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ARTICLE INFO ABSTRACT

Keywords: The growth in the number of satellites in Low Earth Orbit, coupled with the possibility of their catastrophic

Hyper"e@dty disruption, may lead to more orbital debris, which in turn has increased the risk of damage to spacecraft arising

z;',‘et;tlon from impacts by small pieces of debris. There is thus an urgent need to monitor the small particle population in
mn ms

Low Earth Orbit, using a new generation of dust detectors. Various designs are in preparation, and several use the
principle of observing particles via their impact penetration of thin films. Previously, most laboratory studies of
penetration of thin films have used spherical impactors for ease. However, these are not representative of the
shapes of orbital debris. Accordingly, here, impacts are reported at 5 km s~, by various shaped projectiles (sizes
typically 0.5-2 mm) on thin (12.5 pm thick) Kapton films. The shapes used were spheres, rods, cubes and
platelets, and represent a selection of the shapes present in the orbital debris population that arises from cata-
strophic disruption of spacecraft. The size and shape of the holes in the Kapton arising from the impacts, are
shown to reflect the size and cross-sectional area of an impactor as it passes through the film; even the presence
of angular corners in the impactors can be seen in the holes. However, due to the variable aspect of an individual
impactor presented to the film during an impact, identification of the exact 3-dimensional shape cannot be
obtained from the 2-dimensional hole. Nevertheless, with minor exceptions it is possible to separate more
spherical (i.e., natural dust) impactors from the other shapes (i.e. variously shaped anthropogenic debris).

Orbital debris
Cosmic dust

The risk is that, once released, debris of any size may impact another
space vehicle. Such impacts have long been recognised as a hazard for
spacecraft (e.g., see Ref. [5]). The impacts can, depending on impactor
size, produce a crater in a relatively thick target, penetrate thin plates
(causing damage in the interior of the vehicle), or even catastrophically
disrupt the whole spacecraft resulting in a large number of fragments of
varying size, shape and composition (see Ref. [6], for an early discussion

1. Introduction: Debris in Low Earth Orbit

Anthropogenic debris in Earth orbit poses an increasing hazard to
satellites and other spacecraft (e.g., see Refs. [1-3]). The debris has a
variety of origins and sizes. At small sizes (pm to 10s of pm scale) it can
be material that is emitted in propellant (e.g., aluminium oxide additives

to propellant to ensure even burn). At scales of 100s of pm to mm and
even cm, material may be released as ejecta or spall fragments after
impact by a natural cosmic dust particle or another piece of debris, or
may degrade from the surface of a satellite due to environmental effects.
At larger, metre-scales, dead satellites or even entire rocket upper stages
(that remain in space after their use and which are no longer under
control), can be considered as a hazard and are thus also classed as
debris. The accidental disruption of a satellite due to an internal
explosive event (an explosive event in a battery, sudden ignition of
stored propellant, etc.), or even deliberate destruction via an
anti-satellite interceptor, can also release showers of debris (e.g., see
Ref. [4]). Disruption of a satellite can also arise from collision with a
large enough piece of debris or another satellite.

* Corresponding author.
E-mail address: p.j.wozniakiewicz@kent.ac.uk (P.J. Wozniakiewicz).

https://doi.org/10.1016/j.actaastro.2026.01.050

of this issue). Impact cratering and penetration can generate some
additional debris fragments, with a small multiplier effect. However, if a
catastrophic impact occurs, it will generate large quantities of debris and
there may be a sufficient multiplier effect to enable a subsequent impact
by some of this debris on another spacecraft, yielding yet more debris,
leading to a further impact and so on. This runaway cascade-like effect is
the so-called Kessler syndrome (e.g., see Refs. [1,6-8]).

According to the European Space Agency (ESA), there were over
12,000 payloads in Earth Orbit in 2024 and over 36,000 trackable ob-
jects [3]. To put this into perspective, the same report suggests that a
decade earlier there were only some 3500 payloads and 12,000 track-
able objects. Given the rapidly increasing number of objects in Earth
orbit, the debris problem is likely growing worse.
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List of abbreviations:

CFRP Carbon fibre reinforced plastic
ESA European Space Agency

HVI Hypervelocity impact

LEO Low Earth Orbit

MLI Multi-layer insulation

NaCl Sodium chloride salt

Q Impact energy density

Q* Critical value of impact energy density which just
causes catastrophic disruption (i.e., where the largest
surviving fragment has a mass 50 % of that of the initial
target body)

SDS Space Debris System (NASA instrument to measure dust
in space)

SOCIT  Satellite Orbital Debris Characterization Impact Test

STS Space Transportation System (NASA space shuttle)

It is not yet clear if the amount of debris in orbit combined with the
increasing number of satellites, has yet made the Kessler syndrome
inevitable. Nevertheless, to reduce this risk, several space agencies have
adopted mitigation strategies that include improved design to reduce
release of surface material due to degradation in the space environment,
more rapid de-orbiting of spacecraft at their end of life, new missions to
actively de-orbit dead objects in orbit, mandatory collisional avoidance
manoeuvre capability, and so on (e.g., see Ref. [9], or [10]). There have
also been many studies of impact damage in the hypervelocity regime
aimed at better understanding the mechanisms of impact damage (and
the associated release of ejecta) and catastrophic disruption of con-
structed objects such as spacecraft in hypervelocity impact events.

In the rest of the Introduction, typical impact speeds and their con-
sequences are given. Then debris shapes, composition, size, and flux in
Low Earth Orbit (LEO) are all discussed. This is followed by a discussion
of the need for more data on the response of thin films to highspeed
impacts by different shaped projectiles, which is the focus of the
experimental programme reported in the rest of the paper. Thin films are
important, as a new generation of impact detectors, which will monitor
the debris flux in LEO, rely on use of thin films as the active target area.

1.1. Impact speeds

Software packages such as NASA's ORDEM [11] and ESA's MASTER
[12], provide details of the potential impactor flux and impact speed
likely to be encountered in a given orbit. Analytic estimates of the
impact speed are also possible, and a convenient parametrization of the
debris impact speed is provided by Ref. [13]. For LEO, this parametri-
zation (see eqn. (5) in Ref. [13]) averages over altitude but has an
explicit dependence on the inclination i of the orbit of the target body.
The result is shown in Fig. 1, where the distribution of debris impact
speeds is given for three values of target body orbit inclination which
cover a range of typical applications. The low inclination (i = 30°)
provides coverage of equatorial regions, the mid inclination includes
several thousand Starlink satellites at i = 53° (as well as the Interna-
tional Space Station at i = 51.6°), and the high inclination represents
near polar orbits which permit global coverage (including, for example,
over 200 Starlink satellites, to date, at i = 97.6°, with several thousand
more planned).

The resulting debris impact speeds in Fig. 1, vary noticeably with
inclination. The higher inclinations provide the highest speeds (a rela-
tively narrow distribution between 13 and 15.5 km s~!, with modal
impact speed around 15 km s1). Then, as the inclination lowers, the
modal impact speed falls to around 13.5 km s ! ati = 53° and 13km s !
at i = 30°. At these lower inclinations, there is also a broad shoulder at
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Fig. 1. Impact speed of debris on a satellite in Low Earth Orbit. Three orbital
inclinations are shown, with i = 30° covering equatorial latitudes, i = 53° being
that of several thousand Starlink satellites, and i = 97.6° being typical of near
polar orbiting satellites (e.g., several hundred Starlink satellites to date with
more planned).

lower speeds (some 7-11 km s~1), whose relative intensity increases as
the inclination reduces.

1.2. Hypervelocity impact

As can be seen from Fig. 1, the debris impact speed in LEO is some
2-15 km s}, depending on the inclination of the orbit. This compares to
a mode impact speed of some 15-20 km s7! for impacts by natural,
cosmic dust (this can vary depending on the dust's heliocentric orbit - if
prograde the speed can fall to some 7-8 km s, or rise to a maximum of
72km s~ for a retrograde orbit). The significance of this is that all these
speeds fall into the regime commonly referred to as hypervelocity.
During a hypervelocity impact (HVI), the resulting shock waves in both
target and impactor, exceed the local sound speed, resulting in high
shock pressures and shattering, melting and even vaporisation of parts of
the impactor and target. The transition to the HVI regime is typically for
impact speeds above 1-3 km s !, and HVI has long been recognised as a
hazard for spacecraft (e.g., see Ref. [5]).

1.3. Target response to hypervelocity impact (including catastrophic
disruption)

There is an extensive literature on material response under HVI,
where the key regimes are cratering, penetration, and catastrophic
disruption. These outcomes depend not only on impact speed, but also
on composition (of both impactor and target) and variables such as the
ratio of target thickness (t) to projectile diameter (d), where low t/
d values can lead to penetration, e.g. see Ref. [14] for details of pene-
trations in metal (aluminium) and Teflon plates, see Ref. [15] for
penetration of thin films, or see Ref. [16] for modelling of penetration of
carbon fibre reinforced plastic (CFRP) plates. The ductile or brittle na-
ture of the target is also important, with the former producing
bowl-shaped craters and the later, wider spallation dominated craters,
releasing more slow moving, large spall fragments (e.g., see Refs. [5,17,
18D).

A key parameter in a HVI event is often taken as the overall energy
density Q, defined as the kinetic energy of the impactor divided by the
target mass. Strictly speaking, the divisor in Q should be the sum of both
target and impactor masses, but since the former is usually significantly
greater than the latter, the impactor mass is commonly neglected. At low
Q values, cratering occurs. Then, as Q increases, the Q value at which the
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largest surviving fragment has !4 the mass of the original pre-impact
target, is defined as Q* and taken as representing the onset of cata-
strophic disruption. Above this value of Q, the mass of the largest
fragment falls rapidly, and the number of fragments increases
significantly.

Most studies of catastrophic disruption assume the target body is a
solid, homogeneous sphere. This permits ready study in the laboratory
or via modelling, and extrapolation of results to different size scales. It
should be noted that Q* itself falls as target size increases, by a factor of
about 4 for each order of magnitude increase in size (e.g., see Fig. 7 in
Ref. [19]) as a result of effective strength weakening of larger bodies. At
still larger sizes of the pre-impact target body, typically of order
100-1000 m, the self-gravity of the resulting fragments means they can
start to coalesce after the impact, leaving a post-impact body which is
larger than that of any individual fragment. At this size scale and above,
the effective Q* needed to produce a largest final, post-impact body of 4
the original mass, thus starts to increase as extra energy is now needed to
not just fragment the original target, but also disperse the fragments
against the self-gravitation effect. This contribution to Q* now exceeds
that needed to disrupt the body, and dominates the combined Q* value
at these larger sizes. Given the mass of typical satellites, they fall well
within the strength dominated regime, and this self-gravitating effect
can be ignored.

However, for a spacecraft one cannot simply use the Q* value for an
equal mass of metal, or glass, or plastic etc. This is because spacecraft are
of a non-homogeneous composition (i.e., contain many different mate-
rials, such as different metals, glass, carbon-fibre based material, wiring,
circuit boards, etc.) and also contain significant macroporosity, both of
which influence the value of Q*. This makes the determination of Q* for
a spacecraft difficult. For many years, NASA's Standard Satellite Breakup
Model has used a figure of 40 kJ kg ! as the appropriate value of Q* for a
spacecraft (e.g., Ref. [20]). This can be contrasted with Q* for solid,
homogeneous targets. A summary of early laboratory measurements for
various target types of size of order 1-10 cm, reported Q* was typically
in the range of ten to a few thousand J kg~! [21]. In general, Q* is of
order 1000 J kg ! for solid glass spheres [22], in the range 500-2000 J
kg’1 for 10 cm width rocky objects (see Ref. [23] for a discussion), and
8700-13,000 J kg’1 for 4 cm width iron targets [24], i.e., all notably
lower than the NASA value for an inhomogeneous, distributed body such
as a satellite.

As stated, as well as composition, the influence on Q* of macro-
porosity is important. For example, the influence of large internal voids
on Q* can be seen from the change in Q* for solid ice (18 J kg_l) vSs.
hollow ice (25 J kg’l) targets [25,26], where a significant macro-
porosity of 60 % increased the Q* value by 50 %. In this case, the in-
crease in Q* was observed to arise from the need for a similar impact
energy in both cases (as distinct from energy density), with the reduction
in target mass causing the increase in the Q* value.

In addition, some satellites rotate, and the effect of target rotation
has also been considered in laboratory experiments. For 6-8 cm diam-
eter cement targets, Q* falls by 1/3, from 1447 + 90 J kg’1 (static) to
987 +349J kg’1 (rotating at 3.4 Hz) [23]. This effect is held to be due
to centrifugal effects causing crack propagation to be enhanced. In
principle, Q* could also be reduced if an impact occurs and triggers the
detonation of an energetic source inside a spacecraft (such as a propel-
lant tank or battery). Depending how much energy is stored in such a
device, it could contribute to the breakup of the spacecraft.

What a single value of Q* for spacecraft does not allow for, however,
is where the impact occurs on a spacecraft. For example, if struck on a
solar panel, a large enough impactor can penetrate and the resulting
debris cloud then continues into free space beyond the panel, and not
into the interior of the spacecraft as it would if the impact were on the
spacecraft main bus. Some of the impact shock is retained by the solar
panel, which could fragment and break apart, or separate from the main
spacecraft. But detailed studies are needed to determine the energy
densities needed for this.
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An extreme case of impacts on relatively thin flat surfaces, is an
impact on a thin film (thickness of a few tens of pm) such as Kapton.
Even relatively small particles will penetrate (see the discussion in
section 4.2), transferring only a fraction of their energy/momentum to
the thin film. The degree of disruption of the impactor as it penetrates
may be minimal, so it can subsequently penetrate a second film in
similar fashion (use of this is made in two layer dust impact detectors,
which use the time of flight between the layers to determine particle
speed, e.g., Ref. [27], or, for a recent discussion see Ref. [28]). If the rear
of a structure of several thin Kapton layers is open to space (as distinct
from being solid, or leading into the interior of the spacecraft), it is not
clear what a catastrophic energy limit means in such cases.

A further complication is if a large area thin film (or solar sail) is used
in a mission, and is deployed on booms (such as proposed in Ref. [29]).
The film may have a large area (10s of m?), with a subsequent high
probability over time of being impacted by a large piece of dust/debris,
but the damage will be minimal. The booms will, however, be only
lightly shielded at best, so will be vulnerable, with a low Q* value typical
of normal density materials as indicated above. The main spacecraft bus
will likely be shielded as usual, and there the Q* value of 40 kJ kg ™! will
apply. Any mission constraints on the total flux of larger (mm or cm)
sized impactors (required by space agencies for example) will then apply
to the booms and spacecraft main bus, but not the thin film/sail which
will comprise the largest exposed surface area of the whole spacecraft. A
detailed analysis of the risk of impact damage to such bodies will thus be
required, with different standards applied to the main components
(large area thin film or solar sail, vs. booms and the main spacecraft
body).

1.4. Laboratory tests of satellite catastrophic disruption

It is thus no surprise that it has long been held that the complex
design of spacecraft could significantly influence the outcome of a
catastrophic disruption event (e.g., Ref. [6]). Accordingly, in 1992
NASA conducted a laboratory impact experiment called SOCIT(4), using
an US Navy Transit satellite as the target. This satellite (see Table 1 for
key details) was considered representative of typical spacecraft at the
time. The number of fragments vs. mean size was obtained and used in
the NASA Standard Breakup Model, and has subsequently been
compared at large fragment sizes to what was observed in on-orbit
breakups of satellites (e.g. Ref. [4]), or with the results of impact
modelling (e.g., Ref. [30]).

Since the SOCIT(4) test, a variety of other such laboratory tests have
also been carried out on representative satellite bodies (again see
Table 1), the best known of which is DebriSat [31,36,37]. Beyond just
reporting fragment numbers, some experiments also gave details on
both fragment composition and shape vs. size (see Table 2). In parallel,
models often break debris composition down into three classes — low
density (1200 kg m 3, e.g., plastics), medium density (2500 kgm 3, e.g.,
aluminium, glass) and high density (7800 kg m~3, e.g., copper, steel),
with mid-density taken as the most frequent.

Whilst it can be difficult to compare all the experiments in Tables 1
and 2, some general observations can be made. Firstly, the Q* value of
40 kJ kg~! appears broadly correct. Next, the use of experiments at
impact speeds below a few km s~! is not problem free, and there are
some subtle effects on fragmentation as the impact speed increases from
1, to say 3 or 4 km s™! (i.e, in the transition to the hypervelocity
regime). Then, when considering the presence or absence of some ma-
terials in the ejecta, the presence of such materials in the original target
needs to be checked. Not all experiments had the same target compo-
sition, and some materials, such as CFRP (which has become prevalent
in spacecraft construction in recent years), were not used in SOCIT(4) for
example. Finally, the detailed shape of the fragments has become a focus
of further study in recent years. The initial 10 classes of shape reported
from SOCIT(4) were reduced to 6 main classes in the DebriSat results
(see Table 2, or [36,31]). However, not all shapes are equally frequent at
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Table 1
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Key details of various laboratory experiments wherein a satellite or satellite mock-up was impacted in the laboratory and catastrophically disrupted by impacts at > 1
km s, In each case (except the CNES/JANUS picosat), target fragmentation occurred.

Test Name Date Target mass Target size Impact speed Impactor mass Impact energy density Debris Shape Reference
(kg) (m) (km s (kg) Q (kJ kg’l) reported?

SOCIT(4) 1992 345 0.46 (w) x 6.1 0.15 81 Y [31,32]
0.30 (h)

CANSAT Microsatellite 2005 0.680 0.14 (w) x 1.35 0.036 48 N [33]

(cylindrical shape) 0.16 (h)
Microsatellite 2005 (cube 2005 0.74 0.15 x 0.15 x (a)1.45(b) 4.44  (a) 0.040 (b) 55 Y [34]
shape, 2 tests) 0.15 0.004

Microsatellite 2007 (3 tests) 2007  1.28-1.30 0.20 x 0.20 x 1.66, 1.66, 1.72 0.039 41.542.0 45.1 Y [35]
0.20

DebriSat 2016 56 0.60 (w) x 6.8 0.570 235 Y [31,36,
0.50 (h) 371

DebrisLV 2016 17.1 0.35 (w) x 6.9 0.598 832 Y [31,36,
0.88 (h) 371]

CARDC Microsatellite (3 tests) 7.295, 8.183 0.40 x 0.40 x 3.26, 3.04, 3.61 0.097 71.12, 54.86, 48.21 Y, 4 shapes [38]

13.10, 0.40

CNES/JANUS Picosat 2021  0.845 0.15 x 0.10 x 6.690 0.00072 19.0° N [39]
0.10

Picosat 2022  0.07629 0.05 x 0.05 x 2.72 0.0016 80.65 [40]
0.05

2 This impact energy density is less than the 40 kJ kg~! suggested by NASA, and did not destroy the target.

Table 2

Characteristic debris shapes reported by disruption of satellites in laboratory testing. Note: carbon fibre reinforced plastic was not a major component in the targets in

the SOCIT(4) or CARDC tests.

Test name Number of Name and key Fragment Composition Comment Reference
classes of characteristics of each
fragment shape fragment shape
SOCIT(4) 10 Flat plates Aluminium Composition: Metals were dominated by Al (96 %). Non-  [32]
Curved plate Steel metallics and other were dominated by phenolic/plastic
Box Copper (88 %).
Sphere Phenolic/plastic Shape: Nuggets dominate below 2 mm (in the ratio 4:1
Flake Fibreglass plastic:metal).
Rod Other
Cylinder
Box and plate
Nugget
Other
Microsatellite 2 Plate-like Distinct low and high density Fragment sets similar in magnitude, but relatively more [34]
(2005) Needles fragments 1+cm sized fragments at higher speed, which contained
many carbon fibre reinforced plastic fragments. No
detailed shape given, except the higher speed impact had
more line-shape fragments than at lower speed.
Microsatellite 2 Plate-like Distinct low and high density Lenth to width ratio ranges from 1 to 100 with two peaks  [35]
(2007) Needles fragments (carbon fibre reinforced (at 1 and 10); width to depth ratio ranges from 1 to 100
plastic and metal dominated (with a peak at 10).
respectively)
DebriSat and 6 Straight rod Carbon fibre reinforced plastic Composition: Metal dominates above 15 mm, carbon [31]
DebrisLV Flat plate Plastic fibre reinforced plastic below 15 mm.
Flexible Epoxy Shape: Nuggets dominate above 19 mm. Below 19 mm,
Bent rod Copper platelets dominate.
Nugget Other metals, i.e. Ti, Al, St. st.
Bent plate Glass
CARDC 4 Plate Aluminium Numerically, aluminium dominated the collected [38]
Microsatellite Hexagon Circuit board fragments (72-91 %), then circuit board (7-25 %), with
Warped/irregular Steel bolts steel (0.5-1.3 %). Different shapes were dominated by
Line shape Electronic components different density materials.

all sizes, due to the way target bodies fragment, and this also needs to be
taken into account when considering impact outcomes.

The latter points are increasingly considered important. It has long
been known that projectile composition (e.g., density and strength) can
influence the outcome of an impact (e.g. depth, diameter, volume of a
crater, etc.), and so can projectile shape. For example, it was shown over
50 years ago that long cylinders were more effective at penetrating
metal plates than spheres of equal mass [41]. Regarding cratering, there
have long been various studies of effects of non-spherical impactors. For
example, normal incidence impacts on metal targets by spheres (cellu-
lose acetate, aluminium and stainless steel), are compared with those by
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rods (copper) and hexagonal platelets (plastic) in Ref. [42]. Later,
Ref. [43] compared craters made during impacts in space by real min-
eral grains with those in the laboratory from a variety of mineral im-
pactors (including needle shaped grains of Wollastonite, density 2800
kg m~3, which, depending on the aspect at impact, could produce long,
narrow craters, also see Fig. 1 in Ref. [44]). Recently, with the renewed
interest after DebriSat, the issue of impactor shape and composition has
again become of great interest in penetration of spacecraft shielding and
catastrophic disruption (e.g., see Ref. [45] for a review). For example,
Ref. [46] reports on HVI tests of shielding in the laboratory, using disk
shaped impactors of CFRP, steel and copper, with length to width ratios
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for CFRP of 1:3 and 1:5, for steel of 1:3, 2:3, 3:1, and for copper of 2:3
and 3:1, showing that, at equal mass, these tend to be more damaging
that spherical impactors. Similarly, Ref. [47] has reported on the rela-
tive penetration properties of spheres, rods, nuggets and disks impacting
bumpershields. However, there is limited discussion of the effects of
such impacts on thin films.

1.5. Impactor size associated with the onset of catastrophic disruption

If 40 kJ kg~ ! is taken as the appropriate value of Q* for a satellite,
then the size of an impactor necessary to just cause catastrophic
disruption for a given mass spacecraft can be readily calculated. The key
variables in such a calculation are the target mass, and impactor speed
and density. Assuming spherical projectiles, the critical impactor
diameter (at typical densities) to just cause catastrophic disruption at
three different target body masses is shown vs. impact speed in Fig. 2,
and briefly summarised at indicative speeds of 5, 10 and 15 km s ! in
Table 3. In this analysis, a target mass of 800 kg was selected as being
that of the rapidly increasing population in LEO of Starlink V2 satellites,
100 kg was taken as typical of a small satellite bus with no solar panels
(e.g., that of the OneWeb satellites without their solar panels), and 6 kg
as that for a 3U cubesat (several thousand cubesats have been launched
into orbit to date [48], with about 2/3 in the 3U category [49]). The
impactor diameter necessary to cause catastrophic disruption ranges
from some 8-160 mm (Table 3). It should thus be no surprise, that, in
general, even mm sizes can cause significant damage to a spacecraft
which, whilst short of catastrophic, can damage critical components or
stop a spacecraft functioning (e.g., see Table 1 in Ref. [50] for a
description of typical types of damage vs. impactor size).

1.6. Measuring the mm — cm flux in Low Earth Orbit

Knowledge of the flux of mm — cm sized objects in LEO is thus clearly
vital, and, for example, most agencies require satellite operators to
model the expected impact flux on their satellite in advance of launch,
with a view to minimising the risk of operational loss or catastrophic
disruption. The modelling tools commonly used, such as MASTER and
ORDEM, incorporate previously measured flux rates (and extrapolations
thereof), and then generate the impact flux for the required spacecraft in
its specified orbit in a given epoch. However, the sources of the input
flux are not necessarily well constrained. They rely on ground radar
measurements of objects in orbit (typically of order 10 cm or larger in

500, Impactor density (kg m™)

—— 1200 (low)
---- 2500 (medium)
- 7800 (high)

(mm)

~ 100+
1 Target mass

Impactor dia

104

s
10
-1
Impact speed (kms)
Fig. 2. Minimum impactor diameter to cause catastrophic disruption as a
function of impact speed. Three sets of curves are shown for various target

masses, with each set having three curves corresponding to low, medium and
high density impactors.
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Table 3

Impactor diameter (mm) just sufficient to cause catastrophic disruption calcu-
lated at a given impactor density and speed. In each case three values are given
a/b/c, the left hand value is for a 6 kg target mass (e.g., a 3U cubesat), the central
value is for a 100 kg target mass (e.g., that of the main bus for a OneWeb sat-
ellite) and the right hand value for a 800 kg target mass (e.g., a complete Starlink
v2 satellite).

Impactor density (kg m~>) Impactor Speed (km s 1)

5 10 15
1200 (low) 31/80/160 20/50/101 15/38/77
2500 (mid) 24/63/125 15/39/79 12/30/60
7800 (high) 17/43/86 11/27/54 8/21/41

size to provide tracking data, with smaller cm size objects detectable but
not trackable), and, for smaller objects, use historical measurements
made in orbit by various detectors or from analysis of retrieved surfaces.

For micron-sized impactors, the flux in LEO is sufficient for small
area detectors to produce data in periods of a year or less. For larger
objects, e.g., 1 mm diameter, the expected flux is of order one impact per
m? per 78 years in LEO at 800 km altitude (a popular altitude), rising to
1 per m? per 3030 years for a 1 cm impactor (see Table 1 in Ref. [2]).
This means that a large area, long duration mission is needed to measure
the flux in-situ at these sizes, and none are currently operational.
Furthermore, whilst these values suggest a low risk per spacecraft (even
when the surface area of a that spacecraft is considered), the total risk
requires that all spacecraft in LEO have to be factored in (which, as
already stated, now exceeds ten thousand). Consequently, it is reason-
able to state that impacts in LEO by objects large enough to potentially
cause serious damage may be occurring every year. Fortunately, as yet
they are not frequent enough to strike with high probability the smaller
satellites more at risk of catastrophic disruption due to their low mass.

Given that the number of satellites in orbit is increasing rapidly, the
measurement of the flux of mm - cm impactors is critical, both to
determine what it is for flux modelling, and to see if it is growing with
the increased use of space. Yet the measurements in this size range suffer
from data gaps, or are based on extrapolations from old data sets. This is
because the method of measuring this flux in the 1980-2010 period,
used large surfaces (or indeed whole spacecraft) retrieved from orbit by
the now-retired Space Transportation System (STS), see Ref. [51] for a
discussion. In determining the flux impacting the retrieved exposed
surfaces, the impactor size is estimated from the size of the impact
feature, but its orbit, impact speed and date of impact are all unknown
(although some assumptions can be made if the pointing history of the
surface is known). The impactor composition can be found from detailed
analysis of the impact feature, searching for impactor residue. This has
difficulties however. In the 1990s, for example, such analyses often
lacked sufficient sensitivity to find the small quantities of residue pre-
sent, with typically only some 50 % of craters having detectable impact
residues. Then, when this improved with more sensitive analytical in-
struments, the issue became one of correctly identifying the residue as
impactor material vs. target material or contamination introduced
during post-flight handling and sample preparation for analysis [51].
Thus, whilst the total flux of large (1-10 mm) impactors may be well
measured in such work, there are difficulties with assigning impacts to
the correct debris or cosmic dust category. Worse, the fluxes rely on just
a few measurements, which, although made at discrete times after
various STS mission (the last ending with the return of materials from
the HST in 2009 by STS-125), used surfaces exposed for multi-year pe-
riods (those returned by STS-125 had been in orbit for 15 years) making
it difficult to spot trends with time, and none have occurred since 2009.

1.7. Large area thin film dust detectors

With attention increasingly focused on the danger of HVI's in LEO,
which can cause loss of control of a spacecraft or its catastrophic
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disruption, it is unfortunate that there is a data gap in the critical mm to
cm size range [2]. The need is thus for new, large area, in-situ detectors
which can send data back to the ground without the need for retrieval.
Several technologies exist, or are being proposed to measure the dust
flux in LEO (e.g., see Table 2 in Ref. [50]). To meet this need, NASA
developed the Space Debris System (SDS, see Ref. [52]. This was a 1 m?
active area thin film detector. It used polyvinylidene fluoride acoustic
sensors mounted on 25 pm thick Kapton films arranged in two layers
separated by 15 cm. The acoustic sensors were used to find the time and
location of the impacts on each layer (and hence the direction of flight),
with impact speed obtained from the time of flight between the layers
(with direction and speed providing an estimate of the orbit). The
impactor size was determined by the magnitude of the acoustic signals.
The method is described in Ref. [27] and similar results with 12.5 pm
thick Kapton films are shown in Ref. [28]. Unfortunately, the SDS failed
on-orbit, some 26 days into its 3 year mission [53]. Thus, whilst it
showed that impact signals could be detected in space, the particles
detected were only in the size range of some 30-110 pm due to the short
data collection time. Furthermore, none penetrated to the second layer
and hence no impact speeds were obtained.

Various schemes have been proposed to improve the acoustic sensing
methods of the SDS, such as adding light flash detectors to the

(a)

100 pm
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instrument suite (e.g., Refs. [54,55]), but several problems remain. The
first is that 1 m? is still a small detection area given the expected flux at
1-10 mm sizes in LEO. This can be solved by using a larger exposed area,
and proposals such as ESA's SAILOR/OPTIMIST mission would extend
the surface area of an instrumented Kapton sail to some 25 m? [29].
Thus, effectively, a large area solar sail would be used as a detector,
instead of as a means of propulsion as it was with, for example, the JAXA
IKAROS [56] and the NASA ACS3 [57] solar sails.

Then, whilst the mean size of the impactor can be determined by an
instrument with acoustic sensors, the shape cannot, and as indicated this
is important when assessing the threat of debris. The shape will influ-
ence the signal of an acoustic sensor by changing the hole size in the
impacted thin films. In the case of mm-sized spherical impactors, the
hole in the thin film is circular and of the same diameter as the impactor
to within a few % (e.g. see Fig. 10 in Ref. [28]). It is not clear, however,
what shape is left by other impactor shapes, or how well this tracks the
cross-sectional area of the particle. The SAILOR/OPTIMIST proposal
[29] would determine the particle shape by optically imaging the larger
holes in the thin films used in the detector (a complicated process given
the large surface area of the films and the small hole size). However, this
still assumes that the hole shape reflects impactor shape.

In the rest of this paper, therefore, a series of impact experiments on

Fig. 3. Images of projectiles used in this work. (a) Sphere (1 mm, st. st.), (b) hexagonal polyester platelet, (c) sodium chloride salt cube, (d) resin cube (3D printed
from Smoky Black Elegoo water washable resin, (e) resin rod (3D printed Tough Orange Prusament resin), (f) copper rod.
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thin Kapton films are reported for a range of impactor shapes (sphere,
cube, rod and platelet).

2. Experimental method

The DebrisSat experiment reported 6 main fragment shapes (straight
rod, flat plate, flexible, bent rod, nugget, bent plate) from the breakup of
the target satellite used in the impact test (Table 2). The work reported
here used rigid shapes, so did not include any examples from the flexible
category, and the influence of bent shapes is also left for later study. The
shapes chosen for this work were therefore metal spheres (Fig. 3a), flat
hexagonal polyester platelets (length:width of 12.5:1, see Fig. 3b), cubes
of sodium chloride (NaCl) salt, and photopolymer resin (Fig. 3c and d) as
example nuggets, and copper and resin rods (length:width of 4.5:1 to
5.5:1, see Fig. 3e and f). The sizes and compositions are summarised in
Table 4.

The spheres (Fig. 3a) were sourced from specialist suppliers. The
platelets (Fig. 3b) were commercial products widely available as spar-
kling glitter. Note that the ratio of internal widths on a single platelet
varied by typically 1.2:1, slightly larger than for a regular hexagon
(1.15:1). The salt (NaCl) cubes (Fig. 3c) were selected by size and shape
from commercial salt. The resin cubes and rods were 3D printed using a
Prusa SL1S SPEED printer (https://www.prusa3d.com/product/o
riginal-prusa-sl1s-speed-3d-printer-3/). The resin samples were printed
in layers and cured using UV light. The resin cubes (Fig. 3d) were printed
using Smoky Black Elegoo water washable resin, with a UV curing time
of 35 s for the first few layers and 3 s for the subsequent layers. Tough
Orange Prusament resin was used for the 3D printed rods (Fig. 3e). The
metallic rods (Fig. 3f) were cut from commercial copper wire.

The shots were performed using a two-stage light gas gun at the Univ.
of Kent [58]. The gun (see Fig. 4) uses a shotgun cartridge to drive a
nylon piston down the first stage of the gun. This piston compresses a
light gas (here hydrogen) which is sealed in the barrel in front of the
piston by an aluminium bursting disk (which separates the initial barrel
from a rifled launch tube). When the pressure in the hydrogen exceeds
the strength of the bursting disk, it suddenly ruptures, releasing the
highly compressed gas into the launch tube where a sabot is placed
which houses the projectile. The sabot was made of isoplast (so it can
slide easily down the launch tube) and was constructed from four
interlocking pieces, with a hollow central shaft where the projectiles are
placed.

Although the four pieces of the sabot are initially held in place while
travelling down the launch tube, once the sabot exits the launch tube
into the larger diameter range of the gun, the sabot parts separate
laterally releasing the contained projectile which remains on the central
axis of flight. The sabot parts are then intercepted using a thick metal
stop plate (which has a central hole to permit the on-axis projectile load
to continue on into the target chamber). The range of the gun and target
chamber were kept under vacuum during a shot, typically 0.5-1 mbar,
to prevent deceleration in flight. The shot speed was obtained from two
lasers mounted transverse to the flight path between the stop plate and
target chamber, and focussed onto photodiodes. Interruptions to the

Table 4
Projectile shapes used in this work.

Acta Astronautica 243 (2026) 73-90

photodiode signals provided timing, which combined with the known
lateral separation of the two lasers (499 mm), is sufficient to give speed
to £1 %.

The targets were pieces of 12.5 pm thick Kapton film, typically of
surface area 8 cm by 8 cm, and of density 1420 kg m 3. In one shot a
larger piece (18 cm by 18 cm) was used in case the projectiles had spread
out by the time they reached the target chamber. A fresh piece of Kapton
was used in each shot. The speed of the acoustic wave in the Kapton has
been measured previously as 1875 + 25 m st [28]. Behind the Kapton
target was a 25 cm space, followed by several layers of paper in front of a
thick metal target. The paper acted as a capture cell to slow impactors
before they reached the final metal target and to prevent ejecta from the
metal target travelling back towards the Kapton and causing more
damage to it. Details of the shots are given in Table 5.

After a shot, the Kapton film was dismounted and imaged using a
Leica optical microscope to find impact features. The lengths quoted in
the measurements were regularly checked against calibrated scales for
accuracy.

3. Results

Eight shots were performed in total for this work (Table 5). Impacts
on the Kapton were produced for each type of impactor and typical hole
shapes are shown in Figs. 5-9. Details of the holes made by each shape of
impactor are given below and summarised in Table 6.

3.1. Spheres

The holes from impacts by spheres (Fig. 5a and b) were (1.004 +
0.002) mm in diameter at 4.95 km s’l, and (1.002 + 0.004) mm at 5.22
km s~ 1. They were circular to a high degree with no sharp corners (when
measured multiple times the standard deviation on the individual di-
ameters was 0.4 % at 4.95 km s~ ! and 1.0 % at 5.22 km s~ ). Given the
projectiles were 1.000 + 0.008 mm, this means the holes were just
under 0.5 % larger than the mean size of the projectile. This is similar to
the results of [28], who found that the hole and projectile diameters for
25 pm thick Kapton impacted at 2 and 4 km s}, agreed to within 1 %.

The edge of a hole made by a spherical impactor can be seen in detail
in Fig. 5c. The Kapton appears melted with small amounts attached at
the rim of the hole. There is no significant amount of material folded
back from the area of the hole, nor are there any radial cracks around the
hole. The dark region of Kapton which lines the hole extends typically
9-10 pm beyond the rim of the hole itself, suggesting that damage may
be confined to this region around the rim of the hole.

3.2. Platelets (glitter)

The effects of using thin, platelet projectiles (made of glitter) can be
seen in Figs. 6 and 7, with impacts at 3.23 and 5.09 km s~ respectively.
A variety of hole shapes are evident, ranging from shapes similar to the
platelets seen face on (e.g., Fig. 6a and b) to more elongated, relatively
narrow slit-like holes, suggesting more edge on impacts (e.g., Fig. 6¢-f,

Shape Name Composition Associated image Size (mm) Ratio of axes

Sphere Stainless steel 420 Fig. 3a Dia.: 1.00 1:1

Platelet (hexagon) Polyester Fig. 3b Largest width: 0.45-0.55. 12.5: 1 (average)
Thickness: 0.04.

Cube Salt (NaCl) Fig. 3¢ Average: 0.45 x 0.44 x 0.48, 1:0.98:0.94
Individual cubes can vary by +15 %,

Cube Resin (Prussian) Fig. 3d 0.70 x 0.69 x 0.68 1:1

Rods Resin (Tough Orange Prusament) Fig. 3e Length 1.48-1.86 4.5:1 (average)
Width: 0.37

Rods Copper Fig. 3f Length:1.07-1.45. 5.5:1 (average)
Width: 0.23.
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Fig. 4. Schematic of Kent two-stage light gas gun. In operation, a shotgun cartridge (left) is ignited and drives a nylon piston down a pump tube. The right-hand end
of the pump tube is sealed by a bursting disk of aluminium, and the tube is prefilled with hydrogen. As the piston advances it pressurises the hydrogen to a high
enough pressure to suddenly rupture the bursting disk. This releases the hydrogen at high speed into the rifled launch tube. The connection between the pump and
launch tubes is surrounded by a breech to prevent gas leakage. At the left hand end of the launch tube, a four part sabot (made of isoplast) is placed — this contains the
actual projectile placed in a hollow central shaft in the sabot. The launch tube and subsequent range of the gun are evacuated to approx. 0.5-1.0 mbar pre-shot. The
sabot spins as it proceeds down the rifled launch tube, and when it enters the wider main range of the gun, the sabot parts travel off-axis and are intercepted by a stop
plate which has a central hole to permit the projectile to proceed to the target. Two lasers (with a known lateral separation) are then mounted transverse to the
projectile direction of flight and are focussed onto photodiodes to provide timing and spatial information necessary for speed determination. The projectile passes
through the Kapton target in the target chamber and is then stopped in the capture cell on the far right.

Table 5
Shot parameters in this study. The targets were 12.5 pm thick Kapton films.
ShotNo.  Speed (kms™')  Projectile
1 4.75 1 mm st. st. sphere
2 4.88 Three cubes (NaCl)
3 5.09 Multiple platelets (hexagon)
4 3.23 Multiple platelets (hexagon)
5 5.22 A1 mm st. st. sphere and multiple platelets (hexagon)
6 4.70 Three cubes (resin black)
7 4.95 A 1 mm st. st. sphere + four copper rods
8 4.59 Four 3D printed rods

Fig. 7). Clear corners with both large and small internal angles can be
seen. For example, in Fig. 6a, the internal angles ranged from 120°-150°
(compared to 120° for regular hexagons). In Fig. 6b, most internal angles
range from 130° to 145°, but there was one sharper corner with an in-
ternal angle of 75°. In Fig. 6¢ and d, the shapes are more oval (or
ellipsoid), with rounded ends. However, in Fig. 6e and f and Fig. 7, there
are sharper corners present, with internal angles around 90°. Indeed, in
Fig. 7, the sharper end of the slit-like hole has an internal angle of 50°.
This range of internal angles suggests that where all are just slightly
above 120° a face on impact has occurred (Fig. 6a), and when some
smaller internal angles start to appear, a more edge on impact has taken
place. Then, as the corners become sharper and more acute, the platelet
is impacting even closer to edge on.

No examples of very narrow slit-like holes were observed. The ratio
of hole length:width is typically some 2.5:1 to 3:1, which is much less
than the ratio of length to thickness for a raw platelet (12.5:1, see
Table 4). Given the limited number of holes observed, it is not clear if
this is due to the absence of any edge on impacts, or if the Kapton does
not preserve shape at such extreme ratios (also see section 3.4 for the
results of impacts by rods). However, it can be seen in Fig. 6, that in case
of slit-like holes, the Kapton has not been aways been melted away or
clearly punched out, there are several large pieces of Kapton which have
been folded away and are still attached at the hole edge. This does not
appear to be happening in Fig. 7 (i.e., at the higher speed of 5.03 km
s™1), although there are fewer examples to examine. Instead, the long
slit-like hole in Fig. 7 (which has the longest length:width ratio

80

observed) has stated to rise on the right side of the hole and a tear has
begun to form. This suggests that, as well as impactor shape, there may
be some impact speed related effects occurring which influence folding
and tearing vs. melting.

The longest dimensions of each hole in Figs. 6 and 7 were measured.
In Fig. 6a—f these were 465, 620, 558, 697, 543 and 775 pm respectively,
and 625 pm in Fig. 7. Given that some of these values exceed the size
range for the raw platelets (450-550 pm) this suggests that the main axis
in the holes can be slightly longer than that of the impactor. The notable
exception is Fig. 6a, which the evidence suggests is a face on impact that
is within the expected size range (and whose cross-sectional area is thus
within the range expected for a raw platelet). For better comparison of
the hole and projectile sizes, Fig. 7 shows a hole with a piece of raw
glitter platelet placed on the microscope stage behind the Kapton film
(the faint glitter image is outlined in white to aid visibility).

As stated in Table 4, the mean maximum internal diameter of an
individual raw platelet is 0.5 mm (Table 4), which gives the area of the
flat surface of a raw platelet as typically 0.16 mm?. Given that the width
of the hole in Fig. 6a is compatible with that of the face of a typical
platelet, its area also corresponds to that of the flat face of one of the
projectiles. However, if we approximate the slit-like hole in Fig. 7 as an
ellipse, then its area is 2/3 that of the flat surface area of a typical piece
of the raw glitter. Similarly, if we take the longest slit observed (Fig. 6f)
and find its area by approximating it with a set of squares and triangles
to fill the space, then the area is 0.26 mm?, i.e. larger than expected.
Since the orientation at impact is not known, it is not clear how well the
holes represent the cross-section of the impactor as it passed through the
Kapton film. Nevertheless, the hole areas span a range of 0.67-1.62
times the area of an average flat platelet.

3.3. Cubes

Two types of cube were used in this work. The first were crystals of
NaCl (common table salt), where several cubes were fired in a single shot
at 4.88 km s~ 1. Based on the holes in the film post-impact, only one cube
reached the target intact (the hole is shown in Fig. 8a). The other cubes
seem to have broken up during launch and sprayed the Kapton film with
a large number of smaller impactors, producing many small holes. The
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Fig. 5. Images of holes in Kapton foils created by spheres (a) 5.22 km s~! (top
illumination), (b) 4.95 km s~ ! (rear illumination). The left-hand part of the rim
of the hole that is highlighted in a rectangular box is shown on an expanded
scale in (c) to show the detail of the hole edge.
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large hole (shown outlined in Fig. 8b) has six straight edges with clear
corners, very different to the circular rim from a spherical impactor. The
internal angles at the corners range from 90° to 150°. The shortest and
longest sides have a length of 84 and 382 pm respectively, and the
maximum internal width orthogonal to the longest side is 262 pm. Given
that individual cubes could vary in size by +15 % (see Table 4), the
maximum length here is compatible with the edge length of a small NaCl
cube pre-shot, but all other dimensions are smaller. The area of the hole
was 0.103 mm?, compared to 0.146 mm? which is the area of one face of
a cube with sides 0.382 mm.

Since several of the NaCl cubes had broken up during launch, it is
possible the hole in Fig. 8a, was made by a large fragment of a cube,
rather than by an intact small cube, and this would explain the smaller
than expected dimensions. Given that the material properties of the NaCl
cubes lend towards breakup during acceleration, it was decided to use
3D printed cubes for further shots. A shot was made at 4.70 km s~ 1. Two
cubes reached the target, producing the holes shown in Fig. 8c and d.
Both holes are distinctly non-circular, with corners visible, and in both
cases part of the Kapton has folded back from the hole.

The hole in Fig. 8c has clear corners, but is not at first glance a clear
reflection of any particular aspect of a cube. The longest axis in the hole
has length 1188 pm, and transverse widths typically range from 650 to
760 pm. The shortest widths are on the side where a fold of material
appears to obscure the true edge of the hole (marked by the right-hand
arrow in Fig. 8c), thus the smallest width may be slightly larger than
stated. By geometry, for a cube of side L, the longest internal diagonal is
\/(3)L. Here, given L for the 3D printed cubes is typically 690 pm, the
longest internal length in a cube is approximately 1190 pm. Thus
overall, the dimensions are compatible with passage of a cube through
the film. Similarly, the hole in Fig. 8d has a largest visible dimension of
1179 pm (slightly longer than the expected largest internal dimension of
one of the cubes) and a transverse width which is again hard to estimate
(again due to the presence of a fold of Kapton obscuring one side of the
hole) but is approximately 790 pm. This is again consistent with passage
of a cube through the film which has torn and folded the Kapton in the
region of the hole.

3.4. Rods

A hole made by a copper rod at 4.95 km s~ *, is shown in Fig. 9a. The
hole is neither circular (as might be expected for exactly head on im-
pacts) nor rectangular (as expected from sideways on impacts). Instead
it has a long main axis (310 pm) which is shorter than the length of a
typical rod (1070-1450 pm, see Table 4), and a narrower transverse axis
(230 pm at its widest) which is compatible with the expected 0.23 mm
width of a copper rod. The width is not constant, however, and narrows
at one end. Examination of images of the rods taken pre-shot, showed
that, as can be seen at the left end of the rod in Fig. 3f, there can be a
degree of pinching of the rod at one end as a result of the cutting
technique used. This can result in a pointed end of the rod, and in the
worst case, this pinching extended about 15 % of the length of the rod.

If the length of the longest axis of the hole reflects the orientation of
the rod at the moment of impact, the hole in Fig. 9a suggests an impact at
73°-78° to the Kapton surface (defined by the orientation of the longest
axis of the rod with respect to the planar surface of the Kapton film). In
Fig. 9a, it is suggested one end of the rod struck the Kapton first, giving
the squarish shaped end of the hole, and the rest of the rod then passed
through the Kapton.

The shot with the 3D printed rods produced one hit (Fig. 9b). The
hole has a clear edge on one side, but on the other side the displaced
Kapton is still connected to the main body of Kapton. It has started to
raise from the surface and the free edge has started to fold back on itself.
There are crack-like fractures continuing into the Kapton from the edges
of the hole (shown circled in Fig. 9b). The length (longest axis) of the
hole is 753 pm. The width (the direction transverse to the length) is
harder to measure as it depends on where the Kapton has started to be
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Fig. 6. Images of holes in Kapton made by platelet (glitter) impactors at 3.23 km s~*. All images are of the front face of the Kapton. (a,b) show large area features
with sharp corners, broadly similar in shape to a piece of raw glitter (see Fig. 3b), suggesting near planar impacts. (c-f) show long, narrow holes, suggesting more
edge on impacts have occurred. In (c) and (d) long stands of Kapton are visible (see arrows), attached at the hole edges, suggesting the Kapton was not removed by
melting but tore and folded back during the opening of the hole. The holes in (e) and (f) have very irregular shapes, suggesting that part of the folded Kapton (shown
arrowed) may have relaxed back into the hole region after the impact (which may also explain the inward curvature of part of the rim of the hole in (d)).

raised from the original surface. In effect, a judgement has to be made as
to where hole ends and the cracks begin. Based on this the hole width is
some 320-400 pm. This range is compatible with the width of the rods
(370 pm). Based on the hole length compared to the length of the
original rods (1.48-1.86 mm), it is likely the inclination of the longest
axis of the rod at impact was 59°-66° to the surface of the Kapton.

4. Discussion
4.1. Implications for predictions of impactor size

Most flux estimates in space present a dust flux vs. either particle size
(radius or diameter) or mass. In the case of spherical particles of com-
mon density, this is not a particular issue, as radius, diameter and mass
are all readily convertible. This is not the case here for non-spherically
shaped objects of different compositions (and hence densities). Treat-
ing density first, the data in Table 2 shows that a wide range of densities
are to be expected when observing orbital debris. This issue has long
been recognised and represents a difficulty in relating observed sizes
with likely masses. Thus presenting flux curves vs. object size (which is
often more easily estimated) is a sensible response.
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However, when objects are of various shapes, a new issue arises -
what size characterises an object? The radius of the sphere of equivalent
volume was a traditional choice. This is not a bad approximation for
objects like natural cosmic dust, which are mostly spherical or ellip-
soidal with, at worse, a ratio of the longest to transverse axes of 2:1 [59].
In the case of orbital debris, this does not hold. The issue of how to
characterise the size of orbital debris predicted from the DebriSat
experiment is discussed in detail in Refs. [36,31] for example. The
complications arise from the wide variety of shapes, each of which can
have a range of relative dimensions. For example, the DebriSat experi-
ment reported rods which had length to width ratios of greater than 4:1,
and platelets with the shortest axis less than 1/16 x the largest, and used
a characteristic length which was the average of all three main di-
mensions of an object [36].

In the results here, this is further complicated as the hole in a thin
film only provides a 2D projection of the geometric cross-section of an
object, in the aspect at which it passed through the film. Therefore, even
though the hole shape is representative of the impact event, separating
the impactors into shape classes based on the hole is not a one-to-one
mapping issue. It is possible here because the shapes used in each shot
were known, but in space this will not be the case. For example, is a slot-
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Fig. 7. Comparison of hole size in Kapton (at 5.09 km s~!) with piece of raw
glitter. The glitter was placed behind the Kapton on the microscope stage and to
make it more visible its outline has been traced in white. The maximum width
of the piece of glitter well matches the maximum length of the hole, but the
transverse width of the hole is much less than any similar dimension in the raw
glitter, suggesting a near side-ways impact occurred. On the right hand side of
the hole the Kapton appears slightly elevated away from the original surface,
and a tear has started to appear (shown arrowed).

like hole due to sideways passage of a rod, or an edge-on impact of a
platelet? Even the case of a circular hole does not have a unique origin, it
may be caused by passage of sphere, or by a fortuitous end-on impact of
a rod of unknown length. Turning the observed hole area into a char-
acteristic length, or even shape, is thus a task that will involve as-
sumptions by the user, and these assumptions will carry associated
uncertainties. Nevertheless, although exact shape categorisation will not
be possible, it has been shown here that dividing holes into those likely
to be caused by more spherical vs. less sphere-like objects will in general

Acta Astronautica 243 (2026) 73-90

be possible.

4.2. Hole size predictions and ballistic limit thickness

There have long been parameterisations available predicting the size
of holes from impacts by spheres on thin films, e.g., Ref. [60]. A detailed
parametrization of hole size and comparison to data and earlier models
is given in Ref. [15], for example, but most earlier work was for impacts
on metal targets. However, in Ref. [61] Neish et al., data are shown for
impacts, at 5 km s, of glass beads (diameters 57-400 pm) on Kapton
films of thickness 7.5-175 pm. They measured hole diameters in the
Kapton and found that they were always larger than the projectile
diameter by a factor typically 2.2 when the projectile diameter was
between 0.3 and 5 times the target Kapton thickness, but that hole and
projectile diameters converged when the projectile was >10-20x the
target thickness (see Fig. 10 in Ref. [61]).

Subsequently, Neish and Kibe (see Ref. [62]) considered impacts on
Kapton films (thicknesses 25-175 pm) and derived an expression of the
form:

d/T=0337+H/T x (1-0.8912(¢/T+0.06502)) eqn. (1)
where d is projectile diameter, H is hole diameter (measured in the
original surface plane of the film, i.e., not the lip to lip diameter that is
often used for crater measurements), and T is film thickness. As long as
d, H and T are in the same units, this is a dimensionless relationship.
Note that [62] averaged over projectile composition (i.e., density and
strength) and impact speed. Thus eqn. (1) should thus be taken as
illustrative, rather than definite for any specified impactor composition
and speed. However [61], did validate their relationship against
experimental data for impacts on Kapton of spherical glass beads
(diameter of 57-400 pm impacting at 5 km s~!), similar to sizes and
speeds of interest here. The results of eqn. (1) are shown in Fig. 10, in the
traditional form where both projectile and hole diameters are normal-
ised to film thickness. The data that [62] compared to their model, sits in

500 pm

Fig. 8. Images of holes in Kapton by cubes. (a) Sodium chloride salt cube at 4.88 km s~L. This is shown again in (b), with the hole outlined with white lines. There are
6 straight edges, and the longest length and the axis orthogonal to this are marked with arrows. (c,d) Holes in Kapton from impacts by black resin cubes at 4.70 km
s~1. Areas of torn Kapton which has been folded away from the hole are marked with arrows. In (d) a single large piece of Kapton has been torn and folded back
(shown arrowed), with tears extending into the Kapton away from the hole (shown circled).
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Fig. 9. Images of holes by rods. (a) Impact by a copper rod at 4.95 km s~*. The hole is 310 pm (longest axis) by 230 um (transverse width). (b) Impact by a 3D printed
resin rod at 4.59 km s1. In (b), a large raised region of Kapton is visible which has started to foldback on itself (shown with an arrow), cracks that extend away from
the hole are also visible (circled). The longest dimension of the hole in (b) is 753 pm, but the width is uncertain, and depends on where the raised Kapton is taken to

lift away from the original surface.
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Fig. 10. Projectile diameter vs. hole diameter (both normalised to film thick-
ness) for hypervelocity impacts on Kapton according to eqn. (1) (the case of y =
x is also shown for comparison). For normalised hole diameters greater than 10,
the normalised projectile and hole diameters converge, whereas at very low
hole sizes the relationship breaks down to a constant projectile size given by the
ballistic limit of the film.

the range 0.6-10 for the hole diameter/Kapton thickness. At larger
values of the normalised hole diameter, the predicted particle diameter
rapidly converges to the hole diameter, whereas at lower values the
predicted hole diameter rapidly falls off towards zero, as projectile
diameter decreases only slightly. This latter feature is somewhat artifi-
cial, reflecting that the ballistic limiting thickness of the film has been
reached and no penetration is actually occurring, resulting in the
absence of a hole.

Traditionally, what are termed hole growth equations are cast in the
form of eqn. (1), because it is the hole diameter (H) that is measured and
the particle size (d) that is unknown. In the present case it is more useful
to be able to predict absolute hole size as particle size varies, and this is
done in Fig. 11 for several thicknesses of Kapton (5.0, 7.5, 12.5 and 25
pm, corresponding to typical sample thicknesses).

84

The relationships in Fig. 11 shows distinct regimes. As discussed in
Ref. [15], at large projectile sizes compared to the film thickness (d/T »
1), the hole and particle sizes converge, with no damage occurring to the
projectile during penetration; this is the Thin Film regime. At an inter-
mediate scale, where d/T falls to a value of some 4 or 5, the particle
diameter is smaller than the hole diameter and the impactor is in
increasingly disrupted during penetration; this is the Transition (or
ballistic) regime. Then as d/T tends falls to unity or less, the particle fails
to penetrate and the impact produces a crater rather than a hole. Here
the relationship in eqn. (1) fails. The critical impactor size which just
penetrates is given by the ballistic limit (which strictly speaking refers to
a speed required to penetrate a layer of material, but here is used to
denote the target thickness for a given impactor size and speed). From
Fig. 11, it can be seen that the projectile size that just penetrates is
respectively some 1.7, 2.6, 4.2 or 8.5 pm, for Kapton thicknesses of 5.0,
7.5, 12.5 and 25 pm (see Table 7).

If thin Kapton films are used in space to detect dust impacts, the
different responses to impacts in the three regimes are significant. Below
the ballistic limit, micron and sub-micron particles effectively impact a
semi-infinite target and a crater forms. Strictly speaking, to reflect this,
the calibration of any sensor attached to the film will change above and
below the ballistic limit (as differing amounts of the impact energy/
momentum are retained in the target). However, the associated particle
size below the ballistic limit will be less than a few pm, and such impacts
may well be below the detectable limit if acoustic sensors are used. At
larger particles sizes, penetration occurs, but, as stated above, initially
the hole size (diameter) is larger than the impactor, typically by a factor
of some 2.2 (and hole area by a factor of 4.8). It is not clear how this will
affect the detection by any sensors attached to the thin film. If the sensor
response depends on hole area for example, the results may overestimate
the cross-sectional area of an impactor by a factor of nearly 5, as will
analysis techniques based on imaging the hole. This is important given
that smaller particles dominate the impactor flux in space, and it is only
for holes above a few hundred pm (as in this paper) that the hole sizes
will match impactor dimensions. Missions such as SAILOR/OPTIMIST
[29], which intend to image the impact holes to determine impactor
size, will need to take this into account.

Another factor to consider is the impact speed dependence of these
results. The data here, and the formulism of eqn. (1), apply at 5 km s~ .
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Diagrammatic representation of the range of hole shapes made by different shapes of impactors. Note that when corners are present, tearing and folding of the target

thin film may also occur.

Projectile Range of hole shapes Comment

Type

Sphere . Hole diameter similar to projectile diameter

Platelets | Hole shape ranges from face-on to side-on impacts

Cubes Hole shapes range from side-on impacts (where length of sides equals L the

length of sides of cube and the diagonal equals /2 x L) to corner-first impacts

. with diagonal length \/ 3xL

Rods Hole width is fixed, but length varies from equal to rod width (end-on impact) to
‘ . length of rod (side-on impact).

As shown in Fig. 1, higher speeds are likely for much space debris,
depending on the inclination of the orbit in LEO. The work reported in
Ref. [61] did attempt to determine a velocity dependence for hole size in
the Transition regime data-region, suggesting v_1-%”! (where v is in km
s™1). However, this was based on a different data set using multi-layer
insulation (MLI) as the target and not the same raw Kapton material
as was used to determine eqn. (1), and they noted that the results for
hole size in the MLI were incompatible with those for the raw Kapton.
This suggests that the result obtained should not be considered definitive
and the correct impact speed dependence remains to be determined.

It is also possible to compare the results found here (for the param-
etrization specifically developed for Kapton, i.e., those from eqn. (1)),
with those predicted for impacts on thin metal films. For example, an-
alytic models (based on simple physics assumptions) have been devel-
oped to predict the ballistic limit (important for shielding) for impacts of
orbital debris on thin metal sheets, e.g. Ref. [63]. In eqn. (20) in
Ref. [63], the ballistic limiting thickness (h) for a thin metal sheet is
given by:

B (rpv / 4k1) (14 \/[1 + (8Kip,L)/ (p2vr)] eqn. (2)

where r, L, p2 and v are respectively the initial impactor radius, length,

density and speed, p is the target density, and,

ki=Apa, eqn. (3)
with ) being the friction constant and aj, the acoustic sound speed in the
target. If the projectile is assumed to be soda lime glass (as before) and
the target Kapton, the appropriate values for the density are p (Kapton)
= 1420 kg m~2 and p, (soda lime glass) = 2500 kg m 3. Taking A = 0.48
for thin Kapton film [64], a;, is 1875 m s~ ! (as determined in Ref. [28]
for hypervelocity impacts on thin Kapton films) and the projectile as a
sphere with L = 2r and v = 5 km s}, then h can be found for varying
values of r. For Kapton sheets of known thickness (5, 7.5, 12.5 and 25 pm
as before), the size of the projectile that just penetrates can be found and
compared to that found earlier for these Kapton thicknesses in Fig. 11.
The results are given in Table 7, where the predictions of the ballistic
limit made using the formula developed for thin metal films (eqn. (2))
gives results similar to (albeit approximately 20 % greater than) those
from the formula for Kapton given in eqn. (1).

4.3. Ductile vs. brittle response of the thin film

Early discussions (e.g. Ref. [65]) identified penetration of thin films
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Fig. 11. Hole vs. projectile diameter for different Kapton thickness (5.0, 7.5,
12.5 and 25 pm as labelled on the relevant curves). At large projectile sizes
(above approx. 0.2-0.5 mm) the hole and projectile diameters converge in the
thin film limit. At very small projectile sizes (2-10 pm) the ballistic limit is
reached, where no penetration occurs.

Table 7
Predictions of the diameter of spherical projectile at the ballistic limit for
penetration of a thin Kapton film.

Kapton Thickness Impactor diameter to just fail to penetrate (um)

(pm) - . -
Kapton Parametrization Thin Metal Parameterisation
Eqn. (1) Eqn. (2)

5 1.7 2.1

7.5 2.6 3.1

12.5 4.2 5.2

25 8.5 10

as occurring due to shearing failure of the thin target which was treated
as a visco-plastic solid. Damage mechanisms specific to thin films have
been discussed by Ref. [66] (at speeds up to 3 km s D and [67] (at 5 km
s~1), who both reported on the impacts of flyer plates on thin polyimide
films. In Ref. [67], it was found that for impacts on thicker films (25 pm
thick), the resulting holes in the film were slightly irregular, with raised
lips which had just started to crack. However, for thinner films (12.5 and
8 pm thick) under similar impacts, radial cracks stated to propagate
away from the hole, and increased in number and length as the film
became thinner. They suggested this was due to the target film in the
central hole region behaving as a ductile material, whereas in the sur-
rounding material it behaved in a brittle fashion. This ductile behaviour
would explain why a formula developed for penetration of ductile metal
films (eqn. (2)) reproduces the ballistic limits predicted by the param-
etrization developed for Kapton (eqn. (1)).

Here, at around 5 km s, the results show that, as previously re-
ported (see Ref. [28] and discussions therein), smooth, rounded holes
(Fig. 5a and b) are caused by spherical impactors at around 5 km s7L
Close examination of the rim of the holes shows that some irregularly
shaped material remains attached at the rim, and that this appears
mostly melted (Fig. 5¢). Then, as shown by the holes from non-spherical
impactors, as the cross-sectional area of the impactor becomes less cir-
cular, radial cracks start to appear in the target film around the main
hole, along with folding back of the displaced Kapton. Thus here, in a
single thickness of kapton film, both behaviours are seen, dependent on
the shape of the impactor and hence the hole. Where what are effectively
corners are present in the edge of the hole (i.e., sharp changes in di-
rection of the hole rim), the resultant stresses may cause fracturing of the
target in a brittle fashion. However, if no such focus of the stresses is
present, fracturing does not occur. Furthermore, the damaged area
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around the hole seems slightly different depending on whether the hole
is circular or not. In the former case there is a relatively narrow dis-
coloured region close to the rim of the hole, suggesting damage has
occurred in this region. In latter case, folding back of the Kapton is more
common with no well defined region of discoloured Kapton surrounding
the hole rim.

4.4. Extent of damaged region of kapton around the rim of a hole

As stated, the impact hole that forms does not represent the limit of
the damage zone in the Kapton film. This is particularly apparent for
impacts by spheres. Conveniently, as noted earlier, the salt cubes used in
the shot at 4.88 km s~ 1, had a tendency to break up when accelerated in
the gun, producing a shower of smaller projectiles that impacted near
simultaneously. This is shown in Fig. 12, where many holes can be seen
in the Kapton. These holes were mostly circular (or near-circular) with a
diameter typically in the range 30-110 pm, and appear similar to those
caused by spherical impactors.

Around a single such hole, a damaged region can be seen in the
Kapton (e.g., Fig. 12a and b). For these small holes, this region extends
typically 18 pm beyond the hole radius. This is almost twice as far as in
the case of larger, 1 mm diameter holes made by spherical projectiles,
suggesting there is a weak inverse dependence of the width of this region
vs. hole size. When holes are close to each other, these extended
damaged regions start to merge (Fig. 12c and d). When significant
overlap of the extended damaged region has occurred, but before the
actual holes themselves would have overlapped, the Kapton between the
two holes breaks and a single hole is formed with a figure of eight shape
(Fig. 12e and f). It is therefore suggested that this transition to a single
hole occurs at, or close to, the case where the damage zone around one
hole reaches the original perimeter of a second hole. When this happens,
the piece of Kapton which would otherwise lie between the two indi-
vidual holes, tears and folds back, connecting the two holes. This re-
inforces the idea that the residual damage to the Kapton after hole
formation is limited to a relatively narrow region around a hole.

4.5. Impact energy density

As discussed in section 1.3, it is not clear what the impact energy is in
cases where the target is a thin film and penetration occurs. For a 1 mm
stainless steel projectile in shots here, the kinetic energy is some 51 J.
For an 8 cm by 8 cm piece of Kapton (with mass of 99 mg), this would
imply an apparent impact energy density of 510 kJ kg !, well in excess
of both the 40 kJ kg ™! taken as Q* (the catastrophic disruption limit) of a
spacecraft and of the much lower Q* values for solid materials (some
0.5-10 kJ kg%, see Section 1.3). However, for a thin film, the projectile
penetrates the target, with only a minimal fraction of the energy being
transferred to the film. Thus the actual impact energy density in the
target is much lower by an unknown fraction. This holds for impacts in
the thin target limit regime.

In the ballistic limit regime, where the full impactor kinetic energy
transfers to the target (and any associated ejecta), the impactor size is on
the micron-scale (or below), so the impactor kinetic energy is at least 9
orders of magnitude lower than here. In the transition regime, the
impactor is smaller (10-100 pm) than the 1 mm example, and an
increasing fraction of the incidence kinetic energy is transferred to the
target as impactor size reduces. The smaller size reduces the kinetic
energy by a factor of 103-10°. Given that the estimates of Q* for some
materials are around 10° times smaller than the Q value associated with
1 mm stainless steel projectiles used here, then if a significant fraction of
the kinetic energy were transferred to the target film, this could be an
issue. However, as long as penetration is occurring, and the fraction of
kinetic energy that is retained in the film is low, this explains why thin
films deployed in space exhibit holes at impact sites rather than larger
scale disruption.



M.J. Burchell et al.

50 um

Acta Astronautica 243 (2026) 73-90

Fig. 12. Multiple small holes from impact of sodium chloride salt at 4.88 km s~ L. The left hand column shows (a) a single, isolated hole, (c) a pair of close
neighbouring holes, and (e) a pair of just overlapping holes. The right-hand column (b, d, and f) shows the same images where an inner (blue) ring delineates the edge
of a hole, and an oiuter (yellow) ring marks the edge of the damaged zone in the kapton surrounding the actual hole. Note in (e,f) that it is when the outer damaged
Kapton zones start to significantly overlap, that the Kapton between the two otherwise still separate holes tears, and a single “figure of eight” hole is formed. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

5. Conclusions

The nature of impacts of debris on spacecraft in Low Earth Orbit
means they occur in the hypervelocity regime. Here it is shown that
different shaped impactors (corresponding to several of the more com-
mon shapes of orbital debris) result in different shaped holes in thin
films from impacts at such speeds. The classic circular hole often re-
ported in the literature (e.g., Refs. [28,54]) is thus a special case that
strictly only applies to spherical impactors. In general, the presence of
angular corners in the aspect of a non-spherical impactor presented in
the impact, can be seen in the resulting holes, as can tears and large folds
around the holes in the target thin film, both of which are absent from
circular holes. The size of an impactor (as projected onto the surface of
the thin film as it passes through) is mostly reflected in the hole di-
mensions; as expected given that the size of the impactors, relative to the
film thickness, places the impacts in the thin film limit regime (Fig. 11).

After an impact, the damaged region in the Kapton appears, for circular
holes, to be confined to a narrow rim region around the hole of some
10-20 pm. By contrast, for non-circular holes, folding back of the Kapton
and cracks often appears around the rim of the hole.

This has significant implications for impact detectors using pene-
tration of thin films as part of the detection method. The first is that, for
all shapes of impactor, the area of the impact hole reflects the area of the
impactor as it passes through the film. However, unlike the case for
spherical impactors, this area is not fixed just by the size of the impactor,
but also by the cross-sectional area of the aspect it presents during the
impact. Depending on the impactor shape this can represent a significant
deviation from the area of a sphere with an equal mass. How this also
influences the signal from any particular impact detection method (e.g.,
measurement of the acoustic signal or light flash generated during an
impact) remains to be determined, and should not simply be assumed as
well approximated by impacts from spheres.
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One positive outcome of these results, is (partial) validation of the
concept of using optical images of holes in thin films to determine
impactor shape (adjusted for aspect during impact). This is important for
mission proposals such as SAILOR/OPTIMIST, which plan to use such
imaging of large (100+ pm) sized holes in thin Kapton films, as an aid in
separating impacts by orbital debris from those by natural cosmic dust
grains [29]. Such a separation is important when determining the
sources of the total dust flux in Low Earth Orbit, in order to monitor the
flux arising from just orbital debris. However, as discussed, it is not
possible to associate a unique impactor shape with a given hole shape.
Nevertheless, a separation into more spherical vs. non-spherical shaped
objects, i.e., natural cosmic dust vs. debris, will still be possible in
general.

Several areas remain for further investigation. For example, deter-
mining any dependence of the hole size on impact speed is important. As
shown in Fig. 1, many impacts by debris will be at speeds above 10 km
s! for example, so the ability to predict what happens at such speeds
will be important. Also, in space, it is likely that any Kapton films used
will be coated with thin metallic layers to help with thermal control.
Whether or not these alter the hole shape or influence the presence of
tears from an impact should be determined. The presence of tears is itself
significant, as in Low Earth Orbit, any thin film like Kapton is susceptible
to damage by atomic oxygen. Coatings help prevent this, but the expo-
sure of the raw Kapton at hole edges and via tearing will increase the risk
(e.g., see Ref. [68]).

In summary, whilst the importance of impacts by irregularly shaped
debris is increasingly recognised for impact damage (such as penetration
of bumpershield designs) and studied via laboratory testing and simu-
lation (e.g., Refs. [46,47,69]), similar attention also has to be focussed
on penetration of thin films. The results here apply in the thin film
regime for impacts, and given the difficulties of deploying in space large
area films of thickness less than say a few pm, this limits the current
results to impactors typically larger than 100 pm. The influence of shape
on holes from smaller, more frequent impactors in the size range say
10-100 pm, which fall into the transition regime of hole vs. projectile
size (see Fig. 11), still has to be properly demonstrated, as has the fate of
the impactor in such cases.
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