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With the development of related technologies, 3D printing technology and its prod-
ucts have become an indispensable part of people's production and life and play a
pivotal role in the field of art, medicine and even engineering. With the expansion of
the 3D printing environment, many times the existing printers cannot meet the needs
of people on the 3D printing. For example, if someone want to print in a low-gravity
environment or in an anti-gravity environment, the existing printing equipment will
not be able to meet the demand, and then people need to use anti-gravity 3D printing
technology. In fact, anti-gravity 3D printing has been around for a long time. Among
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Abstract. As the use of 3D printing becomes more popular, the need to print in
complex gravity environments or even low gravity environments is emerging.
In order to meet these anti-gravity 3D printing needs, many individuals or or-
ganizations have proposed different solutions. This paper describes three ma-
ture antigravity 3D printing solutions, namely FDM-based Mataerial printers,
anchorless selective laser sintering, and magnetic levitation printing. These
three technologies are suitable for different environments and can accomplish
different purposes. For example, Mataerial is suitable for adding a structure to
an existing structure, because this printer does not need to move the workpiece,
and the thermoplastic material it uses allows it to print at any angle and under
any gravity conditions. For anchorless selective laser sintering, it is more suita-
ble for use under industrial production conditions. Because this technology op-
timizes most of the support structure, and as an SLS technology, its lower cost
and faster production speed are highly competitive. For magnetic levitation
printing, it have low operating temperature, flexible printing, and it can ignore
the influence of gravity, is very suitable for printing related equipment in com-
plex environments, such as space, to help human space exploration. By compar-
ing these three anti-gravity printing technologies in terms of material selection
and printing methods, one can attempt to summarize the advantages and disad-
vantages of each of the three technologies. Ultimately, this paper hopes to con-
clude the development prospects and applicable environments of each of the
three technologies, and to make speculations and suggestions on their future
development directions.
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the many conceptual designs, the most famous and eye-catching is the magnetic
levitation printing technology from Boeing. Boeing uses innovative superconducting
and antimagnetic materials to levitate prints at ultra-low temperatures, allowing the
printed object to not adhere to any flat surface and to rotate freely [1]. Another
relatively well-known design is the "MATAERIAL" antigravity 3D printing
technology from the Instituto Superior de Arquitectura de Catalunya (IAAC) in Spain
and Joris Laarman Studio in Amsterdam, the Netherlands [2]. This is a 3D printing
technology based on rapidly hardening polymers, where the printing device is placed
at the end of an industrial robotic arm for high degree of freedom control, and the
printed structure is constructed by replacing 2D printed layers with 3D curves through
a new extrusion technique [3]. In addition to this, there are many anti-gravity printing
techniques based on laser sintering, such as selective laser sintering without anchors
from the Additive Manufacturing Research Center (ADAM) at the University of
Sheftield, which will not be repeated here.

Among the two FDM-based antigravity 3D printing designs mentioned above, the
"MATAERIAL" antigravity 3D printing technology is more mature and easier to
realize than the magnetic levitation printing technology and can be put into actual
production activities more quickly. The magnetic levitation printing technology has a
broader application prospect, the quality of the printed parts is higher, and the
environmental requirements are smaller.

2 Literature Review

2.1 "MATAERIAL" Anti-Gravity 3D Printing Technology

The object of this research is the "MATAERIAL" anti-gravity 3D printing technology
from the Institut d'Architecture Supérieur de Catalunya (IAAC), Spain, and Joris
Laarman Studio, Amsterdam, The Netherlands.

Printing materials. Mataerial uses thermoset polymers rather than the thermoplastic
or resin polymers commonly used in 3D printers. The thermoset polymers used by
Mataerial have heat curing characteristics and better physical properties than the
polyolefin resins or ABS plastics used in traditional FDM 3D printing. In the case of
ABS plastic, the melting point of the print filament is about 270°C, and it is the most
widely used material for 3D printing functionality testing.ABS prints can be up to
80% as strong as ABS injection molded parts [4]. And Mataerial uses thermoset
polymers that are cured by heat and have better physical properties [4]. The thermoset
polymers used by Mataerial, on the other hand, behave as a gelatinous liquid
substance at room temperature, which transforms into a solid state when heated. This
transformation is irreversible and cannot be converted back to the initial prepolymer
state even when reheated [5]. However, related research has shown that Mataerial can
also be printed using new remoldable thermosets, such as Vitrimer, which is one of
the more established secondary processable thermosets.Vitrimers are permanently
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crosslinked networks that can be reprocessed in response to certain external stimuli

[6].

Table 1. Physical and mechanical properties of four polyimide vitrimer materials [7]

Material Gel tensile Elongationat  Tg°C energy storage
type content/% strength/MPa  break /% modulus/GPa
PTI-H 95.2 30.9 51.2 67 1.68

PTI-CH 97.3 55.0 27.8 86.0 1.82

PTI-pP 96.7 38.0 55.9 63.8 1.77

PTI-mP 97.1 55.2 36.0 84.0 1.88

From "The effect of diamine structure on the properties of polyimide vitrimer
materials" (Table 1), By adjusting the temperature at the nozzle outlet, Mataerial can
allow the added material to soften the Vitrimers material in the printed portion twice
when it comes into contact with the printed portion, thus enhancing the interlayer
strength and improving the surface quality [7]. The Vitrimers materials obtained by
different fabrication methods have different physical properties, but all of them are
capable of performing the printing jobs mentioned in this paper [8].

Printing methods. Mataerial uses a traditional FDM additive manufacturing
approach where the printed object is constructed by extruding the material and curing
the stack. Unlike conventional printing, Mataerial uses 3D strip printing instead of 2D
layer stacking, which allows for self-supporting by covering the stress lines of the
printed body with a complete strip structure as in Figure 1 below, thus enhancing the
physical prope}rties of the printed part [9].

Fig. 1. Mataerial prints antigravity prints using stress line structures [9]

Design advantages. In the opinion of the design's founding team, there are two major
advantages to such 3D printing. 3D printing on irregular or non-horizontal surfaces is
considered impossible by conventional methods due to the effects of gravity and the
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environment, but Mataerial can counteract the effects of gravity [9]. As shown in
Figure 2 below, Mataerial can print on vertical surfaces [9]. As shown in Figure 2
below, Mataerial can print on vertical indications.

Fig. 2. Mataerial printing on a vertical surface [9]

While traditional 3D printing uses 2D layer stacking, Mataerial uses 3D curve
stitching, which creates more natural and realistic objects [4]. As shown in Figure 3
below, the printed structure of Mataerial is smoother than that of traditional FDM,
without obvious stratification and ladder-like traces.

Fig. 3. Mataerial uses curves to construct a print body [9]

A review of the data shows that since Mataerial does not need to be attached to any
specified flat surface, printing on walls or even ceilings or other vertical structures is
perfectly feasible, and the heat curing material it uses is not subject to the effects of
gravity to produce sagging, fulfilling the main requirement for anti-gravity printing,
i.e., printing underneath a suspended surface.
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Design flaws. The design flaws of the Mataerial are actually quite obvious. First, due
to the thermoset polymer, the pre-exported additive reaches a rapid cure state, causing
it to not fully integrate with the subsequent additive. This reduces the interlayer
structural strength of the printed part and causes the creation of voids and bubbles
within the structure. As shown in Figure 4 below, a defective joint-like structure can
be clearly seen in the Mataerial's printed structure.

Fig. 4. Defects in Mataerial Printing [9]

Secondly, in order to ensure proper printing under anti-gravity conditions, the 3D
printing filament output from Mataerial printers is much thicker compared to
conventional printers. Although the curve structure of the printed part will be
smoother due to continuous printing, the surface quality and fineness cannot be
guaranteed. As shown in Figure 5 below, even the curves themselves do not have a
very high surface quality.

Fig. 5. Surface quality of Mataerial prints [9]

Finally, while Mataerial greatly reduces the effects of gravity and the requirements
of the printing surface compared to traditional 3D printing, it still needs to be attached
to other surfaces. It does not attach to any component, as Boeing's maglev prints do.
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A quick look at the data shows that the Mataerial is currently used to print artistic
constructions or structural models made up only of lines. In this way, the design team
and users have been able to avoid the shortcomings of the Mataerial when printing
face structures or other surface structures.

Future outlook. Mataerial does not currently have the ability to print surface
structures, and its print quality is lower than other printers. If the Mataerial's
shortcomings in printing surface structures can be improved through improvements in
the printing method or structure, the Mataerial could be a promising technology for
building temporary structures or repairing surfaces that are difficult to move. For
example, the device could be used to build temporary canopies or windbreaks in
disaster areas.

2.2 Anchorless Selective Laser Sintering Technology

This paragraph examines a new laser sintering technique developed by Professor Neil
and his team at the University of Sheffield's Advanced Additive Manufacturing
Research Center (ADAM).

Printing materials. The concept of anchorless selective laser sintering is based on the
metallurgical term "low eutectic alloys", which solidify rapidly at a low temperature
(low eutectic point). For example, the melting point of aluminum is 660 degrees
Celsius and that of silicon is 1,414 degrees Celsius, but the low eutectic temperature
of silicon-aluminum alloys is only 577 degrees Celsiu [4]. By accelerating this
solidification process, printer can make the metal material fast. This allows us to
make the printed part self-supporting during the 3D printing process, which can lead
to printing on vertical surfaces and even anti-gravity printing. As can be seen in
Figure 6, there is no need to print additional support structures for SLS printing using
this technique, and the printed part can be self-supported for extension.

T e 5

10mm

Fig. 6. Anchorless selective laser sintering technique for unsupported printing [10]

The University of Sheffield's Advanced Additive Manufacturing Research Center
experiments with a variety of low eutectic alloys for 3D printing. Experiments with
low-melting alloys have been quite fruitful so far [11]. The team is also currently
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exploring the issue of changing the properties of the experimental material, aluminum
powder, at a higher temperature, and substantial progress has been made.

Printing methods. Anchorless selective laser sintering is a special type of SLS
technology. When printing with SLS technology, the usual method to transfer or
reduce excessive pressure on a particular structure is to add an anchor point here (i.e.,
to set up a support), but the countermeasure of ASLS is to curing the model rapidly at
a low temperature to cope with the pressure [5]. In this way, the printing device can
print in complex gravity environments in a molding mode similar to the Mataerial
printer mentioned above, but using completely different principles and materials.

Design advantages. Anchorless selective laser sintering technology reaches the SLS
technology based unsupported printing, which is the most mature anti-gravity 3D
printing technology not based on FDM technology that exists today. It has the
following advantages: 1. Metal materials can be printed, and the strength of the
printed parts is high. 2. SLS-based printing, low printing costs, allowing the printing
of more complex structures. 3. Faster printing speeds.

Design flaws. Anchorless selective laser sintering technology has the following
drawbacks due to technical and material limitations. Firstly, limited material
selection, for high melting point metal monomers and alloys, the print quality will be
significantly reduced. Secondly, it has rough surface quality. Finally, it is a kind of
high-temperature processing with high environmental requirements. It does not
achieve complete gravity-free machining.

Future outlook. Anchorless selective laser sintering is the most promising
technology for the industrialization of 3D printing. With anchorless selective laser
sintering, printer can eliminate the cumbersome process of removing supports in the
3D printing process. If the problems of low material strength and poor surface quality
caused by SLS can be improved, in fact, anchorless selective laser sintering has a
great advantage over traditional subtractive manufacturing in the processing of
complex workpieces.

2.3 Maglev Printing

This paragraph examines the means of magnetic levitation anti-gravity 3D printing
designed by Boeing or using the same design ideas as Boeing.

Printing materials. Boeing's other maglev printing designs similar to the design use
materials that can float in a magnetic field [12]. Combining multi-material printing
technology with magnetic levitation technology mixes the print material with
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magnetic particulate material in a certain ratio to realize anti-gravity 3D printing, thus
achieving 3D printing without support [4].

Printing methods. What people are describing as maglev printing is actually "spatial
levitation printing", which is the use of magnetic levitation-related techniques to
levitate printed parts and additive particles in a given space. By using this technique,
most of the support structure of the printed part can be reduced, and the additive can
be stacked and molded in any direction on any plane. At the same time, as shown in
Figure 7 below, the multiple printheads in this design allow multiple surfaces to be
printed at the same time.

PatentYogi v \

Fig. 7. Maglev printing mode of operation [13].

Studies have shown that there are many ways to levitate materials. Among the
possible methods Boeing mentions in its patent are the following: acoustic levitation,
magnetic levitation, quantum levitation, and electrostatic levitation. One of these,
magnetic levitation, requires "super-cooling the object and then placing it in a
magnetic field to hold it under magnetic control." [5]. But even with such constraints,
magnetic levitation is still the easiest levitation condition to achieve.

Design advantages. The advantages of maglev printing are obvious. Compared to the
antigravity printing mode mentioned above, magnetic levitation printing firstly does
not need to be attached to any flat surface, and secondly the printing direction is not
limited [10]. The additive can rotate freely in the levitation space and attach to any
surface of the printed part for fabrication. For example, in Figure 8 below, the
additive can be stacked and printed along a curved surface.
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Fig. 8. Stacked printing of additive material along a curved surface [13]

In addition, the technology is a low-temperature additive manufacturing, which is
safer to produce at lower temperatures [14]. Studies have shown that compared with
high-temperature environments, low-temperature environments are easier to realize
under 3D printing conditions, which also helps to improve the structural quality of the
printed parts. The development of low-temperature printing should be the main
direction for the subsequent development of 3D printing [15].

Design flaws. There is in fact a very obvious problem with magnetic levitation
printing. In order to meet the magnetic levitation requirements, the designers added
magnetic powder to the additive material using a multi-material printing mode [16].
The effect of this operation on the physical properties and structural strength of the
material is debatable [17]. Through the study of sintered structures with structurally
similar powders, it is easy to realize that adding powders to the material affects the
tensile strength and yield stress of the material. Considering that the 3D printed parts
themselves are not very strong and are not suitable for high loading environments, the
effect caused by the addition of powder requires further experimentation.

Future outlook. Maglev printing is still only a design model, and even Boeing has
not succeeded in designing a maglev printing device with practical value. But first of
all, the device is completely free from the effects of gravity and has the ability to 3D
print in complex gravity environments such as space stations. Secondly, the device is
a cryogenic printing device, more suitable for working in small spaces. In summary if
the device is successfully built, it is a promising 3D printing device for working in
space. Perhaps it could be used for additive manufacturing in space to produce
necessary parts or even for building habitation stations.

3 Conclusion

This article has pointed out some of the current advances in groundbreaking 3D
antigravity printing, describing three of the more typical antigravity 3D printing
solutions available as examples. The fact that the three printing solutions above use
different design ideas makes them have completely different (and sometimes



Research of 3D anti-Gravity Printing Methods 195

complementary) strengths and weaknesses. In fact, 3D printing solutions designed
using different ideas are themselves designed to meet different environmental needs.
It is through the development of many different 3D printing solutions that people will
be able to satisfy the different needs of the production and living environments.

As of now, antigravity 3D printing is mainly used for repairing the surface of very
large workpieces or for additive manufacturing in low-gravity environments. In the
first case, people usually need to work with large structures that cannot be easily
moved, and a design like the Mataerial is most appropriate. When people need to
mass produce a large number of structures, laser sintering can save a lot of time in
removing support structures and save material. When people need to additively
manufacture in low-gravity environments, such as printing on a space station, using a
model similar to maglev printing minimizes the effects of the low-gravity
environment while controlling the print temperature to prevent damage to surrounding
structures.
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