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Abstract: Microsatellites for space applications are being intensively investigated in recent years.
They can be used for diverse imaging and inspection applications in space, are relatively inexpensive
and can be developed fast. Another rapidly emerging class of technologies is 3D printing which can
be used to prepare nearly all shapes from diverse polymers, metals and other materials. The
intersection between both techniques, however, is still small. Here we give an overview of the first
approaches to perform 3D printing for microsatellites and similar space applications, of material
requirements for such applications as well as properties of typical 3D printing materials, enabling
suggestions for future experiments and pointing out challenges which have to be taken into account.
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1. Introduction

Microsatellites have been investigated deeply in experiment and simulation during the last years,
especially since they can be built relatively fast and inexpensively [1]. Typical applications of such
microsatellites range from earth observation, satellite service and on-orbit inspection to space
exploration [2], making sophisticated technology necessary for rendezvous control and navigation [3].

Another challenge of high importance for microsatellites and other spacecraft is related to the
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materials which can be used to produce them. On the one hand, heat shields can be used to allow
bringing the microsatellite with the included equipment to earth [4]. On the other hand, during their
working period, the instruments inside the microsatellite should be kept at standard electronics
temperatures around room temperature and for non-operating times in a temperature range of —20
to 50 °C [4], while the outside of the microsatellite may experience much stronger varying
temperatures. Besides these durable temperature requirements, depending on the application, solar or
cosmic radiation may be of interest.

The second emerging technology taken into account here is 3D printing, also described as
rapid prototyping. These wordings mean a broad range of diverse techniques, used for diverse
applications [5]. Fused deposition modelling (FDM) is typical for inexpensive desktop printers,
allowing printing different polymers which may be filled with other materials [6]. This technique can
also be used to prepare composites of 3D printed polymers and textile fabrics, in this way improving
the mechanical properties and the production speed, as compared to purely 3D printed objects [7-10].
An older technique is stereolithography (SLA), typically used to prepare polymer or ceramic
objects [11] and also capable of being combined with other materials, such as textile fabrics [12].
These and other 3D printing techniques are capable of producing objects of a broad range of
polymers, metals, ceramics and composites.

Here, we firstly give an overview of typical recent applications for microsatellites, followed by
the corresponding material necessities. Finally, an overview is given of recent studies using 3D
printing for different parts of microsatellites.

2. Microsatellite applications

Microsatellites are usually defined by their mass in the range of 10-100 kg, while satellites in
the mass range of 1-10 kg are called nanosatellites, and heavier ones in the range of 100-500 kg are
named minisatellites [13]. They are launched with a carrier rocket and separated when the intended
orbit is reached, often by pyrotechnics, necessitating shock-proof mounting of the equipment in the
microsatellite [14].

As mentioned above, microsatellites can be used for a broad range of possible applications,
from communication to science, military and/or earth observation [13]. Most recently, Gao et al. used
satellite observations for a within-season emergence approach to map crop green-up days by
applying data with a high spatial resolution of 10 m and a temporal resolution of 2-day revisits,
received from the Vegetation and Environment monitoring New MicroSatellite (VENUS) for
experimental fields in Maryland during the 2019 growth season. Comparing these data with others
gained from Operational Sentinel-2 (10 m resolution, 5-day revisit) and routine HLS (30 m
resolution, 3-4-day revisit) was used to test the quality of the within-season approach for different
temporal and spatial resolutions [15]. Generally, such crop growth stage observations using satellite
time series is important, while the use of the pure satellite data is limited. They necessitate diverse
image processing steps to deliver sufficient data [16-18] and need to be evaluated at least during one
season, normally for longer times to avoid possible misinterpretations of the images [19-21]. Ideally,
satellite observations are combined with ground-based evaluations [22-24].

Such optical examinations of the earth can also be used for urban planning, precision agriculture
or forestry [25,26], as depicted in Figure 1 [26], as long as undesired temperature variations of the
CMOS sensor and similar problems can be avoided [27]. Global navigation satellite system
investigations in the radio frequency band can be used to investigate ocean surface wind speed,
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surface height, soil moisture, snow depth and other values near the earth surface [28].

Figure 1. True-color image of the RISING-2 high-precision telescope, overlaying a
common composite image of the Landsat 7 Enhanced Thematic Mapper Plus, both taken
in 2014 [26].

Another application of microsatellites in low-Earth orbits is the investigation of gravity
atmospheric waves, 1i.e., large-scale air pressure waves between mesosphere and
mesopause/thermosphere, e.g., with the “Mesospheric Airglow/Aerosol Tomography Spectroscopy”
instrument [29,30]. The Cyclone Global Navigation Satellite System (CYGNSS) mission
investigates tropical cyclones in correlation with ocean surface, atmospheric thermodynamics,
convective dynamics and radiation [31]. Using an infrared spectrometer, the microsatellite
MicroCarb monitors and characterizes CO, surface fluxes between carbon sources and sinks [32].

Even lower, in the so-called very-low Earth orbits, i.e. in a height of 250-500 km,
microsatellites are launched for communication and Earth observation, in this way enabling size and
power consumption of optical and radar instruments, but on the other hand necessitating more power
to work against atmospheric drag forces [33].

Diverse scientific experiments, especially in micro-gravity, can be performed using CubeSats,
small cubic units which are usually launched on the International Space Station (ISS) or as secondary
payloads on launch vehicles [34]. Until 2020, more than 1000 CubeSats were launched into low
Earth orbit [35], with several Moon or Mars missions being planned [36]. It should be mentioned that
for such interplanetary missions or also de-orbiting missions of space debris, special propulsion
technologies are necessary in addition to the material requirements [37]. In 2017, a study categorized
CubeSat missions into primary mission objectives such as Earth science, deep space exploration,
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heliophysics, astrophysics, spaceborn laboratory, and technology demonstration, indicating that even
these specialized microsatellites can be found in nearly all possible applications of small
satellites [38].

Magnetospheric studies can be performed, e.g., using one chief microsatellite and several
deputy nanosatellites [39,40]. Opposite to Earth observations which are often performed from
low-Earth orbits, here highly elliptical orbits are used, causing other necessary properties of the
materials used for this purpose.

Clusters of self-organizes connectable microsatellites can go one step further and perform more
sophisticated operations, e.g. to hold spacecrafts together, form large array structures such as for a
space debris protection net, replace damaged parts temporarily, etc. [41].

As this short overview of recent research shows, diverse applications of microsatellites are
possible, necessitating a broad range of material properties which will be evaluated in the next
section.

3. Material requirements of microsatellites

In the low Earth orbit (LEO, ~200-700 km), atomic oxygen and ionizing radiation are most
problematic, in addition to ultrahigh vacuum, plasma and hypervelocity impacts by micrometeoroids
and space debris [42,43]. In very low Earth orbits (VLEO, ~250-500 km), the atomic oxygen fluxes
are even higher [33,44]. In a geosynchronous Earth orbit (~36000 km), on the other hand, charged
particles and ionizing radiation cause the strongest material degradation [45,46].

For the insulation blanket of the Hubble space telescope, for example, studies found strong
degradation of the mechanical strength as well as thickness decrease of fluorinated ethylene
propylene films which were attributed to a combination of atomic oxygen, solar flux and thermal
cycling [47]. Thermal cycling in LEO usually ranges from approx. —100 to 100 °C [48].

Grossman et al. describe the influence of LEO environment on polymers more in detail. The
solar vacuum UV (VUYV) irradiation may degrade thermo-optical and mechanical properties of
polymers. Ionizing radiation damages electronic components, solar cells and polymers. Vacuum
causes outgassing of polymers and thus surface contaminations and reduction of mechanical
properties [43]. In their review, they describe the following classes of polymers [43]: Fluoropolymers,
such as the aforementioned fluorinated ethylene propylene, are more resistant to atomic oxygen, but
more sensitive to UV radiation. Polymers with C-H bonding did not lose mass due to VUV
irradiation, while polymers without C-H bonding did. Silicones show much smaller erosion due to
atomic oxygen, but tend to outgassing. On the other hand, ionizing radiation or VUV may lead to
cross-linking and thus fixate outgassing contaminants. Composites are quite often used, but
especially prone to degradation. Grossman et al. mention the possibility to add a silicone-based
protective coating as a protection against atomic oxygen.

Metals, on the other hand, are also damaged by atomic oxygen, as well as carbon fibers are [49].
In his review paper, Reddy pointed out that graphite/epoxy composites were eroded by atomic
oxygen. Metallized polymer films or organic paints, used for thermal control, are also usually
affected by atomic oxygen. Oppositely, metal or metal-oxide coatings can be used for oxygen
protection [50].

Additionally, it must be mentioned that not only the material, but also the morphology of 3D
printed parts is highly relevant for their mechanical, thermal and other properties. From previous
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research of diverse groups it is well-known that FDM printed parts have a relatively low surface
roughness, but a high waviness, while parts produced by selective laser melting, selective laser
sintering or powder bed fusion show different surface parameters [51-54]. Since all deviations from
a perfectly even surface reduce the mechanical properties of an object [55], it may be necessary to
reduce the surface roughness and waviness by chemical, thermal or mechanical after-treatments. On
the other hand, most 3D printed objects have voids due to their production processes [56-60]. If such
voids cannot be completely avoided, they also must be taken into account to evaluate the mechanical
and also thermal properties of 3D printed parts for spacecraft.

This brief overview already shows the difficulties which may be expected if 3D printing is used
to produce microsatellite parts. Nevertheless, some recent literature reports give first ideas what may
be possible when these two emerging technologies are brought together.

4. 3D printing materials usable for microsatellites

Generally, 3D printing for space applications is not unusual since many, if not most objects used
in the space industry are custom-made, besides the possibilities to reduce mass and prepare highly
complex parts [61]. The special application for parts of microsatellites, however, has not often been
reported yet.

Most recently, Li et al. investigated permalloy magnetic shields for fiber optic gyroscopes in
spacecraft, produced by selective laser melting (SLM) [62]. SLM belongs to the laser-based 3D
printing methods, thus has a high accuracy and can be used to create metal objects. Permalloy, as one
of the materials printable by SLM, has a very small coercivity in combination with high permeability,
making this material interesting in motors, power transformers and for magnetic shielding. Li et al.
produced magnetic shields in a light-weight design by SLM printing and found similar saturation
magnetization and coercive fields as gained by conventional processing methods, making this
methods promising for magnetic shields in small satellites [62].

An application of 3D printed phase-change materials is described by Zhou et al. [63]. They
applied SLM of AlSi;oMg to produce a light-weight thermal controller for spacecraft with a mass
less than half the one of typical traditional structures.

Ababneh et al. investigated the possibility of 3D printing lightweight heat pipes for the thermal
management of solid-state power amplifiers. Such solid-state amplifiers have diverse advantages in
comparison to traveling wave tube amplifiers, especially when using GaN as semiconductor,
allowing to significantly reduce volume and energy consumption in comparison to traveling wave
tube amplifiers. However, the heat flux dissipation of recent thermal management systems is, by
approximately two orders of magnitude, too low. In this project, a titanium heat pipe was 3D printed
by direct metal laser sintering and could be shown to allow for sufficient heat transport and the
possibility to significantly reduce the radiator size and mass [64].

Guo et al. used SLM to manufacture molybdenum and titanium ion optics, i.e. ion engine grids,
for electric thrusters in spacecraft. They found that after managing the process of 3D printing
molybdenum, the additively manufactured extraction system showed normal functionality in a
long-term test and did not show signs of degradations afterwards (Figure 2) [65].
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Figure 2. (a) lon source with screen grid assembly, (b) ion source ignition [65].

A propulsion system based on electrolysis of water was investigated by Harmansa et al. The
system consisted of a water container, the electrolysis system with gas storage equipment, and a
chemical thruster. In the water storage subsystem, 3D printed propellant management devices were
integrated as a proof-of principle [66].

While the aforementioned applications are planned to be applied inside a satellite or parts of
propulsion systems, Abdullah et al. oppositely concentrated on the heat shield and thus one of the
parts of a satellite which experience the strongest thermal stress [67]. They 3D printed a composite
from carbon fiber and polyether ether ketone (PEEK), a high-temperature printing material. While
PEEK can nowadays be printed in special FDM printers, here a laser-based direct energy deposition
3D printer was used, allowing for directly producing a carbon fiber/PEEK composite (Figure 3).
These parts were examined in mechanical and arc heating tests in an arc heated wind tunnel, under
UV irradiation and by thermal cycles between —70 and 140 °C. Interestingly, this new 3D printed
composite material was not significantly influenced by thermal cycles and UV irradiation, showed
generally similar properties as conventionally produced carbon fiber/PEEK heat shields, and was
thus suggested as a new heat shield material for re-entry flights [67].
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Figure 3. Laser-based direct energy deposition process [67].

Kafi et al. also studied 3D printed heat protection shields [68]. They used different PEEK,
polyetherimide (PEI), and poly(ether ketone ketone) (PEKK) filaments for FDM printing,
investigated the materials by thermogravimetric analysis and by an oxyacetylene test bed, a method
simulating the high heat flux which heat shields have to withstand by putting the samples into an
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oxyacetylene flame with a heat flux of 100 W/cm?. While all samples experienced a clear mass loss
and increased inner temperature during heating for 30 s, only on the outside a char layer was build,
while the inner part remained similar to the original state, as visible in Figure 4. The authors
found that PEKK had the highest char yield and thus the best ablation performance, while PEI
ULTEM 9085 showed the best insulative properties. Generally, all 3D printed samples could
withstand the heat flux for 30 s without disintegration, making them promising for future use in heat
shields [68].

(a)

Figure 4. Cross-sections of 3D printed parts after 30 s heat test, as described in the text,
from different materials: (a) polyether ether ketone (PEEK) smart materials
three-dimensional (3D), (b) PEEK Roboze, (¢) polyetherimide (PEI) ULTEM 9085, (d)
PEI modified ULTEM 1010, and (e) poly(ether ketone ketone) (PEKK). Reprinted with
permission from Ref. [68].

Derusova et al. reported about the first Russian spacecraft containing 3D printed parts, the body
of nanosatellite Tomsk-TPU-120 [69]. They used polyamide 12 (PA 12) for the satellite body,
investigated possible defects by laser scanning vibrometry as a nondestructive testing method, and
afterwards launched the nanosatellite from the International Space station.

The solar panel of a microsatellite was in the focus of the investigation of Teng et al. Using
SLM, they produced a solar panel with a new shape from aluminum alloy (Figure 5) and found
increased compression strength, shear strength and reduced weight in comparison with the common
honeycomb structure, while at the same time the desired temperature difference necessary for the
functionality of the solar panel could be increased [70].
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Figure 5. Alternative solar panel structure [70].

Again another aspect was raised by Rossi et al. They combined ideas of passively mitigating the
proliferation of space debris with new debris-compliant microsatellite design, enabled by 3D printing.
They used an 8U CubeSat as the base configuration and tested 3D printing of the six side panels as
well as the shielding by placing the whole nano-satellite in an arc-heated supersonic wind tunnel,
resulting in optimization of the debris shields [71].

Absorption of electromagnetic waves in the range of 3.53—-24.00 GHz was reached by a 3D
printed metamaterial absorber, which at the same time reached larger compressive strength
and energy absorption per volume and per mass, as compared to metal lattice cores with identical
density [72]. Besides these applications where 3D printing is the core technique, there are many
others studies using different 3D printing techniques to produce small parts such as tethers for data
transfer or power generation [73], 3D printed waveguide structures [74,75], actuators [76], etc.

5. Conclusion

As this short overview shows, 3D printing has just started to show its possibilities in the broad
field of spacecraft and especially microsatellites. While 3D printing nowadays is often recognized as
a simple technology, enabling printing gadgets with low-cost FDM printers, the examples here
underline that 3D printed objects do not necessarily show reduced material properties, as compared
to other production techniques, and on the other hand allow for printing new, sophisticated shapes.

It should be mentioned that while many material-related issues still have to be examined, 3D
printing is already starting to find its place in commercial production micro-satellites, rockets and
other aerospace objects. The German company EOS GmbH, e.g., offers 3D printing diverse parts of
satellites or rockets with various 3D printing techniques [77]. Rocket Lab uses 3D printing to
produce rocket engines for the NASA [78]. SpaceX and Blue Origin also use 3D printed parts in
valves or engines for spacecraft [79,80]. Even 3D printing of solar panel supports directly in space is
planned for the near future [81]. These few examples among many more which made their way from
research into commercial application underline the new opportunities offered by 3D printing for
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spacecraft, besides the still necessary investigations of new material with enhanced mechanical and
thermal properties.

We hope that our mini-review sheds some light on recent challenges and possibilities and
stimulates researchers working on microsatellites as well as on diverse 3D printing technologies to
join their knowledge, in this way producing next-generation debris-compliant microsatellites.
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