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ABSTRACT

This paper presents the initial steps toward developing a
dedicated pipeline for modeling the collision and breakup
of large space structures, with a particular focus on So-
lar Power Satellites (SPS) in Low-Earth Orbit (LEO) and
Geosynchronous Orbit (GEO). In the last decades, in-
terest in assessing the advantages and feasibility of de-
ploying SPS in orbit has grown significantly—alongside
concerns about the potential risks they pose due to their
important size. However, very little research has exam-
ined in detail the actual effects these structures could have
in terms of collisions and debris generation. The ulti-
mate goal of this research is to develop an accurate yet
computationally efficient method for estimating the con-
sequences of impacts involving large space structures,
ranging from minor to catastrophic collisions. This ap-
proach will enable seamless integration into space envi-
ronment evolutionary models (such as NESSY or MO-
CAT), ensuring a more comprehensive assessment of
their long-term impact on the space environment. When
considering collisions between large space structures and
objects ranging from sub-millimetre fragments to geo-
stationary satellites’ size, the current NASA Standard
Breakup Model (SBM) may be insufficient for accurately
capturing the resulting fragment distribution. This is pri-
marily because it usually overestimates smaller debris (on
the millimetre scale) and is not designed to account for
very large structures. In the existing literature, the effects
of hypervelocity impacts are typically studied in detail
through experimental collision tests in physical facilities
or numerical simulations using Smoothed Particle Hydro-
dynamics (SPH) or Finite Element Method (FEM) anal-
ysis. These approaches are however computationally ex-
pensive and inadequate for the integration of algorithms.
On the other side, semi-empirical models allow to pro-
vide estimates based on real experiment data and better
generalise about different scenarios. This research re-
ports the first steps towards developing a semi/analytical
based breakup model specifically tailored for large space
structures with a focus on SPSs.

Keywords: Solar Power Satellites; Fragments; Standard
Breakup Model.

1. INTRODUCTION

Space-Based Solar Power (SBSP) technology has been
investigated since the 1970s, while a concrete commer-
cial interest has grown just in the last decade, because
of the increasing concerns about ”green” energy produc-
tion on Earth. Because of the complexity and high costs
of such missions, only a few concepts have been in-
spected in detail. In GEO orbit one of the most impor-
tant is the SPS Alpha [7] concept, by NASA (declared
power delivered ≈1 GW). Similar to this one, always for
GEO orbit, IECL and Space Solar are working on CAS-
SIOPeiA (Constant Aperture, Solid-State, Integrated, Or-
bital Phased Array), derived from the original concept
HESPeruS (Highly Elliptical Solar Power Satellite [11] ,
declared power delivered more than 1 GW); an idea of I.
Cash (at present chief architect at Space Solar). Both con-
cepts aim to converge solar rays with huge collectors and
transfer then the energy back to Earth. The first real mis-
sion demonstrating the transfer of energy to the planet is
the Caltech experiment: the Space Solar Power Demon-
strator (SSPD-1)[6] launched in January 2023. A differ-
ent concept instead is the constellation of LEO reflectors,
conceived by ESA and Thales Alenia Space (SOLARIS
project): SBSP (Space-Based Solar Power) [12] . Fig-
ure 1 shows the ESA reflector’s architecture. It is made of
a composite membrane (≈1km in diameter and just 4 to
8 µm thick) stretched and kept in place by a circular truss
ring, while the whole structure is balanced by a central
truss mast (≈564 m). This concept is intended to be in-
serted into a down-dusk Sun-synchronous orbit (SSO) at
approximately 890 km altitude. Figure 2 instead reports
a schematic representation of the CASSIOPeiA concept.
The height of the whole structure is ≈3 km (reflectors are
about 2 km in diameter).
Current literature studies for these architectures are
mainly focused on commissioning, assembly, power bud-
get and orbital control analyses; but very poor literature
covers the impact of such huge structures in terms of col-
lision risk and fragmentation modelling for these scenar-
ios. Because of the huge dimensions of such missions,
the traditional approaches could be not optimal for these
structures; for example in the case of the LEO reflec-
tor where the thickness of the membrane is very differ-
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ent from the dimensions of the other components. Fur-
thermore, the LEO environment is highly populated with
a growing density of both big objects and small debris
(ESA Annual Space Environment report [14] of 2024),
that if impacting could result in very different conse-
quences on the structure depending on the component
involved. In GEO the collision risk is not that critical
but the huge cross-sectional areas of the reflectors and
the central helix of CASSIOPeiA increases consistently
the risk due to small fragments and micro-meteoroids,
which over time could erode consistently some parts of
the structure. The main studies analysing the main conse-
quences of the collision effects on SPS are the following.
The Thales Alenia technical report [12] in 2023 inspects
mainly the collision frequency with small fragments with
the LEO reflector, estimating to tolal amount of cumu-
lated collisions with the membrane. Gordon and McInnes
[28], along with the SOLSPACE project, inspect the end-
of-life aspects of the LEO reflector concept underlining
the main constraints imposed by ESA on collision avoid-
ance concerning major objects and citing the work of
Lourens et at. about the qualitative estimate of conse-
quences of impacts with thin membranes as one of so-
lar sails [26]. Regarding instead the GEO scenario (e.g.
CASSIOPeIA), no studies have specifically focused on
the SPS concept regarding the collision effects, but con-
sequences could be deduced by reviewing the different
analyses reported about sphere-wall tests for different im-
pact velocities.
This paper’s objective is to present the first steps towards
a dedicated pipeline to adequately estimate the conse-
quences of impacts (both local and catastrophic events)
involving different parts of a generic SPS on the rest of
the space environment. The main challenge in the case of
SPSs is defining a model capable of generalizing the anal-
ysis to any different typical component of the SPS not
losing the accuracy in the phenomena description. SPS
components can vary between a few microns in thickness
up to a meter (as will be discussed later). The other most
important characteristic of this pipeline is to be computa-
tionally efficient to be incorporated inside an evolution-
ary model for the space environment such as NESSY.
NESSY (NEtwork model for Space SustainabilitY) [20]
is the tool developed at the Aerospace Centre of Excel-
lence of Strathclyde University that allows a prediction of
the evolution of the space environment over time, based
on the network theory. At the moment the breakup model
employed inside NESSY is the NASA SBM, but to bet-
ter account for the SPS presence in space, also this new
pipeline is going to be integrated.

2. BREAKUP MODEL FOR THE SPS USE CASE.

Fragmentation modelling has been largely investigated
in literature for space applications through different ap-
proaches. Many impact experiments have been investi-
gated, most of them focused on aluminium and carbon-
fibre composite plates impacted by spherical impactors.
These experiments provide a detailed idea of the con-
sequence of the impact (perforation, structure deforma-

Figure 1. Schematic architecture of a single reflector of
the concept studied by ESA [12] .

Figure 2. Overview of the CASSIOPeiA concept[11] , de-
signed by Space Solar.

tion and shape of the debris cloud produced) with dif-
ferent initial conditions (e.g. different t/D ratios, where
t is the plate thickness and D is the impactor diame-
ter, and initial speed). Between the most relevant for the
present research, there are the experiments presented by
Piekutowsky [22], those by Verma and Dhote [5] and by
Nishida [32], [31]. Other major tests involving bigger
structures are SOCIT [2] and DebrisSat [4], these have
been considered also in the development of the NASA
breakup model. These experiments, and many others,
have been essential to help in the development of the
so-called empirical and semi-empirical breakup models.
The most famous empirical model is the NASA Standard
Breakup Model (NSBM) [9], developed initially in the
1990s, providing fragments mass, velocity, area-to-mass,
and characteristic length distributions derived from em-
pirical data available. On the other hand, semi-empirical
models combine mass, momentum, and energy conser-
vation principles with empirically derived relationships.
They are based on conservation laws to constrain empiri-
cal results, making predictions consistent. These aspects
make empirical and semi-empirical models computation-
ally efficient and useful when detailed information about
objects involved in the impact is not available or there is
a necessity to make the model as much versatile as possi-
ble. The most known semi-empirical model-based tools
are FAST [33] and IMPACT [3]. These two tools have
similar pipelines and derive mass, size (or characteristic
length), area-to-mass, and delta-velocity distribution of
fragments. Between the two IMPACT relies more heavily
on empirical models and data. Another reference is the
CST model developed at the University of Padova [27],
this model combines different semi-empirical techniques
coming from both IMPACT and FASTT together with a



computer graphic approach based on the Voronoi pattern,
to relate the total number of fragments with their ma-
jor dimension distribution. Many other researches have
inspected the consequences of collisions in space em-
ploying numerical simulations such as SPH (Smoothed
Particles Hydrodynamics simulation) or FEM (Finite El-
ements Method) analyses [[17], [18], [24]]. These ap-
proaches are ideal for inspecting in detail the behaviour
of the collision and having an idea of the shape of the
clouds of debris produced. The main limitation of these
approaches is that they are computationally expensive,
and cannot be included at runtime in other algorithms.

Of all the previous techniques the one selected to model
the case of SPS breakup modelling is the semi-empirical
approach. SPS structures present a variety of different
subcomponents (different in shape and material), mean-
ing a consequent large variety of possible collision sce-
narios. Semi-empirical approaches allow to cover a
wide range of collision scenarios (different types of im-
pactor and target coupling) providing a very good level of
precision. However, since the semi-empirical approach
strongly depends on the variety of empirical laws avail-
able to represent different scenarios, it is necessary to
combine this empirical formulation with an algorithm ca-
pable of bridging the gap between the different impact
conditions considered. This module can be for example
an ML (Machine Learning) based algorithm trained on
the test data derived from the empirical laws for differ-
ent scenarios: the initial condition of the fragments cloud
after the breakup (number, size, mass and velocity distri-
butions). A more detailed description of the pipeline is
described in the next chapters.

3. LEO AND GEO POSSIBLE IMPACT SCENAR-
IOS INVOLVING SPS.

In order to define the breakup modelling pipeline for the
SPS it is essential to identify in detail all the possible
collision scenarios involving the solar power satellites
in both LEO and GEO regimes. To do that three main
aspects need to be considered: the impactor population,
the SPS characteristic components and the velocities in-
volved in the collisions. The first aspect is the identifica-
tion of all the different impactors that could be involved in
collisions with the SPS. Both LEO and GEO SPSs should
include collision avoidance strategy and manoeuvres ca-
pability for the trackable objects (with average diameters
bigger than 5-10cm in LEO orbit and 10cm in GEO or-
bit). However, because of the huge dimensions of the
structures of the SPSs and the consequent relatively ele-
vated risk of collision, especially in the LEO region, it is
useful to consider eventual collision scenarios also with
major objects, and the related long-term effects. More
important is instead to inspect the impact consequences
with small fragments (average diameter between 1mm
and 10cm). In Figures 3 the distribution of the average
diameter of respectively LEO and GEO populations of
major objects in 2023 is reported, combining the SatCat
[23] and ESA DISCOS [8] databases. In Figure 4 instead

the distribution of small fragments is reported for both
regimes. These plots suggest that in LEO the biggest di-
mension for LEO objects is generally about a few meters,
apart from the space station and some upper stages. In
GEO instead many platforms and upper stages exceed the
10m.

Figure 3. Distribution of the LEO and GEO objects
through altitudes and major diameter (objects from ESA
DISCOS and SatCat, objects bigger than 10 cm).

Figure 4. Distribution of the LEO and GEO small frag-
ments through altitudes and major diameter (objects from
ESA MASTER, objects between 1 mm and 10 cm).

In LEO as shown by Rossi [25] the collision velocity, de-
pending on the impact angle, shows an average value of
9.7 km/s, having minimum values around a few km/s
and a maximum between 12 and 15 km/s. In the GEO
regime instead, impact velocities are lower, and should
be on average about 800 m/s [34], with maximum val-
ues about 5 km/s considering crossing objects like mi-
crometeoroids (slightly higher average for GTO, around
2 km/s). Considering that impacts cover a range be-
tween hypervelocity and sub-hypervelocity regimes, be-
tween both LEO and GEO. In the case of hyperveloc-
ity impact, complex phenomena can lead to pulverization
and fusion of the material (depending on peculiar physi-
cal properties).

The last important aspect to consider for the modelling of
the breakup estimate is the variety of the different possi-
ble characteristics of the SPS structures. Table 1 summa-
rizes the different structural types that could be found in
different SPS architectures. This wants to summarize the
real variety of structure characteristics, considering the
most common structures present in SPSs platforms. The
table shows that in GEO platforms the maximum thick-
ness could be in some cases higher than the LEO ones, or
in general more massive.

This table has been defined from the data of the main mis-
sion concept conceived in the last decades (mainly [11],
[12], [36], [37], [38], [39]).



Table 1. Identification of the main constitutive objects for LEO and GEO main SPS platforms. Materials: CF = carbon
fibre / PEEK / KAPTON, Al = aluminium, FG = fibreglass. t is the thickness of the structural component.

Orbit regime Component type Shape t range [m] Material
Truss structures modular cylindrical 10−3 - 10−2 CF

LEO Membrane thin plate 10−6 - 10−3 CF
Structural layers thin/thick plate 10−3 - 10−2 AL, CF
Solar panels thin/thick plate 10−3 - 10−2 Al, FG
Truss structures modular cylindrical 10−3 - 10−2 CF

GEO Reflector panels thick plate 10−2 - 100 CF, Al
Reflective mirrors thin/thick plate 10−3 - 10−1 CF, FG
Structural layers thick plate 10−3 - 10−1 Al
Solar panels thin/thick plate 10−3 - 10−2 Al, FG

Previous studies with NESSY [21] show that the aver-
age number of collisions with small populations for the
LEO reflector is around 2× 103 per year. While in GEO,
for CASSIOPeIA the average number of collisions with
small fragments and micrometeoroids is about 2 × 102.
Considering the worst-case scenario instead of not being
capable of performing collision avoidance manoeuvres,
collisions with major objects are estimated at 6 potential
collisions per year, with NESSY. This proves the fact that
the great majority of collisions with the SPSs in both LEO
and GEO involve small fragments or minor impacts, not
generating huge amounts of fragments bigger than 1mm
but still happening very frequently during the SPS life.

The main considerations done in this paragraph are es-
sential for the definition of the breakup model pipeline
shown in the next chapter, mainly from the point of view
of which type of empirical model is considered, mainly
depending on the thickness of the target and dimension
of the impactor, or the material of the objects.

4. A MODULAR PIPELINE FOR SPS TAILORED
BREAKUP MODELLING.

The current version of the NESSY evolutionary model
[20] [21] includes both trackable (objects up to 10cm in
major diameter) and untrackable objects (between 1mm
and 10cm in major dimension). NESSY is an evolu-
tionary model based on the network theory, which in-
cludes five object species: payloads, upper stages, non-
maneuvrable objects, fragments and solar power satel-
lites (characteristics similar to those of the payload but
kept separated because of the peculiar dimension charac-
teristics and mission profile). Collision consequences be-
tween all the objects are at present estimated through the
NASA SBM, modifying the minimum dimension thresh-
old according to the minimum dimension treated inside
the network itself. The class of solar power satellite is
treated slightly differently from the other nodes. A classi-
cal node (defined as the space regime between an altitude

and inclination ranges) in NESSY is characterised by the
following average characteristics: mass, cross-sectional
area, and major dimension. These values are used for
both the decay computations and the collision computa-
tions (inside the SBM). For the SPS instead the same ap-
proach cannot be used, because of the huge structure and
then huge mass involved. Depending on the different im-
pactor a fraction of the whole SPS structure is selected.

Figure 5. Fragmentation modelling pipeline for SPS. *d
is the major dimension of the objects involved in the im-
pact with SPS.

Figure 6. Focus on the local damage impact analysis, as
part of the bigger pipeline.

The whole pipeline to model collision and breakup for the
SPS is pictured in Figure 5. The flow represented in this
scheme pictures the entire approach, while the module
that effectively would run inside NESSY is the so-called,
”Generalization model”, which consists of an ML-based



(Machine Learning) algorithm that will be trained over
the outcome of the first part of the pipeline: the distri-
bution of the fragments (in terms of size, mass and ve-
locity) generated by an impact between a generic object
and an SPS. The results of the entire pipeline and the out-
come of the ML simulations however are not presented
in this paper but will be included in the next publications.
The selection of the subcomponent of the SPS impacted
is done inside NESSY based on the probability distribu-
tions of each substructure (e.g. substructures defined in
the previous chapter) computed in the same way as done
in [21].

To generate the fragmentation data for the ML algorithm
two approaches are considered: one ”macro impact” ap-
proach and one ”local impact” approach. Once the im-
pact couple (impactor and target) is defined, depending
on the major dimension of the impactor one of the two
analyses is considered. For an impactor smaller than 1m
in major dimension, the local analysis is selected for the
SPS impacted. The local analysis inspects first of all the
momentum transfer involved in the impact and defines
the fraction of the volume (for both impactor and tar-
get) involved considering the impact as happening with
a fraction of the structure ten times larger than the im-
pactor’s major diameter (a dimension sufficiently larger
than the impacted area). After that, the fragmentation
volume (Fv) involved in the impact is computed (simi-
larly as done in [27]), from the fragmentation level (Fl):

Fl =
ϵtot
δ

Fv = V × Fl

(1)

where ϵtot is the impact total specific energy involved in
the impact, δ is the impact threshold for the catastrophic
collision (e.g. 40 kJ/kg), and V is the volume of the part
of the target involved in the impact. Fragment distribu-
tion is computed by combining both the approach used
in CST [27] and IMPACT [3] models. The cumulative
number of fragments is derived from the semi-empirical
laws (such as those of Nishida [32], [31]), while the re-
lation between the total number of fragments and their
dimensions distribution is given by a 2D Voronoi pattern,
constructed using as initial seed the semi-empirical laws.
The single fragments are then considered ellipsoids with
major axes the major dimension of the Voronoi polygons
and as second and third axes equal between each other
and computed iteratively to best match the total fragmen-
tation volume obtained from the fragmentation level. The
mass is redistributed per each fragment proportionally to
the main size (computed with the Voronoi); while the ve-
locity is defined using the approach defined in the IM-
PACT [3] model:

vi =

√
mo

mi
v2o (2)

where equation 2 shows the way the velocity is dis-
tributed between the major bins (vi) of fragments after

the impact (of the impactor and target): mo is the ini-
tial total mass involved in the collision, mi is the mass of
the single bin and vo is the initial impact relative speed.
While equation 3 computes the distribution of the veloc-
ities for each single fragment, where x is the ratio of the
spread of velocity to the characteristic initial velocity:

f(x) = Axα−1(1− x)β−1 (3)

f(x) is a beta function employed to redistribute the ve-
locity between fragments.

Ultimately the distribution of the velocities in three di-
mensions is assumed spherically symmetric about the
post-fragmentation ECI the velocity vector of the debris
cloud’s centre of mass, as done in the IMPACT model.

The macro analysis is not inspected in detail in this paper
and no results are still not ready for a scientific publica-
tion. However, this second approach wants to estimate
the breakup behaviour of solar power satellites when im-
pacted by bigger structures (objects bigger than 1m in
major dimensions and not just fragments), to capture the
macro effects on the structures impacting and the even-
tual separation of major objects. Once the main substruc-
ture of the SPS impacted is selected (e.g. truss structure,
panels, reflector), the fraction of this structure involved
in the impact is selected as well for the macro-impact ap-
proach(using again the momentum balance). Then the
object couple (impactor and target) is divided into macro
components and the failure of major structural objects is
inspected to verify if a certain energy threshold is ex-
ceeded for each of them, leading to separation. Together
with this approach, a fragmentation model accounting for
debris generation needs to be considered as well, and also
in this case a semi-empirical model is employed but using
an approach similar to the one used for the NASA SBM
version of the ESA MASTER tool [35].

Once multiple scenarios have been run for the different
impactors and target conditions (multiple structures and
material types, as listed in the previous chapter), the frag-
mentation data are used as a dataset for the ML algorithm.
The outcome of the training will be then employed inside
the NESSY simulation at runtime to estimate the conse-
quences of collisions together with the rest of the space
environment.

5. LOCAL IMPACT ANALYSIS TEST CASES
AND PRELIMINARY RESULTS.

The previously defined pipeline has been partially tested,
and in this paper, some preliminary results are shown
in more detail. This chapter shows two main use cases
for the impact of small fragments in both LEO and GEO
regimes. Table 4 shows the characteristics of the two test
settings. The first test case (GEO-test) inspects the im-
pact of an aluminium fragment against a support panel
for a GEO SPS, and has been selected explicitly because



it can be easily validated through the Nishida experiments
for the aluminium tests (data in [31]), to have a matter for
comparison and validation of the fragments generation
method. The second test instead inspects the collision
of a small aluminium fragment against the LEO reflector
membrane (the material considered is PEEK [12]). For
both the two test cases the part of the pipeline which is
involved in the analysis is the local fragmentation anal-
ysis, while the entire pipeline tests will be shown in the
next publications.

Table 2. Test cases for the local breakup model analysis.
(d = projectile diameter, t = plate thickness, v = initial
speed orthogonal to the target main plane).

Test case Parameter Impactor Target
Geometry Sphere Thin plate

GEO-test Material Aluminium PEEK
Dimenson d = 4 mm t = 3 cm

Initial cond. v = 3.7 km/s v = 0 km/s

Geometry Sphere Thin plate
LEO-test Material Aluminium Aluminium

Dimension d = 0.5-10 mm t = 10 µm

Initial cond. v = 10 km/s v = 0 km/s

5.1. GEO test case

For the GEO test, the velocities considered are in the hy-
pervelocity impact regime. Because of the dimension of
the impactor this case is treated by the local analysis part
of the pipeline. Firstly the momentum balance of the im-
pact suggests that the collision will produce a breakup
with a complete fragmentation of the impactor with a
non-perforating impact (generation of a crater). Know-
ing the total kinetic energy involved in the impact, the
fragmentation volume can be computed, and the Voronoi
pattern is derived as described in the previous sections.
Figure 7 shows the last iteration of the 2D Voronoi pat-
tern generation process for the target (a similar one is also
defined for the impactor), with highlighted just the poly-
gons considered in the analysis domain (blue points cor-
respond to the centroids of the polygons). Considering
the major dimension of each fragment (polygon) the to-
tal actual fragmented volume is recovered as described in
the previous chapter. The total number of fragments gen-
erated bigger than a certain dimension (a) is plotted in
Figure 8 (in blue), together with the empirical law (red)
curve and the equivalent outcome from the NASA SBM
(black). As expected the NASA SBM overestimates the
number of the smallest and biggest fragments in the dis-
tribution. However, since this test case considers very
small fragments and a relatively small range of fragment
sizes, the SBM prediction is not that far. On the other side
the semi-analytical approach shows a very good agree-

Figure 7. 2D Voronoi pattern generated from the estimate
of the fragmentation volume for the target plate in the
GEO test case.

Figure 8. Total number of fragments bigger than a certain
dimension (a) for the GEO test case. Comparison be-
tween: Voronoi generated fragments (blue), experiment
data regression curve from Nishida [31] (red) and the
empirical law of the NASA SBM (black). Fragments up
to 0.5mm minimum dimension.

ment with the empirical data.

Figure 9 reports the results of the mass and velocity allo-
cation for the different fragments from the semi-empirical
model (SE) compared with the NASA SBM sampling (in
red). It is clear from the plot the stochastic allocation of
both mass and velocity in the case of the NASA SBM.
The mass allocation from the semi-empirical model is di-
rectly correlated to the dimension and is also lower than
the estimate from the NASA SBM average one, espe-
cially for small fragment dimensions. For the velocity
instead, the SE estimate values are slightly higher. Table
3 instead shows the different estimates of total mass and
fragmentation volume as computed with the momentum
balance and the outcome of the semi-empirical model
developed, compared with the experimental data from
Nishida. It is possible to notice that the semi-empirical
approach estimate remains sufficiently close to the actual
value after the definition of the Voronoi pattern.



Table 3. Total fragmentation volume and mass estimated via the semi-analytical method (SA) and initial momentum
balance (MB), compared comparison with experimental data from Nishida (collection accuracy 73%).

Nishida MB estimate SA approach estimate
Tot. fr. volume (cm3) 0.064 0.068 0.066
Tot. fr. mass (mg) 173 183 178

Figure 9. Fragments mass (on the left) and velocity (on
the right) distributions for the GEO test. Comparison be-
tween the fragments generated with the semi-empirical
approach and the NASA SBM. The black dashed line rep-
resents the minimum fragment dimension considered in
NESSY simulation (δ).

5.2. LEO test case

The LEO test case instead considers the impact of a
spherical aluminium fragment against the LEO reflector
membrane. As indicated in Table 4, the thickness of the
membrane is extremely small (about 10 µm), resulting
in a very small thickness-to-impactor diameter ratio. At
present, there are no specific studies focused on a pre-
cise assessment of the perforation dynamics of the LEO
reflector membrane. Few studies (e.g. [12] and [26])
provide pertinent analyses for this scenario. However,
as investigated by the literature, for very thin plates un-
der hypervelocity impact the target is usually perforated,
even with impactor diameters significantly smaller than
those relevant to this investigation. Considering this sec-
ond use case with the semi-empirical pipeline, it is in-
teresting to consider different scenarios varying the di-
ameter of the impactor to understand after which critical
diameter the impacting object will pass through the mem-
brane almost undamaged. Considering the first step of
the pipeline, the momentum balance (comparison of the
total kinetic energy with the breakup energy threshold)
suggests a non-catastrophic breakup of the impactor at
about 9 mm in diameter for the spherical aluminium pro-
jectile. For this use case, the fragments generated from
the plates are completely pulverized, but those coming
from the projectile are bigger than the NESSY thresh-

old. However, it is interesting to verify through a more
precise investigation which is the critical diameter lead-
ing to a perforation of the membrane not breaking up.
To do so a series of numerical simulations have been set
up, using the ANSYS Autodyn environment. The sim-
ulation is set up using a 2D axis-symmetric Smoothed
Particle Hydrodynamics (SPH) solver. A similar setting
has been widely employed in literature for hypervelocity
impact simulation (e.g. [17], [24]). Figure 10 shows the
initial configuration in axisymmetric configuration, with
the impactor and membrane filled with SPH particles of
the two different material models. Initial velocity is im-
posed on the projectile in the X direction, while the plate
is fixed at the boundaries. The dimension of the plate in
Y direction is computed as 6 times higher than the radius
of the projectile, to make sure this does not influence in
any way the simulation results. To let the dynamic fully
develop the simulation has been run for 10−2 ms. The
diameters considered for the impactor are the following:
10, 7, 5, 3, 2 and 1 mm. The rest of the main high-level
characteristics of the simulation settings are indicated in
Table 4. Figure 10 shows that at the end of the simu-
lation the case of diameter 10 mm shows material bulk
failure (in red) just for a few particles already detached
from the main body, superficial damage and in general
plastic deformation mainly on the backside. Bulk failure
in ANSYS-Autodyn refers to the material’s loss of struc-
tural integrity due to excessive deformation or stress, typ-
ically leading to disintegration. It occurs when the ma-
terial exceeds its strain failure criteria. The test with a
diameter 7 mm instead shows a larger portion with bulk
failure and detachment of material. The other test cases
report a large breakup of the projectile or major failure.
Between 3 and 5 mm the projectile seems as well to par-
tially fracture and probably later go through a progres-
sive mass reduction. This experiment proves that the crit-
ical perforating diameter is larger than 7 mm and proba-
bly around 10 mm (as in agreement with the momentum
balance outcome). However, impactor diameters up to 7
mm cause the breakup of the projectile, producing frag-
ments that could also be still bigger than 1 mm.

6. CONCLUSIONS AND NEXT STEPS

This paper presents a tailored approach for modelling col-
lision and fragmentation events related to Solar Power
Satellites, with applicability to other large space struc-
tures. The proposed pipeline enables the simulation of



Table 4. ANSYS-Autodyn simulation setting for the LEO
test case. X indicates the number of SPH particles in the
x-symmetry direction. More details about PEEK material
in [12].

Object Parameter Setting
Shape thin plate

Membrane Material PEEK AptivTM
EOS Polynomial
Strength Steinberg Guinan
Failure model Johnson Cook
Erosion -
SPH objects (X) 4
Initial condition Clumped
Shape Sphere

Impactor Material Aluminium 2024
EOS Polynomial
Strength Steinberg Guinan
Failure model Johnson Cook
Erosion -
SPH objects (X) 400 - 40 000
Initial condition X velocity

Figure 10. Initial simulation setting in ANSYS-Autodyn
using SPH modelling in axisymmetric mode: on the left
the symmetric x-direction view and on the right a lateral
view of the rotated x-symmetric geometry. In blue the
impactor sphere and in green the plate.

Figure 11. Analysis of the critical impactor diameter
for the LEO reflector membrane (simulation in ANSYS-
Autodyn 2024). Visualization of different diameter sce-
narios 10−2 ms after the contact of the projectile with the
membrane. The different colours define the status of the
material at that time instant: red = bulk failure, cyan =
plastic deformation, green = elastic deformation, blue =
hydro deformation.

collision effects using a semi-empirical model, account-
ing for both local impacts and big catastrophic impacts.
At this stage, only part of the pipeline has been exten-
sively tested, and preliminary results are presented for
a few simple scenarios. The final pipeline will be de-
signed for integration into an evolutionary algorithm such
as NESSY, enabling an optimal long-term assessment of
the presence of SPS in the space environment. Prelim-
inary results show good accordance with experimental
data. Besides the tests of the pipeline regarding local
fragmentation in GEO, the paper reports also a paramet-
ric study conducted through ANSYS-Autodyn environ-
ment about the impact on the LEO reflector membrane.
The main next steps regard the finalization of the macro
analysis part of the pipeline, allowing the simulation of
impacts between large structures and the SPSs. Further-
more, the final next step will be testing and validating the
ML-based algorithm generalization.
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37. O. Çelik, C. McInnes, A Constellation Design for
Orbiting Solar Reflectors to Enhance Terrestrial So-
lar Energy, Acta Astronautica Vol. 217, April 2024,
pp. 145-161, available at: link
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