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Abstract

The study investigates the impact of process parameters in the additive manufacturing technology of powder bed fusion on
the properties of manufactured parts. Through experimental analysis, we examine the impact of layer height, laser power,
chamber temperature, and sample positioning on surface roughness, tensile strength, and various geometric and dimensional
parameters. The samples fabricated from PA12 material are produced using the Sinterit Lisa device, which offers specific
parameter adjustment capabilities but lacks precise value setting. The subsequent experimental phase consists of nine care-
fully designed experiments employing the Taguchi method. We used regression analysis to quantify the impact of individual
process factors. Our results reveal significant effects of parameter variations on the final quality of printed objects. Further-
more, these results also underscore the critical importance of model orientation within the printing chamber, influencing
achieved tensile strength, surface roughness, and roundness geometric properties. Notably, laser power has a notable impact
on the dimensional accuracy of manufactured parts. However, according to our findings, it does not affect surface roughness.
Moreover, we observe that laser power, when coupled with chamber temperature, influences the achieved strength of the
examined samples. The optimization of these parameters holds promise for enhancing the mechanical properties, geometric
properties as well as better surface quality of the final samples. This study offers valuable insights into understanding the
laser sintering process better and provides practical guidance to optimize the production process based on this additive
manufacturing technology.
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1 Introduction
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Additive manufacturing is applied across a wide range of
applications, from prototyping to functional component
production [1]. This manufacturing technology comprises
seven fundamental types, each directly describing the layer
deposition process. According to ISO 17296-2 standards,
the seven basic types are considered:
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there remains a significant gap in understanding the complex
interplay of these parameters. Much of the existing literature
focuses on optimizing individual parameters in isolation,
often neglecting the synergistic or antagonistic effects that
can arise when multiple parameters are varied simultane-
ously. This research aims to bridge this gap by systematically
investigating the combined influence of specimen orienta-
tion, laser power, layer thickness, and chamber temperature
on the surface roughness, tensile strength and dimensional
and geometric accuracy of selective laser sintering produced
parts. By employing a design of experiments approach,
this study will provide a comprehensive understanding of
the parameter interactions and their relative importance in
determining surface finish. The findings will contribute to
the development of predictive models and optimized pro-
cessing strategies for achieving desired quality in SLS, ulti-
mately leading to improved part quality and functionality.
This research is crucial for advancing the understanding and
control of SLS processes, enabling the production of parts
for a wider range of applications.

1.1 Selective laser sintering (SLS)

Selective laser sintering (SLS) technology employs the
selective sintering of material, which is in the form of pow-
der. The manufacturing process involves gradual layering of
the powdered material, followed by laser sintering to achieve
the desired shape [2]. This process is initiated by adding
base layers of powdered material, uniformly distributed onto
the build platform using a sliding ruler or a sliding rotary
roller to ensure even powder layer application [1]. The radi-
ant heaters then elevate the powder to a temperature below
its melting point. The laser melts the required geometry
onto the powder layer through a set of scanner mirrors. This
makes the individual powder particles fuse within and to the
lower layer. The unsintered powder stays in the build cham-
ber and serves as a support material [3]. Once the entire
geometry of the layer is sintered, the build platform is moved
by one layer height, and a fresh layer of powdered material
is applied. This layer-by-layer process continues throughout
the manufacturing procedure. The commonly used materials
include polyamides (nylon—PA) [4], polypropylene (PP),
polylactide (PLA) [5-9], polyetherketoneketone (PEKK)
[10-12], and various thermoplastic elastomers. These base
materials are frequently enhanced with fillers like carbon
fibers (CF), glass beads, or aluminum powder (Alumide)
[10, 13]. When using specific materials, the device chamber
must be filled with an inert gas, typically nitrogen, to avoid
material oxidation [14].

Selective laser sintering devices utilize different types
of lasers to melt materials. The laser serves as the energy
source for sintering the powder material. Typical SLS print-
ers use CO, lasers (EOS P110), with powers ranging from
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10 to 100 watts, depending on the material and application.
For instance, Sintratec S1 use blue diode or the Sinterit Lisa
employs a 5-W diode laser [15]. Low-power lasers like the
5-W diode in the Sinterit Lisa are suitable for smaller build
volumes and polymers. The Sinterit Lisa has a build volume
of 150200 x 150 mm. It offers a layer height that ranges
from 0.075 mm to 0.175 mm. To effectively absorb energy
from the laser and start the melting process, it is crucial to
use a dark pigment in the powder. Since we were unable to
directly adjust the scan spacing and roller speed on the sys-
tem, we concentrated on investigating changes in the power
ratio, layer height, and temperature offset. The Laser Power
Ratio is a parameter in Sinterit Lisa 3D printing that adjusts
the laser’s power output relative to its maximum capacity.
It represents a percentage or ratio of the laser's full power
that is applied during the sintering process. This parameter
enables fine-tuning the energy delivered to the powder bed.
A higher Laser Power Ratio means more energy is applied,
which may be necessary for sintering denser or higher-
melting-point materials. Conversely, a lower Laser Power
Ratio reduces energy to prevent overheating, which can be
beneficial when printing with sensitive or lower-temperature
materials.

1.2 Impact of parameters

Sintering of powdered material is a process involving fusion
and subsequent cooling, influenced by several factors. Laser
power, scanning speed, layer thickness, and heating tempera-
ture are key properties of SLS technology. The temperature
of preheating, powder bed, and sintering impacts the poros-
ity of sintered samples. Several scientific studies focused on
the impact of process parameters.

Sachdeva investigates the impact of selective laser sinter-
ing process parameters on the surface roughness of parts
manufactured with Duraform polyamide. Duraform PA is
a nylon-based thermoplastic powder material commonly
used in selective laser sintering 3D printing. The authors
measured three roughness parameters: Ra (arithmetic mean
deviation), Rz, and Rq. They experimented with different
parameter settings, keeping the hatch pattern along the
X-direction and using a 70/30 ratio of used to virgin powder.
The study found that laser power significantly influences sur-
face roughness [16]. Faraj et al. explores the optimization of
selective laser sintering parameters for PA12 samples using
the Taguchi method. The study focuses on minimizing sur-
face roughness, a key quality characteristic in SLS parts. The
authors investigated the influence of laser power, scanning
speed, layer thickness, and scanning space, printing samples
at different orientations 0°, 45°, and 90°. They developed
regression equations for each orientation, establishing a lin-
ear relationship between roughness and the studied param-
eters [17]. Negi et al. in investigated the surface roughness of
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glass-filled polyamide parts fabricated using selective laser
sintering finish [18]. They used a face-centered central com-
posite design of experiment, varying five key parameters:
bed temperature, laser power, scan speed, scan spacing, and
scan length. Their analysis, using response surface method-
ology, revealed that scan spacing followed by laser power
were the most significant factors influencing surface rough-
ness. They also determined optimal parameter settings for
achieving improved surface. Nar et al.’s research underscores
the complex interplay of factors affecting surface roughness
in selective laser sintering processes [19]. Their findings
stress the need to carefully control processing parameters
and consider part orientation to achieve the desired surface
quality. The study found that higher energy density pro-
duced smoother surfaces, aligning with the expectation that
increased energy leads to more effective powder melting and
fusion. Additionally, the researchers noted that roughness
varied across the powder bed, with edges and corners exhib-
iting higher roughness than the center, suggesting potential
inconsistencies in the laser's energy distribution or powder
bed temperature distribution across the build platform. Kha-
deme Razaviye et al. investigated the mechanical properties
(strength, modulus of elasticity, and elongation) of PA12
parts, specifically PA2200, produced by SLS 3D printing
[20]. They focused on the effects of laser power, scan speed,
hatch spacing, and scan length. Laser power and scan speed
play significant roles. Higher laser power and lower scan
speed generally improve mechanical properties, but exces-
sive power can lead to part defects. Laser energy density is a
crucial parameter. Higher energy density, achieved through
a combination of higher laser power, lower scan speed, and
smaller hatch spacing, results in stronger parts.

Laser power is a crucial parameter in the powder bed
fusion process. Higher laser power increases the energy
input, leading to better melting and fusion of the powder
particles. This generally results in improved mechanical
properties like tensile strength [17] and a smoother surface
finish [18, 21]. However, excessive laser power can cause
overheating, part defects, and unwanted thermal deforma-
tions. Layer thickness also plays a significant role. Thinner
layers generally result in better surface finish and resolution
but increase build time [22]. Conversely, thicker layers can
reduce build time but may compromise surface quality [19].
The orientation of the part within the build chamber affects
the support structures required, the direction of the laser
scanning, and the resulting mechanical properties. Maintain-
ing a stable and appropriate chamber temperature is crucial
for consistent part quality and minimizing thermal stresses.
It is important to note that these parameters interact in com-
plex ways. For instance, the optimal laser power depends on
the scan speed, scan spacing, and the material being used
[19]. Achieving the desired part quality requires careful con-
sideration and optimization of all relevant parameters.

1.3 Powder quality

Powder quality plays a crucial role in determining the final
properties of SLS parts, impacting not only surface rough-
ness but also tensile strength, dimensional accuracy, and
geometric fidelity [23, 24]. Variations in powder charac-
teristics, arising from factors like recycling and aging, can
significantly influence these outcomes. The particle size dis-
tribution, particle shape, and powder flowability all affect
the packing density and thermal behavior of the powder bed,
which in turn impacts the sintering process [25].

These material effects, particularly the increase in melt
viscosity, also result in an undesired surface finish effect,
known as orange peel, following prolonged powder aging
[26]. The input material of additive manufacturing also
influences the resulting quality of manufactured parts. A
distinction arises when using virgin powder and recycled
powder [22]. Zarringhalam proved that virgin powder and
recycled powder lead to different results regarding elonga-
tion at break (EaB) and tensile strength [27]. Recycled pow-
der leads to an EaB of 36-94% depending on the powder
manufacturer. This variation could be attributed to different
additive manufacturing machines, process parameters, and
powder grain sizes. Powder quality was also investigated
by Dadbakhsh, who examined virgin powder, recycled, and
aged powder material [28]. The results showed that virgin
powder sintered and fused fast when heating, while aged
powder needed a longer time or higher temperature to reach
grain fusion. Recycled powder material exhibited properties
between those of virgin and aged powder. Changes in tem-
perature behavior and microstructure resulting from aging
influenced densification and laser consolidation. Powder
aging increased the molecular weight/length and viscosity
due to the post-condensation phenomenon. Dumanhuri also
confirmed the presence of voids in the particles of recycled
powder. Virgin and aged powder demonstrated a thicker
microstructure and had improved bonding quality due to
homogeneous crystallization [28]. PA12 powder used in SLS
technology can also be reformed into filament [29].

1.4 Surface

Fresh, virgin powder typically leads to smoother surfaces
due to its consistent particle size distribution and lack of
contaminants. Recycled powder, while more economical,
can contain partially sintered or degraded particles, lead-
ing to increased surface roughness. Similarly, aged pow-
der, exposed to moisture and oxidation, can exhibit altered
flowability and melting behavior, further contributing to a
rougher surface finish mentions that surface roughness is a
major drawback of SLS technology and can be attributed
to partial fusion of powder grains [17]. Researchers have
recommended optimizing process parameters like laser
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power, scan speed, and layer thickness to minimize surface
roughness and improve the overall part quality produced by
powder bed fusion techniques [30, 31].

Surface roughness serves as a qualitative evaluation of
the surface quality of a component concerning its previous
manufacturing technology. Surface roughness is defined
as the sum of irregularities and protrusions over a specific
measured length or area [32]. Multiple surface properties
can be evaluated over the measured length, but, in practice,
the most used parameters are the arithmetic mean deviation
of the surface, Ra, and the arithmetic average of the highest
profile peaks, Rz. Undesired parameters such as waviness,
and component shape change also contribute to the surface
measurement, often filtered during measurement [33].

Measurement devices for gaining parameters on surface
roughness can be divided into two main groups: tactile and
optical measuring methods [34]. The tactile measuring
method in determining the roughness of surfaces is one of
the predominant methods [35]. The key principle involves
acquiring the surface structure using a device equipped with
a probing tip of a small diameter, usually 2 um to 10 pum,
directly connected to a sensor [36]. As the tip moves across
the surface, the deflection of the tip relative to the sensor
changes, resulting in a variation in the initial value of the
sensor. The measured data are these changes in values, and
they are sent to a computational unit, which processes them
to get direct data on the roughness of the surface. A draw-
back of this method is the tip diameter, which works as a
mechanical filter and causes data distortion.

The optical measurement method relies on the concept
that a surface consists of phase inhomogeneities. When a
beam of light hits such a surface, interaction occurs, fol-
lowed by the reflection of rays. Depending on the sensing
principle, a particular non-contact method is categorized as
optical, electron, laser, or ultrasonic [37]. The prevailing
type of non-contact measurement method is optical scan-
ning, wherein the measurement result provides the topogra-
phy of a specific surface, enabling subsequent evaluation of
surface roughness.

2 Methodology
2.1 Sinterit Lisa additive device

The Sinterit Lisa is a compact additive manufacturing
machine that utilizes selective laser sintering (SLS) tech-
nology to create 3D parts directly from powdered polymers.
This equipment is specifically optimized for processing
materials like polyamides (PA12) and elastomers (TPU).
Its compact design and relatively low operating costs make
it ideal for research purposes, prototyping, and small-batch
production.
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The Lisa is controlled using Sinterit Studio software,
which allows users to set up slicing and select various pro-
cess parameters. The laser power ratio of the Sinterit Lisa
refers to the intensity setting of the laser beam relative to
its maximum possible power. This setting is essential for
effectively bonding the powder material during the selective
laser sintering (SLS) process. Optimizing the laser power
ratio in SLS technology helps achieve an ideal balance
between adequate powder sintering and minimizing the risk
of overheating or degrading the material. Layer height is an
important parameter in additive manufacturing, as it defines
the thickness of each layer of material deposited during the
process. Specifically, the layer height indicates the thickness
of the powder material that is laser sintered in one step, prior
to the application of the next layer. The device allows for a
layer height selection ranging from 0.075 mm to 0.175 mm.
The Sinterit Lisa features a temperature offset parameter that
enables adjustments to the print chamber temperature during
the selective laser sintering (SLS) process. This parameter
helps correct discrepancies between the set temperature
and the actual temperature achieved, ensuring conditions
for sintering the powder material. The temperature offset
is configured in the Sinterit Studio software and represents
the amount by which the actual temperature in the printing
chamber should differ from the preset value. Adjustments
are typically made in small increments (e.g.,+2 °C) and
are influenced by the specific material used and the printing
conditions.

2.2 Specimens description

Material tensile strength is the maximum load a material can
withstand before breaking when subjected to tension. The
static tensile test is precisely defined in standards, which
independently describe the test procedure and test samples
for different types of materials. During the test, the relation-
ship between the applied force F and the elongation of the
test sample is examined on a circular or rectangular cross-
section tested sample as the stress—strain relationship until
sample failure. The output comprises a graph illustrating the
stress—strain relationship, accompanied by stress and strain
characteristic values.

Qualitative and strength properties in additive manufac-
turing are strictly evaluated based on specific standards that
describe the shapes of the tested samples as well as their
evaluation. Standard STN EN ISO 527-2 is the fundamental
norm determining the shapes of test samples for plastics to
obtain material strength properties through static tensile test-
ing. According to standard STN EN ISO 527-2, we will use
sample 1BA (Fig. 1) for static tensile tests, due to limitations
in the working space of the device.

Standard STN EN ISO ASTM 52902:2019 describes test
artifacts for evaluating the geometric properties of additive



Progress in Additive Manufacturing

10
5

58

95

Fig. 1 Test specimen for tensile testing STN EN ISO 527-2

Fig.2 Sample for evaluat-
ing circular artifacts accord-
ing to STN EN ISO ASTM
52902:2019 in additive manu-
facturing

manufacturing systems. The standard includes various bod-
ies allowing the evaluation of diverse geometric proper-
ties. To maximize the use of the device's working volume,
samples were chosen from standard STN EN ISO ASTM
52902:2019 (Fig. 2). These samples serve as the basis for
evaluating the fundamental accuracies of the Sinterit LISA
device. More specifically, samples were selected to evaluate
circular artifacts (fine size), enabling the evaluation of geo-
metric properties like roundness and dimensional properties
like diameters Table 1.

2.3 DoE

The software "Sinterit Studio Basic 2019" for the Sinterit
LISA additive device includes only three adjustable param-
eters: layer height [mm], laser power ratio, and chamber tem-
perature deviation [°C]. These three parameters determine
the fundamental factors affecting the resulting sample qual-
ity. Another factor being investigated is the orientation of
the samples within the working volume. However, this factor
is not explicitly included in the experiment design because
orientations will be encompassed in each sub-experiment.
The experimental design is conducted within the Minitab

12.5

Table 1 Specification of Sinterit Lisa [38]

Laser type IR laser diode 5W

PA: 110X 160x130 mm
TPU: 110x 160x145 mm

150%200x150 mm

From 0.4 mm

Max print volume

Size of Print Bed
Min. wall thickness
Hole diameter From 0.5 mm

Moving part clearance From 0.2 mm

Max temperature in the chamber 210 °C

Average power consumption 0.9 kW

Max power consumption 1.6 kW

Powder profiles PA12 Smooth, Flexa Gray
Dimensions 620 % 400x660 mm

software environment, which offers a range of methods for
designing experiments. We need to design the experiment
to minimize the number of trials while reducing variability
in the dataset. This condition is mainly kept for economic
reasons but also due to material limitations for additive
manufacturing. The experimental design using the Taguchi
method employs an orthogonal arrangement to estimate the

@ Springer



Progress in Additive Manufacturing

impact of individual factors on a specific average response
value. Due to its orthogonality, the design is balanced, ensur-
ing that each factor carries equal weight without influencing
each other. A 3-factor, 3-level experiment was designed in
Minitab, and its details are presented in Table 2. In total, 9
sub-experiments will be conducted, encompassing all neces-
sary combinations of factors and determining the individual
impacts of the experiment.

An additional fourth factor, not directly accounted for
in the Minitab software design, is the orientation of the
samples. By varying the orientation of the samples, we
can observe how the orientation affects their geometric
properties, including surface roughness and mechanical
properties. For tensile test samples, the orientation was
designed to rotate the samples around each axis, namely

Table 2 Experiment design and individual process parameters

Experiment No Layer (mm) Laser ratio Tempera-
ture offset
Q)

Exp_1 0.1 1.2 0.5

Exp_2 0.1 1.6 2

Exp_3 0.1 0.8 -1

Exp_4 0.125 1.2 2

Exp_5 0.125 0.8 0.5

Exp_6 0.125 1.6 -1

Exp_7 0.175 0.8 2

Exp_8 0.175 1.2 -1

Exp_9 0.175 1.6 0.5

A B C D

X, Y, and Z (Fig. 3). An angular spacing of 22.5° between
each sample was chosen because it offers most effective
results while minimizing the number of samples needed
and minimize variability between specimens.

The samples for investigating circular artifacts are
designed in only three orientations due to their bulkiness
and the brittleness of the thin-walled inner cylinder. The
base orientation aligns along the X and Y axes, with the
cylinder’s center along the Z-axis. Subsequent rotations
around the X-axis with angular spacings of 45° and 90°
relative to the base sample result in two additional sample
orientations (Table 3).

Table 3 Orientation of

Specimens X (°) Y (°) Z(°
individual specimens for tensile pect ® ®z0

test A 9 0 0
B 675 0 0
C 45 0 0
D 25 0 0
E 0 0 0
F 0 25 0
G 0 45 0
H 0 675 0
I 0 92 0
J 90 90 225
K 90 90 45
L 90 90 675
M 90 90 90

E F G HI

J KL M

Fig. 3 Visualization of the proposed specimens’ orientations for tensile test
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2.4 Material for SLS

The material chosen for producing samples for the experi-
ment was PA12 Smooth (Table. 2), directly sourced from
Sinterit, the manufacturer of the LISA device. PA12 Smooth
is a thermoplastic polymer based on polyamide in powder
form, suitable for SLS additive manufacturing [39]. It pos-
sesses mechanical properties optimal for the basic prototyp-
ing of functional components [40]. Furthermore, according
to the manufacturer, this material is known for providing one
of the best surface resolutions available.

The material is supplied in two versions v1 and v2, which
have different refresh ratios of thermally affected material to
pure, unaffected, or new “virgin” material. The experiment
focuses on the newer version, v2, where the manufacturer
specifies a mixing ratio of 22% with the new material. It is
essential to mix a certain amount of pure powder into the

Table 4 Material specification based on manufacturer [41]

Material type Nylon 12
Need for nitrogen No
chamber
Refresh ratio 22%
Color Navy gray
Particle size 19-90 um IS0 13320
Nominal particle size 38 um IS0 13320
Print density 0,95-0.97 glem®>  PN-EN ISO 845:2010
Melting point 185 °C PN-EN ISO 11357-

3:2018

Fig.4 Setup of specimens in
the Sinterit Studio 2019

thermally affected powder to restore mechanical properties,
even after several cycles of thermal influence (Table 4).

2.5 Manufacturing preparation

The preparation for manufacturing has several stages. It
commences with the generation of 3D models of the sam-
ples, followed by their placement in the working space of
the device, and ends with the generation of the NC code for
the device.

The first main stage involves creating 3D models, which
are developed according to the standards STN EN ISO
527-2 and STN EN ISO ASTM 52902:2019. The resulting
3D models are then aligned at certain angles in the CAD
software according to the experimental design. Finally, indi-
vidual 3D models of the samples are exported in the correct
orientation.

In the secondary stage, the 3D models are imported into
the slicing software, Sinterit Studio 2019. Here, the place-
ment of all samples is designed to maximize the use of the
device’s working volume (Fig. 4).

The rest of the preparation involves setting the desired
parameters based on the proposed experiment param-
eters and generating a sliced file directly for the Sinterit
LISA printer. During program generation, the software
calculates the amount of material needed to be inserted
into the chamber, how much virgin material needs to be
mixed with the material from the device after produc-
tion, as well as data on heating time, the length of the
production process, and an approximate cooling time for
the working space after production. The placement and
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orientation of samples in the working space are identical
for all sub-experiments.

2.6 Measurement methodology

For evaluation, the roughness parameter Rz values were
measured for each sample, averaged from four measure-
ments. Rz was chosen due to its higher significance in
polymer components. The Rz roughness parameter is a
measure of surface roughness that quantifies the height
difference between the highest peak and the lowest valley
within a specified sampling length. The surface roughness
data involved measuring the roughness of each manufac-
tured sample. The measurements were conducted using
an optical measuring instrument, Alicona InfiniteFocus
Each specimen was securely clamped in a fixture, and
four measurements were conducted on every specimen.
The measurement locations were on the wider surface
of the specimen and were recorded along its length. For
sample E, the upper surface was measured. This surface
had been marked and identified on the model prior to the
experiment. When the samples were oriented for testing,
the same predetermined surface was consistently meas-
ured, such that if a sample was rotated by 90° within the
machine coordinate system, the measured surface became
the side surface rather than the originally marked upper
surface.

The mechanical properties were tested using a tensile
testing machine from Zwick. All samples were tested under
the following conditions: the distance between the movable
jaws was 50 mm, and the speed was 50 mm/min for all sam-
ples. The temperature was maintained at 23 °C. The test was
conducted according to ISO 527-3 standard.

Geometric properties such as roundness and cylindric-
ity were measured using a CMM machine Zeiss Eclypse,
with measurement programming and evaluation conducted
through Zeiss Calypso 7.3. Each circular sample was meas-
ured, with each measured feature evaluated using three cir-
cular paths spanning 380° angularly. Based on the model
dimensions, a measurement speed of 3 mm/s was selected
for diameters D23 mm and D15 mm, with a step size of 0.1.
For smaller diameters D8 and D7, a measurement speed of
2 mm/s and a step size of 0.05 were chosen. A measuring
ruby touch probe with a diameter of 1.5 mm was selected
for the groove between the measured features of the model,
spaced at a distance of 3.5 mm. Based on the measurements
of circular paths, the values for four sample diameters were
gained, derived from circular paths in the middle section
of the measured sample and evaluated using the Gaussian
method, commonly used for process monitoring. The mini-
mum element method was employed as the roundness evalu-
ation method.
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3 Results

The presented results are gained through the measurement
and analysis of samples achieved through experimental
activities.

3.1 Surface

To comprehend the impact of individual parameters on the
resulting surface roughness of the samples, we constructed
a Pareto chart of effects (Fig.7). The Pareto chart presents
the absolute values of standardized effects arranged from
the largest to the smallest. It also includes a reference line
that indicates which effects are statistically significant. The
position of this reference line is determined by the signifi-
cance level, which is set at 0.95. By applying the Pareto
principle, it is possible to determine that a specific group
of factors from the entire production process significantly
influences the occurring issues. Investigated factors like
model orientation and layer height affect the Rz roughness
parameter but differ in the magnitude of their influence
(Figs. 5, 6). Setting the orientation of the sample in the
printing chamber represents the main difference in sur-
face roughness values. The main cause is the layering of
the input material and its subsequent solidification. The
impact of the layer height parameter itself reinforces this.
Based on the measured data, chamber temperature and
laser power do not impact surface roughness (Fig.7).

The sample orientation plays a crucial role in determining
the properties of parts produced by Selective Laser Sintering
(Fig. 7). The layered build process inherent to SLS creates
anisotropic behavior, meaning the mechanical and surface
properties of the final part can vary significantly depending
on its orientation within the build chamber. Surfaces facing
upwards tend to have higher roughness due to the step effect
inherent in layered manufacturing. Surfaces parallel to the
build platform (orientation E) exhibit lower roughness with
an Rz value in the range of 32 pm to 35 pm (Fig. 8). Sam-
ples oriented perpendicular to the platform, i.e., orientation
A and M, have similar surface roughness results Rz, with
values ranging from 34 pm to 37 pm. To better understand
the impact of part orientation, it is important to evaluate
additional mechanical properties such as tensile, flexural,
and compressive strength, as well as hardness and impact
resistance. Understanding how part orientation affects the
overall mechanical performance is crucial for selecting the
optimal orientation for specific applications. The experimen-
tal results demonstrate that layer height and part orientation
are significant factors in determining the surface quality
of PA12 parts produced by the Selective Laser Sintering
process.
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pm

Fig.5 Topography of the specimen surface of experiment 5, orientation E

Fig.6 Topography of the speci-
men surface of experiment 5,
orientation D

pm

The base chamber temperature observed on the LISA
device for the PA12 Smooth material is 178.5 °C, with the
displayed temperature fluctuating within +0.5 °C. Higher
laser power causes localized sintering of the powder mate-
rial and leads to its overflow through individual layers. This
material overflow and the resulting lower Rz roughness
values can negatively impact the accuracy of manufactured
parts and lead to detail loss. Furthermore, during production,
it was noted that compensating the temperature by —1 °C
resulted in the powder material remaining powdery after
production. Moreover, the bottom base layers of the work-
ing chamber showed minimal burn marks on the working
platform. However, when compensating for a temperature
increase of +2 °C, after production, the entire block of
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powder material exhibited greater cohesion, containing more
clumps. At the same time, the bottom layers that came into
contact with the working platform contained burnt spots,
which are undesirable waste in SLS additive manufacturing.

The surface roughness parameter Rz data were statisti-
cally analyzed using Minitab software, and the presented
model achieved a confidence level of 86.17%. Figure 9
illustrates the impact of layer height on surface roughness
during SLS printing. The highest measured Rz roughness
values were observed at a layer height of 0.175 mm, which
was the maximum value investigated. The surface rough-
ness parameter Rz ranged from 34.9 pm to 43.5 pm, with
extremes of 29 pm to 53 pm. Comparable Rz roughness
values were obtained at layer heights of 0.1 and 0.125 mm
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Fig. 7 The effect of the selected parameters on the roughness Rz
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Fig. 8 Effect of specimen orientation on roughness parameter Rz

with values 34 pm to 40 pm. It is noteworthy that the low-
est layer setting of 0.1 mm is optimal for surface quality
while simultaneously reducing laser power and increasing
chamber temperature. This finding suggests that using a
lower layer height setting can improve the surface quality
of parts produced by the SLS printing process, which is
a significant consideration for applications where surface
finish is critical.

@ Springer

3.2 Mechanical properties

Mechanical testing was conducted based on tensile test-
ing (ISO 527-1:2012). Using mathematical and statistical
software Minitab, a data model was generated to evalu-
ate the tensile strength of the PA12 Smooth material. The
overall reliability of the tensile strength evaluation model
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Fig.9 Effect of layer height on 55
roughness parameter Rz
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is 82.42%. For easier interpretation, the data were graphi-
cally processed.

The model orientation within the chamber of the SLS
additive manufacturing device significantly influences
the tensile strength. The obtained tensile strength val-
ues ranged from 19 MPa to a maximum of 49.05 MPa
(Fig. 10), with extremes ranging from 9.9 MPa to a maxi-
mum of 53.4 MPa. Samples that oriented along the Z-axis
(orientations A, B, L, M) exhibited the lowest tensile
strengths. This is because the stress is perpendicular to the
layer, leading to sample failure directly after each layer.

Fig. 10 Effect of orientation on
tensile strength
50
E 40
3
i
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o
c
[
+ 30
%]
2
)
=
()
[t
20
10

it

0175

0,125
Layer height (mm)

On the contrary, samples in the XY plane (orientations
E, F, G) showed tensile strengths exceeding the values
provided by the material manufacturer. However, signifi-
cant deformation occurred in samples in the XY plane
(Fig. 11). This could be due to high thermal stress on indi-
vidual layers during laser curing and subsequent cooling.
This phenomenon could be mitigated by adjusting the
cooling time of the device's working chamber. However,
the basic version of Sinterit Studio has a preset cooling
time and does not allow this parameter to be changed.
Samples oriented at a 22.5° angle to the XY plane did not

A B C

D E F G H | J

K L M
Specimen orientation
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Fig. 11 Comparison of
deformed specimens and speci-
mens without deformation

F
G

exhibit deformation, and their tensile strength ranged from
38.2 MPa to 39.3 MPa. The tensile strength specified by
the manufacturer for PA12 Smooth material is set at 38
to 42 MPa.

The laser power and chamber temperature have a signifi-
cant effect on the strength of the samples. These parameters
are crucial factors in the sintering process during SLS addi-
tive manufacturing. While the chamber temperature serves
to preheat the material, the laser power directly influences
the sintering of the powder material to form a solid struc-
ture. The experimental data show that higher laser power
and increased chamber temperature (Fig. 12) lead to higher
tensile strength values. Increasing the energy input during
sintering leads to improved bonding between individual
layers, consequently enhancing the strength of the prod-
ucts. However, an undesired effect can be the occurrence
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Laser power ratio 0.8

of deformation due to rapid cooling and loss of details, as
the material sintering can cause the edges to round, which
was observed on the embedded text labeling the individual
samples.

Our findings indicate a strong relationship between SLS
process parameters (temperature compensation and laser
power ratio) and the resulting tensile strength of specimens.
A temperature compensation of +2 °C and a laser power
ratio of 1.6 yielded the highest tensile strengths (40.6 MPa
to 50.8 MPa). Conversely, a temperature compensation of
—1 °C and a laser power ratio of 0.8 resulted in significantly
lower and more dispersed tensile strengths (12 MPa to
34 MPa).

The large dispersion at the —1 °C and 0.8 laser power
ratio suggests that these settings may lead to inconsistent
melting and bonding of the PA12 powder. This could be

i B 1L

Fig. 12 Effect of temperature compensation and laser power on tensile strength
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due to insufficient energy input, leading to variations in part
density and porosity. The higher and more consistent ten-
sile strengths were observed at+2 °C and 1.6 laser power
ratio indicate more complete melting and better inter-particle
bonding.

3.3 Geometric properties

In statistics, response surface methodology (RSM) exam-
ines relationships between multiple explanatory variables
and one or more response variables. RSM is an empirical
model that uses mathematical and statistical techniques to
connect input factors with response. The main objective of
RSM is to identify the impact of input variables that affect
the outcome.

The investigated input factors and their interaction indi-
cate that the roundness of the measured samples is influ-
enced by the model orientation in the chamber and the laser
power of the SLS device (Fig. 13). The accuracy of the
mathematical-statistical regression model reached 96.03%.
The impact of chamber temperature and layer height on
cylindricity was examined, but their impacts were found
insignificant. The largest absolute deviations in roundness
were recorded with orientation C, where the sample was ori-
ented at a 45° angle (Fig. 14). Roundness deviations ranged
from an absolute value of 0.265 mm to 0.523 mm. Further-
more, the roundness deviations showed an increasing trend
with increasing laser power, and their range expanded. The

highest absolute range was observed at a laser power of 1.6,
where the absolute roundness deviation values ranged from
0.174 mm to 0.523 mm.

A visual comparison for four differently oriented samples
made under the experimental parameters 2 and 7 is depicted
in Fig. 15. The sample from experiment 2, oriented in posi-
tion E (2CFE), where the axis of the cylindrical part is per-
pendicular to the XY plane of the manufacturing chamber,
displayed a roundness deviation of 0.08 mm. Upon changing
the sample orientation to position C (2CFC), indicating a
45¢ tilt to the XY plane, a significant shape change occurred,
with the roundness deviation reaching 0.243 mm. Devia-
tions in samples 2CFC and 7CFC did not exhibit a sym-
metric pattern; they were unevenly directed away from the
nominal value. Notably, in samples 2CFE and 7CFE, oppo-
site measured sections displayed the same direction. Thus,
within the measured ranges of 40°-90° and 200°-260°, the
roundness deviation was negative from the nominal shape,
while in the range of 290°-20° and 100°-190°, the devia-
tion was positive. Deformation caused by the weight load
of samples, which would impact objects above them in the
manufacturing chamber, can be discounted in orientation
E, as the axis of the cylindrical part is perpendicular to the
XY plane, ensuring any weight load acts perpendicularly to
the measured roundness elements. Samples 2CF were pro-
duced under process parameters where the laser power ratio
reached its highest value, at 1.6. Chamber temperature regu-
lation was set at+2 °C, consistent across setting 7 (7CFE,
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Fig. 13 The effect of the selected parameters on the roundness
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Fig. 14 Roundness deviation in the investigated orientations and laser power ratio

7CFC). However, in this setting, it is important to note that
the laser power was at a minimum value of 0.8. The round-
ness deviation for sample 7CFE was 0.087 mm, while for
position C, it was 0.238 mm.

The main factor contributing to variations in roundness
depending on sample orientation is the shape of the sample
cross-section at the manufacturing layer. When the sample
axis is perpendicular to the XY plane, the laser-solidified
layer assumes a circular shape, meaning that roundness
deviation is directly affected by the laser accuracy in the
XY plane. However, when the sample is angled, the layers
are not solidified in a circular shape but in an inclined cut,
determined by the angle rotation relative to the XY plane.

3.4 Dimensional accuracy

Dimensional accuracy was evaluated by conducting CMM
measurements of the diameters of all circular artifacts by the
STN EN ISO ASTM 52902:2019 standard. The measure-
ments were conducted on the inner or outer circumference,
depending on the analyzed element to ensure accurate data
collection. All investigated parameters affected the achieved
part accuracy (Fig. 16). Analysis of the dimension meas-
urements revealed a significant impact of laser power on
dimensional accuracy. Additionally, layer height and cham-
ber temperature were found to be influential parameters.
While the model orientation did have a statistical impact,
its significance in terms of magnitude was minimal. The
accuracy of the regression model R-sq reached 96.39%.
The deviation range from the diameter is illustrated in
Fig. 17. The most significant deviations from the diameter
occurred at a laser power setting of 1.6, the highest value
investigated. These deviations varied notably based on the

@ Springer

size and type of the diameter, whether it was an outer or inner
diameter. Positive deviations were consistently noted on all
outer diameters, their extent influenced by the 3D printing
process parameters. Conversely, the inner circles predomi-
nantly exhibited negative deviations. While the parameters
affected their size, their deviation nature remained consist-
ent. The highest deviation values were registered at a laser
power of 1.6, with maximum deviations of +0.63 mm on
the circle with a diameter of & 23.5 mm and +0.67 mm on
the circle with a diameter of @ 8 mm. Negative deviations of
-0.83 mm were recorded on the inner circles with a diameter
of @ 15 mm and a deviation of -0.68 mm on the circle with
a diameter of @ 7 mm.

The effect of individual parameters is depicted in Fig. 18.
As the values of the investigated factors, such as layer
height, laser power, and chamber temperature increased,
dimensional deviations increased, too. Therefore, we should
consider their impact on dimensional accuracy to find the
optimal settings to achieve the desired accuracy based on the
required properties. The lowest deviations from the nominal
dimension could be achieved by setting the process param-
eters to a layer height of 0.1 mm, laser power of 0.8, and
adjusting the chamber temperature offset by +2 °C.

4 Discussion

Additive manufacturing has become a significant technology
in modern industry, enabling the creation of complex geo-
metric structures layer by layer. One of the additive manu-
facturing methods is Selective Laser Sintering (SLS), whose
popularity is increasing due to its ability to produce intri-
cately shaped and functional parts from various materials.
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Fig. 15 Visual representation of measured specimens 2CFE, 2CFC, 7CFE, 7CFC

In this study, we investigated the impact of process
parameters in the Selective Laser Sintering additive tech-
nology on the properties of printed samples, focusing on ten-
sile strength, roundness, surface roughness, and dimensional
accuracy. Our analysis of experimental results provides valu-
able insights into the SLS process.

Our interpretation of the results confirmed our hypothesis
that process parameters significantly affect the properties of
the printed samples. We found that changes in parameters such
as layer height, laser power, chamber temperature, and sam-
ple orientation lead to significant changes in the properties
of printed objects. The most significant change was observed
in tensile strength, as increases in laser power, chamber

temperature, and model orientation led to higher material
strength as the powder particles transformed under higher
laser energy, fusing and increasing part strength. This claim
is consistent with the findings of Razaviye [20]. On the con-
trary, lower chamber temperatures and inappropriate sample
positioning can decrease the strength. The difference in tensile
strength shows high disparities depending on sample orien-
tation, with samples in the XY plane achieving the highest
strength. These results corroborate the study by Calignano,
although it should be noted that their research focused only
on two orientations, 0° and 90°, which may be insufficient
for SLS production [42]. Regarding the roundness of sam-
ples, we observed a significant impact of model orientation,
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Fig. 18 Effect of parameters on
dimensional deviation
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where changes in rotation relative to the XY plane affect the
geometric accuracy of manufactured objects. Although rota-
tion by 30°—45° increases roundness deviations, it has positive
results in terms of tensile strength. Surface roughness was not
significantly affected by laser power and chamber tempera-
ture. While higher values of these parameters resulted in lower
surface roughness, the reduction was only up to 2.5 pm for
the Rz roughness parameter, whereas layer height caused a
5 um change. Achieved Rz roughness values ranged from 35.5
to 40 um. For comparison, Sachdeva achieved similar results
after optimizing the SLS process [16].

The limitation of this study is that only one material, PA12,
was used and specific settings on the Sinterit Lisa printer.
Other materials and other types of additive manufacturing
equipment should be considered in future research work to get
a wider perception of the SLS process. The strong recommen-
dation for further research is focused on the process parameters
in the search for improved properties of the printed objects.
We can also envision applications of our findings in industrial
sectors such as automotive, aerospace, or medical industries,
where high print quality and mechanical material properties
are crucial. Generally, our study provides valuable insights for
engineering practice and development in 3D printing using the
SLS method and promotes further research within this scope.

5 Conclusion

The presented work focused on the additive technology
of SLS and its fundamental process parameters for print-
ing material PA12. Understanding the impact of factors is

- 0.8
> 0.8

Hold Values
LAYER 0.125
LASER 1.2
TEMP 0.5
Orient C

-1.0
0.175  0.100 0.125 0.175

essential for properly setting up manufacturing equipment
to achieve the desired quality of produced parts. Param-
eters such as laser power, layer height, chamber tempera-
ture, and model orientation in the chamber are fundamen-
tal to SLS technology. Their impact was examined in terms
of achieved surface roughness, tensile strength, geomet-
ric roundness properties, and dimensional accuracy. The
values of the examined factors were chosen based on the
parameters of the SLS device and its control program.
The device used is the affordable, compact-sized Sinterit
Lisa, often used in the initial implementation of additive
manufacturing in industries. Its manufacturing capacity is
appropriate for beginners, and its setup options correspond
to this. Its control and slicing program, Sinterit Studio
Basic, allows setting only three selected process param-
eters, with the disadvantage that some factors can only
be adjusted in terms of the offset to the selected printing
material. From the experimental measurements and gained
data, we can confirm that:

e The quality of the resulting print is directly affected by
the settings of laser power, layer height, and chamber
temperature, and it is fundamentally affected by the ori-
entation and rotation of the model itself.

e Model orientation significantly affects the tensile strength
of parts. To achieve higher strength, enlarge the area of
the burned material layer and rotate the model so that the
load force runs parallel to the layers. To optimize tensile
strength, the model should be positioned at a 22.5° angle
from the XY plane, as shown with specimens D and J,
which experienced no deformation.
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e  When positioning the model, it is necessary to consider
the risk of undesirable thermal deformation. More ther-
mal energy, delivered by higher laser power and cham-
ber temperature, results in better material strength. As
the model rests in the XY plane, specimens E, F, and
G face the looming threat of thermal deformation.

e The increase in laser power and chamber tempera-
ture does not significantly impact surface roughness.
However, the Rz roughness parameter is sensitive to
layer height and orientation, with the lowest values
at a model orientation parallel to the XY plane and
lower layer heights. The optimal lowest layer setting of
0.1 mm ensures better surface quality when the model
orientation is set to 22.5° to the XY plane.

e The roundness of measured specimens is significantly
influenced by model orientation, while the dimensional
accuracy of measured diameters depends on laser
power. To achieve a low roundness value, the model
must be oriented so that its circular cross-section is in
the XY plane or perpendicular to this plane (specimens
A, E).

e Each observed parameter in this study influences a
specific aspect of the quality of the manufactured part
output. Therefore, the process parameters should be
chosen carefully to achieve the desired quality. Model
orientation impacts the quality most significantly dur-
ing printing and should be carefully considered in SLS
additive manufacturing.

This research has the potential to contribute to
further advancements in additive manufacturing.
Furthermore, it provides a foundation for future
experiments to optimise the SLS process for various
industrial and mechanical engineering applications.
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