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This paper investigates and discusses the outcomes from an ongoing feasibility research being conducted
at Advanced Composites Research Focused Group on 3D printing polymers and carbon composites sub-
jected to localised magnetic field force lines. Magnetic equipped composite processes are starting to
become an important new development for structural applications. Specific to this paper, in-situ align-
ment of short carbon fibres (�1 mm length) in thermoplastic polymer filaments (Onyx FR, a Nylon base
with micro carbon-fibres with a flame retardant additive supplied by Markforged) during a fused depo-
sition modelling (FDM) based 3D printing (MakerBot Replicator 2). An experiment took place in which
samples of PLA and onyx were printed, both with and without a magnetic field present. This was done
to see what effects, if any, the magnetic field had on the flow orientation of these materials when printed.
The results from using a high-resolution optical microscopy and scanning electron microscopy showed
that while carbon fibres within the Onyx had aligned in response to the magnetic field, the PLA samples
were visibly unchanged by the magnetic field. The observations have been partially supported by theo-
retical calculations utilizing Multiphysics constitutive equations.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Innovative Technologies
in Mechanical Engineering-2021. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

3D printing is an additive manufacturing (AM) technique and is
used to fabricate various structures using CAD. It works by placing
a material on a printing bed and adding layer-upon-layer to man-
ufacture a component [1,2]. In 1984, Charles Hull invented a tech-
nique called stereolithography, this is the first recorded method of
3D printing. Stereolithography is the 3D printing of objects using
solid layers of ultraviolet light sensitive resin. A few years after
this, in 1988, Scott Crump invented the fused deposition modelling
(FDM) based 3D printing technique, which is still the most com-
mon method of 3D printing used today [3]. 3D printing has been
a main topic of scientific interest over the last three decades. It
offers many advantages over traditional manufacturing including
a reduction in time, material and cost wastage, as well as an
increased range of complex structures and design freedom [4,5].
The most prominent of these advantages is the reduction of the
need for post processing requirements [4]. For these reasons, 3D
printing has been revolutionary in a broad range of manufacturing
related industries [6]. AM is becoming increasingly used in areas
such as design, art, biomedicine, aerospace, automotive parts and
energy [7].

There are different variations of 3D printing techniques, and
each is useful for simplifying design manufacture in its own way
[7]. There are seven main processes for 3D printing polymeric
materials: Material Extrusion, Binder Jet- ting, Sheet Lamination,
Material Jetting, Vat Photo-polymerisation, Direction Energy Depo-
sition and Powder Bed Fusion. Out of these procedures, Material
Extrusion, Material Jetting, Vat Photo-polymerisation and Powder
Bed Fusion are the techniques most commonly used in the 3D
printing of magnetoactive composites.
, Mate-
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In this project two types of material were used as the filament:
PLA, which is a polymer, and Onyx carbon fibre-reinforced com-
posite. FDM is a type of Material Extrusion technique [8], and is
the method used mainly for thermoplastic polymers and polymeric
composites, such as low temperature process PLA and high tem-
perature Poly-ether-ether-ketone, offering higher fracture tough-
ness and damage tolerance compared to their thermoset based
rivals [9]. Due to the extensive research into the uses and benefits
of FDM and the simplicity and low cost of this method, it was the
technique of choice this project. In simple terms, FDM is a material
extrusion technique that deposits a wire of polymer filament
through a heated nozzle. The molten filament is then deposited
precisely in a unique pattern on the printing bed to build each
layer of the component being printed. This depositing mechanism
makes FDM particularly useful for multi-material composite print-
ing [7] or for multifunctional material development such as those
for self-sensing, toughening and property tailoring [10–12]. The
layers are added one after the other until the final component is
produced. A diagram of a front view of the FDM process examined
in this research is illustrated in Fig. 1.

Until very recently, polymers were generally considered to be
unaffected by magnetic fields. However, it is now known that they
are weakly magnetized because they are diamagnetic materials,
and therefore do respond to magnetic fields [13]. The main ways
in which polymer composites are magnetised are by melting the
polymers or placing them in a liquid suspension to break up the
cross-links, so that when the magnetic field is applied, the fibres
within the polymer composites realign. There are other methods
in which various industries have tried to assemble the fibres within
materials. These include mechanisms such as shear, electrical and
ultrasonic alignment. However, magnetic alignment, has gained
the most attention and has been proven to be the top choice to
achieve alignment for a few reasons. Firstly, magnetic forces are
contactless, so will not produce any chemical alteration within
the material, but still allow the orientation of anisotropic particles.
Secondly, permanent magnets and electromagnets are easy to
come by and still produce strong enough fields for reorientation.
Thirdly, the magnetic fields can be homogeneous, inhomogeneous,
rotating or oscillating, and each allows a variety of responses and
therefore a variety of structures produced. Fourthly, the response
depends on the magnetism of the material, which depends on
the susceptibility (e.g. whether the material is ferromagnetic or
diamagnetic etc). Lastly, magnetic fields are not sensitive to surface
changes or pH, unlike electric fields [14,15].

The magnetic alignment of CFs in suspension has been
researched since 1972, and their incorporation into polymer com-
Fig. 1. Diagram of the front view of FDM technique with magnets on either side of
the printing bed, where the red dashed line represents the magnetic field going
from the north to south pole. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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posites has been described. In 2010, a report was published in
which composites with CFs were aligned using a Neodymiummag-
net, which produced a field that oriented the CFs at different
angles. It was from this that scientists found the material could
deform when subjected to a homogeneous magnetic field. CFs pos-
sess a large diamagnetic anisotropy, which can produce a strong
torque under an applied magnetic field. This torque produces a
curvature of the composite. An experiment in 2016 took place
where the fibres were aligned parallel to the applied magnetic field
direction produced by four Neodymium magnets as opposed to
just one, in order to further enhance the properties. These fibre
reinforced polymer composites are widely used in many industries
including automotive, aerospace, marine and construction, due to
their unique properties including corrosion resistance and high
strength and modulus [15,16].
2. Theoretical background

This project is the beginning state of a much longer vision. The
aim for this overall vision is to 3D develop complex magnetic com-
posites for space applications. However, the aim of this project is to
see how polymers and carbon composites react to a strong mag-
netic field when they are being processed and are not yet fully con-
solidated. The expectation is that the fibres within the materials
realign when subject to the magnetic field, which should be visible
in optical microscopy. To do so, the setup and design of the sam-
ples were varied to see how the magnetic field changes the align-
ment of the fibres inside the 3D printed cuboid design (magneto-
assisted printing). This is very important for engineering applica-
tions due to the potential to strengthen the material being printed
and alter other mechanical properties. That being stated, it will be
very difficult to magnetize a polymer as they are tightly packed
together. Thermoplastic polymers are formed by consolidating sev-
eral chains together to create strong covalent bonds. As a result of
this type of formation, the substance formed is rigid and hard [17].

Liquid crystalline polymers are easily able to respond to an
applied magnetic field and undergo magnetic alignment. In the
past it was considered that solid crystalline polymers were unable
to experience alignment because they lack the liquid crystalline
phase required to respond to the applied field. Using this logic, a
molten polymer or polymer composite should be able to respond
to an external magnetic field as the level of consolidation within
the polymer is reduced. This is where the 3D printing comes in.
The polymer filament is made molten in the heated nozzle at the
beginning of the printing process, and theoretically this could
affect the magnetic alignment of the printed part. It has also been
found in literature that many crystalline polymers such as poly
(ethylene-2,6-naphthalate) and isotactic polystyrene have been
able to align in the suitable conditions [18,19].

The phase transitions in polymer systems are not completed
instantly, and some of the crystal structure may not have fully
melted even after the temperature has passed the melting point,
Tm. This phenomenon is known as the ‘‘memory effect”. If the mag-
netic field is applied before the ‘‘memory effect” has disappeared,
then the viscosity is low and there is still some structure, so there
is a high chance of magnetic alignment. The Tm of PLA is 115 �C–
150 �C [20], and for Onyx is 145 �C [21], and the temperature of
the extruder is heated to is 230 �C and 280 �C respectively. If the
maximum temperature is much higher than the melting point of
the material, it was found that magnetic alignment would not
occur, this suggests that the ‘‘memory effect” has a big effect on
the alignment [19].

For diamagnetic materials, the magnetic energy is usually tiny,
and therefore difficult to distinguish from other energies, such as
electric and thermal. However, despite its size, it is still effective.



Fig. 2. PLA samples of different precisions: The top with high precision 0.1 mm and
the bottom with standard precision 0.2 mm.
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The diamagnetic properties of a material are directly related to the
magnetic susceptibility. The magnetic susceptibility indicates
whether a material is attracted to or repelled by a magnetic field.
The magnetic anisotropy of a molecule arises from the magnetic
anisotropy of its chemical bonds. As discussed in the introduction,
if the material has an anisotropy in diamagnetism, a magnetic tor-
que acts on it, resulting in rotation. The origin of magnetic aniso-
tropy is traced back to chemical bonds.

The magnetic effects on diamagnetic materials have very
recently been used for the processing of polymeric materials. This
is partially due to the development of superconducting technology,
with the ability to produce very large magnetic fields. Very large
magnetic fields make it possible to visualise the magnetic effects
on diamagnetic materials. The origin of diamagnetism is the
induced magnetization caused by the induced motion of electrons
under the applied magnetic field, where magnitude of the magne-
tization induced is proportional to the applied field strength. This
induced magnetization causes a chemical shift, which can be
detected by analysis in Raman spectroscopy [19,22]. In order to
predict whether the diamagnetic alignment may occur, the follow-
ing equations can be used: The magnetisation, M is induced by an
applied magnetic field, H:

M ¼ vH ð1Þ
where v is the magnetic susceptibility, which indicates whether a
material is attracted to or repelled by a magnetic field. Let vi be
the component of v in the direction of the particle axis and let
v ? be the component perpendicular to the axis. Finally, let
va ¼ vi� v ?. The interaction of the magnetisation with the
applied magnetic field gives rise to a magnetic energy, Emag:

Emag ¼ �0:5V v?l
�1
0 B2 þ val

�1
0 B2 cos2 g

� �
ð2Þ

where V is the volume of the particle, l0 is the magnetic permeabil-
ity of the vacuum, and g is the angle between the magnetic flux
density, B and the particle axis. One of the Maxwell’s approximation
equations is used:

B ¼ l0H: ð3Þ
The second term in the magnetic energy equation is

orientation-dependent, as this is the source of magnetic alignment.
A macroscopic alignment is possible when this second term
exceeds the thermal energy, kBT:

V > 2kBTl0 va

�� ��B2: ð4Þ
From here, it is estimated that to ensure that alignment takes

place, the mini- mum critical volume is needed. The torque, N, act-
ing on the particle is:

N ¼ Vval
�1
0 B2singcosgx; ð5Þ

where x is a unit vector normal to n and B. So, for the magnetic
alignment to occur, the particle should have anisotropic diamag-
netic susceptibility and the size of the particle must be large enough
to overcome the thermal energy [19]. To calculate the correlation of
the twist in a short carbon fibre’s response to the applied magnetic
field, the following equation for the twisting angle can be
calculated:

wðsÞ ¼ ðwm=lÞs; ð6Þ
where wðsÞ is the twisting angle of the beam section, wm is the mag-
netic free energy density and s is the length of the beam section. In
order to calculate the twisting angle, wm must be calculated from
the following equation:

wm ¼ �ðv=2Þðn:BÞ2 ð7Þ
where v is first calculated using.
3

v ¼ vav f =2l0; ð8Þ
where v f is the volume fraction. This v f was calculated as 16%
according to the Onyx specifications [21,23], and va was found to
be 28 � 106 [24]. Therefore:

v ¼ ð28� 10�6 � 0:16Þ=ð2� 1:26� 10�6Þ ¼ 1:78; ð9Þ
and, using Equation (3) to calculate the magnetic flux density,
where H is the field of the N52 magnet (utilized in this research)
at 1.48 T [20]:

B ¼ 1:26� 10�6 � 1:47 ¼ 1:85� 10�6T ð10Þ
From here we can calculate wm as:

wm ¼ � 17:8
2

� �
1� 1:85� 10�6

� �2

¼ �3:046� 10�11joule=cm: ð11Þ
Therefore, the twisting angle is:

wðsÞ ¼ ð�3:046� 10�11=1000� 10�6Þ5� 10�4

¼ �7:62� 10�11radians ð12Þ
where the length of the fibre is 1000 lm, and s is half of this. It
makes sense that the fiber moves such a tiny amount due to the
presence of one N52 magnet [25]. The number of magnets used
have been increased to 10 and 20 to increase the effect on the twist-
ing angle. It is noteworthy that the theoretical calculations provided
herein does not address the collective effect arising from numerous
short fibres responding within a semi-liquid medium (polymer),
and the uncertainties associated with our experimental setup (e.g.
carbon fibre type and its magnetization, magnetic field arrange-
ments, spacing, temperature effect on the magnetic field’s strength,
etc.) are not accounted for.

3. Experimental approach

Multiple variables were changed in this experiment to see what,
if anything, influences the degree of magnetisation of the printed
polymers and carbon composites during the 3D printing process.
These variables include an alteration of the materials, the printing
precision, and the number of rows of the magnets.

The two types of material used were PLA and onyx, for 3D print-
ing using a MakerBot Replicator 2, but it was used anyway. The
precision was altered from standard precision and high precision
to see if this would make a difference to how magnetized the print
would be. In Fig. 2, the difference between the two precisions is
seen: standard has a honeycomb arrangement with 0.2 mm holes
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and high has a more uniform arrangement with 0.1 mm holes. The
magnetic field strength type used was the N52 magnet. This is
from the critical rare earth metal called neodymium, and each
magnets have the dimensions 10 mm � 2 mm. These were set
up with five and 10 magnets on either side of the cuboid in rows
or one or two magnets, respectively. The aim of trying multiple
rows of magnets was to observe how altering the strengths would
vary the extent to which the fibres were aligned.
Fig. 4. PLA printed cuboid with five N52 magnets of opposite polarity on each side
of the cuboid.
3.1. Printing PLA

The printer used was the MakerBot Replicator 2, shown in Fig. 3.
PLA has a uniform arrangement of a repeated unit of lactic acid and
is a naturally existing polymer. It has a low viscosity and melting
point, which makes it suitable for the MakerBot with a tempera-
ture limit of 280 �C [7]. To begin with, test samples of the cuboid
designs were printed with PLA just to get an understanding of
the machine and how it worked, and also to see how it responded
to altering various factors, like the precision. After this, it was time
to begin printing the samples.

The project involved 3D printing eight cuboids of the dimen-
sions: 10 mm � 60 mm � 12 mm. These cuboids were created in
the software Solidworks. Six of these cuboids were printed using
the material, PLA, and two were printed using the material onyx.
The variations by which these cuboids were printed are:

� 1 row, standard precision, PLA
� 1 row, high precision, PLA
� 2 rows, standard precision, PLA
� 2 rows, high precision, PLA
� No magnetic field, high precision, onyx
� rows, high precision, onyx
� No magnetic field, high precision, PLA
� No magnetic field, standard precision, PLA

The parts printed with the row of magnets had five magnets on
either side of the cuboid, as shown in Fig. 4. The magnets were
arranged before they were placed inside the machine with five
north magnets on the long side of the cuboid, and five south mag-
nets on the other side. The magnetic field lines were expected to
look similar to Fig. 1 but in 3D. Tape was placed on top of the print-
Fig. 3. Labelled MakerBot Replicator 2 machine used for 3D printing.
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ing bed and glue was spread on top of this tape in the area the part
was about to be printed. The printer machine was connected to a
computer, where the printing is initialized and some parts were
set up including the exact location of the part within the printer,
the precision of the parts produced, the heat of the bed (110 �C)
and the heat of the extruder (230 �C). It was calculated that after
15% of the 12 mm cuboid had been printed, the height would be
2 mm, which is the height of one N52 magnets (as stated above).
Therefore after 30%, the cuboid was 4 cm high, which is the height
of two of the N52 magnets. At these points, the printer was briefly
paused to place the magnets inside in rows of one or two. The rea-
son for this is, the nozzle on the printer must be at exactly the
same height as the printing bed, so the nozzle would be obstructed
by the magnets if they were placed beside the cuboid. Once the
printer reached 80%, the machine was stopped because after this
point, the cuboid shape would have been closed up and the print-
ing pattern on the inside not visible.
3.2. Printing onyx

Once all the PLA parts were printed, the next material to use
was onyx. Onyx is a micro carbon filled nylon, and it was hypoth-
esized that this would have a different response to the magnetic
field than the PLA. The printer was not built to use onyx filament.
Because of this, various speeds, temperatures, and printing bed
materials were tried. The filament cooling fan speed was changed
from 0.5 to 0.1, and the print speeds were also changed, Fig. 5.
The level of the printing bed was altered multiple times and there-
fore so was the nozzle, so that they were the same height. Initially,
the onyx would not stick properly to the printing bed for the first
attempted variations. Eventually, however, the standard settings
for the printing, which were kept the same for each PLA sample,
were changed for the onyx to allow the printing to work. Almost
all the print speeds were changed, as seen in Fig. 5, and the heat
Fig. 5. The print speeds settings for PLA and onyx.
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of the extruder was increased from 230 �C to 280 �C. This temper-
ature was originally avoided as it exceeded the temperature limit
of the machine, and the deteriorating effect on the magnetic field
but the onyx would not have been able to stay stuck to the printing
bed otherwise. As a result, after the second part printed, the
machine’s nozzle stopped working, and no more onyx samples
could be printed. Magnets are known to be affected by high tem-
peratures, however, they can be re-magnetised over time, though
not completely. Therefore, the used magnets were left for at least
a few hours before they were used again. Even so, there will be
some uncertainty to with the magnetic field strength of the mag-
net, particularly with onyx as the temperature of the nozzle and
extruder was higher than with the PLA [24].

After all the PLA and onyx parts were printed, they were
removed using a scalpel and the printer was wiped down with
water to remove the glue. The designs were then inspected using
a VH-S30F/S30B high magnification optical microscope shown in
Fig. 6(a) and investigated in a SEM. In the optical one, the lens
was changed from one with a magnification lens of x20 – x200
to one with the range x500 – x5000, called the High-resolution
zoom lens, which was the highest magnification available. Each
part was examined and around ten photos for each sample were
taken, five with the magnification x500 and five with x5000. Vari-
ous parts of the cuboids and the printing inside were inspected,
including the edges, the tilted lines, the straight lines, and the
intersections. The microscope was connected to the digital micro-
scope VHX machine pictured in Fig. 6(b).
Fig. 6. High magnification VHX series digital optical microscopy.

Fig. 7. Microscopy photos of polished onyx with and without an app
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4. Results and discussion

From Fig. 7, it is seen that the direction of the carbon fibres
within the onyx, selected at a same location of the specimen, have
changed direction by about 90◦ in each of these samples due to the
presence of a magnetic field, however such remark observed might
be fortuitous due to the fact that the authors could not assure that
such direction alteration at an identical position is not due to the
change of 3D printing pattern though it was unlikely because of
no change in geometry feed to the printing machine (i.e. identi-
cal.stl file was produced with and without the magnetic field). This
was a very exciting result as it shows that the fibres had changed
orientation completely towards alignment with the field, and par-
tially agrees with other literature mentioned earlier about short
carbon fibres subjected to a magnetic field [15]. To ensure making
reliable remarks, one should equip the machine with in-situ mon-
itoring of the short fibres alignments at such magnification (via
either optically, thermally or dielectric measurement). Previously,
when applying the magnetic field, the polymer composites were
placed in a liquid suspension to help to induce alignment. This
was because the level of consolidation within the polymer compos-
ite was reduced. This project used a similar concept in that low vis-
cosity would help to induce alignment, however in this case, it was
the polymer composite itself that was melted without an external
liquid suspension, making this result. Furthermore, the material
may not have been completely magnetised, but being able to re-
orient the flow of the 3D printing layers is a big initiation step in
the right direction [15].

As seen in the figures, carbon fibres’ length is approx. 1000-lm
length having diameter of 100 lm, which agrees with multiple lit-
erature sources [15]. The onyx being viewed was polished, there-
fore the surface was smooth and even. Initially, the unpolished
onyx was examined, and as a result the images were less clear than
Fig. 7 (not shown herein). When inspecting the PLA, it was more
difficult than the onyx to see the exact direction which the nozzle
was printing in. This was down to the uniform structure of
repeated lactic units making it difficult to determine the resulting
formation. Fig. 8 shows a printed PLA sample of standard precision
0.2 mm with no applied magnetic field. The photographs were
taken on a microscope of magnification X500, to see the surface
of the printed PLA. Each photograph from A-E shows the direction
of printing at a different area of the honeycomb arrangement Sec-
tions A and B are similar in that they are seemed to have the most
disruption with the printing. Section B presents a relatively smooth
surface in comparison to the others, and section C is a smooth sur-
lied magnetic field (vertical direction is the printing direction).



Fig. 8. Printed PLA sample with microscopy - A: Side and boundary, B: Side and hole, C: Straight line, D: Tilted line and E: Intersection.

Fig. 9. Printed PLA sample with microscopy - F: Side and boundary, G: Side and hole, H: Straight line, I: Tilted line and J: Intersection.
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Fig. 10. PLA samples with x5000 magnification.
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face with different elevations. Section E only displays a small por-
tion in the centre that is in focus. This is because there is more of an
overlap at the intersection where the nozzle is depositing the fila-
ment, so this area has varying heights.

Fig. 8 shows a printed PLA sample of standard precision 0.2 mm
with two rows of magnets to produce a magnetic field. With this
sample, the photograph of every section displays a rough surface,
unlike with Fig. 8 where there are a few similarities. It is known
that 3D printing using the MakerBot printer cannot be relied on
to produce precise duplicates of the same print in terms of the sur-
face texture, despite existing on a flat bed in a flat sample. This is
down to the way the molten filament solidifies, as there will be
unaccountable irregularities that cannot be controlled, such as air
bubbles and uneven temperature control. Therefore, while it is
possible that there could be a correlation between the surface con-
sistency and the applied magnetic field, it is very unlikely that this
would be visible. So, these differences between Figs. 8 and 9 are
better explained by the inconsistent way the molten filament
behaves when it solidifies. That being said, these figures show
the vertical direction of the printing, which is shown by the line
grooves in each photographed section. In this regard, there is reli-
ability between the figures. E and J are the equivalent sections, and
7

they are particularly similar in the direction of the grooves and the
focus. This is observed in the images presented in Fig. 10.

The images of X5000 with and without the field can be viewed
in Fig. 9. Sections (a), (b), (c) and (d) all look more or less the same
as one another, despite being taken from different areas of the
sample with and without a magnetic field. Because of this, not
much information can be taken for the images at a magnification
of x5000, apart from that they all display the rough surface dis-
cussed above of dried PLA, presumably from air bubbles or other
inconsistencies. Although this magnification is stronger than
X500, it still only shows surface of the PLA, so more in the way
of fibre alignment could be visible with a stronger magnification.

Though some re-orientations in short fibres are observed in the
SEM images from the Onyx samples subjected to in-situ magnetic
field, it was difficult to draw any conclusion as to determine
whether such re-orientations are the result of 3D printing pattern
or magnetic field. typically shown in Fig. 11. The identification of
further re-orientation at smaller scale that that in optical micro-
scopy was not possible to achieve during the SEM investigations,
meaning that the optical microscopic images were sufficient at
the scale this research needed to investigate the alignment
possibilities.



Fig. 11. Typical SEM images of carbon composite Onyx subjected to in-situ magnetic field during 3D printing.
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5. Conclusions

In conclusion, the aim of this project was to see how polymers
and short fibre carbon composites react to a relatively strong mag-
netic field. Though some observations at identical positions 3D
printing in carbon composites with and without magnetic field
indicated fibres’ remote alignment, the results remained fortuitous
and qualitative due to the fact that real-time potential alignment
was not monitored during the 3D printing, and the disparity
between the theory and the observations, i.e. the observations
showed much larger re-orientation of short fibres than what pre-
8

dicted by the theory. The PLA and onyx were successfully printed
with and without the applied magnetic field and a microscopy of
each sample was taken. Onyx showed a significant 90◦C change
in carbon fiber alignment between the samples with and without
the magnetic field, also reported in a number of existing literature.
Although a re-alignment seems to have taken place, the material
may not have been permanently or temporarily magnetized: The
onyx did not appear to have had any change in polarisation. How-
ever, perhaps if a stronger magnet or alternating induced fields had
been used, a more obvious change would have been detected. Fur-
ther investigation is needed in terms of equipment of the 3D print-
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ing machine with real-time monitoring of possible alignments. A
numerical simulation is ongoing for scaling up the theoretical con-
stitutive equations to multiple short fibres scenario at 16% volume
fraction (Onyx case) using COMSOL where the 3D printing polymer
process parameters will be accounted for.
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