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The aim of this work was to design, print, and examine elastic properties of porous

structures with various parameters and beam distributions. These structures, generated using an
algorithm, featured three types of lattices: octet, cubic, and Voronoi diagram-based, with different
porosities (40 %, 60 %, 80 %) and beam sizes (0.45mm, 0.66 mm). They were printed using Direct
Light Processing and examined using X-ray computed microtomography. Compression tests were
conducted to determine the Young’s modulus. The results were compared with computer simulations
performed using Abaqus. The tools used, such as 3D printing and X-ray computed microtomography,
were described, and the results and conclusions of the tests were presented. As a result, comparable
outcomes were obtained for structures with higher beam diameter, while significantly different results
were observed for structures with lower beam diameter.
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1. INTRODUCTION

Nowadays, structures characterized by porous struc-
ture are finding more and more interest and are often
the object of research. The branches of industry, or sci-
ence, that focus their attention mainly on such struc-
tures are: construction, chemistry, biology, medicine,
and even automotive [IH3]. These structures can be
of two types of mesh: periodic and aperiodic. The
purpose of this research is to compare the elastic
properties those structures obtained in the laboratory
and the simulations. The main focus is on models
based on Voronoi diagrams. Using a special algorithm,
they were designed and then printed by Direct Light
Processing (DLP) method. Once this was done, the
porosity (80 %, 60 %, 40 %) of the print and the design
were compared using a X-ray computed microtomog-
raphy, and then the printed models were subjected to
compression tests. Computer simulations were also
performed on the same structures using Abaqus (Das-
sault Systémes, France) software, and the results were
compared. In the end, a value of Young’s modulus
was sought for which the experimental and simulation
values give the same results. The work was carried
out in collaboration with Gianpaolo Pillon, who per-
formed strength tests and calculated Young’s module
for each of the designed and printed samples of the
porous structures. The results are presented in the

paper [4].

2. MATERIALS AND METHODS

2.1. POROUS STRUCTURE

In this work, aperiodic and periodic structures are
compared. There are many types of meshes on which
to base models of such structures. In this work, due
to good knowledge of the parameters, meshes were
chosen: octet and simple cubic for periodic structures
(see Figure . Aperiodic structures were designed
based on the Voronoi diagram (see Figure [1).

With this type of study, it is possible to see the
dependence of elastic properties on: porosity, average
thickness of beads and also the type of mesh.

FIGURE 1. Examples of each unit cell: cubic and octet.
Additionaly example of Voronoi diagram.
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2.2. STRUCTURING ALGORITHM

In order to make the structures, improvements were
needed to an algorithm previously made [5]. The algo-
rithm was made using the Rhinoceros (Robert McNeel
& Associates, USA) software and Grasshooper pro-
gramming language [6]. The purpose of the algorithm
is to create a given geometry, in this case a cube. Af-
ter that, the cube is filled with the selected number
and distribution of points. Depending on the selected
distribution, a porous structure is formed on the ba-
sis of them. By operating the number of points and
the diameter of the beams, it is possible to achieve
the appropriate porosity of the model. Finally, it
is possible to obtain three types of structures with
a different distribution of beams: cubic, octet and
based on the Voronoi diagram (see Figure [2]). These
types of meshes were chosen because cubic and octet
decomposition often appear in the literature and are
well known [7THIT]. Voronoi structures, on the other
hand, are less frequently addressed, and it was deemed
worthwhile to compare well-studied structures with
those that are not as well described.

FIGURE 2. Examples of structures created by
Grasshooper algorithm.

The porosity values chosen were 80 %, 60 %, 40 %.
These values were a compromise between the capabil-
ities of the 3D printer and the prospect of exploring
more and less porous structures. The diameter of
the beams was chosen so that for each type of bead
distribution, the porosities and beam diameter would
be similar. This is necessary for further comparison
of models. The structures, designed in this way, were
ready for printing.

2.3. PRINTING

Before printing, the structures need to be prepared
in a specialized program Anycubic Photon slicer (see
Figure [3), where printing parameters such as layer
thickness, exposure time, number of initial layers are
selected. In addition, the use of special supports is
also needed. These are scaffolds with a lower density
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of material that holds the structure. The main param-
eters that were chosen were: Layer thickness 0.05 mm
and exposure time of a single layer 8 seconds.

FIGURE 3. Anycubic photon slicer interface.

Each structure was printed five times, to obtain
better statistics of the results during compression
tests in the laboratory. The following are examples of
the prints that were obtained (see Figure E[)

FIGURE 4. Example of printed structures.

2.4. MICROCT VERIFIED OF PRINTED
STRUCTURES

The microtomographic analysis of the printed struc-
tures was performed to compare the parameters of the
printed and designed structures. The main attention
was paid to the porosity and average thickness of the
beads. A Nanotom S (Baker Hughes, USA) microto-
mograph was used for the study, while the VGStudio
Max (Volume Graphics, Germany) program available
in the laboratory was used to reconstruct the result-
ing scans. The X-ray tube parameters chosen were
70kV accelerating voltage and 50 mA tube current.
With these, it was possible to obtain images with
a resolution of 15 um, which was sufficient for beam
diameters of around 0.5 mm. The resulting scans (see
Figure had to be edited in ImageJ Fiji [I2]. Simple
functions such as cropping, rotating, and the median
filter, which averages pixels that are close together,
were used.
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FIGURE 5. Example cross-section form Nanotom S
microtomograph before and after editing. The image
in the upper left corner, includes a cross-section in
which a carbon tube is visible, on which the structure
in the microtomograph is set. When editing, it is
necessary to cut out the part of the cross-section on
which it is located.

The sections were then binarized, resulting in black
and white images. The white color represents the
beams, while the black color is the air. Now, using
the BoneJ plug-in [I3], it is possible to calculate the
ratio of pores to total volume and the average local
thickness (see Figure @ of the white parts of the
images. This means that it is possible to get the
porosity and the average thickness of the beams, as
well as to depict the diameter distribution of the beams
using histograms (see Figure @ Table [1f summarizes
the results of the design and printing.

It can be observed that the differences in porosity
are small, at the level of a few percent. Some results
were not taken into account during the study. This
is because during printing, the resin remained in the
center of the structure, subsequently distorting the
results of porosity and beams thickness. In the case of
the average thickness of the beads, the discrepancy is
greater, at times exceeding 10 % and even 20 %. These
discrepancies are particularly noticeable for the diam-
eter of 0.45 mm beams. This result is a consequence
of the printer’s capabilities.

In the histograms (see Figure[7), it can be seen that
the width of the range of the average thickness of the
beams, when printed, is much greater. The thickness
value heat map (see Figure E[), also shows that the
discrepancy between the width of the beam and the
node is greater in the case of printing. The distribution
of the diameter of the beam itself is due to the presence
of nodes, that is, places where the beams connect.
These are those that have a different thickness than the
beam itself. In printed structures, there are additional
effects caused by the printing itself and its precision.
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FIGURE 6. Comparison of the results of the Thickness
function using a heat map. On the right is the map for
the project, while on the left is the map for print.
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F1GURE 7. Histograms showing the distribution of
beams thickness of printed and designed structure.

At times in the printed beam, a defect appeared, in
the form of empty space. The function calculating the
average diameter of the beams, treats such a space
as two separate beams, which gives quite different
values. In addition, during printing, because of the
low values of the diameters, the resin is concentrated
mainly in the beams, while the thicknesses of the
beams themselves are underestimated. This can be
seen in the histogram, as many peaks appear to the
right of the main peak (see Figure E[) This may
result in further problems during strength testing and
simulation.

There were also mechanical problems during print-
ing. In the center of the smaller diameter beams,
cracks were noticed when reviewing the microtomog-
raphy scans (see Figure . In addition, the edges of
some structures were not printed (see Figure .

FicURrRE 8. Examples of cracks, and side edge defects,
caused by the printing process.

This problem can also be caused by sample storage.

During drying, curing or handling them, due to the low
diameter of the beams, cracking may have occurred.
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Design  Printing  Tb.th Thtn ~ Lorosity  Tbth
Dp_beam Structure . . . s Relative  Relative
Porosity  Porosity Design Printing . .
[mm] type %] %] frnm] from] differ- differ-
[% ¢ ence (%]  ence [%)]
Voronoi 80 83.00 0.69 0.69 3.8 0
Voronoi 60 62.00 0.71 0.71 3.4 0
Voronoi 40 38.00 0.73 0.75 5 2.7
Cubic 80 84.00 0.63 0.70 5 11.1
0.66 Cubic 60 63.00 0.71 0.79 5 11.2
Cubic 40 — 0.76 — — —
Octet 80 80.00 0.66 0.75 0 13.6
Octet 60 59.00 0.72 0.79 1.66 9.7
Octet 40 — 0.80 — — —
Voronoi 60 59.00 0.50 0.50 1.66 0
0.45 Cubic 60 — 0.49 — — —
Octet 60 60.00 0.51 0.65 15 27.5

TABLE 1. Table showing a comparison of the results of porosity and thickness measurements of print and design
beams. Dp_peam describes the set diameter of the beams, while T'b.th describes the average thickness of the beams
measured using the thickness function in ImageJ Fiji software.

2.5. EXPERIMENTAL RESULTS

Parallel to this research, experimental studies were
also conducted on the printed structures described in
this work. Because the structures were made from
a light-curing resin, they had to be cured after print-
ing. UV light was used for this. Each structure differs
not only in the types of mesh, but also in the thickness
and density of the beads. This means that the curing
can be non-uniform. In order to determine the cur-
ing time, samples were cured for different amounts of
time: 3 minutes, 6 minutes, 9 minutes, 15 minutes, 30
minutes, and then a compression test was performed
on them and Young’s modulus was calculated. By
adjusting the curve, it was found that the curve be-
comes extinguished for a certain curing time. It was
considered that 15 minutes would be a suitable time
for each sample (a more detailed description can be
found in the work of Gianpaolo Pillon). After that
compression test was carried out, and then from the
Stress—strain curve the Young’s modulus was calcu-
lated by fitting a simple regression to the linear part
of the graphs. This research was described in a pa-
per by Gianpaolo Pillon. The most important results
were the values of the calculated Young module (see
Table . Looking at the standard deviation, it can
be deduced that differences exist even at the level
of the same structure. This shows the complexity of
the repeatability of the whole process, as well as the
storage of samples.

2.6. DESIGNED STRUCTURES FEA
SIMULATIONS

To determine the mechanical properties of designed

structures using the Finite Element Method (FEM), it

is necessary to know the Young’s modulus value of the

cured resin. Unfortunately, this value is not known,

and it is uncertain whether the value obtained from
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tensile testing of a standard specimen dogbone shaped
will be appropriate. Therefore, we decided to conduct
a series of FEM simulations, continuously adjusting
the assumed Young’s modulus for the resin until the
Young’s modulus obtained from the simulations for
the structure is close to the modulus obtained from
measurements for the actual, printed structure.

Because the surface mesh generated by grasshopper
consists of non-uniform triangles with different aspect
ratio values, the remesh function in Meshlab was used.
Figure [9] present model before and after remeshing.
This function builds a renewal of the surface grid,
which is much more homogeneous. The function has
options for selecting the size of the triangles. However,
it was remembered that the smaller the triangles, the
more time-consuming the further research.

FIGURE 9.

On the left Model generated by
Rhinocerossoftware with grasshooper plugin and on
the right model generated by Meshlab after remesh
function.

A regular mesh has been achieved. The next step
was to convert the surface grid to a volume grid. This
is made possible by the Mesh 3D function in Gmsh
software. The function parameters are set automati-
cally by the environment. Default options were used,
as no errors appeared in the software with these set-
tings.

Using the Mesh 3D function, it is possible to simply
convert the mesh. The theoretical models prepared
in this way are ready to be imported into the Abaqus
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Beam Porosity [%] Mesh Seed Young’s Std. Dev.
diameter modulus [MPa)]
[mm] [MPa)
1 33.2 0.3
Voronoi 2 46.2 1.4
80 3 31.3 2.1
Cubic - 45.6 5.5
Octet - 45.5 0.9
1 100.1 2.5
Voronoi 2 122.8 5.5
066 60 3 115 11
Cubic - 78.9 6.8
Octet - 112 13
1 139 13
40 Voronoi 2 146.5 5.3
3 153.9 8.9
Cubic - 118 13
1 16.8 1.2
Voronoi 2 30.7 2.7
80 3 75 10.2
Cubic 30.0 4.9
Octet - 25.7 2.6
0.45 Vorono 1 55.4 2.3
60 2 67.5 3.4
Cubic - 73.5 7.4
Octet - 77 14
. 1 156 12
40 Voronoi 9 121 1

TABLE 2. Table compiling the results of compression tests in the laboratory. The determined Young’s modulus is the
average of five printed samples for each structure, from which the standard deviations were also determined.

program in which the simulations were performed.
At the beginning of each simulation, a random value
of material’s Young module was entered, which was
then adjusted in the subsequent stages of the research
to fit the behaviour of each structure. Two boundary
conditions were imposed for this investigation. One of
them was to block the lower wall of the cube that con-
tained the structure. The purpose of such a condition
was to make the structure unable to move and rotate
in either direction. The second boundary condition,
on the other hand, is the assignment of deformation
to the upper wall. Due to such assumptions, the re-
sult of the simulation was the reaction forces achieved
when obtaining a specific deformation. In the results
section, it is possible to observe those reaction forces,
deformations, and stresses at specific locations in the
structures. We can see the acting stresses on the 3D
model in the program, as well as export specific forces,
such as those directed in a specific direction. This is il-
lustrated in the form of arrows. The summed reaction
force of the lower wall, inserted into the appropriate
formula (see Equation, gave the result of the desired
Young’s modulus of each structure. This value was
then compared with measured value. If the results
differed, the Young’s modulus of the material was
changed and the analysis was repeated until the result

matched this one from printed structure. Having the
results of the structures from the laboratory, attempts
were made to find such values of the Young’s modu-
lus of the material that the results for the structures
themselves would be similar.

FE =

g F- lo

e A-Al (1)
F — reaction force [N],

lo — sample length [mm)],

Al — sample length’s change [mm],

A — compressing surface [mm?].

3. RESULTS

The above-described procedure was applied to all
produced samples with various thicknesses of beams,
different porosities, and different types of structure.
As a result, it turned out that to ensure the Young’s
modulus values for each structure close to the values
measured for real samples, we must assume different
Young’s modulus values for the hardened resin from
which the samples were made (see Table and Table.
This means that the resin curing process occurred in
different ways in different samples. Let us analyze
these differences.
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Lattice Young’s

Lattice Young’s

Stri':ucture Porosity [%] Modulus from I\/IOO(tizu(;us frgr{l Mat((ierllal Yl\c/};ng

ype simulation [MPa] prin FMPI;I]O ¢S modulus [MPa]
Voronoi 40 139 139 620
Voronoi 40 146 146 650
Voronoi 60 100 100 560
Voronoi 60 114 114 650
Voronoi 80 46 46 1000
Voronoi 80 31 31 650
Cubic 40 118 118 390
Cubic 60 79 79 550
Cubic 80 46 46 470
Octet 60 112 112 620
Octet 80 46 46 1150

TABLE 3. A table showing what Young’s modulus of the material, had to be set so that the Young’s modulus of the
simulation structure coincides with that of the laboratory tests performed by Gianpaolo Pillon. Results for structures

with 0.45 mm bead diameter.

Lattice Young’s
modulus from
simulation [MPa]

Structure type Porosity [%)]

Lattice Young’s
Modulus from
printed models

Material Young
modulus [MPa]

[MPa]
Voronoi 40 121 121 700
Voronoi 60 67 67 540
Voronoi 60 55 55 570
Voronoi 80 16 16 430
Voronoi 80 30 30 320
Cubic 60 74 74 350
Cubic 80 30 30 300
Octet 60 77 it 550
Octet 80 26 26 630

TABLE 4. A table showing what Young’s modulus of the material, had to be set so that the Young’s modulus of the
simulation structure coincides with that of the laboratory tests performed by Gianpaolo Pillon. Results for structures

with 0.45 mm bead diameter.

The results for structures with an average beam
thickness of 0.66 mm (see Table [3]) oscillate mostly
around a certain average value in the range of
550-650 MPa. The problem arises particularly for
two models: one based on the Voronoi diagram with
80 % porosity and the other on a cubic lattice with the
same porosity. These discrepancies may be the result
of the characteristics of the curing process. Because
of the high porosity, UV light easily reaches every
element of the structure. It is possible that for this
type of structure, precisely because they are much
better cured than the rest of the samples, the value
of the determined Young’s modulus may be signif-
icantly overestimated comparing to structures with
more dense distribution of beams inside. Addition-
ally, for the structure based on the Voronoi diagram,
this issue may be due to the version in which it was
designed, because the distribution of the beams in
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the structure determines its elastic properties. The
results, although within a certain range, are not signif-
icantly similar. This may also be due to the diversity
of the print itself. The standard deviations of the
tests in the laboratory (see Table , show that for
some structures the tests were more divergent than
for others.

For structures with thinner beams (0.45 mm) (see
Table , the situation is more complicated. Although
there is not as much deviation for some structures as
before, the values do not tend towards any narrow
range. Their variability may be due to the reasons
given in microtomography part, as well as a few ad-
ditional effects (see Figures . During micro-CT
scans for structures with a beam thickness of 0.45 mm,
internal cracks occurred (see Figure E[) These cracks
do not show regularity and are completely random.
They are probably a result of the precision of print-
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ing, which becomes significant with smaller strut sizes.
Moreover, thin struts are more susceptible to mechan-
ical damage that can occur, for example, during the
washing or drying process of the structure. Under
such sample preparation conditions, it is difficult to
maintain homogeneity, which can result in differences,
particularly for such thin beams.

4. CONCLUSIONS

Our assumption was that if it turned out that sim-
ilar Young’s modulus values were obtained for all
structures made from the material from which the
structures were printed, it would be possible in the
future to model the properties of newly designed struc-
tures based on this universal value. Unfortunately, it
turned out that depending on the type of structure,
its porosity, and the size of the beams, the curing
process occurred in different ways. Additionally, in
some cases, the prints suffered from certain mechani-
cal imperfections, which also affected their mechanical
properties. All this means that in the future, it will
not be possible to rely on a single Young’s modulus
value for the resin and model mechanical properties
of designed structures based on it.

Summarizing this work, it was possible to obtain
porous structures with the set parameters for three dif-
ferent types of meshes. In addition, the DLP 3D print-
ing methodology was efficiently mastered, with minor
problems (for example cracks (see Figure [J) most
likely due to the resolution capabilities of the device.
Microtomographic analysis showed that the porosity
of the print was close to the design (see Table ,
while the average thickness of the beads deviated, also
mainly due to the printing process itself. Results of
the Young’s Modulus of the material obtained using
FEM for a diameter of 0.66 MPa, which must be set
to enable the structure to exhibit similar elastic prop-
erties to those in the laboratory oscillate around the
500600 MPa range with few exceptions (see Table [1]).
These results are acceptable. For structures with nar-
rower beams, the results were much more complicated.
Problems with these types of structures are mainly
due to the printing and curing process. These results
are good preparation for further research on porous
structures, using other techniques to create a more
reproducible measurement environment.
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