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A B S T R A C T   

A large fraction of spacecraft external surfaces or appendages often consists of solar arrays, which can be sub
jected to space debris impacts as in the case of the Sentinel 1 A event of August 2016. Therefore, it is of interest to 
understand how solar arrays respond to hypervelocity impacts and to investigate the generated fragments 
population. In this context, the University of Padova performed an impact experiment on a solar array consisting 
in a composite sandwich panel, coated with a Kapton layer, and provided with solar cells: a nylon cylinder of 
0.039 g collided with the solar panel at a velocity of 4.86 km/s with an impact angle of 45 deg, detaching a solar 
cell and damaging the panel structure. More than 4500 fragments larger than 0.2 mm were collected and 
classified after the impact. 

In this paper the impact experiment is described and the fragments analysis is presented in terms of size and 
shape distributions; a comparison with a test on a composite sandwich panel shows that the distributions are 
strongly affected by material and manufacturing choices, in particular regarding the fragments generated by 
delamination.   

1. Introduction 

Space debris currently present a consistent hazard for spacecraft in 
Earth orbits [1]; the scientific community is particularly concerned by 
the increasing launch trend of small satellites and large constellation 
spacecraft, that can further affect the debris environment [2–4]. The 
sustainability of Earth orbits is a growing concern, and efforts to lessen 
the effect of new missions on the debris environment are being devel
oped through both legislation and self-regulation [5,6]; in parallel, old 
and malfunctioning spacecraft removal is under consideration [7–9] to 
further reduce the potential sources of new space debris due to collision 
events [10,11]. However, current trends suggest that both the number of 
objects resident in Earth orbits and the probability of impact events will 
increase in the next future [12,13]. 

Among the most recent known space debris collisions, on August 
23rd, 2016, a solar panel of the Sentinel 1 A Earth observation satellite 
was hit by a small objects, causing a sudden power loss and a small 
deviation from the nominal attitude and orbit. An on-board camera 
allowed detecting an indentation on the solar array [14] and ground 
observations detected at least 8 debris generated by the event [15,16]. A 
first reconstruction of the impact [14] suggests that the collision 
occurred at 11 km/s at an angle of about 45 deg with respect to the panel 

normal direction; the projectile mass turned out to be ~0.2 g, equivalent 
to an aluminium-alloy sphere with diameter equal to 5.1 mm. However, 
the authors observe that the impactor was likely non-spherical (e.g. 
disk-shaped). 

Literature data on the response of solar panels to space debris im
pacts is relatively scarce, with few works mainly focusing on the effect of 
the collision on spacecraft attitude [17] and on solar cells degradation 
[18], including the generation and effects of plasma [19–21]. Additional 
works include a study about ejecta product model [22], which valida
tion was based on the post-flight analysis of the damage on solar arrays 
exposed to the space environment in the EuReCa mission [23], and a 
detailed analysis of impact craters to determine the residues of solar cells 
ejecta, both on ground and on the recovered solar arrays of the Hubble 
Space Telescope [24,25]. To better understand the differences among 
collisions on solar panels and on composite and Aluminium honeycomb 
sandwich panels, Masuyama performed a campaign of impact tests and 
analysed the craterisation of a witness plate [26]; results suggest that 
brittle material of the solar cells can generate a larger number of ejecta 
with respect to the other targets, in particular for collisions on the panel 
back face (i.e. the cells are fragmented by the debris cloud propagated 
and expanded inside the panel structure). However, no experimental 
data is available on the number and characteristics of fragments 
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generated by an impact on a solar array; this investigation is still 
important, as solar arrays often represent a large fraction of satellites 
cross section and in case of collisions they can strongly contribute to the 
generation of new space debris. In this context, in the framework of a 
contract awarded by the European Space Agency to the Italian enterprise 
SpaceDys [27], the University of Padova is investigating the fragmen
tation response of simple [28,29] and complex [30,31] targets subjected 
to hypervelocity impacts; the collected data is employed to better 

understand fragmentation phenomena and characterize the debris 
environment in size classes not directly detectable from ground tele
scopes. Among the tests executed in CISAS Hypervelocity Impact Facility 
[32], a solar array consisting in a composite sandwich panel, a Kapton 
coating, and solar cells was subjected to an impact test; the fragments 
generated by the collision were collected and classified. In this paper the 
experiment is described and the fragments analysis is presented in terms 
of size and shape distributions; a comparison with an impact test on a 
composite sandwich panel shows that the shape of the fragments is 
strongly affected by material and manufacturing choices, in particular 
regarding the fragments generated by delamination. 

2. Test setup and impact test 

Fig. 1 shows the sample solar panel subjected to the test; a summary 
of its main characteristics is reported in Table 1. It consists of a com
posite sandwich panel with an aluminium core and two single ply 
carbon-fibre reinforced panels (CFRPs) acting as skins; an insulation 

Fig. 1. Sample for test group C1 – sandwich panel with solar cells (representative of Sentinel-1A solar panel).  

Table 1 
Main parameters of the sample used for impact testing.  

Parameter Test sample 

Cell and cover glass thickness 400 μm 
Skins thickness 0.75 mm 
Core thickness 18.4 mm 
Core geometry Al HC with 3/16″ exagonal cells 
Notes: Kapton insulation layer on front skin  

Fig. 2. Frames from the impact sequence.  

L. Olivieri lorenzo et al.                                                                                                                                                                                                                       



Acta Astronautica 214 (2024) 316–323

318

layer in Kapton is placed between the upper CFRP skin and the solar cell. 
While part of the sample was previously subjected to non-destructive 
impact tests, more than one third of the solar panel was intact (on the 
left in figure): the experiment was performed on this undamaged 
section. 

The impact test 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 [33–35]. The 
target was hanged in a dedicated box with soft walls (polystyrene foam 
and plywood) to collect the generated fragments; the box was then 
installed inside the LGG impact chamber (see Refs. [28,31] for the 
collection box description). The projectile consisted in a Nylon cylinder 
with diameter 4.72 mm and height 4 mm, with a mass of 0.039 g; it 
impacted the panel at a velocity was 4.86 km/s and with an angle of 45 
deg with respect to the sample normal. Fig. 2 shows six frames from the 
high-speed camera recording the impact; the projectile comes from the 
left side. It can be noted that after the collision (frames 1 and 2) a large 
fragment detaches from the back face with a cloud of smaller objects 
(frames 3 and 4); after that, large bending oscillations are visible both on 
the panel and on a partially detached back face (frames 5 and 6). 

Fig. 3 shows the target front face before (left) and after (right) the 
impact. The small solar cell on the top of the panel fully detached; the 

perforation hole is small and irregular (about 11.5 mm in diameter). 
Fig. 4 shows the back face of the target; in this case, the damage on 

the skin is larger than the front face one, about 33.5 mm × 41.5 mm. The 
whole skin partially detached, showing that the damage on the honey
comb core is still larger, up to about 80 mm in diameter; the internal 
cells are completely fragmented in the central section of the damaged 
volume and partially deformed on its boundaries. 

3. Fragments collection and classification 

Before the test, the solar panel and the projectile were weighed. After 
the test, the generated fragments were extracted from the collision box 
and collected for their characterization following the procedures re
ported in Refs. [28,31]. In summary, a first qualitative assessment led to 
the collection of the largest fragments (see Fig. 5, top left), that were 
individually weighed and characterized; the remainder of the fragments 
were mechanically sifted in five different size classes (larger than 3 mm, 
between 2 mm and 3 mm, between 1 mm and 2 mm, between 0.5 and 1 
mm, and below 1 mm) and each class was weighed. Fig. 5 shows the 
recovered fragments; these images were acquired with a planar photo
graphic scanner set at 600 dpi resolution (0.0423 mm/pixel) and were 
then employed for automatic analysis of fragments size; details on the 

Fig. 3. Target front face before (left) and after (right) the impact.  

Fig. 4. Target back face (left) and honeycomb core (right) damage from the impact.  
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software employed for the analysis can be found in Ref. [31]. 
The main mass parameters of this test are listed in Table 2 and 

include the Δ mass (difference between the target plus projectile mass 
before the impact and the target mass after the impact), the mass 

collected from the test, and the mass collection efficiency (ratio between 
collected mass and Δ mass). The collection efficiency is about 62 %, in 
line with other tests performed on sandwich panels [28,30]. 

4. Results 

The main results of the analysis are addressed in this section, and the 
fragment distributions are shown and evaluated in comparison to a 
reference test on a CFRP honeycomb sandwich panel [30]. 

4.1. Size and mass 

Table 3 shows the cumulative mass and the number of detected 

Fig. 5. Example of recovered fragments: from top to bottom, left to right, largest fragments, classes >3 mm, 2–3 mm, 1–2 mm, 0.5–1 mm, <0.5 mm.  

Table 2 
Mass information for tests in the group C1, with mass collection efficiency.  

Target 
mass 
before 
impact, g 

Projectile 
mass, g 

Target 
mass after 
impact, g 

Δ 
mass, 
g 

Collected 
mass, g 

Mass 
collection 
efficiency 

116.609 0.093 114.468 2.234 1.394 62.4 %  

Table 3 
Cumulative mass and number of detected fragments for each class.  

Largest fragments L > 3 mm 2 mm < L 
<3 mm 

1 mm < L 
<2 mm 

0.5 mm < L 
<1 mm 

L < 0.5 mm NTOT mTOT 

Mass, g N Mass, g N Mass, g N Mass, g N Mass, g N Mass, g N 

0.733 11 0.064 22 0.055 42 0.145 245 0.160 818 0.237 3563 4701 1.394 

More than 4700 fragments were collected and recognized by the image analysis software; the 11 largest ones represent more than half of the total weight (52.6 %); they 
are generated by the skins surface and the detached solar cell. 

L. Olivieri lorenzo et al.                                                                                                                                                                                                                       



Acta Astronautica 214 (2024) 316–323

320

fragments for the five size classes; the mass lost during sifting and 
weighing procedures is negligible. 

4.2. Characteristic length distribution 

The fragments size cumulative distributions are reported in this 

section in terms of their largest size and characteristic length [36]. Due 
to the planar scanner employed in the data acquisition, only the 2-D 
cross-section of the fragments was acquired; for this reason in this 
work, a 2-D characteristic length is employed in this work, defined as the 
average of the lengths of the minor (LMIN) and major (LMAX) axes of the 
ellipse with the same normalized second central moments as the 
detected fragment. This allows presenting results without assumptions 
on the fragments third dimension, with negligible effect on the trend or 
shape of cumulative distributions. For a full description of the 
bi-dimensional characteristic length and the comparison with the stan
dard formulation, refer to Refs. [28,31]. 

Fig. 6 shows the cumulative distributions of the scanned fragments in 
function of their 2-D characteristic length (LC2, blue) and largest 
dimension (a, red). It can be noted that the two distributions in the log- 
log space are similar to two-line piecewise curves, with the transition 
point located between 2 mm and 3 mm for the largest dimension. A fit 
model is therefore proposed in the following form: 

log10 N = p1⋅log10 a + p2 (1)  

where N is the cumulative number of fragments, a is the largest size, and 
p1 and p2 respectively the slope and the intercept of the model. The 
transition point was located at 2.47 mm by finding the best fitting 
piecewise model, i. e the one for which the average of the coefficients of 
determination of the two lines is maximized. The values of slope and 
intercept for the two lines of the model are listed in Table 4, as well as 
the coefficients of determination. 

The two different slopes of the model, with a ratio p1,<2mm/p1,>2mm of 
about 0.5, suggest that different phenomena may affect the generation 
of fragments larger and smaller than 2.47 mm. It can be hypothesized 
that the 2.47 mm threshold represents the transition from the objects 
detached from the solar panel to the finer fragments generated in the 
target volume that is directly affected by the projectile and its debris 
cloud; additional tests might be required to identify with a statistical 
significance the position of this threshold. 

Fig. 6. Fragments cumulative number distributions in function of characteristic 
length (left) and largest dimension (right). 

Table 4 
Fit model main parameters.  

Model p1 p2 R2 

<2.47 mm − 1.03 3.16 0.995 
>2.47 mm − 2.17 3.61 0.996  

Fig. 7. Fragments shape distribution.  
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4.3. Shape distribution 

In this subsection, the shape of the detected fragments is presented in 
terms of the ratio between their smaller and larger dimensions LMIN/

LMAX. 
Fig. 7 shows the shape distributions for this test, both for the full 

fragments population and the two size classes larger and smaller than 2 
mm. It can be noted that the mode of the shape ratio is about 0.7 
(slightly elliptical or rectangular fragments), but the fragments are well 
distributed in all shape classes. In addition, the difference between size 
classes distributions is negligible; this suggests a uniform distribution of 
the solar array materials in all classes. This result is interesting if 
compared with data in literature; as reference, the fragmentation test 
performed on aluminium simple plates [28] and sandwich panels [30] 
showed a consistent influence of the size class on the shape distribution. 
A more detailed comparison with sandwich panels is reported in the next 
subsection. 

4.4. Comparison with CFRP sandwich panel 

In this subsection, the experimental distributions obtained from the 
solar panel are compared with results from a hypervelocity test per
formed on a honeycomb sandwich panel with CFRP skins [30]. The 
objective of this comparison is to evaluate if the fragmentation phe
nomena for a solar panel can be compatible with a sandwich plate one; 
this would simplify both the testing activities (CFRP panels procurement 
could be easier and less expensive for extensive experimental cam
paigns) and the fragmentation modelling and simulations. 

Both test samples present a similar thickness of (respectively 0.5″ and 
0.75″), but the compared sandwich panel has thicker skins (2.3 mm), 
with plies with directional fibres and no Kapton layer. The test envisaged 
a 2.3 mm spherical aluminium projectile (mass of 0.039 g) impacting the 
panel at a velocity of 4.80 km/s, normally to the surface; the impact 
energy is 392 J, about one third of the solar panel one. Despite the 
different structure and impact geometry, the sandwich panel generated 
a number of fragments comparable to the solar panel (respectively 4870 
and 4701). In the following lines, similarities and differences between 
the two experiments are discussed. 

Fig. 8 compares the damage on the two panels back faces. For the 
solar panel the perforation area is wider (about 33.5 mm × 41.5 mm) 
and more irregular with respect to the sandwich panel (quasi-circular 
hole with a diameter 9.2 mm); however, the surface delamination of the 
solar panel is limited, while the first ply of the sandwich panel show long 
and narrow detachments in the direction of the fibres. In fact, the back 
face of the solar panel shows a weave pattern, while the sandwich panel 

skin consists of overlapped plies with all the fibres oriented alternatively 
at +45 and − 45 deg; it is clear that the fabrication method strongly 
influences the generation of fragments due to delamination. 

Fig. 9 compares the solar panel largest dimension a cumulative dis
tribution (blue markers) with the one from the CFRP-skin sandwich 
panel (black triangles). In general, despite the higher impact energy, the 
solar panel distribution is always below the sandwich panel one, sug
gesting that its structural configuration (thinner skins with weave 
pattern, presence of a Kapton layer) is less prone to generate fragments. 
It can be observed that for sizes smaller than 10 mm the two curves have 
a similar trend, with the sandwich panel generating a slightly larger 
number of objects. For larger sizes, the curve shapes change and sand
wich panel generates larger fragments than the solar panel: as reference, 
at 20 mm the cumulative numbers are respectively 13 and 3. This is due 
to the surface delamination of the sandwich panel CFRP skins, which 
generates long and narrow needle-like objects; on the contrary, the solar 
panel is less affected by delamination. It shall be underlined that these 
fragments represent the largest mass fraction of the ejecta; even small 
differences in their number can be relevant when considering their effect 
on the debris environment and the impact risk. 

Fig. 10 shows fragments shape distributions for the solar panel (blue) 
and the sandwich panel (brown). The general distribution (left), 
covering all size classes, shows that the sandwich panel generates more 

Fig. 8. Comparison of back face crater for solar array (left) and CFRP-skin sandwich panel (right).  

Fig. 9. Comparison of fragments cumulative number distributions for solar 
panel (blue plus marker) and sandwich panel (black triangles). (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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needle-like object (shape ratio LMIN/LMAX < 0.5) and few round object 
(shape ratio close to one); this is a substantial difference with respect to 
the solar panel, whose fragments shapes lie mainly in the range 0.4–0.8. 
The shape distributions divided for size classes (right) better highlight 
this trend, with a minimum size limit at 0.2 mm, to avoid rounding 
approximations on the smallest detected particles. In fact, in the largest 
fragments class (a > 2.47 mm) the sandwich panel shows a peak around 
0.2, caused by the delamination fragments with long and narrow shapes, 
that is not present for the solar panel. For smaller fragments this trend is 
still recognizable, but the number of needle-like objects in lower; how
ever, in this case the sandwich panel generates also the majority of the 
round fragments (shape ratio close to one). It can be concluded that, 
despite showing similar size distribution curves, the two experiments 
strongly differ in shape distributions; this is related to the different ge
ometry and manufacturing of the sandwich panel. 

5. Conclusions 

An impact test at 4.86 km/s performed on a 0.75″ solar panel with a 
cylindrical projectile was described in this paper and the analysis of the 
fragments generated by the event was presented. More than 4700 
fragments were collected and classified, obtaining size and shape 
distributions. 

Fragments size distributions show a trend that can be approximated 
with a two-line piecewise model; the threshold between the two 
branches is at about 2.47 mm. This threshold represents the transition 
from the objects detached from the solar panel to the finer fragments 
generated in the target volume that is directly affected by the projectile 
and its debris cloud. A fitting model is developed, with a coefficient of 
determination larger than 0.99 for both lines. 

The shape distribution presents a peak at about 0.7 (slightly elliptical 
or rectangular fragments), but the fragments are well distributed in all 
shape classes. In addition, the influence of fragments size on the shape is 
negligible; this suggests a uniform distribution of the solar array mate
rials in all classes. 

Distribution curves were compared with results from a test on a 
CFRP-skin honeycomb with similar thickness but thicker skins. Despite 
the lower impact energy (about one third of the solar panel test), the 
sandwich panel generates about the same number of fragments and is 
affected by surface delamination: distribution curves show more objects 
larger than 10 mm and with aspect ratios around 0.2, indicating the 
presence of long and narrow needle-like fragments. This consistent dif
ference is mainly related to the two samples manufacturing: the solar 
panel employ thin skins with fibres in a weave pattern, reinforced by a 
Kapton layer, while the sandwich panel skins consist of overlapped plies 
with ply fibres oriented in the same direction. 

In conclusion, it is shown that the fragmentation process of complex 
targets such as solar panels is strongly affected by materials and 
manufacturing choices; dedicated numerical or statistical model shall 
include this information to predict reliable fragments distributions. 
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