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The influence of Material Extrusion process parameters
on the porosity and mechanical properties of PLA products
for medical applications
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Purpose: The study addresses the growing need for personalized medicine and cost-effective manufacturing by investigating
additive manufacturing (AM). It employs the Design of Experiments (DOE) to explore how fused filament fabrication (FFF)
parameters affect porosity and mechanical properties of medical-grade polylactide (PLA) samples. Methods: Various PLA build
configurations were fabricated and assessed using computed tomography (CT) scans for internal geometry and porosity. Compres-
sion tests were conducted to determine compressive strength, deformation, and Young’s modulus. A comprehensive statistical
analysis, utilizing three-way ANOVA, was carried out to establish the relationships between the process parameters and the ob-
tained results. Results: The study reveals the impact of FFF process parameters (layer thickness, wall thickness, and infill density)
on porosity and mechanical properties. Computed tomography analysis confirmed internal geometry and porosity, while compres-
sion tests provided insights into compressive strength, deformation, and Young’s modulus. Conclusions: Optimal process parame-
ters for desired mechanical properties and porosity in PLA models are highlighted, contributing to advanced medical applications.
Informed FFF process parameter utilization enhances the potential for personalized therapeutic solutions and cost-effective pharma-
ceutical manufacturing.
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lutions to fabricate therapeutics with high potential to
control the solubility and release rate of active sub-
stances, likewise the ability to dosage adjustment, in-

1. Introduction

Interest in personalized medicine is constantly
growing, as is the pharmaceutical companies’ aware-
ness in this area. Aiming to fulfill market requirements
while maintaining cost-effective unit or individualized
manufacturing, it is necessary to develop production
processes with high flexibility, short manufacturing
cycles and batches, achieving a viable cost per unit.
Therefore, the pharmaceutical sector is exploring so-

tended for rapidly changing target users. Application of
Additive Manufacturing (AM) technologies allows ful-
filling these demands through the processing of material
with a customized composition and the possibility to
fabricate objects with arbitrary geometric forms affecting
the dissolution time of the pharmaceutics [24], [28], [29].

Fused filament fabrication (FFF) is one of the most
appreciated additive manufacturing technologies that
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has initiated the development of the 3D printer indus-
try. According to ISO/ASTM 52900:2021(E), the tech-
nology is categorized as Material Extrusion, and more
specifically as Material Extrusion with Thermal Re-
action Bonding of polymers (MEX-TRB/P). The
model is produced by layering a polymer material in
the form of a filament. During the printing process, it
is heated to achieve a semi-fluid state in the print
head. The layers are placed on top of each other in the
XY axes. When the printer finishes applying one layer,
depending on the printer technology, the head rises or
the base goes down by a specific distance called layer
thickness. As the material is semi-fluid, the layers bond
under appropriate temperature and quickly solidify
into a uniform structure [8], [37]. This technology has
found its applications in many sectors, including bio-
medical engineering due to the wide range of materi-
als for prototyping. Increasing interest in transplant-
able organs, defects caused by diseases or surgical
interventions, as well as risks resulting from transplan-
tation (e.g., infections, graft rejection) have led to the
development of the field allowing to obtain tissue
scaffolds. Bone reconstruction structurally and func-
tionally is still a significant challenge in regenerative
medicine. To provide structural bone function, scaf-
folds are implanted in place of the tissue defect to
initiate regeneration [4], [19]. Therefore, tissue scaf-
folds are intended to facilitate cell adhesion and mi-
gration [12], [31].

There are certain demands placed on the manu-
facture of scaffolds to accomplish their purpose. One of
the most important requirements in scaffold fabrication
is biocompatibility. The implanted material has to be
accepted by the host organism, causing only a well-
defined, organism-safe reaction [25], [27], [32]. An-
other key requirement is to ensure mechanical sta-
bility [32]. Additionally, scaffolds should have an
appropriate porosity structure that is customized for
their intended application ensuring that they are com-
patible with the host tissue and allowing for the in-
growth of new tissue and cell growth. Moreover, the
material used for scaffold fabrication must be biore-
sorbable, thereby guaranteeing it to be completely
removed from the recipient’s body after defect regen-
eration [3], [4]. Scaffolds in tissue engineering are
manufactured from a variety of materials such as metals,
ceramics, polymers, carbon-based nanomaterials and
composite materials [18], [36]. A promising material for
medical applications, especially in tissue engineering
where degradation is needed, is polylactide (PLA). It is
a thermoplastic polymer that is completely biodegrad-
able and bioresorbable. This compound is polymerized
using lactic acid, obtained from starch and sugars,

which are derived from renewable sources. PLA be-
longs to aliphatic polyesters and it is processed at about
190 °C. The glass transition temperature of polylactide
is 55 °C while the melting point is 180 °C [2], [9],
[15].

Although there have been numerous successful
applications of conventionally manufactured scaffolds
in clinical treatment, they exhibit several disadvan-
tages. The foremost of these is the lack of accuracy of
adjustment and the inflexibility of accommodation to
specific conditions, which are individual features of
the patient [35]. The success of AM techniques in
medical engineering has made scaffold fabrication
using this technology one of the most innovative
surgical solutions in the last decade. This has been
made possible by the ability to personalize treatment
(1], [35].

The growing market of fused filament fabrication
(FFF) technology users has a direct impact on the in-
crease in demand for comprehensive information about
the possibilities offered by this method, especially re-
lating to the accuracy, repeatability, and quality of con-
structed parts. This knowledge can expand the target
markets in which these manufacturing methods have
not been used on a large scale so far. An emerging
trend focused on conducting wide research is also
visible in literature, examples can be found including
research on commercially available materials [34],
optimization (along with the development of a mathe-
matical model) oriented to obtained geometric accu-
racy [22] as well as focusing on manufacturing time,
material consumption and dynamic bending modulus
[23]. Moreover, in the literature, studies regarding pro-
cess parameters selection focus on the quality of manu-
factured parts are usually defined by the geometric
accuracy of the digital model and surface quality. Ex-
amples include papers validating the influence of the
dye in the PLA wire on the quality or material proper-
ties [23], [30], orientation in the workspace on the
accuracy of the geometry and surface quality together
with a method for their prediction [5] or the impact of
process temperature and positioning on the work plat-
form on the accuracy and repeatability [13]. There are
also studies on the influence of the used slicing soft-
ware, with the same process parameters, on the accu-
racy of the geometry reproduction [26]. In most of the
articles, researchers examine the influence of parame-
ters such as layer thickness, fill angle, number of lay-
ers, orientation in the workspace or on the platform, fill
percentage or printhead temperature on mechanical
properties, surface quality, accuracy, and repeatability
of both dimensional and volumetric characteristics of
parts.
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2. Materials and methods

PLA material produced by Barrus Filaments (MCPP
Netherlands BV, Netherlands) was used in this study.
Polylactide acid was selected as one of the most popular
and standard materials processed in FDM/FFF technol-
ogy due to its good processing capabilities. It is charac-
terized by low material shrinkage [16], relatively low
processing temperature [10], and fine build plate ad-
hesion. The cylindrical shape samples were manufac-
tured on a self-built open-source FFF device (Fig. 1),
dedicated to the fabrication of small objects, equipped
with an E3D V6 printhead, supported by nozzle diameter
of 0.25 mm (E3D-Online Limited, United Kingdom),
not equipped with enclosed chamber. Constant proc-
ess parameters used in research are summarized in
Table 1.
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Fig. 1. Functional scheme of FFF technology [33]

Table 1. Constant FFF process parameters
with hardware settings

Parameter

Processing temperature 200 °C
Build plate temperature 60 °C

Nozzle diameter 0.25 | mm
Printing speed 45 | mm/s
Filament diameter 1.75 | mm

The test specimen with a diameter of 5 mm and
height of 10 mm were manufactured in ZXY (vertical)
orientation (Table 2) and subsequently referred to as
series (S1) to (S8). For each test series, 5 samples were
prepared. Process data preparation was made using
Cura 15.04.2 software (Ultimaker B.V., Netherlands).

Fused filament fabrication as an open-source tech-
nology has a series of parameters, which need to be
set to properly prepare a manufacturing process. In
Figure 2, the parameters are presented that have the
greatest impact on the quality and properties of the
manufactured part, including:

e layer thickness (A) — thickness of a single layer
that is extruded during the FFF process, it depends
on the material and nozzle diameter,

o wall thickness (B) — a result of the number of ex-
truded contours and their overlapping, single path
thickness depends mainly on the used nozzle di-
ameter,

e model infill density (C) — a parameter calculated as
the ratio of material extruded inside the model to
its total volume (excluding a model’s wall).

In the case of sample series with identical infill
density and consistent sample dimensions, it is note-
worthy that variations in sample series mass are pri-
marily attributable to alterations in two other key pro-
cess parameters: layer thickness and wall thickness.
These variations have only a marginal impact on the
final outcome for series S2, S4, S6, S8 where the big-
gest difference was 5.1 mg, but the impact for infill

Table 2. Summary of different build configurations examined during this study

Dimensions of the sample Build configurations
. Diameter Height Mass Layer thickness Wall thickness Infill density
Series

[mm] [mm] [mg] [mm] [mm] [%]
S1 4.89 10.05 137.20 0.1 0.5 25
S2 5.06 10.07 245.52 0.1 0.5 100
S3 4.92 10.05 187.80 0.1 1.0 25
S4 4.98 10.08 245.23 0.1 1.0 100
S5 4.95 10.07 139.35 0.15 0.5 25
S6 5.01 10.06 244.37 0.15 0.5 100
S7 4.98 10.06 188.37 0.15 1.0 25
S8 5.00 10.05 240.42 0.15 1.0 100
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Fig. 2. Schematic representation of building parameters influenced properties of object manufactured by FFF

density on the level of 25% is drastically higher and is
51.17 mg with much lower general mass.

These three variable build parameters at two levels
were considered for further investigation to evaluate
their influence on sample porosity and mechanical prop-
erties. In order to determine the relationship between the
geometry of the manufactured polymer scaffolds and
the technological parameters used, a parametric model
was developed. This model allowed for the theoretical
calculation of the porosity of the test sample. The
diameter of the tested sample, height, thickness of the
outer wall of the model, and the model’s infill density
are taken into account. The formula for the theoretical
porosity was presented in Eq. (1):

I
d —2w,)* (h—2w,)| 1- -2
(d=2w;)"( W,h)( 100)

PT: s (1)

d*h
where: d — diameter of a specimen, w,, — wall thick-
ness, i — layer thickness, /,,— infill density.

2.1. Porosity analysis

Technical computed tomography (CT) was used to
obtain the internal geometry of the manufactured sam-
ples. The samples were scanned using the XCT system
(Metrotom 1500, Carl Zeiss, Oberkochen, Germany).
The system consists of a flat panel detector with a reso-
lution of 1024 x 1024 px (400 um pixel size) and 16-bit
greyscale, a rotary table, and a microfocus X-ray tube
with a maximum accelerating voltage of 225 kV and
a maximum current of 1000 pA. To achieve the
maximum resolution, the tube voltage was fixed at
140 kV and the current at 100 pA. The number of
projections carried out during the 360° rotation of the
sample was 1050 with 2 s integration time for each
one. The data obtained were analyzed using the VG

Studio MAX software (Volume Graphics GmbH, Hei-

delberg, Germany). The selected measurement parame-

ters allowed to obtain the voxel size on the level 23.9 um.

The internal porosity, which determines the amount of

porosity, was determined using the following Eq. (2):
V

P, =—"2_.100, 2

: Vm + Vpor ( )
where: V. 1s the total volume of porosities, and V,, is
the total volume of material.

2.2. Compression tests

Mechanical properties of additively manufactured
specimens were carried out using the Instron 3384 test-
ing machine (Instron, Norwood, MA, USA). The sam-
ples were preloaded with a force of 100 N. The traverse
speed was constant at 2 mm/min. Before each series of
measurements, the head was calibrated. The tests were
conducted to the first decrease in the stress value cor-
responding to the first breakdown to determine the
maximum stress values that the sample can transfer.
Based on the obtained graphs, compressive strength,
deformation, and Young’s modulus for each type were
calculated.

2.3. Statistical analysis

The fundamental purpose of research is to show
the statistical significance of the impact of a selected
factor on a variable of interest. Appropriate planning
of the experiment enables one to adjust the parameters
of multiple factors (inputs) systematically and identify
which factors have the strongest influence on the final
quality of the product (output). With the acquired
knowledge, the parameters can be continuously im-
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proved until optimal quality is achieved. Therefore, in
this study, an experimental plan based on DOE facto-
rial analysis 2k was undertaken. A two-level, full facto-
rial experiment plan — 23 for the investigation of three
parameters’ influence on achieved process results is
presented in Table 3.

Table 3. A two-level, full factorial design
for three factors (2°)

Full factorial analysis
Series| A | B | C | AB AC | ABC | Response
S1 1 1 1 1 1 1 Vi
S2 1 1| -1 1 -1 -1 »
S3 1| -1]1 -1 1 -1 V3
S4 I | -1]-1] -1 -1 1 Vs
S5 | -1 | 1 1 -1 -1 -1 Vs
S6 [ -1 | 1 |-1] -1 1 1 Ve
S7 | -1 |-1]1 1 -1 1 b
S8 | -1 |-1]-1 1 1 -1 8

The statistical analysis aims to examine the corre-
lation between observable variables. In this paper,
three-way ANOVA was used in the analysis of the
quality and mechanical properties. Statistical analysis in
a three-way ANOVA enables a comparison of three
groups of independent factors on the dependent variable.

while in Table 5, the breakdown of the ANOVA table
used during this analysis is presented. For each case,
five replicates were examined. The mathematical model
for a two-level factorial experiment with three factors
is as follows [21]:

Yy =1+ A;+B; +C; +(AB), +(AC),
+(BC)  +(ABC) + &5

& ~iidN(0,0°), 3)
where: Yy, is the response,  is the overall mean, A, is
the factor effect of factor A, B; is the factor effect of
factor B, Cy is the factor effect of factor C, (AB); is
associated with the interaction effect of factors A and B,
(AC); is associated with interaction effect of factors A
and C, (ABC);; is associated with interaction effect
of factors A, B, and C, g, is the random error, & ~ iid
N(O, 0'2) is a restriction placed on the error term,
meaning the error terms are independent and identi-
cally distributed. These error terms are distributed
normally around a zero mean value and a variance of

113 0_2”

Table 4. Summary of different build configurations
studied during this study

Layer thickness, wall thickness, and model infill Parameter (-1) Levels (1)
density represent three independent variables. The Layer thickness (A) 0.1 0.15
response variables were porosity and compressive Wall thickness (B) 0.5 1.0
strength. The full-factorial design is shown in Table 4, Infill density (C) 25 100
Table 5. Factorial experiment ANOVA table
Source Sum Degrees Mean square F ratio
of variation of squares (SS) of freedom (DF) MS)
— SSA MSA
Factor A SSA a—1 MSA = 22— —
a-1 MSE
Factor B SSB b-1 MsB = 55B MSB
b-1 MSE
Factor C SSC c—1 Msc = SSA MSC
a-1 MSE
, o MSAB—  SSAB MSAB
Interaction AB SSAB (a-1Db-1) 7@ Do) MSE
. B B MSAC = SSAC MSAC
Interaction AC SSAC (a-1(c-1) 7([1 -1 MSE
. B B MSBC = SSBC MSBC
Interaction BC SSBC b-1(c-1) 7(17 -1 MSE
. B B B MSABC = SSABC MSABC
Interaction ABC SSABC (@a-1Db-1)(c-1) —(a “hb-1)e-1) MSE
MSE = _ SSE
Error SSE abc(r—1) abe(r—1)
Total SST ny—1
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3. Results

3.1. Porosity analysis

M. RUSINSKA et al.

The tomographic analysis allowed for the evalua-
tion of the inner and outer geometry of the manu-

82 3D view

0.5% me

S1 2D cross-section

factured scaffolds. Examples of the obtained results
are shown in Fig. 3.

Based on the gathered data, the volume of the sam-
ples and the total porosity was determined. The results
in correlation with process parameters sets are pre-
sented below in Tables 6 and 7.

The measured porosity did not exceed 5% for sam-
ples included in the series S2, S4, S6, and S8 manu-

S7 3D view 87 2D cross-section

82 2D cross-section

0.55 mm

S8 3D view S8 2D cross-section

Fig. 3. The result of exemplary CT reconstructions 3D volumetric data and 2D projection

Table 6. Results of CT analysis of samples manufactured with different build configurations — porosity

Porosity [%]
Factors Replications Mean Std.Dev.
Series A B C 1 2 3 4 5
S1 0.1 0.5 25 40.32 42.05 41.74 | 41.75 41.29 4143 0.68
S2 0.1 0.5 100 1.17 0.94 1.10 1.03 1.08 1.06 0.09
S3 0.1 1.0 25 2143 20.43 2227 | 20.62 20.74 21.09 0.76
S4 0.1 1.0 100 0.75 0.62 0.77 0.59 0.66 0.68 0.08
S5 0.15 0.5 25 40.74 40.96 40.23 40.87 41.07 40.77 0.33
S6 0.15 0.5 100 2.53 241 2.83 2.90 2.66 2.67 0.20
S7 0.15 1.0 25 23.69 24.70 23.54 | 23.12 24.29 23.87 0.63
S8 0.15 1.0 100 3.75 3.55 4.94 4.85 3.96 421 0.64
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Table 7. Results of CT analysis of samples manufactured with different build configurations — volume

v

=

o

Volume [mm?]
Factors Replications
Series A B C 1 2 3 4 5
S1 0.1 0.5 25 111.36 108.45 108.93 109.00 110.67 109.68 1.26
S2 0.1 0.5 100 194.01 192.98 194.51 193.94 195.04 194.10 0.76
S3 0.1 1.0 25 147.77 150.06 147.37 149.43 149.02 148.73 1.13
S4 0.1 1.0 100 195.61 194.26 195.57 193.01 193.01 194.29 1.29
S5 0.15 0.5 25 110.73 109.41 111.90 111.17 110.21 110.68 0.94
S6 0.15 0.5 100 191.58 191.97 192.20 190.36 191.70 191.56 0.71
S7 0.15 1.0 25 145.23 143.41 146.27 145.17 143.72 144.76 1.18
S8 0.15 1.0 100 186.54 187.59 184.96 185.89 186.76 186.35 0.99
factured as a “solid” with an infill density at the 45 hoa
level of 100% (Fig. 4). g O T
‘il 3,5
] 3
45 B rf 25% § Z5
40 B f 100% g
35 :-I 1,5
,§ 30 g 7
= Sos
2 So,
g 20 0
s 15 s1 52 S3 sS4 S5 S6 s7 S8
10 Sample
s 3}
S3 sS4 S5 S

S1. S2 6 S7 S8

Sample

Fig. 4. The result of the porosity analysis (N =5)

For a layer thickness of 0.1 mm, the difference
between the theoretical and measured porosity did not
exceed 2%, while for a layer thickness of 0.15 mm, the
difference ranged from 2 to 4.5%. Based on the ob-
tained results, it was revealed that layer thickness (A)
has the greatest impact on the accuracy of the model
produced (Fig. 5).

Fig. 5. The difference for theoretically determined porosity
and the measured porosity

3.2. Compression tests

The results of the compression test are presented
in Fig. 6, while the experimental data related to the
process parameters are presented in Tables 8—10. It
can be seen that the highest stress values were re-
corded for the samples S2, S4, S6, S8, i.e., those sam-
ples were manufactured with a filling factor equal to
100%. The introduction of porosity by reducing the

Table 8. Results of mechanical properties of samples manufactured with different build configurations — compression stress

Compression stress [MPa]
Factors Replications
Series A B C 1 2 3 4 5
S1 0.1 0.5 25 26.07 27.12 24.21 25.34 19.11 24.37 3.13
S2 0.1 0.5 100 58.59 62.39 63.52 64.57 68.17 63.50 3.09
S3 0.1 1.0 25 42.17 42.54 39.57 42.22 39.36 41.17 1.57
S4 0.1 1.0 100 66.88 69.47 46.17 66.36 66.65 63.11 9.55
S5 0.15 0.5 25 26.08 24.61 26.10 25.52 24.29 25.32 0.84
S6 0.15 0.5 100 59.75 61.89 60.75 60.04 59.54 60.39 0.95
S7 0.15 1.0 25 42.11 38.08 41.88 4291 43.50 41.69 2.12
S8 0.15 1.0 100 61.62 61.93 59.99 60.82 58.47 60.57 1.39
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Table 9. Results of mechanical properties of samples manufactured with different build configurations — Young’s modulus

Young’s modulus [MPa]
‘ Factors Replications

Mean Std. Dev
Series | A | B | ¢ 1 2 3 4 5
S1 0.1 0.5 25 983.27 975.36 817.28 892.13 1085.54 950.72 101.34
S2 0.1 0.5 100 1883.69 1817.55 1879.70 1909.90 1942.21 1886.61 45.99
S3 0.1 1.0 25 1349.23 1391.09 1425.87 1378.15 1343.34 1377.54 33.51
S4 0.1 1.0 100 1995.24 1954.44 2433.23 1894.11 1887.43 2032.89 228.18
S5 0.15 0.5 25 915.74 819.74 791.68 879.40 742.72 829.86 68.89
S6 0.15 0.5 100 1730.79 1760.31 1677.92 1637.15 1627.66 1686.77 57.84
S7 0.15 1.0 25 1176.58 1200.70 1216.23 1258.59 1225.40 1215.50 30.37
S8 0.15 1.0 100 1824.36 1894.53 1860.78 1726.92 1629.55 1787.23 108.17

Table 10. Results of mechanical properties of samples manufactured with different build configurations — deformation

Deformation [%]
Factors Replications
- Mean Std.Dev.
Series A B C 1 2 3 4 5
S1 0.1 0.5 25 13.90 16.11 14.22 14.98 13.73 14.59 0.98
S2 0.1 0.5 100 4.08 4.56 4.27 4.57 4.64 442 0.24
S3 0.1 1.0 25 28.95 27.82 20.19 27.53 19.23 24.74 4.64
S4 0.1 1.0 100 4.64 4.78 2.78 4.70 4.90 4.36 0.89
S5 0.15 0.5 25 20.03 20.72 22.93 18.50 22.41 20.83 1.96
S6 0.15 0.5 100 4.75 4.60 4.75 5.01 5.04 4.83 0.19
S7 0.15 1.0 25 35.89 23.03 30.25 34.82 41.70 33.14 6.97
S8 0.15 1.0 100 31.95 5.08 4.84 5.09 5.40 10.47 12.01
80 2500
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Fig. 6. Mechanical properties (N = 5): (a) compressive stress, (b) Young’s modulus, (¢) shortening, (d) stress—strain curves
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infill density to the value of 25% for the samples with
a wall thickness of 0.5 mm (S1 and S5) causes a re-
duction in compressive strength.

The deformation of samples changes depending on
the compression stress parameters and Young’s modulus
(Fig. 6¢). It can be observed that the deformation is the
smallest for the samples S2, S4, S6, S8, i.e., those for
which the highest values of Young’s modulus were
recorded, and thus showed the highest compressive
stresses strength.

3.3. Statistical analysis

A three-way analysis of variance (ANOVA) was
conducted using the experimental data presented in
Tables 6 and 7 to determine which of the tested pa-
rameters resulted in the best mechanical properties.
Statistical analyses were carried out with Statistica

software (ver. 13, TIBCO Software Inc., California, CA,
USA). The normal distribution of the obtained data was
confirmed by the Shapiro—Wilk test (at a significance
level of p > 0.05). Homogeneity of variance was verified
by Brown-Forsythe test (p > 0.05). Determination of
statistically significant differences (p < 0.05) between
the research groups was conducted using a Tukey’s
honest significant difference (HSD) tests and the least
squares (LS) means. Results from the ANOVA and
treatment effects for the evaluated response variables
are presented in Tables 11 to 14. During the study, eight
null hypotheses (HO) regarding the treatment effects
were considered and presented below:
1. Hototal: th1 — th2 = ... = lms (equality testing of aver-

age treatment combinations)

Reject Hy if MST/MST > F « (abc — 1, abe(r — 1));
2. Hyi: Ay = Ay = ... = A = 0 (examines the differ-

ences between the layer thickness)

Reject Hy; if MSA/MSE > F o (a — 1, abe(r — 1));

Table 11. ANOVA results for porosity (= 0.05)

Source of variation Degrees Sum Mean F ratio
of freedom (DF) of squares (SS) square (MS)
Model 1 11523.99 11523.99 <0.0001*
Error 32 7.99 0.25
Total 33 11531.98
* — the significance of parameter.
Table 12. ANOVA results for deformation (= 0.05)
. Degrees Sum Mean .
Source of variation of freedom (DF) of squares (SS) square (MS) Fratio
Model 1 8611.88 8611.88 <0.0001*
Error 32 879.7 27.49
Total 33 9491.58
* — the significance of parameter.
Table 13. ANOVA results for Young’s modulus (& = 0.05)
. Degrees of Sum of Mean .
Source of Variation Freedom (DF) Squares (SS) Square (MS) F Ratio
Model 1 86540431 86540431 <0.0001*
Error 32 345149 10786
Total 33 86885580
* — the significance of parameter.
Table 14. ANOVA results for compression stress (= 0.05)
. Degrees Sum Mean .
Source of variation of freedom (DF) of squares (SS) square (MS) £ ratio
Model 1 90284.2 90284.2 <0.0001*
Error 32 494.1 15.44
Total 33 90778.3

* — the significance of parameter.
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ences between the wall thickness)
Reject Hyy it MSB/MSE > F a (b — 1, abe(r — 1));

H() - C] = Cz = ...= C][] =0 (examines the differ-
ences between the infill density)
Reject Hyyp if MSC/MSE > F a (¢ — 1, abe(r — 1));

M. RUSINSKA et al.

. Hyn: B =B, = ... = By = 0 (examines the differ-

. Hy iz (AB);; = 05 i, j (tests for the presence of in-
teraction between a and b)

Rejected Hy 1« if MSAB/MSE > F a ((a—1)(b—1),

abce(r —1));

interaction between « and c)
Rejected Hy 1+ if MSAC/MSE > F o ((a — 1)(c — 1),

abc(r—1));

. Hy pi: (AC)y = 0; i, k (tests for the presence of

Hy w=i: (BC)jx = 0; J, k (tests for the presence of
interaction between b and ¢)
Rejected Hg IT*II if MSBC/MSE > F « ((b — 1)(C — 1),

abc(r—1));

8. Hy =iz (ABC)yi = 05 4, J, k (tests for the presence
of interaction between a, b, and ¢)

Rejected Hy 1+ if MSABC/MSE > F a ((a — 1)

(b—1)(c—-1),abc(r—1)).

In Tables 11 to 14, it can be seen that p < 0.05, in-
dicates that there is a significant difference between
the means of the treatment combinations. The hy-
pothesis Hy was rejected, and the model can be used to
analyze the experimental data. Therefore, due to the
significance of the model, the interactions between
layer thickness, wall thickness, and infill density were
examined. Tables 15 to 18 are compiled based on the
treatment effect on porosity and mechanical properties
for all variables.

The data listed in the effect matrix (Table 15) con-
firms the influence on porosity, that the interactions
among all factors show significance, resulting in the
rejection of the null hypotheses Hy 1«11, Ho 1+111, Ho 1+,

Table 15. Treatment effect table for porosity (= 0.05)

L Sum Degrees .
Source of variation N of squares (SS)| of freedom (DF) F ratio p-value
A 5 32.83 1 131.48 <0.0001"
B 5 813.60 1 3258.0 <0.0001"
C 5 8784.11 1 35175.13 <0.0001"
AB 25 17.93 1 71.8 <0.0001"
AC 25 5.7 1 22.83 <0.0001"
BC 25 921.41 1 3689.69 <0.0001"
ABC 125 14 1 5.6 0.02417
* — the significance of parameter.
Table 16. Treatment effect table for deformation (= 0.05)
. Sum Degrees .
Source of variation N of squares (SS)| of freedom (DF) F ratio p-value
A 5 279.63 1 10.17 0.00317
B 5 491.54 1 17.88 <0.0001"
C 5 2993.94 1 108.91 <0.0001"
AB 25 38.61 1 1.40 0.2447
AC 25 41.17 1 1.50 0.2299
BC 25 178.25 1 6.48 0.0159°
ABC 125 7.89 1 0.29 0.5959
* — the significance of parameter.
Table 17. Treatment effect table for Young’s modulus (= 0.05)
L Sum Degrees .
Source of variation N of squares (SS)| of freedom (DF) F ratio p-value
A 5 331606 1 30.74 <0.0001"
B 5 701198 1 65.01 <0.0001"
C 5 5699820 1 528.45 <0.0001"
AB 25 4730 1 0.44 0.5126
AC 25 16526 1 1.53 0.2248
BC 25 200026 1 18.55 <0.0001"
ABC 125 13 1 0.001 0.9720

* — the significance of parameter.
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Table 18. Treatment effect table for compression stress (= 0.05)

Source of variation N of squs;rer; sS)| of fr]e):dg(;cnes(DF) F ratio p-value
A 5 10.61 1 0.69 0.4133
B 5 680.96 1 44.10 <0.0001"
C 5 8259.30 1 534.91 <0.0001"
AB 25 0.00 1 0.00 0.9859
AC 25 31.22 1 2.02 0.1647
BC 25 695.06 1 45.02 <0.0001"
ABC 125 0.55 1 0.04 0.8512

* — the significance of parameter.

and Hy i+« Table 16, for deformation, Table 17, for
Young’s modulus, and Table 18, for compression stress,
have shown a significant difference in the interaction
effect between factors B (wall thickness) and C (infill
density) on the measured mechanical properties, re-
spectively, resulting in the rejection of the hypothesis
Hy y«m1. The rest of the interactions between parame-
ters do not indicate significance, therefore the as-
sumed null hypotheses H 1«11, Ho 1«1, and Hy =1 fail
to be rejected. The statistical analyses also indicate
that the main factors (layer thickness, wall thickness,
and infill density) have a significant effect on defor-
mation (Table 16) and Young’s modulus (Table 17),
thus the null hypothesis Hy 1, Ho 1, and Hy i were re-
jected. In Table 18, it is shown that the effects of the
main factors (wall thickness and infill density) have
a significant influence on compression stress, resulting

Table 20. Tukey honestly significant difference (HDS)
for deformation (= 0.05)

A level B level C level Deformation
LS mean
A 0.1 12.03
A 0.15 17.32
B 0.5 11.17
B 1 18.17
C 25 23.32
C 100 6.02
BC 0.5 25 17.71
BC 1 100 4.63
BC 0.5 25 28.94
BC 1 100 7.42

Table 21. Tukey honestly significant difference (HDS)
for Young’s modulus (a = 0.05)

in the rejection of the null hypothesis Hy; and Hy ;1. To Young’s modulus
A level B level C level
LS mean
Table 19. Tukey honestly significant difference (HDS) A 0.1 1561.94
. _ A 0.15 1379.84
for porosity (&= 0.05)
B 0.5 1338.49
Porosity B 1 1603.29
A level B level C level LS mean C 7 1093.40
AB 0.1 0.5 21.25 C 100 1848.37
AB ’ 1 10.89 BC 0.5 25 890.29
AB 0.15 0.5 21.72 BC 1 100 1786.69
AB ) 1 14.04 BC 0.5 25 1296.52
AC 01 25 31.26 BC 1 100 1910.06
AC ) 100 0.87
AC 25 32.32
0.15 o _
AC 100 3.44 Table 22. Tukey honestly significant difference (HDS)
BC 0.1 0.5 25 41.10 for compression stress (o= 0.05)
BC ' 1 100 1.87 :
BC 0.15 0.5 25 22.48 B level C level COIIlIiI'gSSlOH stress
BC ' 1 100 2.44 mean
ABC 05 25 4143 B 0.5 43.38
ABC ol ' 100 1.06 B ! 51.64
ABC ' | 25 21.09 C 25 33.14
ABC 100 0.68 C 100 61.88
ABC 25 40.77 BC 0.5 25 24 .85
ABC 0.5 100 267 BC 1 100 61.92
ABC 0.15 1 25 2387 BC 0.5 25 4143
ABC 100 421 BC 1 100 61.83
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examine factors that influence porosity and mechani-
cal properties, Tukey’s honest significant difference
(HSD) tests (Tables 19-22) and the least squares (LS)
means plots were performed (Figs. 7-14).

A Layer thicknness [mm]*B Wall thickness [mm], LS Means
Current effect: F(1, 32)=71,796, p=,00000
Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 7. Least square (LS) mean graph for interaction between
two factors: (a) layer thickness — wall thickness, (b) layer thickness
— infill density, c¢) wall thickness — infill density

The Tukey’s test results (Table 20) and presented
the least squares means plot (Figs. 9, 10) showed that
the highest porosity is observed at 25% infill density
and also for low levels of layer thickness (0.1 mm) and
wall thickness (0.5 mm). However, the lowest porosity
at a similar level was obtained for an infill density of
100% for all other parameters.

A Layer thicknness [mm]*B Wall thickness [mm]*C Infill density [%]; LS Means
Current effect: F(1, 32)=5,6012, p=,02417
Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 8. Least square (LS) mean graph
for three factors layer thickness, wall thickness, infill density
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C Infill density [%]; LS Means
Current effect: F(1, 32)=108,91, p=,00000
Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 9. Least square (LS) mean graph for three distinct factors:
(a) layer thickness, (b) wall thickness, (c) infill density

B Wall thickness [mm]*C Infill density [%]; LS Means
Current effect: F(1, 32)=6,4841, p=,01590
Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 10. Least square (LS) mean graph
for two factors wall thickness and infill density

Table 21 containes Tukey’s test results for the de-
formation of samples and Fig. 11 and Fig. 12 present
the least square mean plot. The results show that the
most significant effect on deformation is the level of
infill percentage. The deformation decreases when the
infill density is increased from 25 to 100%. The layer
thickness and wall thickness also influence the degree
of deformation because, for a higher value of these
parameters, the degree of deformation increases.

In Table 22, Tukey’s honestly significant difference
(HDS) results are collected, and in Figs. 13, 14. the least
square means for Young’s modulus are presented, which
reveals that for higher infill density higher Young’s
modulus values are achieved. For 25% and 100% infill
density, Young’s modulus is almost doubled. For indi-
vidual main factors B and C, Young’s modulus exhibits
larger values of 0.1 mm for layer thickness and 1 mm
for wall thickness, respectively.
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Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 11. Least square (LS) mean graph for three distinct factors:
(a) layer thickness, (b) wall thickness, (c) infill density

The final statistical analysis of compression stress
considered the interaction between factors B and C,
likewise the individual main factors B and C. According
to data from Table 22, which contains the results of the
Tukey test, and Figs. 13 and 14, it can be read that the
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highest values of the compression test are achieved for
100% infill density and both levels of wall thickness
(0.5 mm and 1 mm) at this infill density.

B Wall thickness [mm]*C Infill density [%]; LS Means
Current effect: F(1, 32)=18,545, p=,00015
Effective hypothesis decomposition
Vertical bars denote 0,95 confidence intervals
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Fig. 12. Least square (LS) mean graph for two factors:
wall thickness and infill density
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Fig. 13. Least square (LS) mean graph for two distinct factors:
a) wall thickness, b) infill density
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4. Discussion

Computed tomography is frequently used for the
determination of the pore size and porosity degree of
manufactured structures, but also for dimensional analy-
sis or the evaluation of surface roughness [11], [17]. In
the presented research the CT analysis has delivered
data on the correlation between the process parame-
ters and obtained porosity in final form of samples. It
is clear that the samples manufactured as a “solid”
(using 100% infill density) were characterized with
maximum 5% porosity, and the difference between
layer thickness parameter set on 0.1 mm or 0.15 mm,
was between 2% and 4.5% of porosity, respectively.
Indicating that this process parameter has the greatest
impact on the accuracy of the model produced. Simi-
lar results are also found in the research conducted by
other authors who have investigated the changing
manufacturing parameters of PLA structures on po-
rosity. An experiment carried out by Brackett et al. [6]
demonstrated that the fabricated structures did not
exceed 2% from the designated value, depending on
the process parameters and infill degree. However,
as shown in the studies undertaken by Majid and co-
workers [20], the selection of a other material may
significantly impact the difference in the resultant
structural porosity. Researchers used acrylonitrile buta-
diene styrene (ABS) resulting in changes in porosity
of up to 20-21%.

Another important aspect of additive manufacturing
is the dependency of mechanical properties of final
products and selected process parameters values. This
research has conducted compression tests, and results
were used to describe this correlation. The highest stress
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values were recorded for the filling factor equal to

100% obtaining maximum of 63.50 MPa, when for the

low infill value of 25% the maximal stress value was

41 MPa. Following this tendency the highest values of

Young’s modulus were recorded also for samples with

100% infill. Another important factor was the layer

thickness parameter also causing drastic drop of 40 MPa

in compressive strength when changed from 0.1 to

0.15 mm. The deformations observed were in compli-

ance with highest compressive stress strength and

Young’s modulus. Similar observations were obtained

by Gonabadi et al. [14] who evaluated the impact of

process parameters (i.e., build orientation, infill den-
sity and infill patern) on the mechanical properties of

PLA objects fabricated in FFF. The researchers ob-

served that as the infill density increased, the tensile

strength and Young’s modulus also increased. The
influence on the mechanical properties of the fabri-

cated structures was also studied by Chacon et al. [7],

where build orientation, layer thickness and flow rate

were assesed. The evaluation of tensile and flexural
strength revealed that a higher layer thickness gener-
ally resulted in increased strength.

In order to assess the impact of various parameters
on characteristics of final samples and map the exist-
ing dependencies between used process parameters,
the design of experiments plan was used, and the re-
sults of a three-way analysis of variance (ANOVA)
were presented. The following key findings and con-
clusions can be drawn from the statistical analyses:

a) The porosity analysis (Table 15) results indicate that
porosity is significantly influenced by all the tested
parameters, including layer thickness, wall thickness,
and infill density. Furthermore, the interactions be-
tween these factors were found to have a significant
effect on porosity. It was observed that the highest
porosity occurs when using 25% infill density,
along with low levels of layer thickness (0.1 mm)
and wall thickness (0.5 mm). Conversely, the low-
est porosity was recorded when utilizing 100% infill
density, irrespective of the other parameters. This
suggests a strong correlation between infill density
and porosity. Further analysis in this direction is nec-
essary with a focus on more complex DOA plans
where factors will be verified on three levels of
variance. verifying whether the tested relationship
is linear in the entire examined range.

b) The deformation analysis (Table 16) demonstrates
that deformation is significantly affected by layer
thickness, wall thickness, and infill density. Of these
factors, the level of infill density emerged as the
most significant influencer of deformation — with
the drop of this parameter the occurred deformation

increased. Additionally, it was noted that higher val-

ues of layer thickness and wall thickness lead to

increased deformation.

¢) The Young Modulus analysis reveal that Young’s
modulus is significantly influenced by layer thick-
ness, wall thickness, and infill density. Among
these parameters, the level of infill density exhibited
the most substantial impact on Young’s modulus.
Conversely, other interactions between the parame-
ters did not have a significant effect on Young’s
modulus.

d) Compression Stress analysis (Table 18) indicates
that compression stress is significantly affected by
wall thickness and infill density. The highest val-
ues of compression stress were achieved at 100%
infill density, regardless of whether the wall thick-
ness was 0.5 mm or 1 mm.

In summary, the study’s statistical analyses reveal
that the selected parameters, including layer thickness,
wall thickness, and infill density, have a substantial
impact on the mechanical properties of the material.
These findings provide valuable insights for optimiz-
ing the material’s properties based on specific appli-
cation requirements. The interactions between these
factors were also explored, and their significance was
determined. The results of DoE plan has also allowed
to construct regression model that will be used to pre-
dict the porosity based on selected values of process
parameters within the tested ranges. These results
contribute to a deeper understanding of the material’s
behavior and can guide future research and practical
applications in various fields.

5. Conclusions

This paper aimed to evaluate the influence of fac-
tors such as layer thickness, wall thickness, and infill
density on porosity, as well as the mechanical prop-
erties of parts fabricated with FFF. Porosity was
measured using technical computed tomography (CT).
Mechanical properties were measured using an Instron
3384 testing machine where compressive strength,
deformation, and Young’s modulus were investigated.
It was found that the layer thickness had the greatest
impact on the deformations generated in the tested
models, with lower layer thickness resulting in less
deformation. In the case of testing the effect of infill
on deformation, it was shown that the smallest defor-
mation is found with 100% infill. It was also proved
that layer height and wall thickness have a significant
effect on the mechanical properties of PLA models.
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As for the infill, an almost double increase in Young’s
modulus value can be observed when it is increased
from 25% to 100%. In addition, it can be found that
porosity is the highest for 25% infill and lowest for
100%, with the same values of wall thickness (0.5 mm)
and layer height (0.1 mm).

This study provides important insights into the in-
fluence of AM parameters on the mechanical proper-
ties and porosity of PLA models manufactured with
FFF technology. Statistical analysis confirmed the
significance of layer thickness, wall thickness, and
infill density in determining the final properties of the
fabricated parts. These results have practical implica-
tions for the optimization of 3D printing parameters to
achieve desired mechanical properties and porosity in
PLA models.
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