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Abstract

The ReDSHIFT (Revolutionary Design of Spacecraft through Holistic Integration of Future Technologies)
project was concluded on March 31, 2019. The 3-year project involved 13 European partners and was aimed
at studying, implementing and testing novel solutions for space debris mitigation. The focus was on passive
means to reduce the impact of Space Debris by prevention, mitigation and protection. The project was based
on a synergy between theoretical and experimental aspects, such as: long term simulations, astrodynamics,
passive de-orbiting devices, 3D printing, design for demise, hypervelocity impact testing, legal and normative
issues. The paper presents an overview of the main results of ReDSHIFT, in an e�ort to highlight the holistic
approach of the project covering di�erent aspects of the space debris mitigation �eld.

Keywords: Space debris mitigation; dynamical de-orbiting; additive manufacturing.

1. Introduction

The impact of debris on the space activities has to
be reduced by adopting a global strategy able to
address the problem from di�erent points of view,
from the very beginning of the planning of a space
mission. The choice of the orbit, of the spacecraft
bus, of the spacecraft power system and propulsion,
are all aspects that in�uence, and have to be opti-

mized, having in mind not only the goal of the mis-
sion but also the minimization of the �environmen-
tal� impact of the spacecraft, in particular at its end-
of-life. These aspects are considered within the Hori-
zon 2020 project ReDSHIFT (Revolutionary Design
of Spacecraft through Holistic Integration of Future
Technologies). ReDSHIFT has been funded by the
European Union in the framework of the PROTEC
Call of Horizon 2020 (see http://redshift-h2020.eu/)

IAC-19,A6,6,4,x53705 Page 1 of 12



70th International Astronautical Congress (IAC), Washington D.C., USA, 21-25 October 2019.
Copyright c©2019 by Alessandro Rossi. Published by the IAF, with permission and released to the IAF to publish in all forms.

[18].
The ReDSHIFT project was concluded on March

31, 2019. It was a 3-year project that displayed an
impressive level of collaboration between 13 Euro-
pean partners, aimed at studying, implementing and
testing novel solutions for space debris mitigation.
The main results can be summarized as:

1. A complete mapping of the LEO to GEO space
was performed and the cartography was ex-
ploited to devise �dynamical� disposal strategies
for any orbital regime (Sec. 2.).

2. The possibility to exploit area augmentation
devices (e.g., solar and drag sails) was stud-
ied both from the dynamical and the hardware
point of view (Sec. 2.).

3. A prototype small spacecraft �debris compliant�
was designed and assembled exploiting the ad-
vantages o�ered by the additive manufacturing
procedures. After a �rst round of environmen-
tal tests the initial spacecraft design was revised
and a new design, optimized for 3D printing,
was obtained (Sec. 3.).

4. Several parts, including a solar/drag sail con-
tainer, an in-orbit attach mechanism for sail
module and new debris shields, were designed,
3D printed and tested. The sail mechanisms un-
derwent deployment and mechanical tests, while
the shields were tested with hypervelocity im-
pacts (Sec. 3.2).

5. The materials and components of the space-
craft were tested for Design for Demise (D4D)
(Sec. 3.2.1).

6. A software tool (whose web version is now
publicly available on the project website:
http://redshift-h2020.eu/) encompassing all the
above �ndings was produced. The software
shall help the users to conceive a �debris com-
pliant� space mission from the design to the dis-
posal phase (Sec. 4.).

7. A number of possible improvements to the inter-
national space regulations and standards, stem-
ming from the projects �ndings, were analyzed
and identi�ed (Sec. 5.).

In the next sections a summary of all the above re-
sults will be presented with a speci�c focus on the
most recent ones.

2. Phase space mapping and dynamical dis-

posal scenarios

As also shown by the long term simulation of the
environment performed within the project [19], the
disposal of objects after the end-of-life is one of the
most important mitigation measures needed to re-
duce the growth of space debris in the forthcoming
years. In order to facilitate this action it is important
to identify stable and unstable regions in the phase
space where the objects could be moved to exploit
either long term �graveyards� or, possibly and pref-
erentially, faster escape routes. To this purpose, the
most accurate dynamical mapping of the circumter-
restrial space, from LEO to GEO, ever performed
at this date was realized within ReDSHIFT. The re-
sults of the mapping e�ort were presented in a num-
ber of conferences and papers ([1] [2] [3] [9] [11] [17]
[20] [21] [22]) and are therefore not repeated here in
detail. Note that an electronic atlas with the maps
was assembled and is now freely available from the
project web site.

Here we brie�y summarize the results of a set
of long-term evolution simulations aimed at testing
the e�ectiveness of the proposed dynamical disposal
(the so-called �de-orbiting highways�, i.e., the natu-
ral reentry corridors represented by the resonances)
in limiting the accumulation of large objects in LEO
after the end of the operational life. A detailed anal-
ysis of the simulations can be found in [4].

It is worth stressing that the dynamic disposal
mapping was performed for all the circumterrestrial
space, from LEO to MEO and GEO. Whereas these
last simulations were limited to LEO, we brie�y re-
call some of the results obtained for MEO and GEO:

• for the GNSS in the MEO region it was shown
in the ReDSHIFT studies [23] [24] that stable
graveyard orbits can be found a few hundred
kilometers above the GNSS operational orbits.
Moreover, exploiting the resonances, it is even
possible to de-orbit the satellites towards the
atmospheric reentry. It was also shown that,
whereas the total disposal time is usually in ex-
cess of 25 years, the actual interaction between
the disposed MEO satellites and the LEO re-
gion is well below the 25 years limit.

• For the GEO region, the analysis con�rmed the
possibility to permanently store the spacecraft
in the super-GEO zone, according to the IADC
formula. Moreover, in the case of the inclined
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Figure 1: Sample of a map showing the location of
the resonant corridors in LEO, in the semi-major
axis vs. inclination space. The red and the yel-
low circles show the location of the original and of
the displaced launch tra�c respectively (see text for
details). The color bar show the maximum change
in eccentricity produced by a given resonance, as
a function of the initial inclination and semi-major
axis.

GEO orbits which are starting to be exploited,
the possibility to de-orbit the satellite at the
end-of-life thanks to the lunisolar perturbation
and the related resonances was shown [9].

Most of the satellites with perigee below about
700 km are more or less �naturally� compliant with
the 25-year rule. I.e., they can re-enter within the
desired time span just exploiting the atmospheric
drag. For higher orbits a signi�cant ∆V might
be required to comply with the existing guidelines.
We note, in passing, that these upper LEO regions,
above 1000 km of altitude, might become more pop-
ular in the coming years (e.g., with the forthcom-
ing large constellations) in view of the relatively low
spatial density of objects in those orbits. For these
upper LEO satellites the possibility to exploit the
�de-orbiting highways� o�ers a mean to signi�cantly
decrease the required ∆V , thus saving propellant
and pushing towards a better compliance to the 25-
year rule.

The main idea underlying the new set of sim-
ulations is to consider a standard 8-year repeating
launch tra�c scenario which is cycled all along the
simulation time span. All the intact objects (includ-
ing satellites, upper stages and MROs) are propa-
gated for 200 years, disregarding in-orbit fragmen-

tations. Di�erent post mission disposal strategies
are simulated considering the exploitation either of
impulsive maneuvers, with di�erent levels of applied
∆V , or the use of much smaller (in terms of ∆V )
maneuvers coupled with the use of resonant corri-
dors and area augmentation devices (bringing the
�nal A/m to 1 m2/kg).

The purpose of the simulations was to highlight
the possible bene�ts of the �de-orbiting highways�
in facilitating the disposal of the spacecraft at the
end-of-life. Therefore, since as shown in Fig. 1 the
resonances are located at speci�c inclinations it was
decided to �arti�cially� move our launch tra�c (both
in inclination and in semi-major axis) towards the
resonances. In other words, to enhance the signal
coming out from the simulations, a displacing of the
launch tra�c was adopted. As an example, the small
arrows and the di�erent colors of the dots in Fig. 1
show the displacement of the launch tra�c adopted
in one of the simulated scenarios.

Without entering in the details described in [4],
we show just one plot as an example of the obtained
results. In Fig. 2 the comparison between six scenar-
ios with and without the use of sails and corridors.
In all the six cases the original launch tra�c was
initially moved, in semi-major axis, upward by 500
km (the purpose here is to avoid objects that can
re-enter naturally under the e�ect of drag without
the need of disposal maneuvers) and in inclination
toward the closest resonant corridor. The blue and
orange lines show the �nal number of objects when
the disposal maneuver (which is a lowering of the
orbit perigee) is done with a ∆V of 100 and 200
m/s, respectively. The other four lines relate to sce-
narios where a small ∆V (either 10 or 20 m/s) is
used initially to move the objects inside a resonant
corridor and where an area augmentation device is
opened at the disposal epoch. The scenraios repre-
sented by the the yellow and purple lines di�er from
those represented by the green and cyan lines in the
initial displacement of the launch tra�c in terms of
inclination. Whilst the very high orbits considered
make the quite standard ∆V = 100 m/s not e�ec-
tive to remove the spacecraft at the end-of-life, we
note that the use of the area augmentation devices
allows a signi�cant reduction of the �nal number of
objects. A comparable disposal e�ciency can be at-
tained by using only an impulsive strategy to lower
the pericenter, without exploiting a sail, with a ∆V
of 200 m/s, i.e., about one order of magnitude higher
than the one needed by using the combination of the
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V 100 m/s, Hohmann, no sail, launches up 500 km, towards corridors (50 deg max)

V 200 m/s, Hohmann, no sail, launches up 500 km, towards corridors (50 deg max)

V 10 m/s, sail + reson., launches up 500 km towards corridors (50 deg max)

V 20 m/s, sail + reson., launches up 500 km towards corridors (50 deg max)

V 10 m/s, sail + reson., launches up 500 km towards corridors (5 deg max)

V 20 m/s, sail + reson., launches up 500 km towards corridors (5 deg max)

Figure 2: Number of objects as a function of time
for the 6 di�erent scenarios identi�ed in the legend
and described in the text.

corridors and the sail.
Whilst we are well aware that an hypothetical

change in the launch tra�c such as the one used in
our simulation is not realistic, the results of Fig. 2
and of the other simulations show how the resonance
corridors identi�ed in the mapping, coupled with an
area augmentation device, can be very e�ective in re-
moving the majority of objects within 25 years from
the end of the operational life, thus contributing to
the stabilization of the space debris environment.
Time is ripe to think about the disposal phase of
the spacecraft at the early stage of the de�nition of
the operational goals of a mission. A slight change
in the initial orbital parameters (e.g., in terms of in-
clination or semi-major axis) might sometime guar-
antee the original mission purposes while paving the
way to more e�ective and cheaper de-orbiting strate-
gies. I.e., the possible changes in the mission de-
sign should be properly leveraged against the advan-
tages encountered at the end of the operational life
enabling a better compliance with the de-orbiting
guidelines.

Finally, we remember that, on the basis of the
dynamical �ndings brie�y outlined above, a com-
prehensive software tool (see Sec 4.) allowing the
de�nition of the best disposal strategy for a given
spacecraft was produced.

3. Additive manufacturing

The experimental pillar of the ReDSHIFT project
was mainly devoted to the design and production of

a novel spacecraft by 3D printing. In fact, in an ef-
fort to make novel technological solutions easier and
more attractive to produce and to implement into
future design, thus enhancing the debris-oriented
vision of spacecraft manufacturing, ReDSHIFT ex-
plored the possibility to use the now blossoming ad-
ditive manufacturing technology, to actually realize
a model spacecraft and some speci�c parts related to
the debris mitigation issues, such as, e.g., the shield-
ing, a sail canister, the sail hatches and joints, etc.
[12] [26]. Beyond the model spacecraft, over 340
smaller samples were produced with the 3D printers
and have been used to test the capabilities of the
additive manufacturing.

The selected prototype spacecraft was an 8U
CubeSat (200 x 200 x 200 mm) for an Earth Ob-
servation multi-spectral mission. The general proce-
dure followed within the project was the following.
First a �traditional� design of the cubesat was pro-
duced (see [18]) and the �rst prototypes were pro-
duced. Three similar spacecraft were assembled: one
in aluminium with traditional CNC milled panels,
one with 3D printed aluminium panels and one in
a plastic material called ULTEMTM [5]. Then, the
three spacecraft underwent a thorough environmen-
tal testing campaign (e.g., thermal vacuum, vibra-
tion) [6]. Finally, on the basis on the test results the
design was updated and a more advanced exploita-
tion of the additive manufacturing techniques was
explored and applied [26]. The Figs. 4 to 7 show
some details of the �nal 3D printed spacecraft. Note
that, as can be hinted looking at Fig. 4 the walls of
the spacecraft were produced with an internal lattice
structure which proved, at the same time, extremely
light and resistant [26]. Also the �nal prototype un-
derwent a full campaign of environmental test.

Not only did all these components pass the en-
vironmental test campaigns but they demonstrated
an overall mass reduction of just under 30 %.

The application of 3D printing to medium and
large satellite primary structures through monolithic
cores was a completely original area of research per-
formed within ReDSHIFT. Although for these ini-
tial studies the 3D printed cores generally result in
a structural mass increase the structural mass ratio
can be signi�cantly improved. The geometrical de-
sign freedom enabled by 3D printing allows a greater
optimisation of many structural parameters such as
insert failure loads, compression loads and bending
loads which over future test iterations will result in
mass reductions. A good example of this is the core
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Figure 3: New design of the ReDSHIFT 3D printed
proptotype.

of the 3D printed tray (Fig. 6) for the second iter-
ation of the small spacecraft structure. By print-
ing the core, the multiple multi-axis inserts could
be accommodated into a small honeycomb sand-
wich structure that signi�cantly outperformed the
previous solution with an 80 % reduction in mass.
The 3D printing techniques were applied to space-
craft shielding. Although relatively simple geome-
tries were manufactured and tested (see Sec. 3.1 and
Fig. 8), the geometrical design freedom o�ered by
this manufacturing method resulted in samples that
demonstrated excellent shielding properties. The
application of 3D printing to improve the demis-
ability of spacecraft structures and components was
assessed too. Due to the limited knowledge and gen-
eral understanding of spacecraft re-entry breakups,
only a small number of 3D printed samples were

Figure 4: Details of the internal structure of the
ReDSHIFT 3D printed proptotype.

Figure 5: External view of the ReDSHIFT 3D
printed proptotype.

tested. However, it has been seen that the use of
monolithic cores with inserts demonstrates a more
predictable failure of the insert when compared to
standard inserts which require a signi�cant amount
of potting compound. This compound has a high
speci�c heat capacity and can delay the failure of
the insert. Therefore, monolithic cores have the po-
tential to enable the satellite joint lines to fail at
an earlier stage of the re-entry, speeding up the ac-
cess of the heat �ux to the inner components, and
as a result improving the demisability of the satel-
lite. Overall the application areas of metal 3D print-
ing in satellite design, explored through experimen-
tal testing within the ReDSHIFT project, have all
demonstrated the future potential of this technol-
ogy. Further research needs to be performed to raise
the readiness level of this technology but the work
performed within ReDSHIFT has created an excel-
lent foundation for this next step.

3.1 Shielding

The purpose of the shielding activity within ReD-
SHIFT was to de�ne and assess new shielding con-
cepts for protecting unmanned spacecraft against
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Figure 6: The honeycomb internal structure of the
tray.

Figure 7: The new 3D printed reduced weight fas-
tener.

non-catastrophic micrometeoroid and orbital debris
impacts. Since 3D-printing was used to manufac-
ture the shields, the work focused on the de�nition
of promising shielding solutions which might be di�-
cult to realise using traditional manufacturing tech-
niques.

The overall process of de�nition and production
of debris shields within ReDSHIFT was the follow-
ing:

1. Several promising debris shielding concepts
were identi�ed, including two baseline concepts,
i.e. a multi-shock panel and a single corrugated
panel, and several advanced concepts, such as
a double corrugated panel and a hybrid panel.
All of these designs were the subject of a com-

prehensive set of tests, including hypervelocity
impacts to characterise their performance.

2. A preliminary impact risk analysis was per-
formed using the SHIELD3 model [25] to per-
form an approximate evaluation of the shield-
ing performance of the two baseline shields, i.e.
the multi-shock panel and the single corrugated
panel. The results of the assessment were ex-
pressed in several ways. Firstly, the ballistic
limits of the shields were estimated. Secondly,
the probability of penetration of a box-shaped
spacecraft was calculated when the shields are
applied to each surface. Finally, the optimum
design solution for each shield was identi�ed.

3. Based on the results of the preliminary impact
risk analysis, the design parameters of the base-
line shields were de�ned for the �rst phase of the
investigation, which focused on 3D-printing the
shields and subjecting them to a variety of tests
for evaluation purposes (Sec. 3.2).

4. The design parameters of advanced shield con-
cepts were then de�ned using knowledge gained
from testing of the baseline shields. The ad-
vanced concepts were then 3D- printed (see
Fig. 8) and tested in the second phase of the
investigation (Sec. 3.).

5. A �nal impact risk analysis was performed us-
ing the SHIELD3 model to quantify the per-
formance of the advanced shield concepts. To
do this, damage equations derived from impact
tests in the second phase of the investigation
were implemented in SHIELD3. The results
of the analysis were also used as an input to
the ReDSHIFT Software Shielding Module, de-
scribed in Sec. 4..

From the results of the impact test programme and
impact risk analyses it was concluded that:

• It is possible to produce complex shield con-
�gurations with 3D-printing, whereas the same
shields might be di�cult to manufacture using
traditional methods.

• The use of 3D-printing to manufacture a shield,
as compared to standard techniques, does not
appear to compromise the shield's e�ectiveness.

• The performance of a shield panel is driven
mainly by the panel's core con�guration, its
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Figure 8: Examples of a 3D-printed Cross Corru-
gated Panel (top), Double Corrugated Panel (mid-
dle) and Hybrid Panel (bottom)

areal density and its stand-o� distance to a rear
wall.

• A panel comprising a corrugated bumper layer
in its core appears to o�er slightly improved im-
pact protection compared to an equivalent panel
that uses �at bumpers.

• A hybrid shield panel provides a substantial
level of impact protection compared to an equiv-
alent standard honeycomb sandwich panel de-
sign.

• The damage caused by a penetrative debris
cloud inside a spacecraft can be modelled in im-
pact risk analysis codes quickly and accurately
using a newly-derived equation which calculates
a so-called �perforation spread angle�.

Each of these conclusions represents a signi�cant ad-
vance in the �eld of debris shielding research. There-
fore, one might expect that 3D-printed shield pan-
els will become commonplace in the construction of
spacecraft in the not-too-distant future. In fact this
is already starting to happen for very small satellites
(e.g. cubesats).

3.2 Testing

A massive test campaign was performed on all the
samples and prototypes produced with the 3D print-
ing techniques and on other samples commonly used

in the space missions in the case of the Design for
Demise (D4D) testing. A short description of every
testing campaign follows.

3.2.1 Design for Demise tests

The main objective of the D4D testing campaign
was to provide basic phenomenological data on the
demise of particular spacecraft materials and struc-
tures such as:

• Aluminium

• CFRP and Sandwich materials

• Representative spacecraft components

A signi�cant number of innovative tests were per-
formed with the aim of identifying the key gaps
in our current knowledge and understanding of the
D4D processes. In particular, the tests were aimed
at understanding the following issues:

• Shear testing of aluminium

• Understanding what happens to facesheets
when removed

• Test complete complex structures such as reac-
tion wheels and CubeSats.

The tests were performed in the DLR L2K facility.
There were many �Firsts� in the ReDSHIFT Demise
Test Campaign. The results of the D4D tests are
described in detail in the [7]. Here we brie�y recall
some of the speci�c tests along with some of the main
conclusions:

• First tests of aluminium thin structures: Top
hat, Plate, CubeSat Structure, Reaction Wheel
Housing. The results point out:

� A signi�cant strength of oxide is observed,
such that some force is required for re-
moval;

� There is some delay in the separa-
tion/fragmentation after the melt point is
reached.

• First tests of complete satellite (CubeSat). The
results point out:

� The satellite structure melts but the steel
rods for mounting can still the support
structure after the strong heating;
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� The GFRP electronics cards are more ro-
bust than expected.

• First tests of real spacecraft equipment. An
engineering model a real reaction wheel was
tested. The results point out that:

� The observed demise process is very di�er-
ent from models;

� Many small parts are produced;

� The heating distribution is evident and the
curvature is clearly important.

3.2.2 Hypervelocity impacts tests

The hypervelocity impact tests campaign was per-
formed with the two-stage light gas gun at the
CISAS hypervelocity impact facility and by means
of ad-hoc computer simulations [13]. The main ob-
jectives were to exploit the opportunities given by
additive manufacturing in designing and printing a
small spacecraft with complex geometry of the panel
core, with limited/no junctions.

The tested shields showed enhanced shielding
capability with very �ne debris fragmentation and
marginal damage to spacecraft internal components.
In terms of satellite components protection, all
shield con�gurations outperform honeycomb sand-
wich panels of equivalent thickness and surface den-
sity. This is mainly due to the panels geometry,
while the e�ect of the manufacturing process is less
relevant. A debris cloud model for the above pan-
els have been implemented as input for the Space
Debris Shielding Module of the ReDSHIFT soft-
ware (see Sec. 4.). Moreover, the e�ect of struc-
tural fault lines in satellite fragmentation has been
studied with numerical simulations, using the new
semi-empirical Collision Simulation Tool developed,
by CISAS-UniPD, in the frame of the ESA con-
tract �Numerical Simulations for Spacecraft Catas-
trophic Disruption Analysis� [14]. The goal is to
assess the possibility of controlling satellite frag-
mentation through the use of pre-determined fault
lines in the spacecraft structure. Fault lines ef-
fects are dependent from the collision con�guration
(impact point and impactor/target size ratio), with
observed disadvantages in central impacts (reduced
impact energy dissipation) but bene�ts in glancing
impacts (limited fracture propagation along struc-
ture). Given the variety of possible collision scenar-
ios and the expected majority of glancing impacts,
fault lines could be a good candidate for reducing

the severity of large collision events involving entire
spacecraft and/or rocket bodies.

3.2.3 Radiation tests

The purpose of the radiations tests was to evalu-
ate the shielding potential of di�erent aluminium
structures with respect to the space radiation en-
vironment, through a set of simulations and experi-
ments. High energy protons were chosen for this as-
sessment because they are the most abundant par-
ticles in space and they are extremely relevant for
the Low Earth Orbit (LEO) environment and are
the most penetrating particles, having the longest
range for charged particles at a given energy, due
to the low rate of ionization. Moreover, protons can
also generate secondary e�ects through nuclear reac-
tions, which are less frequent with heavier particles.
Two radiation sensitive devices were used to assess
the modi�cations induced in the proton beam by �ve
aluminium shields:

1. RADFETs (radiation monitors)

2. NAND Flash memories (commercial devices
that can su�er from radiation e�ects)

Radiation-matter interaction Monte Carlo simula-
tions were performed to evaluate proton transport
through the shields and the layers above the active
regions of the monitoring devices. Then, based on
simulation results, an ad-hoc irradiation campaign
was performed with 24.76 MeV protons. The results
showed that, for both types of radiation monitor-
ing devices, the geometry of the aluminium shield
has little impact on the shielding e�ectiveness. The
various shields behave as aluminium layers with an
equivalent thickness given by the sum of the thick-
nesses crossed by the proton beam in the actual
shield.

3.2.4 Mechanical and Thermal Vacuum (TVAC)

testing

The components and the satellite prototypes pro-
duced with the 3D printing underwent a thorough
testing campaign to verify their suitability for a
launch with the most common rockets and their ca-
pability to survive in the harsh thermal vacuum en-
vironment in space. Both the aluminium and the
ULTEM-made satellites were tested. The �rst tests
were performed on the �traditional� structure and
then used to retro�t on the innovative design of the
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spacecraft, optimized for the 3D printing processes.
In essence, it can be stated that the ULTEM(TM)

structure was proven to damp the high frequency
vibration which is bene�cial for the on-board elec-
tronics [6]. While the 3D printed aluminium struc-
ture provided a similar behaviour compared to the
CNC one, so the implementation of 3DP geometries
became less risky. The TVAC test of the ULTEMTM

structure proved that the thermoplastic structure is
viable in space and that the thermal insulation in-
herent to the material could be useful to reduce the
power required for thermal control via heaters. Both
sails-related mechanisms [12] successfully passed the
entire tests with a reduction in mass due to 3D print-
ing. Finally, the modi�cation in the aluminium 3D
printed structure provided outstanding results. The
frequency of this mode was doubled in the lateral
axes with half the mass while the frequency in the
longitudinal one did not change. In addition, the
ultimate load was highly increased due to the re-
moval of several screws. Moreover, no dangerous
local mode was detected in the star trackers so the
new bracket can be considered a success that con-
tributed to reduce the mass while maintaining the
mechanical performance. Therefore, it was proven
that the use of 3D printing with exclusive geome-
tries like lattice patterns, topological optimization
and integration at manufacturing level are indeed
viable options for space primary structures with a
positive signi�cant impact on the performance.

4. Software

Within ReDSHIFT, a large software suite was pro-
duced both as a a standalone package distributed
inside the consortium members and as a web-based
tool freely accessible with a registration on the
project portal at https://redshift-webtool.elecnor-
deimos.com/webtool/login.html. The software is
conceived as a tool for spacecraft operators, space
agencies and research institutions to design a space
debris compliant mission, e.g., by suggesting the dis-
posal trajectories and the technologies needed to
achieve them, the best shielding opportunities for
a given spacecraft and the possibility to produce it
with additive manufacturing, etc. In detail, there
are �ve interconnected modules:

• a disposal module (based on the results de-
scribed in Sec. 2.) described in detail in [21] and
[10].

• a sail module (based on the results described in
Sec. 2.) computing the required sail to dispose
without impulsive manoeuvres adopting either
a passive sail approach (i.e., with �xed attitude)
or a modulating sail approach (i.e., with a vari-
able attitude) if the passive approach is not fea-
sible due to technological limits (e.g., sail size)
[8].

• an environment projection module, allowing the
computation of the �ux and collision probabil-
ity over a target orbit. The �ux of particles of
di�erent sizes can be considered: 1 mm, 10 mm
and 10 cm. In particular, the particles around
1 mm are relevant for debris shielding modules.
Note that the �ux results are obtained by ex-
trapolation from the long-term evolution of the
space debris environment (from LEO to GEO)
with 7 scenarios based on di�erent debris miti-
gation assumptions.

• a design and shielding model (based on the re-
sults described in Sec. 3.) using the data from
environment projection module to characterize
the impacts in terms of collision probability and
impact velocity and particle size.

• a design for demise module (based on the results
of 3.2.1) generating an initial assessment of the
fragmentation and demise of a S/C re-entering
the Earth's atmosphere with the possibility for
the user to input a catalogue of critical compo-
nents.

All the modules are interfaced and linked, in a pro-
cessing chain, through the openSF simulation frame-
work properly con�gured and customised to adhere
to the needs of the ReDSHIFT SW tool.

5. Legal aspects

The complexity of space debris concerning the us-
ability of outer space in a long-term perspective does
not only require adequate regulation. It demands a
holistic approach that provides a pragmatic trade-o�
between the restrictions needed and their bene�ts.
For this purpose, the relevance for the implemen-
tation of legal measures for space debris of all the
technical �ndings obtained within ReDSHIFT were
explored.

A global strategy - both on the technical and
on the legal level, from the planning of the mission
and spacecraft design, up to end-of-life - is needed.
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Legal e�orts to minimize space debris should not be
concentrated only on compliance and enforcement
of existing guidelines. These must be adapted, ex-
tended and supported by (new) legal and economic
measures.

By premising the legal analysis on technical �nd-
ings, possibilities to re-formulate the existing regu-
lations are proposed and discussed in detail in [16].
The proposals include:

• A revised interpretation of the 25 year-rule for
MEO, aiming, e.g., at the deorbiting of GNSS
satellites at end-of-life [15]. In the dynami-
cal studies it was shown how deorbiting even
from the MEO region is possible, with a mod-
erate ∆V . Whilst these deorbiting trajectories
require more than 25 years to actually bring
the spacecraft back into the atmosphere, it was
shown how the actual interaction between the
spacecraft and the LEO protected region is min-
imal and never exceeds 25 years (actually it
is signi�cantly shorter). Therefore a provision
stating that only the time spent within the pro-
tected region (as opposed to the total residual
lifetime) could be adopted.

• An add-on to GEO disposal rules, accounting
for the growing exploitation of inclined GEO
orbits, for natural end-of-life re-entry. As it
was shown in the dynamical studies, the in-
clined GEO orbits lie in a very unstable region
of the phase space. Hence this instability can
be exploited to reach a fast reentry which is, for
these speci�c spacecraft, actually much cheaper
(in terms of DeltaV ) than a maneuver aiming
at reaching a stable super-GEO graveyard. The
same caveat about the interaction with the pro-
tected regions as in the above bullet apply here.

• Recommendations to limit the orbital lifetime
in LEO and MEO by exploiting orbital reso-
nances. As it was described in Sec. 2., the use
of the resonant corridors can help in enhancing
the e�ectiveness of the disposal maneuvers and
the adherence to the mitigation practices.

• The use of augmentation devices for deorbiting
also from orbits higher than LEO.

• Recommendations for demisable materials. The
new tests performed within ReDSHIFT showed
how, even for small spacecraft (CubeSats) or
for devices of widespread use (e.g., reaction

wheels), a signi�cant share of the material can
survive the reentry conditions. A careful choice
of the materials should therefore be done taking
into account the full demisability of the space-
craft, at the design stage. This can become
even more important if, as suggested above, the
atmospheric reentry becomes an option even
for MEO and GEO spacecraft which histori-
cally were not designed with this �ery destiny
in mind.

• Economic incentives to promote Active Debris
Removal (ADR). While it is true that a mar-
ket for ADR is blossoming, an international co-
ordinated and �nanced e�ort could be devised
to promote a global action to remove the most
dangerous abandoned spacecraft in the critical
regions of LEO. Examples of this good practice
can be found in other terrestrial and maritime
operations.

In essence, the ReDSHIFT paradigm and the pro-
posed guidelines amendments can be viewed as a
will to consider space debris compliant space mis-
sions from the early design stage both in terms of
spacecraft structures and in terms of orbital dynam-
ics.

6. Conclusions

The H2020 ReDSHIFT project was concluded at the
beginning of 2019. A number of interesting goals
which were brie�y summarized in the above sections
were achieved. In particular we can highlight:

• a complete mapping of the LEO to GEO space
was performed and the cartography was ex-
ploited to devise �dynamical� disposal strate-
gies for any orbital regime. All the maps are
now publicly available on the project website
(http://redshift-h2020.eu/)

• a small spacecraft �debris compliant� was de-
signed and three prototypes were assembled ex-
ploiting the advantages o�ered by the additive
manufacturing procedures. Several parts, in-
cluding optimized debris shields, were designed
and 3D printed.

• the 3D-printed items underwent environmental,
hypervelocity and radiation tests.

• the materials and components of the spacecraft
were tested for Design for Demise (D4D). More-
over the D4D tests included a novel test on a full
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mock-up of a CubeSat and on an engineering
model of a reaction wheel.

• the possibility to exploit area augmentation de-
vices (e.g., solar and drag sails) was studied
both from the dynamical and the hardware
point of view.

• a software tool (whose web version in publicly
available at the project website) encompassing
all the above �ndings was produced. The soft-
ware shall help the users to conceive a �debris
compliant� space mission from the design to the
disposal phase.

• the possible improvements to the international
space regulations and standards, stemming
from the projects �ndings, were analyzed.

We believe that the ReDSHIFT project represented
a very successful contribution in the �eld of pas-
sive debris mititigation and a fruitful example of the
power of the H2020 European collaborative e�orts.
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