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A B S T R A C T   

Satellite breakup models rely on laboratory tests and in-space collision observations; current models can match 
fragments distributions generated by traditional satellites but may need to be improved for small spacecraft and 
modern satellites employing new configurations and materials. In the last years, ground tests have been 
employed to assess the influence of dimensions, materials and internal configurations on fragments distributions 
and to define the limits of the current models. In this context, an impact test was performed at the impact facility 
of the University of Padova to characterize the fragmentation of a picosatellite mock-up; more than 7000 
fragments were collected, classified and analysed with automatic image recognition algorithms. It was observed 
that the experimental characteristic length distribution is line with the prediction of the NASA SBM even for the 
smallest size classes, while the fragments shape distribution is strongly affected by the materials employed in the 
picosatellite manufacturing. 

The subset of the collected fragments larger than 2 mm was recently subjected to a more detailed analysis: 
each fragment was individually weighed, and its three main dimensions were measured. In this paper, resulting 
fragments distributions are compared with literature data and the NASA Standard Breakup Model; in particular, 
an analytic relation between fragments characteristic length and size is found. In addition, results show that 
characteristic length and area-to-mass distributions are affected by the target materials and are clearly influenced 
by the size resolution of the analysed fragments.   

1. Introduction 

To date, the most employed set of equations used to evaluate 
spacecraft fragmentations in case of in-space collisions or explosions is 
the NASA Standard Breakup Model (SBM) [1]. It includes empirical 
relationships to calculate the cumulative number of fragments generated 
by an event as function of their characteristic length and predicts their 
area-to-mass ratio and relative velocity. The NASA SBM employs the 
Energy to Mass Ratio (EMR) parameter, defined as the impactor energy 
over mass of the involved bodies, to discriminate the severity of a 
collision: above the threshold of 40 J/g, the event is considered cata
strophic, leading to the complete fragmentation of the colliding objects. 
While the NASA SBM provides reliable fragments distributions for his
torical collision events, possible improvements are under evaluation 
regarding the representativeness of state-of-the-art satellite configura
tions [2], the accuracy in modelling distributions of fragments smaller 
than few mm [3], and the capability to discern between central and 

glancing impacts [4,5]. In this context, recent investigations aim to 
better understand the phenomena involved in spacecraft fragmentation 
and to identify the main parameters affecting satellites breakup, with 
the final goal of developing new breakup models or tuning existing 
simulation tools [6–8]. 

Ground fragmentation tests are among the sources employed in this 
investigation process; together with observations and simulations of 
fragmentations, they allow the scientific community to evaluate the 
evolution of the space debris environment and to develop and validate 
breakup models. Regarding tests reported in the literature, the SOCIT 
experiment was performed on a metallic satellite mock-up in 1995 and 
its outcomes were included in the NASA SBM [1,9]; twenty years later, 
the DebriSat campaign studied the fragmentation of a satellite with 
novel design solutions and with a large fraction of non-metallic parts 
[10]. In addition, dedicated tests focused on small satellites breakup, 
investigating the influence of parameters such as the impactor kinetic 
energy [11–13] and the materials and masses distributions inside the 
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spacecraft [14]. More recently, a 1.5U CubeSat model was subjected to 
hypervelocity impact testing to study on the consequences of a cata
strophic collision involving a nanosatellite [15]. 

In this context, in 2021 the University of Padova performed an 
impact test on a 5 × 5x5 cm3 picosatellite mock-up with a Nylon cy
lindrical projectile (diameter and height both of 12 mm) that hit the 
centre of one face of the satellite at 0 deg at a velocity of 2.72 km/s [16]. 
The mock-up included plastic elements and consumable electronic 
boards to simulate the different materials employed in modern space
craft; the mass fraction of different materials is about 25% metals, 20% 
plastics, and 55% of electronic components (as reference, on Debrisat 
the metals fraction was larger than 87% [17]). The impact EMR was of 
about 80 kJ/kg, well above the catastrophic threshold, and the collision 
led to the complete fragmentation of the target; more than 7000 frag
ments were collected, weighed, and divided in size classes. A dedicated 
automatic image recognition software was employed to measure frag
ments shapes in 2-D; characteristic length cumulative distributions and 
shape distribution histograms were obtained [16]. Results showed that 
the NASA SBM captures well the characteristic length distributions, 
while that fragments shape and area-to-mass are clearly affected by 
source materials. 

Recently, the subset of the collected fragments larger than 2 mm was 
subjected to a more detailed analysis: each object was individually 
weighed, and its three main dimensions were measured. In this paper, 
the analysis of this subset is presented, and the resulting fragments 
distributions are compared with the NASA Standard Breakup Model and 
with literature data. 

In the next section, an overview of the impact parameters is intro
duced and information on the collected fragments is provided. The 
analysis of characteristic length, shape, mass, and area-to-mass follows. 
Results confirm that the picosatellite materials strongly affects the dis
tributions; compared to literature data, results are clearly influenced by 
the size resolution of the analysed fragments, i.e. to the size of the 
smallest detectable object. 

2. Picosatellite impact test 

The test mock-up was designed to include different materials and 
components; it consisted in a plastic structure of four beams and two 
internal plates, external aluminium plates, batteries, and general- 
purpose COTS electric and electronic components stacked in three 
different levels (Fig. 1, left); a more detailed description of the picosa
tellite is reported in Ref. [16]. 

The impact experiment was carried out at the CISAS Hypervelocity 
Impact Facility using a two-stage Light-Gas Gun (LGG), capable of 
accelerating projectiles up to 100 mg at a maximum speed of 5.5 km/s 
[18–21]. The mock-up was hanged on a C-shaped support structure 
(Fig. 1, centre) and inserted in a dedicated box with soft walls to collect 
the generated fragments; the box was then installed inside the LGG 
impact chamber (Fig. 1, right). 

A nylon cylinder (diameter of 12 mm, height of 12 mm) was 

employed as projectile; its mass was 1.66 g. The test velocity was 2.72 
km/s (above the speed of sound for the non-metallic components of the 
picosatellite), and the projectile impacted the centre of one face of the 
target at an angle of 0 deg with respect to the normal: the resulting EMR 
was 80.65 kJ/kg, well above the catastrophic threshold of 40 kJ/kg. 
These impact parameters represent the limit of the current LGG 
configuration in terms of projectile kinetic energy; it is planned to 
perform additional tests on similar targets, employing smaller and faster 
projectiles (up to the limits of our LGG), to assess how higher velocities 
(but lower EMRs) influence catastrophic fragmentation. 

The fragments generated by the test were extracted from the collision 
box and collected for their characterization; more than 7000 fragments 
were collected, 2-D scanned, and analysed with automatic image 
recognition algorithms, with an accuracy of 0.17 mm; the resulting 
fragments distributions can be found in Ref. [16]. 

This paper focuses on the fragments in the three largest size classes 
(all objects larger than 2 mm) were individually weighed and their three 
dimensions were measured, for a total of 530 fragments individually 
handled. A selection of the fragments larger than 2 mm can be seen in 
Fig. 2. 

3. Data analysis 

In this section the analysis of collected data is introduced and char
acteristic length, shape, mass, and area-to-mass distributions are 
presented. 

3.1. Characteristic length distributions 

In this subsection, cumulative distributions in function of fragments 
characteristic length are discussed. The characteristic length Lc is 
calculated as the arithmetic mean of three orthogonal dimensions a 
(larger size), b (second larger size), and c (smaller size) of the object: 

Lc =
a + b + c

3
(1) 

Fig. 3 (left) compares the experimental data with the NASA SBM; the 
two trends are consistent for characteristic length larger than 2 mm. 
Below this threshold value, only few additional fragments are present; 
they consist in the few objects with a and possibly b larger than 2 mm 
(therefore belonging to the >2 mm class) but a smaller value for the 
minor size c (leading to a characteristic length Lc < 2 mm). Fig. 3 (right) 
reports the same data broken down for different fragments materials. It 
is shown that the majority of the objects are made of plastics (418 debris, 
red asterisk), with 65 metal fragments (black plus marker) and 47 ob
jects generated by the on-board electronics (green cross). The plastics 
trend is comparable with the cumulative one, with the same slope of the 
NASA SBM; similarly, the metallic objects present a scaled-down dis
tribution, whose slope is comparable to the NASA SBM. On the contrary, 
electronics fragments show a different, less steep, slope. 

Fig. 1. Picosatellite layout (left) and test setup (centre and right). The red laser light spot is used for centring the picosatellite mock-up in the impact chamber. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.2. Fragments shape 

The shape of the fragments can be expressed as the ratio between its 
second larger on its larger dimensions (b/a) or as the ratio of the smaller 
on the larger size (c/a). Fig. 4 shows both ratios in terms of fragments 
material and characteristic length. It can be noted that the majority of 
the fragments presents a b/a ratio larger than 0.5 (i.e., the largest 
dimension is smaller than twice the second largest dimension); no direct 
dependence from the characteristic length or the material can be found. 
The c/a ratio is below 0.5 for most objects, again with no clear depen
dence from Lc or material. These results suggest that the majority of the 
generated fragments can be classified as “plates”, i.e. objects with the 
two larger dimensions a and b significantly larger than the third one. 
Such results is compatible with the Picosatellite design: in a similar 
fashion to common spacecraft configuration, the mock-up consisted of 
stacked layers (the aluminium top and bottom faces, the internal plates, 
and the electronic boards), that were broken down in smaller planar 
sections by the impact. 

3.3. Fragments mass 

In this section the fragments mass distribution is presented. Fig. 5 
(left) shows the mass in function of the characteristic length for all 530 
fragments (blue markers); the average trend of this distribution can be 
modelled with least squares fit line (in the logarithmic space – solid 
line). In addition, the plot reports the Lc to mass distribution trend of the 
largest 100 fragments from the SOCIT experiment (dashed black line - 
[22,23]). It can be observed that there is a strong agreement between the 
two lines: the slope is the same (2.30) and the two intercepts are 
respectively 0.66 and 0.90; moreover, this trend is also in accordance 
with data from DebriSat [23]. The slight variation of the intercept can be 
related to the predominance of low-density fragments in the Picosa
tellite data. This is confirmed by the distributions broken down per 
material categories reported in Fig. 5 (right) and corroborates the effect 
of density on Lc -mass trends described by Hanada [24]. In fact, the 
majority of the plastic fragments (lower density, red asterisk) are below 
the metallic ones (higher density, black plus marker). Least square fits 

Fig. 2. A selection of the collected fragments divided for size classes. From left to right, largest fragments individually collected from the impact chamber, class larger 
than 3 mm, and class between 2 mm and 3 mm. 

Fig. 3. Characteristic length cumulative distributions: on the left, comparison between experimental data and NASA SBM; on the right, distributions in function of 
fragments material. 
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for each the material indicate that the metals distribution is on average 
very close to the SOCIT one, while the electronics one presents a larger 
angular coefficient (2.59) and the plastics distribution has a smaller one 
(2.05). It appears that for the selected data the electronics and the 
plastics distributions counterbalance each other, leading to an average 
trend comparable to the metals one. 

On these considerations, it can be concluded that, for the considered 
data, the least squares fit of the Lc -mass distribution shows an angular 
coefficient of 2.30, regardless of the target design; the mock-up material 
density affects only the intercept. In the linear space, this relation be
comes a power equation, as reported in Eq. (2): 

m= 4.56 L− 2.30
c (2)  

3.4. Area to mass ratio 

The area to mass is the ratio between the fragment cross-section and 
its mass. While the mass is directly measured, the area is derived from 

the fragments characteristic length using the formulas from the NASA 
SBM model [1]: 

A= 0.540424 L2
c ,where LC < 0.00167 m (3)  

A= 0.556945 L2.047077
c ,where LC ≥ 0.00167 m (4) 

As reported in Ref. [16], the area-to-mass distribution is compared 
with the NASA SBM prediction (see Fig. 6, left). A substantial difference 
can be observed, with a translation of the distribution to higher values of 
the area-to-mass: the main peak is predicted at about − 1.1 (0.08 m2/kg), 
while its real position is at about − 0.25 (0.56 m2/kg). This translation 
was already observed in the literature and was attributed to the presence 
of lower density materials [13]. In fact, the dataset on which the NASA 
SBM is based derives from impact experiments and observations of 
breakup of satellites made of high-density materials; a large fraction of 
the picosatellite mock-up was composed by low density materials, 
determining the shift of the curve to higher area-to-mass ratios. 

Fig. 4. Shape ratios in function of characteristic length and fragments material: on the left, b/a; on the right, c/a.  

Fig. 5. Fragments mass in function of characteristic length. On the left, comparison of experimental data with the trend model (dashed line) from SOCIT 100 largest 
fragments; on the right, mass distribution broken down into material categories. 
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The effect of the different materials can be appreciated in Fig. 6, 
right: plastic fragments present the same peak of the cumulative distri
bution and a similar trend for values on the x axis larger than − 0.5 (0.32 
m2/kg). For smaller area to mass ratios, the influence of metallic frag
ments is recognizable (main peak at about − 0.7, 0.20 m2/kg). Last, the 
electronics debris distribution is more uniform in the range between 
− 1.5 and 0.5 (between 0.03 m2/kg and 3.16 m2/kg), with its peak at 
− 0.25 (0.56 m2/kg). 

Fig. 7 (left) compares the area to mass ratio distributions in function 

of the characteristic length of the experimental data and the observation 
of 1780 fragments generated from on-orbit breakup and employed in the 
development of the NASA SBM model [1]. It can be noted that the two 
distributions lie at different characteristic lengths: ground test data in 
the range from 0.7 mm to 5 cm, observations from 2 cm to more than 4 
m. However, the main clusters of points are centred at about the same 
values of the area-to-mass ratio. 

It shall be considered that both datasets present a resolution limit for 
the fragments size: ground test data was limited to objects >2 mm, while 

Fig. 6. Area-to-mass ratio distribution for fragments larger than 2 mm. On the left, comparison between experimental data (histogram) and NASA SBM prediction 
(red dashed line); on the right, from top to bottom, distributions for electronics, metals, and plastics fragments. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Area-to-mass in function of characteristic length. On the left, comparison of experimental data (blue plus markers) and observations of 1780 fragments from 
on-orbit breakup (red asterisks) [1]; on the right, same data with the characteristic length normalized on fragments acquisition resolution size. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the ground observations to debris >10 cm [1]. Fig. 7 (right) reports the 
same distributions with the characteristic length normalized on these 
resolution values (2 mm for ground test, 10 cm for observations): it can 
be noted that the two main clusters are overlapping. A few fragments 
from the picosatellite present x-axis values below 1 (their characteristic 
length is lower than the collection resolution); this is consistent with the 
observations on fragments shape, as the majority of the generated 
fragments can be classified as “plates” (objects with the two larger di
mensions a and b consistently larger than the third one), with a char
acteristic length smaller than their larger dimension. With respect to the 
area-to-mass, the observation data cluster shows a consistent fraction of 
objects below 0.3 m2/kg (lower limit of ground test data cluster). In fact, 
this is consistent with the previous conclusions: the presence of 
low-density materials in the picosatellite generates a translation of the 
area-to-mass distribution to higher values. 

4. Discussion 

In the previous sections, it was observed that the Lc -mass distribu
tion of the ground test data is consistent with the trend from SOCIT 100 
largest fragments. By contrast, the NASA SBM area-to-mass model, 
despite being developed with the contribution of SOCIT data and a 
function of both the mass and the characteristic length, does not 
represent the picosatellite fragments distribution. 

It shall be underlined that, for the Lc -mass distribution, the least 
squares fit indicates an “average” value of the mass for each character
istic length; however, it does not provide any information on the number 
of the fragments that may generate this distribution. As reference, the 
same least squares fit could represent a distribution with few small and 
light fragments and a lot of large and heavy objects, as well as one with a 
larger number of small and light fragment and less large and heavy 
objects. 

Eq. (2) (power law relating fragments characteristic length and mass) 
and Eqs. (3) and (4) (fragments cross section in function of their char
acteristic length, from NASA SBM) suggests that, on average, the area to 
mass can be directly expressed in terms of characteristic length. It shall 
be underlined that Eqs. (3) and (4) have two different formulations for Lc 
below and above a threshold of 1.67 mm; for the range of characteristics 
lengths considered in this work (up to about 5 cm for the picosatellite 
fragments) the difference between the two formulation is always below 
2%; Eq. (3) is therefore considered representative for the whole exper
imental dataset. On these considerations, it is possible to calculate the 

average area-to-mass by merging Eqs. (2) and (3): 

A
/

m = 0.12 L− 0.30
c (5) 

Fig. 8 compares ground test data (divided for materials) with the 
power models reported in Eq. (2) and Eq. (5). The mass distribution 
(left) is on average well represented by the relative model, with a co
efficient of determination R2 of 0.69. With respect to the area-to-mass, 
experimental data is extremely scattered; in this case the coefficient of 
determination is 0.03. In fact, while Eq. (5) might be representative of 
the average value of the area-to-mass, it does not provide information on 
the extremely high variance of this parameter. 

On the other hand, area-to-mass histograms (see Fig. 6) show the 
fraction of fragments whose area-to-mass lie in a certain range; there
fore, they provide a quantitative information on the fragments number 
per class. In fact, different fragment distributions may have the same 
least squares fit for the area-to-mass but generate different histograms. 
For this reason, an agreement on the Lc-mass trend and the existence of a 
simplified model of the area-to-mass in function of the characteristic 
length do not directly implicate the accordance of area-to-mass histo
grams to the NASA SBM model. 

5. Summary and conclusions 

This paper presented the analysis of 530 fragments larger than 2 mm 
generated by the impact test on a picosatellite. All fragments were 
measured and weighed, and characteristic length, shape, mass, and area- 
to-mass distributions were generated. 

For characteristic length, the comparison with the NASA SBM 
confirmed that the model is representative of the experimental data: for 
a target without appendages the characteristic length distribution 
maintains the predicted slope. Fragments shape analysis suggest that the 
majority of the generated fragments can be classified as “plates”, objects 
with the two larger dimensions a and b consistently larger than the third 
one. This is consistent with the Picosatellite design and the internal 
configuration of many modern satellites: a large fraction of the com
ponents consists in thin plates (aluminium top and bottom faces, inter
nal plates, electronic boards), that fragmented in smaller sections. The 
analysis of fragments mass in function of their characteristic length 
suggests a consistent agreement with trends derived from the SOCIT 
experiment data. In both cases, the least squares fit of the characteristic 
length – mass distribution shows an angular coefficient of 2.30, 
regardless of the target design; the objects materials affect only the 

Fig. 8. Mass (left) and area-to-mass (right) in function of characteristic length: comparison between experimental data (coloured markers) and least squares fit model 
(solid black line). 
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intercept. Area-to-mass ratio distribution for the fragments larger than 2 
mm are not well represented by the NASA SBM: the low-density mate
rials employed in the mock-up influence the shape and the values of the 
distribution, which is translated to higher values of the area-to-mass 
with respect to the NASA model. Last, a power relationship between 
the characteristic length and the area to mass is derived; while this 
model can provide information “on average”, it cannot be employed to 
define area-to-mass distribution histograms. 

In conclusion, data presented in this work suggest that for the 
considered impact configuration there is a good agreement among 
experimental data, observations, and models both for characteristic 
length and mass distributions; the power model relating these two pa
rameters presents a coefficient of determination R2 = 0.69. By contrast, 
the area-to-mass distributions are affected by materials choice and the 
derivation of a model is limited to average values; in this case, the 
prediction from the NASA SBM is less accurate. 

In the future, it will be important to assess the influence of spacecraft 
materials on the debris generation and to develop models capable to 
include their effect. It is recommended to perform additional ground 
tests, both at component and system levels, to investigate the break-up 
process and update the current fragmentation models. 
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