








Table 1: Sample Print Strategies

Print Strategy 3 Axis 5 Axis
Horizontal

Vertical

Concentric

Combined

The next stage was to create the printing§ighe base for the first layer to be deposited
onto. Typical 3-axis ME processes require thse of support structures for printing 3D
geometries (15). The printing jig acted as a support for the 5-axis machine and was reused
across multiple prints. The 3-axis samples warieted utilising a MakerBot Replicator 2
Machine, whereas the 5-axis samples were guiintilising a 5axismaker machine. With the
same material and deposition temperatbeng used on both machines to maintain
consistency.

The initial set up period for the 5-axis mawhirequired more time than a conventional

3-axis ME machine. This was dteethe need to establish the tahaxis for each print, as it
is entirely user-defined. To reduce the effecthis on the ability to print samples, the jig was
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designed to be modular the purpose of this design choice was to allow the section of jig that
the samples were printed on to be removed. This would ensure that the retained section of the
print jig would be left in place maintaining the relative positioning in the machine. The process
of depositing material in this fashion is shown in .

Figure 3: 5-Axis Material Extrusion: (left) Combined Print, (right) Horizontal Print

After printing each sample, its mass and dimensions were measured prior to the
compression testing. The dimensions of the samples were measured through the use of a digital
calliper, while the weight was measured through the use of digital scales. The average values
are shown in Table 2. The printing times included show purely the printing time and do not
include any post-processing the samples required. 5-axis samples required minimal post-
processing due to the lack of support structures, whereas the 3-axis sample required
significantly more time to remove the support structure. Examples of the 3-axis samples are
shown in Figure 4. This figure illustrates the amount of support material that had to be removed
prior to the compression testing.

Figure 4. 3-Axis Material Extrusion with Support Structures: (left) Vertical Print, (vight)
Horizontal Print

Another interesting point that is highlighted in Table 22 is the difference in mass
between the two printing processes, with all the 3-axis and 5-axis displaying similar mass
within their own process. To establish fair comparison data sets, the CAD model used for the
3-axis sample was a solid dome with the average wall thickness of 5-axis samples. As the 3-
axis samples display a thicker wall than the 5-axis samples, the residual support material may
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be left attached to the surface of the samples. For each data set, 5 samples were produced in
order to establish a reasonable average and to make identifying any outliers easier.

Table 2: Dome Study Average Measurements

Sample Mean Diameter | Mean Thickness | Mean Print Time (min)
(mm) (mm) Mass (g)

3-Axis Horizontal 35.60 2.88 6.18 55
3-Axis Concentric 35.93 2.86 6.15 53
3-Axis Vertical 35.64 3.00 6.20 40
5-Axis Horizontal 35.78 2.74 5.22 94
5-Axis Vertical 35.86 2.85 5.38 73
5-Axis Combined 35.84 2.90 5.36 84

The axial compression testing was carried out on an Instron 3366 material test system
with a 5kN load cell and a compression speed of 2mm.s™'. The purpose of this test procedure
was to establish the different mechanical behaviours of the test samples in regard to their
respective stiffness, ductile behaviour and maximum compressive loading. The experimental
setup is illustrated in Figure 5.

Figure 5: Compression Testing Set-up
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Results and Discussion

The data from the compression testing of each sample were tabulated into an excel
spreadsheet, for all 5 samples in each data set. The mean average for each set of samples is
displayed in Figure 6.
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Figure 6: Average Compression Test Results for Dome Samples

The results of this study contain some unexpected findings. What stands out in Figure
6 is how the 3-axis Horizontal and Concentric samples were able to withstand significantly
more load compared to all the other samples. Two possible explanations could be at play. First,
the load was applied in one direction to a continuous symmetrical geometry enabling the
stacked layers to be in constant compression. This led to the poor inter-laminar bonding not
being a major limiting factor until the sample began to deform radially, at which point, the
sample failed catastrophically. What is implicated here is that these samples were in
compression until failure, meaning the samples behaved more lick a strut than a thin-walled
dome. This leads to the second explanation. All the samples followed similar failure behaviour,
that of catastrophic failure. This differs from previous studies done by the Izmir Institute of
Technology in Turkey that has analysed thin-walled domes (16). In that work, a dome deforms
by first flattening its top, then the centre section is forced into space beneath the dome.
Comparing the failure behaviours of the samples within this study the wall thickness is too high
to allow for this plastic deformation. The sample shown within Figure 7 shows how much the
3-axis samples typically deformed prior to catastrophically failing. The specific sample shown
is from a 3-axis horizontal sample. The top surface was deformed to the point where the centre
should be forced through the centre; however, the thickness prevented this type of plastic
deformation due to the amount of material present. The 3-axis vertical samples followed this
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failure behaviour but at a significantly lower applied force, compared to all other samples. An
explanation is that the forces where able to shear the interlaminar bonding, with minimal plastic
deformation occurring. This confirms how significantly intralayer and interlayer bonding and
thus print orientation affect the mechanical behaviour of 3-axis samples (16—19).

As to why the 3-axis Concentric and Horizontal samples displayed different values this can be
explained by analysing their infill patterns. The concentric 3-axis samples had a concentric
infill pattern while the horizontal pattern had a linear infill pattern. The linear nature of the
infill pattern allowed it to resist some of the radial deformation allowing for the sample to
withstand further loading. In comparison, the concentric infill pattern could only rely on inter-
road bonding with each layer, to resist the radial deformation.

Figure 7: 3-Axis Horizontal Sample Post Compression Testing

To understand why our samples’ failure behaviour differs from other work conducted
on similar geometries, a sample 3-axis horizontal sample was printed with a wall thickness of
1.2mm, Figure 8 depicts the failure deformation of these samples. Notably, these samples
follow the failure behaviour that was expected for this geometry, with initial plastic
deformation occurring when a force of S00N was applied to the sample. The outcome of this
clarification experiment indicates that there is a wall-thickness boundary condition for this type
of geometry. This boundary condition drastically alters the failure behaviour of the samples
and the amount of force they can withstand. This result highlights that if the desired geometries
are not likely to allow plastic deformation and bending to occur, 5-axis ME may not be the
most suitable manufacturing process. This would be an important factor where isotropic
behaviour may not be required.

Another aspect of the 3-axis sample that may have impacted the results come from the
support structures themselves. The support structures used in sample creation where break
away supports made of the same PLA material as the sample. This means that the support
material and any remaining support material could impact the compression test results.
Perticularly in regard to the different support structures used to create the 3-axis samples, and
how this extra material can alter the compression behaviour of the samples.
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Furthermore, this indicates that there is a further area of research indicated within this
study, i.e. to look at samples with smaller wall thickness. A comparison could be made between
how 3 and 5 axis samples differ in their compressive resistance when following this different
failure behaviour.

Figure 8: Thin-Walled 3-Axis Horizontal Sample

The initial shape chosen for this study was selected based upon the assumption that they
would follow the failure behaviour similar to those seen in other studies (20) while being a
suitably complex shape that could be still be created via ME manufacturing techniques. A dome
represented the simplest shape that incorporated one axis of rotational symmetry and can be
printed with 2 axes of rotation. The method for creating the required tool path that enabled 5-
axis deposition has highlighted that it is possible to create complex tool paths related to a known
surface. This means that more complex geometries that would highlight the benefits of 5-axis
could also be created and tested, in order to further explore the potential benefits of 5-axis ME.
Focusing purely on the 5-axis samples, the vertical print strategy was able to withstand more
applied force than the horizontal print strategy. This does indicate that orientating material to
resist the 1% principle stress vector does improve the samples’ mechanical behaviour.
Moreover, the combined print strategy was able to resist more force over a prolonged period.
This implies that alternating print patterns that resist a combination of the dominant principle
stresses can create samples that display improved mechanical behaviour. This is a potential
area of further research that would focus on how much material needs to be deposited along
the different dominant stress vectors dependent on their magnitude. This is best explained in
Figure 9, which contains a sample created to demonstrate how the alternating shells where
deposited. More complicated shell patterns are possible in order to create samples that allow
for bending moments to create plastic deformation in a non-catastrophic manner. This would
allow for better control over failure behaviours and allow samples to behave in a more isotropic
manner.
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Figure 9: 5-Axis Combined Print Strategy Demo Sample

The 5-axis samples were not able to withstand as much compressive force as the 3-axis
horizontal samples. This would indicate that only part of these samples acted in compression
until failure. The rest of the sample would then be acting in tension, to create a bending moment
in the sample as illustrated in Figure 10.

Applied Loading

Figure 10: lllustration of Internal Compression/Tension Present in 5-Axis Samples

While this mechanical behaviour did not allow the 5-axis samples to withstand as much
force as some of the 3-axis samples, it does indicate that these samples behave more
isotopically, since all three build orientations had rather similar mechanical properties. This is
an interesting result that could lead to further research and applications in industry.
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Conclusion

Research into 5-axis ME is currently rather underdeveloped. As such, experimentation
is required to improve the understanding of the limitations and benefits of this technology. The
3-axis ME results produced by this work did not generate the expected failure behaviour.
However, the 5-axis samples did display the predicted mechanical behaviour in terms of which
samples performed best in the compression loading test. This indicates that a combination print
stratergy has some potential to improve mechanical behaviour in ME samples, but that further
research is required to explore its applicability. The anisotropy of most current ME process was
shown most dramatically in the difference between the 3-axis vertical samples and the 3-axis
horizontal samples. Orientating the print through 90° changed the load-bearing capability of
samples by a factor of 3.5. Overall, 5-axis deposition along principle stress vector directions
enabled the anisotropic nature of ME to be reduced. Such behaviour has the potential to expand
the use of this manufacturing process for mechanical prototypes and end-use products.

A limitation of the 5-axis ME process that was used was that there is no automated
software available to create the tool paths required for printing. Generating bespoke tool paths
for samples could lead to further research in what is the best way to align material in a 5-axis
context.

A future area of research will be to continue to explore 5-axis ME with the inclusion of
reinforcing fibres that can be aligned in the direction of printing. At the time of writing this
work is currently being carried out with a view to further publications.
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