically addresses their 
utilization. Most studies, in fact, primarily focus on simulators that provide visual cues to pilots 
through screens but lack the comprehensive flight sensation that an FFS can deliver. In 2018, the 
European Union Aviation Safety Agency (EASA) released the latest specifications for Airplane 
Flight Simulation Training devices (CSFSTD-A), which classify flight simulators into four levels 
of qualification: A, B, C, and D. The D-level FFS are the most advanced and reliable. For instance, 
to achieve a D-level qualification, the FFS must include a real-time feedback tool that allows the 
instructor to monitor the training envelope and prevent the airplane's operating limits from being 
exceeded. In [11] it is reported that acute effects on HRV and anxiety during a real-time flight are 
not significantly different from those experienced in a simulator, indicating that the simulated task 
planning and design closely approximate real-world conditions; in this case, an operational F-5M 
by Indra Company flight simulator was used. It is also reported that future flight simulators should 
incorporate immersive virtual reality technology simulating G forces and vibration. Nevertheless, 
in today's context, D-level FFS can be used to do reliable research and prevent in real-life risky 
decisions. In essence, pilots must be conscious on which kind of decisions they have to take while 
flying, both in high and normal WL condition. Additionally, the study conducted in [12] employed 
the CESSNA Citation C560 XLS FFS. The main findings of the study demonstrated that WL levels 
can be effectively differentiated by analyzing various domains of HRV, including time, frequency, 
and non-linear measures. These results highlight the importance of HRV indexes in assessing WL, 
and suggest the potential development of real-time, non-invasive instruments for evaluating it. In 
a separate study [13], the application of an FFS was investigated within typical flight scenarios. 
The research collected pilots' objective and subjective metrics to establish an evaluation index 
system. Research has revealed that pilot’s errors have become a significant obstacle, impeding the 
progress towards enhancing flight safety within the aviation industry. The study also found some 
deficiencies in the design layout of the cockpit as in the flight crew operation process that cause 
pilots to make mistakes easily. The authors proposed that designing aircrafts suitable for pilots 
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instead of aircraft requiring pilots to adapt can make the civil aircraft cockpit more humanized 
and highly automated.  Also, the authors proposed a feasible method to analyze human factors 
(HF) in typical faults and incidents of transport category airplanes using comprehensive methods 
that combine subjective and objective measurements. In [14] it is investigated the correlation 
between subjective and objective indicators of fatigue, factors such as WL and work scheduling. 
It also examined whether the WL experienced by pilots during a simulator mission could serve as 
a moderator for increased fatigue after the mission. The study utilized a JAR STD 1A FFS. Results 
indicated that both subjective and objective measures of fatigue significantly rose during the three-
hour experimental procedure. These findings suggest the presence of enduring effects from sleep 
deficit and propose a multifactorial model for assessing fatigue risks. In [15] two subjective WL 
measurements and three psychophysiological measurements were compared in both a simulator 
and a flight test. The comparisons were made across three flight scenarios using an ARJ21-700 
FFS and a corresponding aircraft. Both flight scenarios and the flight environment significantly 
influenced NASA-TLX, eye blink rate, and HRV. Moreover, strong correlations were observed 
between the NASA-TLX and HRV, between the simulator and the flight test. These findings 
suggest that NASA-TLX and HRV can serve as consistent measures of WL in both FFS and real 
flight tests.   

Conclusions  
This short review aimed to highlight some subjective and objective metrics in order to understand 
the impact of stress on pilots' performance. The findings indicate that subjective and objective 
metrics play an important role for better understanding pilots’ WL level. Furthermore, research 
involving FFS has shown promising results and benefits when compared to real flight experiences. 
Additionally, to emphasize the need for more studies is important. Despite current high safety 
standards, incidents related to HF still occur, highlighting the importance of ongoing investigation 
and improvement. By conducting more research and continuously improving understanding, pilot 
performance can be enhanced, risks can be mitigated, and safer aviation operations can be ensured 
for everyone involved. 
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Introduction 
The early arrival of qualified medical personnel at the scene of an accident is essential for a 
successful and effective first-aid treatment of emergency patients. Due to an increasing shortage 
of emergency medical personnel, as well as a decreasing hospital density in Germany, the 
continuity of medical care will be more challenging in the future. [1] [2] 

According to a study by the Bertelsmann Foundation in the summer of 2019, the density of 
hospitals and clinics in Germany could be reduced from the current number of 1900 to 600. This 
immediately leads to the concentration of healthcare centers, making hospitals no longer equally 
accessible to the entire population. [3] 

The resulting and extended time of arrival at the place of an accident immensely affects the 
adherence of the prehospital time and help time, which can seriously affect the health condition of 
the emergency patient. [1] 

To ensure emergency medical care in the future, especially in structurally weak or densely 
populated regions, the DLR (German Aerospace Center) has set itself the goal of the "Rescue 
Helicopter 2030", to develop the aircraft of air rescue in Germany under the aspects of the future 
rescue service and to present new concepts.  

Currently, research is being conducted on the concept of a medical deployment vehicle. This 
vehicle aims to transport medical professionals to the accident site in the shortest possible time to 
provide on-site initial care until the ambulance arrives for further transportation. 

To maximize flight speed and range, this future rescue helicopter has been significantly reduced 
in size and weight. 

The design of a tailored cabin concept for this purpose is characterized by high complexity in 
all aspects. In addition to the technical and mission-specific requirements of the helicopter system, 
new cabin designs must meet the individual needs to provide a high level of functionality and 
usability for all user groups. Furthermore, prototyping, planning, and conducting user tests are 
extremely time-consuming and costly, which increases the challenges in the development process 
[4]. To develop novel and highly complex cabin concepts that closely align with user requirements, 
the combination of user-centered design thinking methodology [5] and an immersive prototyping 
and feedback process has proven to be an effective approach [6] [7] 

According to Burkett et. al., the concept of Co-design offers an approach that engages 
consumers and product users in the design process, aiming to foster enhancements and drive 
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innovation. [8]. Furthermore, co-creation is widely acknowledged as "practices where a design 
practice and one or more communities of practice participate in creating new desired futures" (Lee, 
2018) [9]. Co-design involves the empowerment of individuals, granting them the opportunity to 
exert substantial influence over designs. User groups are regarded as central experts, uniquely 
positioned to contribute their expertise and insights throughout the entire process. [10]  

The focus of this approach is on implementing a VR Co-Design process through the execution 
and evaluation of user workshops, with a particular emphasis on medical personnel and pilots with 
experience in air rescue. 

Method 
In the initial development phase, information regarding general experiences and challenges in air 
rescue were gathered from practicing pilots and emergency physicians. In addition to a subsequent 
description of the medical deployment vehicle concept, participants had the opportunity to 
familiarize themselves with the project and list initial requirements for the concept based on their 
own experiences. [10] 

Participation in an online questionnaire and an initial engagement with the concept, as well as 
raising awareness about the topic, were fundamental prerequisites for attending a collaborative 
online workshop. 

The following section will describe the structure of the study and the key findings of the second 
phase. 
 
PARTICIPANTS 
The online survey was completed by 25 participants from the air rescue sector,1 including four 
pilots, six emergency medical technicians (HEMS TC), and 15 doctors. The age of the participants 
ranged from 22 to 60 years, with a mean age of 39.4 years.  

After 37.5% of the online questionnaire respondents expressed interest in participating in a Co-
Design workshop, a total of two workshops were conducted, each with three participants. 

Special attention was given to the composition of the participants, aiming to bring together 
different user groups to combine diverse perspectives in the collaborative development process. 
The composition of the groups was as follows: 

o Group 1: Person A (emergency physician), Person B (pilot), Person C (medical 
technician) 

o Group 2: Person A (emergency physician), Person B (pilot), Person C (engineer) 

PROCEDURE 
At the beginning of the Co- Design workshop, the participants were presented with the 
requirements and mission scenario for the medical deployment vehicle. The interactive online tool 
Conceptboard was used for this purpose. Subsequently, all participants were asked to conceptually 
design an initial cabin layout based on their own requirements within ten minutes. 
 

 
1 The online survey was internally circulated among the employees of ADAC (Allgemeine 
Deutsche Automobil-Club e.V) 
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Each participant received their own model where they could place objects on the helicopter 

floor plan. Additionally, there was an option to use post-it notes to add missing objects and include 
comments (see Figure 1). After presenting their concepts, the participants' designs were 
photographed and imported into the VR modeling program Gravity Sketch.  

The 2D concepts created by the participants were placed in Gravity Sketch alongside the 3D 
model of the helicopter to provide an overview of the concepts and allow for a collaborative 
immersive incorporation of selected designs into the model.  

A 3D cabin concept developed by the DLR cabin design team was positioned alongside as a 
comparative reference to the corresponding 2D solution approaches. Participation in the virtual 
reality session was facilitated through screen sharing of the collaboration app of Gravity Sketch. 

After the participants were taken through the model via the shared screen, concept proposals 
could be expressed and implemented in real-time within the VR design model. With the aid of the 
newly gained spatial perspective, the concepts could be collectively reviewed, reevaluated, and 
optimized from the viewpoints of the three different professional groups regarding the usability of 
functions and positioning of modules (see Figure 2). 
 

Figure 1: Example of the concept board work space for each participant including a 
description of the scenario, requirements and mission (left), the layout in two perspectives 

including interior parts and equipment (center) and notes for ideas (right) 
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Results 
The workshop participants evaluated the Co-Design process of the medical deployment vehicle 
concept in virtual reality as an efficient and effective design method. The VR representation 
provided participants with an enhanced spatial awareness, making sizes, distances, and positions 
more comprehensible. This enabled immersive and rapid prototyping and efficient facilitated the 
evaluation of potential use cases. 

The combination of the Co-Design process with immersive prototyping and optimization in 
virtual reality enables new and more effective design possibilities for user-centered and targeted 
cabin design.  

This method allows for time and cost savings, as initial concepts can be developed in a short 
period. Additionally, it facilitates the direct implementation of experiences and requirements from 
different user groups into a virtual product, integrating the feedback and optimization process 
directly into the product. The findings of this paper provide a basis for adapting the method to 
other concepts with an expanded range of requirements. In addition to involving a higher number 
of participating stakeholder groups, direct integration into virtual reality is also conceivable. 
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Abstract. In recent years Augmented Reality (AR) has become one of the major focus points of 
user interface development. With the rapidly increasing computing power and developments in 
software and hardware applications during the last two decades, it has moved from theoretical 
approaches towards industry-wide application and mass production. The Royal Netherlands 
Aerospace Centre, NLR, tested several devices in the past, but only recent developments made it 
possible to effectively use them in an Air Traffic Control (ATC) working environment for 
Aerodrome Control Towers. In 2021 NLR carried out innovative technology experiments on their 
high-fidelity real-time air traffic control simulation and validation platform, NARSIM. These 
experiments were part of the SESAR 2020 project Digital Technologies for Tower (DTT) and 
focused on advanced HMI interaction modes for aerodrome tower controllers. A proposed 
Attention Capturing and Guidance concept with an AR device was evaluated inside an aerodrome 
control tower environment for Amsterdam Airport Schiphol. This paper reflects on the technology 
development activities that took place at NLR during the last decade and describes the different 
steps taken to apply the technology in a conventional control tower environment. It is shown that 
the recent technology developments must be seen as a big step forward in practical application of 
AR devices for ATC. Furthermore, an outlook into the expected future use of AR devices in 
conventional control tower environments will be given that goes beyond abovementioned concept 
elements. This outlook considers additional developments for standardization of digitized airport 
information and communication between different stakeholders and general performance 
improvements for AR devices. 

Introduction 
The technology used for AR combines virtual objects or information generated by a computer with 
the real world. These computer-generated overlays enhance user perception of the physical 
environment and, with added sensory input technology, lead to an interactive and immersive user 
experience. The history of AR devices already dates back several decades, with the technology 
evolving and advancing over time in the areas of power supplies, display and sound elements, and 
gyros for orientation. Through this, a major step from a simple display of data towards the inclusion 
of 3D-images in the real-world view could be achieved [1].  

Royal NLR has been actively exploring applications for the use of HMD devices in the 
aerodrome tower ATC environment for over a decade. Initial research began in 2010 when NLR 
tested the nVisor ST™ HMD from NVIS in the NARSIM Tower environment, the in-house 
developed platform for highly realistic real-time simulations of ATC tower operations. The HMD 
device served as a demonstrator, displaying basic flight strip information that could either be static 
or change depending on the controller's line of sight.  

In 2016, NLR integrated a Google Glass™ device (now known as Glass™) into the NARSIM 
environment to showcase additional capabilities with improved comfort to a selected group of air 
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traffic controllers from ATC The Netherlands (LVNL). The device streamed video feeds from 
remote cameras. These feeds were then displayed on Google Glass and switched automatically 
based on the user's direction of view, which was continuously tracked. This demonstration aimed 
to illustrate how tower controllers could gain visibility into apron areas by looking beyond physical 
obstructions in the line of sight, such as buildings.  

In late 2019, with the arrival of the Microsoft HoloLens 2™ in the AR device market, NLR 
acquired two of these units. Although NLR had previously used HoloLens devices between 2016 
and 2019 for various purposes like aircraft maintenance training, simulation debriefings, and 
projecting simulation results onto aircraft components, the potential of AR devices in the context 
of air traffic management and control had not yet been explored [2]. 

Evaluation of an AR Device for Attention Capturing and Guidance 
With abovementioned development steps in mind, NLR continued the goal of investigating the 
possibilities of AR devices for enhancing the effectiveness and efficiency of tower ATC 
operations. In 2020 NLR joined a consortium for carrying out a project that focused on advanced 
HMI interaction modes for aerodrome tower controllers. That project was part of SESAR 2020, 
the second Single European Sky Advanced Research Programme, and was called Digital 
Technologies for Tower, DTT [3]. 

While the display of weather-adaptive static information (buildings and outlines) and flight 
phase-adaptive traffic labels as well as air gestures to interact with the labels and the system was 
carried out by other partners of the consortium, NLR focused this activity on the evaluation of an 
Attention Capturing & Guidance (AC&G) concept [4].  

The AC&G concept was demonstrated in 2021 based on visual and auditory cues displayed in 
the AR device to alert and guide controllers in case of critical events. In order to find relevant 
events that would trigger that process, two existing Schiphol runway controller alerting systems 
were considered, the Runway Incursion Alerting System (RIAS) and the Go-around Detection 
System (GARDS). Both systems were previously prototyped on NARSIM and thus available in 
the simulation environment.  

Different cues for each type of event were designed within the HoloLens application with 
different types of symbols for information display and user guidance. Various shapes and colours 
were tested, but also different information content. Aircraft labels available from the NARSIM 
A-SMGCS servers were also visualized inside the HoloLens and were used as attention getters 
and guidance elements, increasing the SA of the tower controller. 

The test programme consisted of different events and combinations of events that happened 
while two experienced tower controllers carried out routine work in the NARSIM environment for 
Schiphol airport. Pseudo-pilots were in control of aircraft movements and communicated with the 
tower controllers. Similar traffic scenarios were used to compare working with and without the 
HoloLens. Results were gathered in different ways, using questionnaires after each test run and 
performing debriefings and interviews [5]. 

 
Fig. 1: Go-around Detection Alert as Seen through the AR Device 
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Based on the described evaluation experiment, it was determined that the AC&G operational 
concept for aerodrome tower controllers using an AR device is feasible and has potential. Although 
the experiment had a limited operational scope, and feedback was provided for improving certain 
aspects of the concept, the general outcome was positive. The feedback primarily focused on 
enhancing the symbology and timing of attention guidance cues. Overall, this result provided us 
with a solid foundation to further advance and refine the concept moving forward. 

Additional Ideas about the Future Use of AR Devices in the Aerodrome Tower 
Through discussions with the simulation participants, additional ideas emerged regarding potential 
future development steps and a vision for tower controller work with AR devices was developed. 
In the conventional context of improving existing visual operations within tower buildings, the 
inclusion of AR technology holds significant promise. AR presents the opportunity to enhance the 
outside view for controllers without the need to add further equipment to the working position and 
without forcing controllers to look down at the working position to acquire vital operational 
information. The latter means that head-up time is increased. 

The augmentation of relevant information in the outside view including integrated 3D aural 
cues allows for several attention capturing and guidance capabilities that more effectively improve 
operations than non-AR technology. Intelligent virtual augmentation could include aspects, such 
as highlighted stop bars and their statuses, enhanced runway- and taxiway edges, indicated cleared 
routes for taxi operations, building contours and the outlines of other static obstacles or restricted 
areas. Such augmentation could be adapted automatically to the current visibility condition. 

Traffic labels and their appearance and contents could be adapted to visibility conditions, the 
role of the controller, or the currently known flight status as well [6]. Taking it one step further, it 
could be investigated whether adaptation of what is shown or highlighted to support a controller 
could also take place in terms of the amount of traffic controlled or any signs of stress or high 
workload situations. This would mean that attention guidance would not only occur in case of a 
safety-relevant event already taking place, as in the case of safety net alerts being triggered, but 
much earlier in order to prevent such safety-critical situations in the first place. 

Other technology additions may be considered as well, such as air gestures or automatic speech 
recognition. Air gestures generally would help in terms of system interaction, such as pulling up 
menus to change various settings, or system input operations, such as the selection of a route or a 
clearance limit as label information. Speech recognition, while generally meant to improve system 
input by itself, could be used together with AR to also highlight the labels of pilots calling in or, 
vice versa, callsigns being addressed by the controller, thus increasing SA and reducing workload 
once again. 

 
 

Fig. 2: Innovative Use of AR Devices in the Aerodrome Tower (e.g. EFS, Adaptive Labelling ) 

Additionally, AR has the potential to redefine the roles and responsibilities of controllers, with 
the AR system being informed of the sequence of operations and actions required by each 
individual in the tower and guiding human actions in accordance with the expected procedures. 
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Naturally, such innovative arrangements would necessitate a high level of automation and a well-
defined delegation of authority, particularly during system failures or contingencies. Nonetheless, 
a potential future milestone could involve a complete redefinition of all existing working 
arrangements in the pursuit of an optimal operation. 

Conclusions 
In summary, the potential of using AR devices in the aerodrome tower operational context is very 
promising but has not fully been investigated yet. Many innovative ideas and functions have not 
been addressed yet or even been conceived.  

For the future, research with an exploratory character should be carried out to show the full 
potential of the functionalities sketched above, perhaps even from scratch, i.e. without being 
constrained by current working concepts and organisational structures. The focus of such research 
should be directed at the main capabilities of AR devices in terms of improvements in safety and 
operational efficiency, namely to augment controller vision by highlighting operationally relevant 
elements in an adaptive fashion inserting the most important information directly into the field-of-
view. Other functionality exploiting the availability of different sensors (e.g. surveillance and 
video streams) or adding enhanced prediction capabilities on the basis of Artificial Intelligence [7] 
could be added to also guide controllers in carrying out operations using different kinds of visual 
and auditory cues with situation-adaptive information. Last but not least combinations of AR and 
automated system interaction and input technologies, such as speech recognition with Artificial 
Intelligence support, should be investigated further [8]. 
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Abstract. This paper describes a real-world implementation of the solutions developed within the 
SESAR DTT Solution 97.1-EXE-002 project, which tested in a simulated scenario the use of 
Augmented Reality (AR) to assist the airport control tower operators (TWR). Following a user-
centred design methodology, the requirements of a real-world live AR platform join with design 
concepts validated in previous projects, namely the Tracking Labels, the weather interface, and a 
low-visibility overlay, all used to increase the TWR situational awareness, performance and 
reactivity while reducing the workload. The designed AR platform performs the live tracking and 
visualization of real aircraft and surveillance information in the airport traffic zone. It bases on 
three key processes: the transmission of an ADS-B data flow to a Microsoft™ HoloLens2, the 
registration process of the AR platform, and the rendering of a real-time tracking system and other 
surveillance overlays. The concept has been first validated with the help of a TWR, preceding a 
technical validation to ensure the repeatability and reproducibility of the results. The results allow 
for defining new guidelines for the deployment in a control tower environment. 

Introduction 
Being an airport control tower operator (TWR) implies overseeing the aircraft in the airport 
manoeuvring area and departing and arriving traffic, relying on the out-of-the-window (OTW) 
tower’s view to provide separation and clearances. In this high-risk, high-concentration and time-
critical job, controllers are concerned with keeping a smooth traffic flow while ensuring the overall 
safety of airport operations, with the sum of these tasks resulting in a heavy workload. 

While performances are a priority in a worldwide ever-growing traffic scenario, the main 
upgrades in TWRs’ job were due to the addition of visual interfaces, which are better suited to 
ensure an increase in safety, with a collateral increase in cognitive workload due also to the 
continuous shift of focus between the outside view (head-up position) and the head-down 
interfaces at the work position providing surveillance and traffic information [1]. 

In this scenario, Augmented/Mixed Reality (AR) is suitable for helping the TWR [2], moving 
the surveillance information from the head-down interfaces to a collinear vision within the OTW 
airport traffic, promising to solve the chronic safety over performance compromise. At the 
University of Bologna, Solution 97.1-EXE-002 of the SESAR’s funded “Digital Technologies for 
Tower” (DTT) project [3,4,5] tested this possibility, using a system of virtual tracking labels to 
pinpoint each aircraft in the user’s view, providing context-related flight information, tailored to 
different control roles (ground vs runway) and environmental conditions. TWRs could then keep 
the focus on the live traffic, with increased situational awareness and reduced workload, while 
improving the overall safety and efficiency (temporal and thus economical) of airport operations 
in every condition, especially high-traffic and low-visibility.  

These studies were conducted in a simulated real-time airport scenario, focusing on developing 
the overall AR concept in a safe, non-critical, and fully controllable environment. This paper 
describes the subsequent implementation of the developed concepts into the real world, resulting 
in a live application tracking operative aircraft and acquiring their surveillance information. The 
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research addressed the tasks needed when dealing with a real-time physical world application. A 
new set of requirements have been defined, dealing with a global-coordinates registration process 
for AR and using live ADS-B data to retrieve the desired traffic information, as will be later 
described. 

Methods 
User-centred design (UCD) method is the obvious choice when dealing with a tricky task such as 
airport tower control. The design process is iterative, always considering the user needs before, 
during and after the development, ensuring that the final concept helps the TWR without relevant 
contraindications. This research aimed to increase the maturity of the solutions developed in a 
simulated environment, performing the critical steps to move up from a previous level 4 of the 
technology readiness scale, by transferring the concept into a relevant environment. For this 
purpose, some requirements were identified, joining outcomes of the lab validation campaign with 
new requirements for a real-world implementation. Table 1 summarizes all the requirements to 
implement and validate a real-time AR platform for the control tower. 
 

Table 1. Summary of the design requirements 

Solutions developed in previous projects  Requirements for real-world implementation 
Use of Microsoft HoloLens2 as AR device  Real-time acquisition of accurate aircraft position 
AR application developed with Unity3D  Accurate real-time tracking of aircraft in AR layer 
Registration strategy using MRTK WLT  Management of multiple aircraft at the same time 
Design of the tracking labels  Render tracking holograms minimizing latency 
Definition of a runway overlay  Evaluate and counteract possible error sources 
Design of the weather interface  Ensure reliability and precision of tracking system 
Use of adaptive human-machine interface  Implement additional surveillance overlays 
Ergonomic aspects  Validate 

Design of the AR-based control tower platform 
Starting from the requirements, a preliminary concept has been defined, using an ADS-B receiver 
to detect the aircraft in real-time and retransmitting the data stream to a HoloLens2 device using a 
user datagram protocol (UDP). The AR application in the device processes the data, identifying 
aircraft position and rendering the tracking labels. Figure 1 shows the architecture of the platform. 

 

 
Figure 1. Architecture of the AR platform 

ADS-B data flow. The vector state information is acquired from ADS-B data, which is 
constantly sent in real-time by every commercial aircraft. These data are read on a pc unit over 
serial communication and retransmitted over a UDP to the HoloLens, where they are used to 
constantly track the aircraft in the virtual world and provide surveillance information. 
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Calibration. A key aspect of AR applications is the registration process, meaning the continuous 
alignment of the virtual overlay over the intended elements in the physical world. Most AR 
technologies rely on a tracking system which can identify the user’s position inside an environment 
and project the holographic overlay accordingly, with a real-time adaptation of the virtual 
elements’ alignment over the physical world. This procedure is suited to position holograms with 
respect to a local frame of reference. Since aircraft positions are in global (geodetic) coordinates, 
a calibration procedure is required for the registration to occur. HoloLens2’s applications can only 
fix the position of a virtual reference frame inside a room. Thus, a procedure was developed to 
identify the global position and orientation of this reference frame and then convert the relative 
position of aircraft with respect to the reference frame into cartesian coordinates using a conversion 
algorithm from geodetic coordinates to an East-North-Up (ENU) frame. Figure 2 shows the 
alignment of the reference frames and how the HoloLens 2 reference frame was positioned inside 
the environment. The virtual reference frame geodetic position is identified, and then the aircraft 
position is converted for an ENU frame with an origin coinciding with the virtual one. Finally, a 
rotation is applied to convert ENU coordinates into those of the virtual frame. 

 

 
Figure 2. Calibration steps 

Correction of position information. Some corrections had to be applied to the aircraft position 
data to obtain an adequate matching of the holograms. In particular, the altitude data comes from 
the pressure altimeter, with the uncorrected barometric altitude (HQNE) - computed by the onboard 
barometer with respect to the standard sea-level value of 1013.25hPa - transmitted for collision 
avoidance purposes. The near-ground effect is also an issue at landings. Thus, the altitude was 
corrected considering the current sea-level pressure at the airport location (pQNH), and a corrective 
term for landing gear height and ground effect (pLG). The correction formula reports the height 
over ground (HQFE) as the uncorrected altitude plus a corrective term for the different reference 
pressure, times a conversion term for the variation of pressure with altitude: 

 

𝐻𝐻𝑄𝑄𝑄𝑄𝑄𝑄(𝑚𝑚) =  𝐻𝐻𝑄𝑄𝑄𝑄𝑄𝑄(𝑚𝑚) +  �𝑝𝑝𝑄𝑄𝑄𝑄𝑄𝑄 − (1013.25ℎ𝑃𝑃𝑃𝑃 − 𝑝𝑝𝐿𝐿𝐿𝐿) �𝑥𝑥 8,23𝑚𝑚/ℎ𝑃𝑃𝑃𝑃   
   (1) 
 

Labels implementation. The tracking label design was retrieved from that already validated in 
the EXE-002 of Solution 97.1. The labels contain the aircraft height over ground (HQFE), velocity, 
heading and callsign, with other information already computable or available, such as the distance 
from any point of the airport, the vertical rate, and HQNE. The labels are positioned at a constant 
focal distance from the user, with a small sphere pinpointing the aircraft and a surmounting canvas 
containing the aircraft data. Colour coding is used for landing and departing traffic. 

Real-time labels management. The whole purpose of the application is to track each detected 
aircraft keeping its position and information updated in real-time. The data processing chain starts 
with the ADS-B data being sent to the AR device as soon as they are detected. On the HoloLens2, 
the data are decoded and organized into a database containing the most updated information for 
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each aircraft, which is then used to calculate the holograms’ position, update the label content, and 
render the holograms in a seamless cyclic loop run at least at 60Hz, which is the rendering frame 
frequency. Being HoloLens2 capable of tracking the user’s position relative to the virtual reference 
frame, the holograms stay in place while both aircraft and users move. 

Additional overlays. The application was completed with additional overlays helping the 
controller, in particular a weather interface, using real data from METAR, and a runway overlay 
for low-visibility conditions, triggered by the visibility distance indicated by the METAR. 

 

 
Figure 3. Tracking Labels visualization with runway overlay, colour coding, and weather 

interface 

Technical validation. As part of the UCD, a technical validation was needed to ensure the 
goodness of the design. After that, the fulfilment of all the requirements was verified in different 
environments to verify the repeatability and reproducibility of the configuration.  

Conclusion 
This paper presented an AR control tower application working in a real-world scenario. Real-time 
data were used, and the matching of real and virtual worlds was addressed.  

Future development. Starting from this concept, it will be possible to improve the application 
by testing it in shadow mode in a control tower, while integrating other surveillance information 
and solutions coming from the SESAR programme. 
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Abstract. EXtended Reality (XR) is a fast growing and rapidly evolving technology. In the 
aeronautical sector, XR can be exploited for the entire aircraft lifecycle, however, different levels 
of maturity can be identified for applications in each one of the lifecycle’s phases. This paper, by 
outlining the TRL of current XR applications over the aircraft lifecycle, aims to be a foundation to 
identify the possible future improvements and applications of immersive technologies in the 
aeronautical sector. 

Introduction 
EXtended Reality (XR) is a fast growing and rapidly evolving technology, a comprehensive term 
given to all computer-generated environments that either merge the physical and the virtual worlds 
or create an entirely immersive experience for the user. Even if XR technologies such as Virtual 
(VR) and Augmented Reality (AR) have already reached maturity as they are considered 
mainstream for a few domains of application, in the aeronautical sector this is not yet entirely true. 
XR can be exploited for the entire aircraft lifecycle, however, different levels of maturity can be 
identified for applications in each one of the lifecycle’s phases (Figure 1). 
 

 
Figure 1: Aircraft lifecycle's phases and Technology Readiness Level (TRL). 

This paper, by outlining the TRL of current XR applications over the aircraft lifecycle, aims to 
be a foundation to identify the possible future improvements and applications of immersive 
technologies in the aeronautical sector. 

Extended Reality in Aircraft Lifecycle 
Extended Reality technologies can find a number of applications in aeronautics. Synthetic 
visualisation and multimodal interaction tools target almost all aircraft lifecycle phases. From 
design to manufacturing and maintenance, passing through training and operations [1] and since 
the early stages of industrialisation, the main aeronautical companies are relying on those 
technologies [2]. 



Aeronautics and Astronautics - AIDAA XXVII International Congress Materials Research Forum LLC 
Materials Research Proceedings 37 (2023) 771-776  https://doi.org/10.21741/9781644902813-165 
 

 
772 

 

Figure 2: Industry-first concept based on Mixed Reality technologies for Cabin Customisation 
and Design for the A320 Family (courtesy of Airbus1). 

In the design and development phases, rather mature applications are established in the field of 
synthetic visualization which allow for a better understanding of the performance achieved by a 
certain design solution2. Furthermore, XR has proven to be beneficial for collaborative design, 
design reviews and user assessment throughout the product development process [3]. This 
application is still in the early stages of research, begin now developed as a proof of concept [4]. 
One of the biggest opportunities provided by XR is the one of including user feedback in the design 
process, as proved in a study conducted to virtually test the comfort of newly conceived aircraft 
cabin designs. Not only the project exploited V/AR technology to validate the proposed design 
approach and strategy in the design of aircraft cabins, but it demonstrated how XR can be a useful 
tool, starting from the very early stages, to the entire process which results to be more open and 
flexible, time efficient and cost-effective [5]. As a matter of fact, early stages of design, when 
prototypes are still in the digital phase, are ideal for leveraging eXtended Reality technologies. 
Recent research3,4 [6], makes use of advanced VR technologies to enable the different stakeholders 
to experience and be immersed in the full scale design, allowing them to be involved in the process 
starting from the Inspiration and Ideation Phase [7-8]. 

In view of the production phase, a number of applications are developed within the framework 
of Industry 4.0 which aim at exploiting XR to make aircraft systems production and final assembly 
more efficient in terms of time, quality and dependability. In particular, if VR is mainly applied 
during the design phase, AR is mostly used in the production line. The usage of synthetic 
visualisation tools leading to early detection of non-conformities allows not only to avoid 
expensive corrections but also to improve the quality control process and reduce inspection time. 
Nevertheless, users’ familiarity and training with the specific devices and technology are crucial 
aspects and must be considered to achieve the best possible results [9]. 

Airbus, among other companies such as Boeing and Embraer, foresaw the potential and 
applicability of digital technologies since the early 2000s, and in 2009 the European company 
collaborated to create an AR solution (MiRA - Mixed Reality Application) consisting of a tablet 
PC and related sensor pack to scan parts and detect errors. On the A380 MiRA allowed to check 
80.000 brackets in the fuselage reducing the time needed from weeks to hours and the late 
discovery of mispositioned or damaged brackets by 40% [10]. Currently, Airbus is industrializing 
a first application to be deployed across various sites either to help with the drilling and fitting of 
brackets or to support quality control activities1.  

 
1 https://www.airbus.com/en/newsroom/stories/2023-06-mixed-reality-to-meet-future-challenges 
2 https://www.holoforge.io/en/project/safran-marketing/ 
3 https://www.dlr.de/as/en/desktopdefault.aspx/tabid-18135/28809_read-74794/ 
4 https://www.dlr.de/en/images/2020/1/indicad-fuselage-designs-for-the-future 

https://www.airbus.com/en/newsroom/stories/2023-06-mixed-reality-to-meet-future-challenges
https://www.holoforge.io/en/project/safran-marketing/
https://www.dlr.de/as/en/desktopdefault.aspx/tabid-18135/28809_read-74794/
https://www.dlr.de/en/images/2020/1/indicad-fuselage-designs-for-the-future
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AR devices such as head-mounted displays, can be used not only to assist the assembly 
procedure, but also for communication purposes in human-autonomy system teams as proved by 
a recent research in which the hybrid team has to rivet stringers onto a fuselage [11]. Hazardous 
and physically demanding tasks were assigned to the mobile robotic system, while the human 
workers performed tasks requiring experience, knowledge and multi-sensory sensitivity. 

The operational environment is benefiting a lot from the application of XR, both in training and 
real-life operations. One of the first applications of Augmented Reality is the cockpit head-up 
display (HUD), which enables the pilot to get synthetic information collimated with the real view 
(Figure 3). This is the only optical-based XR application that already reached complete maturity 
in the aeronautical sector.  

Figure 3: Technological advancement of the cockpit HUD [14]. 
More recently, different research projects explored a similar operational concept applied to 

airport control towers [12-13] reaching the development phase. The projects demonstrated how 
XR technologies in control towers are beneficial for the situational awareness of the controllers 
especially when the aerodrome is affected by low visibility conditions.  The capability to make 
degraded visual information visible during low visibility and low-altitude operations given by XR 
can also enhance spatial awareness and safety during low visibility helicopters or ground 
operations [14-16]. Furthermore, ground operations are good candidates for technical solutions 
that make use of XR technologies.  

Moving on to the support phase, a few quite mature applications of XR in maintenance, [17] 
inspection and repair operations are possible to identify. In 2015, Boeing adopted AR technology 
to reduce the impact of assembly harness errors. In 2017, General Electric used AR technology to 
communicate to mechanics whether they are properly tightening and sealing jet engine B-Nuts, 
and the working efficiency increased by 8-12% [18]. Maintenance is of paramount importance in 
the aviation industry therefore inspection and maintenance personnel have to be trained with 
appropriate tools. Training methods need to keep up with advanced technologies while ensuring 
safety and cost-effectiveness. Exploiting eXtended Reality as a training tool can overcome this 
issue providing a safe learning environment drastically reducing the risks that may occur during 
training with reduced costs, and improving labor efficiency [19].  

The presented immersive technologies solutions are only a few of the numerous ones already 
available in the aeronautical sector. The proposed preliminary assessment of maturity-based 
taxonomy of XR technologies in aircraft lifecycle (Table 1) aims to serve as a base to identify the 
future possible improvements and applications of these technologies in the aircraft lifecycle.  
Furthermore, serves as a useful tool in understanding and addressing the number of challenges, 
ranging from technology to human factors, the aeronautical sector will face while maturing XR 
solutions in specific phases of aircraft lifecycle. 
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 Table 1: Preliminary taxonomy assessment of XR technologies in aircraft lifecycle.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Conclusions 
As a matter of fact, most of the presented solutions may reach maturity in the next 20 years. The 
vision is that, in the future, XR will be an extension of the human senses necessary to understand, 
interact, control, and command complex systems belonging to the digital era. 

In the context of aeronautics, a more advanced level of development would regard XR as a 
means to visualize and interact with digital twins throughout the entire  aircraft lifecycle [20]. 
EXtended Reality will be the technical enabler to interact with such systems that will be more 
autonomous and enhanced by artificial intelligence. Nevertheless, a number of challenges and 
barriers are still limiting the evolution of such technology in aeronautics, making its development 
slower than expected. XR still relies on cumbersome equipment, previous attempts to overcome 
this obstacle have proven unsuccessful. Incremental improvements are being made to enhance the 
wearability of hardware. Additionally, more automated solutions are needed to fully exploit the 
potential of such technology. Whilst a few Mixed Reality devices are already mainstream, non-
intrusive solutions are not mature enough. The cost of equipment along with some big company 
trends are also acting as barriers to the deployment of business solutions based on XR technology. 
Although Industry 4.0 was expected to boost XR growth, it has also introduced some 
standardization issues  in a number of application domains.  Lastly, human factors and user 
acceptance are considered among the main risks for eXtended Reality massive use in safety-critical 
environments.  

A maturity-based taxonomy of immersive technologies aims to be a tool to understand and 
overcome the number of challenges, ranging from technology to human factors, the aeronautical 
sector will face while maturing XR solutions in specific phases of aircraft lifecycle. 
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