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Abstract

The aim of the paper is to analyze the effect of nozzle diameter and infill on porosity and pore size of FDM printed specimens with
rectilinear grid pattern. Two different nozzle diameters (0.2 and 0.4 mm), as well as four different infill values (20 %, 40 %, 60 %
and 80 %) were used. Experimental results for pore size agree with theoretical results. On the contrary, low experimental porosity
was obtained, especially for high infill values, because printed samples show fewer pores than expected. The higher infill, the lower
porosity and pore size. Higher nozzle diameter implies higher pore size but similar porosity.
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1. Introduction

In the Fused Deposition Modelling (FDM) process, a plastic filament is extruded in thin strands and then deposited
leyer-by-layer. The FDM technology has many advantages: easiness of use, the possibility to employ different kinds
of plastic materials, and the fact that it is more cost-effective than other additive manufacturing technologies.
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Nevertheless, the technique also has drawbacks. For example, printing supports are required in order to print inclined
walls, and poorer surface finish is obtained with FDM than with other printing techniques [1,2].

FDM is widely used for the development of new designs in the automotive industry [3] or to manufacture space
instrumentation [4]. In addition, FDM parts have many different medical uses, such as customized implants or models
for surgical preparation [5].

In order to save printing time and material, printed parts are usually not solid but have a printing pattern or infill
that gives them a certain porosity degree [6]. On the other hand, porosity is a key factor when considering the capacity
of the printed scaffolds that simulate tissues to assure cell growth, permeability and mechanical strength [7,8].
Different authors have obtained models for the geometry of FDM printed scaffolds. For example, Ahn et al. defined
the different layers as elliptical curves which overlap in the vertical direction [9]. Ding et al. overlapped different
surfaces representing beads for modeling the geometry of printed parts [10]. In a previous paper by the authors of the
present work, porosity of structures with rectilinear infill was modeled as a function of infill, for different nozzle
diameters [11]. Theoretically, porosity is calculated as 1-infill and, thus, for a certain nozzle diameter the higher infill,
the lower porosity and pore size. On the contrary, higher nozzle diameter implies a higher distance between filaments
and thus higher pore size, in order to achieve a certain infill value [12].

When printing a porous structure it is difficult to select printing parameters that will allow obtaining required
porosity and pore size values. This is because most variables of the process are related to the machine operation rather
than to the final shape of the final part. In addition, actual porosity and pore size values may differ from theoretical
values. In the present paper, pore size and porosity of structures with rectilinear infill pattern are measured as a function
of two printing parameters: nozzle diameter and infill. For doing this, different specimens were printed with prismatic
shape in polylactic acid (PLA) material, for different infill and nozzle diameter values. Porosity and pore size were
determined in three ways: theoretically from the drawing of the parts, from the simulation of a previously presented
geometric model [11] and experimentally by means of X-ray tomography. The main objective of the present paper is
to study the effect of infill and nozzle diameter on pore size and porosity of FDM printed parts with rectilinear pattern.
Experimental pore size and porosity values are compared to theoretical and simulated ones. Results will help to select
proper printing parameters to obtain required pore size and porosity values.

Nomenclature

FDM  Fused Deposition Modelling
PLA  Polylactic Acid

2. Methodology
2.1. Printing tests

Prismatic samples of 10 x 10 x 20 mm were printed in a double head Sigma extruder from BCN3D. The shape of
the different structures was drawn with Solid Works, taking into account the deformation of the printed filament [12].
The stl files and gcodes were then obtained with Simplify3D software. The rectilinear infill pattern was chosen.

Polylactic acid (PLA) filament in white color was used for printing the specimens. Nozzle diameters of 0.2 and 0.4
mm, and infill values of 20 %, 40 %, 60 % and 80 % were taken into account. Layer height was 0.15 mm for nozzle
diameter 0.2 mm and 0.2 mm for nozzle diameter 0.4 mm. Printing speed was 60 mm/s in all cases. Extrusion
multiplier was 100 % and printing temperature was 205 °C.

Figure 1 shows an example of printed parts with nozzle diameter 0.4 mm, with infill values 20 % and 40 %
respectively.
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Fig. 1. Printed part with nozzle diameter 0.4 mm and a) 20 % infill, b) 40 % infill.

The printed part with 20 % infill has a regular shape with 16 prismatic channels of square cross-section. On the
contrary, the printed part with 40 % infill, with 64 prismatic channels, shows a more irregular shape, with variable
wall thickness and with some sealed channels.

2.2. Theoretical determination of pore size and porosity

In order to determine the theoretical pore size and porosity of the specimens, Solid Works software was used to
draw the geometry of all samples. With help of Rhinoceros software the volumes of the geometries were verified and
double checked. Different printing parameters were taken into account: infill, nozzle diameter and layer height.

In order to obtain the drawings, according to the recommendation of the automatic settings of the Simplify3D
software, it was assumed that the total width w (in mm) of the deposited filament is related to nozzle diameter d (in
mm), as stated in Equation 1.

w=12-d (1)

As an example of the drawn geometries, Figure 2 shows a cross-section of the drawing of the specimens obtained
with nozzle diameter 0.4 mm, for 20 % infill and 40 % infill respectively. Orange lines correspond to the plastic
material.
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Fig. 2. Cross-section of the drawing of a printed part with nozzle diameter 0.4 mm and: a) 20 % infill, b) 40 % infill.
In Figure 2 it is observed that the specimen with 20 % infill has 16 channels, while the specimen with 40 % infill

requires 64 channels.
Once all 3D images were drawn, the porosity of the different structures was calculated with help of Equation 2.

Porosity (%) = (Total pore volume /Total volume) - 100 2)
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Where Total volume is the volume of the prismatic shape in mm?, and
Total pore volume is the volume of voids, in mm?, as calculated with Equation 3.

Total pore volume = (Total volume — Material volume) 3)
Where Material volume is the volume of material of the prismatic shape in mm?.
As for pore size, the pores of the rectilinear structure have square cross-section. The distance between contiguous
walls was taken into account as the pore size in mm.
Porosity and pore size values are presented in section 3.

2.3. Determination of pore size and porosity by means of simulation
A geometrical model for the rectilinear structure, which was presented in a previous paper, was used to determine

simulated values of pore size and porosity. According to the model, porosity is directly related to infill with
Equation 4, regardless of nozzle diameter used.

Porosity (%) = 100 — Infill(%) 4

The geometry of the deposited filament is shown in Figure 3, according to the Slic3r manual [12], where h is the
layer height (mm) and w is the filament width (mm).
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Fig. 3. Geometry of the deposited filaments [11]

The area of the printed filament is obtained from the area of a rectangle and a circle, as stated in Equation 5.

Area ofprim.‘ear'fi]aument(mm2)=(w—h)-12+11~[17/2]Z 5)

Unless a specific width w value is selected, the software takes into account that the area of the printed filament
(Eq. 5) is equal to area of the unprinted filament (Eq. 6), where d is filament diameter in mm.

Area of unprinted filament= 11[ d/2 )Z (6)

Equating both expressions, Equation 7 is derived.
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n(d/2)2= (w-/z)-b+n-(ﬁ/2)2 )

Extrusion width w is calculated as a function of layer height h and filament diameter d (Eq. 8):

1T(a/Z/ 'ﬂ‘(n/zf _“(0/2/ +(4-1'[)-(”/2}—
w= 7 +h= 7

®)

Figure 4 depicts the distance between trajectories of the nozzle, or distance between parallel filaments.

Distance between
trajectories

Figure 4. Distance between trajectories for the rectilinear grid pattern [11]

The definition of infill is presented in Eq. 9. Assuming that h? is close to zero, from Eq. 5 it can be deduced that
Area of printed filament is almost equal to w-h. Thus, the volume of the printed parts would correspond to w-h-1. The
total volume of the part is equal to distance between trajectories of the grid pattern-h-1.

Volume of printed part w-h-l
Infill= =

Total volume of the part  Distance between trajectories of the grid pattern-h- ©)
Where 1 is the length of the printed filament in mm.

If terms are joined, equation 10 is obtained.

Distance between trajectories of the grid pattern=

v 10
infill (10)

Pore size is equal to distance between trajectories minus filament width (Eq. 11).

Pore size=Distance between trajectories of the grid pattern- w (11)

Thus, pore size can be written as a function of infill and width, according to Equation 12.

Pore size= I,HV;”- w= w/mzd- 1/ = %/6”;1]-1/(n(d/zjz-(4-n)-(h/2f)/ (12)
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Where w is the width of the deposited filament (mm), d is the initial diameter of the filament corresponding to the
nozzle diameter (mm) and # is final height of the deposited filament or layer height (mm).

For printing thermoplastic materials, it is recommended that layer height / ranges between 0.5 and 0.8 times the
nozzle diameter d. In the present work, the average value of the interval was considered (Equation 13).

h=065-d (13)

From the combination of equations 2 and 3, pore size was calculated as a function of infill, nozzle diameter ¢ and
layer height 4. Results will be presented in section 3.

2.4. Experimental determination of pore size and porosity

A Zeiss Metrotom 800 X-ray tomography equipment was used for obtaining 3D images of the printed samples.
From the images, with help of VG Studio Max software, Total pore volume and porosity were calculated according
to Equations 2 and 3 respectively.

For each image, a cross-section was obtained at a height of 10 mm (half the height of the samples), where pore size
was measured. Specifically, pore size was considered to be the side of the square voids or the distance between
contiguous walls. Four different measurements were taken on each sample, and the average pore size value was
calculated for each sample.

Figure 5 shows X-ray tomography cross-sections of two different samples printed with nozzle diameter 0.4 mm,
with infill 20 % and 40 % respectively.
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Fig. 5. X-ray tomography of samples with nozzle diameter 0.4 mm and: a) infill 20 %, b) infill 40 %.

Figure 5a, corresponding to infill 20 %, shows a regular structure with 16 square holes. On the contrary, Figure 5b,
corresponding to infill 40 %, depicts holes with the shape of irregular parallelograms. In addition, walls have variable
thicknesses and not all the 64 theoretical holes are observed.

3. Results
3.1. Pore size

In order to compare pore size values, theoretical, experimental and simulated pore size results are presented vs
infill in Figure 6.

Similar results were obtained for theoretical, simulated and experimental pore size values. Pore size decreases
with infill for both nozzle diameters studied. When higher nozzle diameter of 0.4 mm is used, thicker walls are
printed, and thus walls have to be more separated in order to get a certain infill value. For this reason, higher pores
are required for nozzle diameter 0.4 mm than for nozzle diameter 0.2 mm.
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Fig. 6. Pore size (mm) vs. Infill (%)
The shape of the curves was similar to that reported in [11] for ceramic parts.

3.2. Porosity

In order to compare the different values, theoretical, simulated and experimental porosity results are presented vs.
infill in Figure 7.

Porosity decreases with infill as expected. Theoretical porosity values are very similar to simulated porosity values.
Experimental porosity coincides with theoretical and simulated porosity at infill 20 %. This corresponds to the regular
shape observed in Figures 1a and 3a. However, higher infill values, seen in Figures 1b and 3b, lead to more irregular
shapes, with some pores that are blocked with plastic material. This suggests that, although the pore size is correct,
some pores are missing, due to an excess of material when printing. Thus, measured porosity is lower than expected.
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Fig. 7. Porosity (%) vs. Infill (%)
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In order to improve the shape of printed parts, in the future the effect of the parameter Extrusion multiplier on
porosity can be studied. Extrusion multiplier modifies the quantity of material to be extruded per time unit. In addition,
the effect of printing temperature on porosity can be considered.

4. Conclusions

In the present work porosity and pore size results are presented for different nozzle sizes and different infill values
in FDM processes. Both porosity and pore size were determined theoretically (from a 3D representation), from the
simulation with a geometrical model and experimentally by means of X.-ray tomography.

Main conclusions are as follows:

e  Samples printed with high infill show more irregular structures than samples printed with low infill. Since

the rectilinear grid structure was used as infill pattern, structures are consist of square prismatic channels
separated by parallel and perpendicular walls. High infill implies variable wall thickness, with channels
having irregular shape and with some blocked channels.

e Pore size decreases with infill. Higher pore size is obtained when higher nozzle diameter is used. Similar

results were reported for theoretical, simulated and experimental values, for all infill values considered
between 20 % and 80 %.

e Porosity decreases with infill as expected, regardless of nozzle diameter used. Similar results were

obtained for theoretical and simulated calculations. On the contrary, experimental porosity was lower than
expected at infill values of 40 % or higher. This suggests that the amount of material when printing was
excessive. Thus, in the future, the extrusion multiplier parameter will be considered.
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