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Abstract: This research investigates the influence of printing parameters and different materials
on the geometrical and dimensional deviations of Fused Deposition Modelling (FDM) additive
manufacturing. Using the Taguchi method, experiments with four factors are designed: print layer
height, printing material, printing speed, and nozzle size, employing an L9 orthogonal array. Devia-
tions in flatness, perpendicularity, parallelism, cylindricity, spherical form, and surface roughness
of 3D-printed parts are evaluated. The results reveal that print speed and nozzle size significantly
affect flatness and surface roughness, while layer height and material influence perpendicularity
and parallelism deviations. Notably, nozzle size critically impacts cylindricity and spherical form
deviations. Our study demonstrates that lower printing speed, smaller nozzle diameter, and reduced
layer height are not universally optimal; instead, parameter adjustments based on specific geomet-
rical requirements and part orientation are necessary. These findings are essential for improving
the accuracy and quality of FDM-printed parts, supporting their broader application in precision
manufacturing industries.
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1. Introduction

Fused Deposition Modelling (FDM) additive manufacturing, or more popularly known
as 3D printing, is a technology that plays a crucial role in achieving low-cost functional
parts, particularly in lot size one production or prototype fabrication. This method’s
ability to produce intricate geometries with relatively low-cost equipment has made it a
cornerstone in the additive manufacturing landscape. However, ensuring high dimensional
accuracy remains a critical challenge [1].

Geometrical and dimensional deviations in FDM are influenced by various factors
such as slicing approaches, material selection, raster angles, and printing parameters.
Studies have shown that the slicing strategy can contribute to dimensional inaccuracies [2],
while polyethylene terephthalate glycol (PETG) materials tend to exhibit higher deviations
compared to polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS), with different
raster angles affecting dimensional accuracy [3]. Additionally, the selection of printing
parameters like layer height and infill density significantly impacts the length, width,
height, and angle deviations of printed parts in FDM technology [4]. To address these
challenges, advanced methods like the iterative closest point (ICP) algorithm have been
proposed to accurately quantify geometric deviations without simplifying assumptions,
enhancing the versatility of shape deviation quantification in additive manufacturing
processes [5].

Existing research emphasizes the importance of optimizing various FDM printing
parameters, such as infill density, layer thickness, and the number of contours, to en-
hance dimensional precision [6,7]. These parameters significantly influence the mechanical
properties and accuracy of the printed parts, necessitating meticulous adjustment to meet
specific manufacturing requirements [8–10].
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Another crucial factor impacting geometric accuracy is the control software used in
the printing process. Studies have demonstrated notable differences between proprietary
and universal software solutions regarding print quality and dimensional deviations [11].
Proprietary software often provides tailored optimizations for specific printer models, while
universal software offers broader compatibility at the potential cost of reduced precision.

The dimensional accuracy of FDM-printed parts is essential for ensuring product
usability and overall quality. Recent advancements highlight the use of machine learning
algorithms, such as Decision Trees, to predict dimensional variations and improve the
consistency and quality of printed parts [12–14].

Geometrical and dimensional deviation prediction for FDM-manufactured parts is a
critical aspect addressed in various research studies. Some studies have utilized machine
learning models like Gaussian process regression (GPR), support vector machines (SVM),
and artificial neural networks (ANN) to predict dimensional accuracy based on factors such
as support spacing, layer thickness, and raster angle [15]. Additionally, 3D convolutional
neural networks have been developed to predict and compensate for geometrical errors
in FDM parts, significantly improving part quality by altering initial geometries based on
predicted errors [16]. Other investigations are focused on developing a framework for eval-
uating the suitability of CAD models for AM, with a focus on aspects such as dimensional
precision and part-specific challenges. These researchers [14,17] utilize machine learning
methodology to forecast dimensional deviations at both the vertex and part levels in the
produced object. By leveraging an artificial neural network (ANN), information from the
model’s mesh vertices is processed to calculate the average error per vertex. This calculated
error, in conjunction with other relevant data, is then employed to gauge the suitability of
the model for specific AM technologies and intended uses.

These studies collectively highlight the importance of accurate prediction models in
enhancing the quality and reliability of FDM additive manufacturing processes.

Currently, FDM is widely used for creating functional parts and prototypes, with a
focus on enhancing their mechanical properties and wear resistance [18]. Existing research
have explored various aspects to improve FDM-produced parts, such as investigating
the impact of post-processing techniques like ironing on surface roughness [19], creating
thermoplastic composites to add functional attributes like conductivity and radiation
shielding [20], developing capability profiles to understand the mechanical properties of
FDM parts and optimize manufacturing parameters [21], and experimenting with different
infill patterns and layer stacking sequences to enhance tensile strength [22]. Additionally,
studies have compared the wear performance of FDM-produced parts using different
materials and filler types, highlighting the importance of material selection in achieving
optimal wear resistance [23].

By optimizing printing parameters, selecting appropriate software, and accurately
predicting dimensional variations, FDM technology can substantially improve geometri-
cal and dimensional precision in additive manufacturing [24–26]. These advancements
not only enhance the surface quality and functionality of 3D-printed parts, but also ex-
pand the applications of FDM in various industries, driving the technology towards more
widespread and reliable usage in precision manufacturing.

2. Materials and Methods
2.1. Design of Experiment (DoE)

To systematically study the effects of various FDM printing parameters and materials
on dimensional and geometrical accuracy, a Design of Experiment (DoE) was created using
Minitab 20 software by employing the Taguchi method. The Taguchi method is a robust
statistical approach designed to optimize the performance characteristics of a process by
minimizing variation and identifying the most influential factors.

The Taguchi method utilizes orthogonal arrays to design experiments efficiently,
allowing for the evaluation of multiple factors and their interactions with a minimal
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number of experiments. This method emphasizes robustness and quality by identifying
optimal conditions that reduce the sensitivity of the system to variation.

For this study, four factors were selected, each at three levels, resulting in a compre-
hensive examination of their effects on FDM-printed parts. The factors and their respective
levels are as follows.

The chosen parameters—layer height, material, print speed, and nozzle size—were
prioritized to explore the combined effects of these particular factors on geometrical and
dimensional deviations in 3D-printed parts. By focusing on these parameters, this study
aims to fill a gap in the current body of knowledge, providing insights into how these
specific factors interact to affect print quality. Future studies could build on this research
by incorporating printing direction as a variable, particularly in less-geometrically complex
parts where the orientation can be more systematically controlled.

Using the Taguchi method, an L9 orthogonal array was selected to accommodate
the four factors and their levels, resulting in nine experimental runs. Each run combined
different levels of the four factors to systematically investigate their influence on the
desired outcomes, such as geometrical and dimensional accuracy and the surface finish of
the printed parts.

By utilizing this structured approach, this study aims to identify the optimal combina-
tion of FDM printing parameters and different materials that yield the best performance
in terms of accuracy and surface quality. The Taguchi method ensures that the results
are not only optimal under controlled conditions, but are also resilient to variations in
the manufacturing environment. This approach enables a thorough understanding of the
parameters’ interactions and their effects, paving the way for more precise and reliable
additive manufacturing processes.

Furthermore, in order to evaluate the surface quality, the Taguchi method was utilized,
but in this case, an L27 orthogonal array was chosen which used the same factors as detailed
in Table 1. For the experiment, 27 samples were fabricated, each with a parallelepipedal
shape and dimensions of 50 mm × 100 mm × 5 mm. These samples were printed according
to the combinations specified in the L27 orthogonal array, ensuring that each parameter
combination (as shown in Table 2) was replicated three times to account for variability and
to ensure trustworthy results.

Table 1. The four AM factors used in the DoE for the Taguchi method.

Level Print Layer
Height

Printing
Material Printing Speed Printing Nozzle

Size

1 0.1 mm ABS 30 mm/s 0.4 mm
2 0.2 mm PETG 60 mm/s 0.6 mm
3 0.3 mm PLA 120 mm/s 0.8 mm

Table 2. Taguchi method, L9 orthogonal array.

Sample Code Print Layer
Height

Printing
Material Printing Speed Printing Nozzle

Size

L1 0.1 mm ABS 30 mm/s 0.4 mm
L2 0.1 mm PETG 60 mm/s 0.6 mm
L3 0.1 mm PLA 120 mm/s 0.8 mm
L4 0.2 mm ABS 60 mm/s 0.8 mm
L5 0.2 mm PETG 120 mm/s 0.4 mm
L6 0.2 mm PLA 30 mm/s 0.6 mm
L7 0.3 mm ABS 120 mm/s 0.6 mm
L8 0.3 mm PETG 30 mm/s 0.8 mm
L9 0.3 mm PLA 60 mm/s 0.4 mm

Surface roughness measurements were performed at Continental Sibiu, using the
MarSurf VD 140 roughness analyzer from Mahr, Göttingen, Germany equipped with a
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MarSurf BFW BFW A 10-45-2/90◦ probe arm. The specific inspection parameters used
during the roughness analysis were as follows. Evaluation Length: 20 mm, which repre-
sents the total length of the surface over which the roughness measurement was conducted.
Traverse Speed: 0.50 mm/s, the speed at which the probe traverses the surface during
the measurement process. These measurement settings were chosen to ensure a compre-
hensive and accurate assessment of the surface roughness, focusing on the Ra (Arithmetic
Average Roughness) and Rz (Maximum Height of Profile) parameters, which are critical
indicators of the overall surface quality. By using this methodology, we aimed to isolate
and understand the contributions each process parameter and different material had on the
surface roughness, enabling us to draw conclusions about the optimal settings for achieving
superior surface finishes in FDM-printed parts.

This study explores the deviations that arise in this context by employing a consistent
methodology across all samples. Each specimen was fabricated with a uniform infill density
of 15%, complemented by a wall thickness and a top/bottom thickness of 1.2 mm, utilizing
a cubic infill pattern for structural integrity. Nozzle temperature was set as follows: PLA
205 ◦C; ABS 240 ◦C; PETG 235 ◦C. The fabrication process was conducted using the
Snapmaker A350 3D printer at the Faculty of Engineering from Lucian Blaga University of
Sibiu. The laboratory conditions were rigorously controlled with constant temperature and
humidity level adjustments to exclude any environmental variables that could affect the
results. The G-code, which dictates the printer’s movements and material extrusion, was
generated using Snapmaker’s Luban software, version 4.5.1, ensuring that each sample
was produced under equivalent digital instructions. The study’s integrity is based on the
consistency of these parameters, except for the variables defined in Table 1.

2.2. Choice of 3D Part for Manufacturing

The selection of the 3D part to be manufactured using each configuration of the L9
Taguchi array was crucial for effectively measuring the impact of the chosen factors on
dimensional and geometric accuracy. The part, specifically designed for this study, includes
various basic geometrical entities such as cylinders, spheres, planar surfaces, pockets, and
holes. This complexity allows for a comprehensive assessment of the printer’s performance
across different shapes and features.

The chosen part’s design is represented in Figure 1 and incorporates elements specifi-
cally intended to measure different geometrical deviations, including the following:

• Flatness (form deviation): Measured on planar surfaces to evaluate how flat a printed
surface is.

• Perpendicularity (orientation deviation): Assessed between different planes and sur-
faces to ensure accurate angles.

• Parallelism (orientation deviation): Measured between planes that should remain parallel.
• Cylindricity and spherical (form deviation): Evaluated on cylindrical features to check

for deviations from a perfect cylinder.

Additionally, the part allows for the measurement of dimensional deviations such as
size shape and size errors as follows:

• Location deviations: Position of the cylinders and the rectangular pockets.
• Dimensional deviation: Part total length and width.

This approach enables a detailed evaluation of the printer’s capability to produce
parts within specified tolerances.

By using this specifically designed part, the study aims to capture a wide range of
deviations and provide a detailed analysis of how different FDM printing parameters and
materials affect the overall surface quality and precision of printed parts. The data collected
from these measurements will contribute to identifying optimal printing conditions and in
enhancing the reliability and accuracy of FDM processes in additive manufacturing.
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Figure 1. Part to be manufactured using each configuration of the L9 Taguchi array.

2.3. Measurement Plan

To accurately assess the geometrical and dimensional deviations of the nine 3D-printed
parts, a detailed measurement plan was developed utilizing a FARO Edge measuring arm
and CAM2 Gage version 2.2.1 software. This plan involved defining two primary datum
planes and establishing a reference system.

Datum Planes: Datum Plane A: Horizontal plane used as the primary reference. Datum
Plane B: Vertical plane perpendicular to Datum Plane A, forming a reference corner.

Reference System: Located at the corner of the part where Datum Planes A and B
intersect, providing a consistent starting point for all measurements.

As detailed in Figure 2, the measurement plan encompassed the following elements:

• 11 Planes: Various planar surfaces on the part were measured to evaluate flatness,
perpendicularity, and parallelism. These planes provided critical data on the part’s
overall geometric integrity.

• Three Cylinders: Cylindrical features were measured for their diameters to assess
their size accuracy, their positions to ensure their correct placement within the part,
and their cylindricity deviations to evaluate the roundness and straightness of the
cylindrical features.

• One Sphere: The spherical feature was measured for its diameter to determine the size
accuracy, its position to ensure its correct spatial location, and its shape to assess its
sphericity and overall geometric fidelity.

• Three Circles: Circular features were measured for their circle centre to verify their
accurate placement and their diameter to check for their dimensional precision.

Each measurement was performed using the FARO Edge measuring arm, ensuring
high accuracy and repeatability. The tolerances specified by the measuring equipment
manufacturer include a Single Point Articulation Test (SPAT) of 18 microns (0.0007 in) and
a Volumetric Maximum Deviation of ±25 microns (±0.001 in). These values represent the
maximum error that can occur within the Gage arm’s measurement volume [27].

The arm’s capability to capture precise data enabled a comprehensive evaluation
of both the geometrical and dimensional deviations across the different experimental
conditions. By systematically measuring these features, this study aimed to identify the
effects of the various FDM materials and printing parameters and optimize the printing
process for enhanced accuracy and surface quality.
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Figure 2. Measured surfaces.

3. Results and Discussion

The experimental results of the 3D-printed parts were analyzed using the Taguchi
method. The analysis included the evaluation of various geometrical deviations such
as flatness, perpendicularity, cylindricity, and parallelism, and dimensional deviations
such as the diameters and positions of the cylinders and spheres. The response tables for
signal-to-noise ratios and means for each measured parameter provide insights into the
influence of the following four factors: layer height, printing material, print speed, and
nozzle size.

Before analyzing the results, the integrity of the data was ensured by checking for
outliers using boxplots for each measurement. Figure 3 shows an example of a boxplot of
flatness for datum plane A and other measured planes. This preliminary step confirmed
that the data were clean and reliable for further statistical analysis.
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Furthermore, to address concerns regarding the statistical significance and reliability
of our data, we reprinted the L6 sample twice more, resulting in three samples fabricated
with identical parameters, similar to the Taguchi L27 orthogonal array DoE. This step was
taken to ensure that the observed differences in our measurements were not due to random
variation, but were consistent and reproducible (Figure 4a,b). To statistically validate the
consistency of our reprinted samples, we performed a one-sample t-test. This test compared
the mean of our sample data to a hypothesized mean to determine if there was a significant
difference.
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As detailed in Table 3, the one-sample t-test results for the cylinder 3 diameter mea-
surements show that the two-tailed p-value equals 0.579, which, by conventional criteria,
suggests that there are no major differences between the three samples and that the consis-
tency of the measurements supports the reliability of the study. The high p-value provides
confidence that the variations in the measurements are not to be considered statistically
significant. The hypothetical mean is 5.00000, while the actual mean is 5.02233, with a
difference of 0.02233. The 95% confidence interval for this difference ranges from −0.1241
to 0.1688. Intermediate values used in the calculations include a t-value of 0.6561 and a
standard error in the mean (Se mean) of 0.034.

Table 3. One-sample t-test: cylinder 3 diameter measurements in [mm].

N Mean StDev Se Mean 95% CI for µ T-Value p-Value

3 5.0223 0.0590 0.0340 (4.8759; 5.1688) 0.66 0.579

3.1. Form Deviation—Flatness for Detum Plane A

Because datum plane A has the largest surface and serves as a critical reference for
other measurements, we chose to first analyze the influence of the fabrication parameters
on this plane. The Taguchi analysis for flatness on datum plane A involved evaluating the
signal-to-noise ratios and means for layer height, material, print speed, and nozzle size.

As detailed in Tables 4 and 5 and as depicted in Figure 5, the analysis showed that
print speed had the most significant effect on flatness deviation, with a delta value of 7.69
in the signal-to-noise ratio and 0.06633 in the means. Nozzle size and material also had
substantial impacts, ranking second and third, respectively, while layer height had the
least influence.
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Table 4. SN Ratios (smaller is better): flatness of datum plane [A] versus layer height; material; print
speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 24.57 19.76 26.48 20.88
2 23.52 25.16 18.79 22.25
3 21.67 24.83 24.49 26.62

Delta 2.90 5.40 7.69 5.74
Rank 4 3 1 2

Table 5. Response table for means: flatness of datum plane [A] versus layer height; material; print
speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 0.06600 0.10433 0.05133 0.09733
2 0.07233 0.06033 0.11767 0.08400
3 0.10067 0.07433 0.07000 0.05767

Delta 0.03467 0.04400 0.06633 0.03967
Rank 4 2 1 3
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Figure 5. Taguchi analysis graphs: main effect plot for the means (a) signal-to-noise ratio (b) for
flatness of datum plane [A] versus layer height; material; print speed; nozzle.

The main effect plot for the signal-to-noise ratio (S/N ratio) helps in identifying the
levels of the factors (in this case, layer height, material, print speed, and nozzle size) that
minimize the variability in the response variable, which is the flatness deviation of datum
plane A. The “smaller is better” criterion is used here to minimize deviations. This plot
(depicted in Figure 5a) typically shows the average S/N ratio for each level of each factor,
making it easier to visualize the impact of different factor levels on the response variable’s
variability.

The main effect plot for the means displays the average response (flatness deviation)
for each level of each factor. This plot allows us to see which levels of the factors result
in lower or higher deviations. By examining this plot (depicted in Figure 5b), we can
identify which factor levels produce the smallest deviations, indicating better flatness and
dimensional accuracy.

The optimal settings for minimizing flatness deviations on datum plane A, based
on the signal-to-noise ratios and means, were a layer height of 0.1 mm, ABS material, a
print speed of 30 mm/s, and a nozzle size of 0.4 mm. These findings indicate that slower
print speeds and smaller nozzle sizes contribute significantly to better flatness, aligning
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with existing research that emphasizes precision control in layer deposition for improved
surface quality.

3.2. Perpendicularity and Parallelism Orientation Deviations

Next, a Taguchi analysis was performed to examine the perpendicularity deviations
of the planes P2-A, P3-A, P4-A, P, P5-A, and A-B versus layer height, material, print speed,
and nozzle size (detailed in Table 6 and Figure 6a). Additionally, the parallelism deviations
of planes P4-B, P5-B, P8-B, P9-B, P10-B, and P11-B were analyzed against the same factors
(detailed in Table 7 and Figure 6b).

Table 6. Response table for means: perpendicularity deviations between planes P2-A, P3-A, P4-A, P,
P5-A, and A-B, versus layer height, material, print speed, and nozzle.

Level Layer Height Material Print Speed Nozzle

1 0.03708 0.08408 0.07333 0.06450
2 0.10042 0.07167 0.07550 0.07050
3 0.07275 0.05450 0.06142 0.07525

Delta 0.06333 0.02958 0.01408 0.01075
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Table 7. Response table for means: parallelism deviations of planes P4-B, P5-B, P8-B, P9-B, P10-B,
and P11-B versus layer height, material, print speed, and nozzle.

Level Layer Height Material Print Speed Nozzle

1 0.1125 0.1374 0.1481 0.1394
2 0.1418 0.1232 0.1119 0.1281
3 0.1234 0.1171 0.1178 0.1102

Delta 0.0293 0.0203 0.0362 0.0293
Rank 2 4 1 3

These analyses revealed that layer height had the most significant impact on perpen-
dicularity deviations, followed by material, print speed, and nozzle size. For parallelism
deviations, print speed was the most influential factor, followed by layer height, nozzle
size, and material. These findings underscore the importance of optimizing layer height
and print speed to minimize geometric deviations in 3D-printed parts.
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3.3. Cylindricity and Spherical Form Deviations

Furthermore, the Taguchi analysis conducted on cylindricity deviations revealed that
nozzle size was the most influential factor, having the greatest impact on the precision
of the cylindrical shapes produced. This is evident from the highest delta value in the
response table for both the signal-to-noise ratios and the means (delta: 954 in S/N ratio
and 0.007000 in means). Specifically, the results indicate that larger nozzle sizes tend to
reduce the precision of the fabricated cylindrical primitives. This reduction in precision can
also be attributed to the material deposition strategy, where concentric circles are deposited
after starting and ending at the same point. If the material is deposited on top of or near
an incompletely solidified path caused by increased speed, layer size, or larger nozzle, the
solidification process further decreases the accuracy of the final cylindrical shape.

For spherical shape deviations, the analysis showed that nozzle size again emerged
as the most significant factor affecting the form accuracy of the spheres. This is indicated
by the highest delta value in the response tables for both the signal-to-noise ratios and the
means (delta: 1135 in S/N ratio and 0.006833 in means), signifying that variations in nozzle
size contribute more prominently to deviations in the spherical shapes compared to other
factors (detailed in Table 8 and Figure 7).

Table 8. Response table for means for spherical shape deviation versus layer height; material; print
speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 0.04800 0.06500 0.05667 0.04033
2 0.08567 0.05800 0.07233 0.03267
3 0.04033 0.05100 0.04500 0.10100

Delta 0.04533 0.01400 0.02733 0.06833
Rank 2 4 3 1
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After a visual inspection using a stereo microscope, it was validated that the nozzle
size and layer height significantly influences spherical shape accuracy in 3D printing.
Microscope images allowed for a more detailed inspection on the layers that build the
spherical shape, revealing that the last layer (top layer) contributes notably to the spherical
shape’s deviation. For example, a 0.3 mm layer height and a sphere diameter of 10 mm
result in approximately 33 layers, requiring an extra 0.1 mm layer to achieve the finished
height. If the layer slicing division is not a whole number, the slicing software may either
omit the excess, resulting in a slightly shorter sphere (approximately 9.9 mm), or not fully
compress the final layer, leading to an increased final layer height (0.33 mm in our case), as
seen in Figure 8b. Conversely, using a 0.2 mm layer height for the same sphere requires
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50 layers, a whole number, which can affect the top spherical shape due to the larger
diameter of the final layer compared to the 0.33 mm last layer (Figure 8a).
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Figure 8. Nozzle size and layer height’s influence on the spherical shape deviation. (a) Sample L6
with a layer height of 0.2 mm and (b) sample L9 with a layer height of 0.3 mm.

Additionally, it can be observed how the layer height greatly influences the roughness
when measured parallel to the Z build direction.

3.4. Dimensional Deviations

To highlight how the choice of fabrication parameters affects the dimensional accuracy
of the printed parts, Table 9 illustrates the deviations from the nominal dimensions for each
sample fabricated with the parameters presented in Table 2.

Table 9. Nominal and measured values in [mm].

Feature Part
Length Part Width ∅ of

Cylinder 1
∅ of

Cylinder 2
∅ of

Cylinder 3 Sphere ∅

Nominal Dim. 70 60 15 10 5 10
L1 dimension 69.682 59.618 14.530 9.576 4.606 9.574
L2 dimension 69.856 59.926 14.822 9.770 4.465 10.100
L3 dimension 69.765 59.981 14.738 9.499 4.905 9.834
L4 dimension 69.649 59.567 14.949 10.052 5.252 10.328
L5 dimension 69.501 59.449 14.487 9.513 4.537 9.582
L6 dimension 69.948 59.603 14.940 9.944 5.090 9.733
L7 dimension 69.820 59.444 14.459 9.706 4.708 10.234
L8 dimension 69.797 60.271 14.887 9.958 4.779 9.918
L9 dimension 69.821 59.720 14.649 9.798 4.604 10.098

The analysis of cylinder diameter deviations reveals distinct patterns associated with
the different materials and printing parameters. For small-sized geometrical entities, such
as cylinder no. 3 (Table 10 and Figure 9) with a nominal diameter of 5 mm, the nozzle
size significantly affects the printed cylinder’s dimensions. Larger nozzle sizes tend to
produce cylinders with diameters greater than the nominal value, while smaller nozzles
result in smaller diameters. This phenomenon can be attributed to the material deposition
strategy, where concentric circles are deposited. If the material is deposited on top of or
near an incompletely solidified path, the solidification process is less controlled, leading to
variations in the final dimensions.
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Table 10. Response table for means of cylinder no. 3 diameter in [mm] versus layer height; material;
print speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 5.159 4.855 4.825 4.582
2 4.960 4.760 4.940 4.921
3 4.697 5.200 5.050 5.312

Delta 0.462 0.439 0.225 0.730
Rank 2 3 4 1
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Furthermore, the layer height also plays a crucial role. When a smaller layer height is
selected, the resultant cylinder diameter tends to be larger than the nominal value. This
increase is due to the “squeezing” phenomenon, where the material spreads out more
when deposited in thinner layers, leading to a slight over-expansion. Conversely, with a
larger layer height, the deposited material can better retain its extruded shape, reducing
this over-expansion effect.

Interestingly, these effects are consistent across other measured cylinders, such as
cylinder no. 1 and 2 with 15 mm and 10 mm nominal diameters. However, the diameter
of these larger cylinders does not exceed the nominal value under any conditions. This is
likely due to the material’s thermal contraction coefficient. As the material is deposited
in larger quantities for bigger cylinders, the contraction during cooling becomes more
pronounced, counteracting the expansion effects observed with smaller cylinders.

Another phenomenon can be observed while studying dimensional deviation for the
width and length of the part. Mainly due to the material deposition’s direction, it can be
observed that the nozzle diameter has a different influence on dimensional accuracy. This
can be explained by different contraction coefficients along the deposition direction or
perpendicular to it.

The phenomenon of dimensional deviation, particularly in the total width and length
of the part (depicted in Figures 10 and 11 and in Tables 11 and 12), is influenced significantly
by the direction of material deposition. The nozzle’s diameter plays a pivotal role in this
context, as it affects the dimensional accuracy in a distinct manner. This variance in
accuracy can be attributed to the differential contraction coefficients, which vary depending
on whether they are measured along the direction of deposition or perpendicular to it. The
contraction coefficient is influenced by several factors, including the thermal properties of
the material, the cooling rate, and the interlayer adhesion strength.
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Table 11. Response table for means of part width versus layer height; material; print speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 59.82 59.52 59.79 59.60
2 59.52 59.86 59.71 59.62
3 59.79 59.75 59.64 59.91

Delta 0.30 0.34 0.15 0.31
Rank 3 1 4 2

Table 12. Response table for means of part length in [mm] versus layer height; material; print
speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 69.72 69.67 69.76 69.54
2 69.63 69.68 69.68 69.84
3 69.74 69.74 69.64 69.71

Delta 0.11 0.07 0.12 0.30
Rank 3 4 2 1
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These findings are evident in the response tables for means (Tables 10–12) and
Figures 9–11, where the data points reflect the variations caused by different parame-
ter settings.

3.5. Roughness Analysis

The results indicate that both arithmetic mean height (Ra) (detailed in Table 13 and
Figure 12) and maximum height (Rz) (detailed in Table 14 and Figure 13), measured in [µm],
are significantly affected by printing parameters, but in different ways. For Ra, the nozzle
size is the most critical factor, suggesting that the precision of material deposition greatly
influences the average surface roughness. A smaller nozzle size typically allows for finer
control and smoother surface finishes. For Rz, printing speed is the dominant factor. Higher
printing speeds can lead to increased surface irregularities due to less-controlled material
deposition and rapid cooling, which might not allow the material to settle uniformly.

Table 13. Response table for means: roughness Ra in [µm] versus layer height; material; print speed;
nozzle.

Level Layer Height Material Print Speed Nozzle

1 11.476 8.939 6.991 6.911
2 8.144 12.505 9.408 8.691
3 11.167 9.343 14.388 15.186

Delta 3.333 3.566 7.396 8.275
Rank 4 3 2 1
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Table 14. Response table for means: roughness Rz in [µm] versus layer height; material; print
speed; nozzle.

Level Layer Height Material Print Speed Nozzle

1 94.63 73.71 45.26 49.70
2 52.34 87.68 76.74 76.71
3 71.19 56.78 96.17 91.75

Delta 42.29 30.90 50.92 42.05
Rank 2 4 1 3

Although within this study the quality of the surface was measured only on the top
surface of the part, other researchers state that the surface quality of the walls of a 3D-
printed part is highly influenced by the nozzle diameter, which produces the staircase
effect [28].
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3.6. Accuracy and Reliability of the Measurements

In order to ensure the accuracy and reliability of the measurements conducted in
this study, a Gage Repeatability and Reproducibility (Gage R&R) study was performed
using the ANOVA method. A Gage R&R study is a vital tool for identifying and quanti-
fying the different sources of variation within a measurement system, which includes the
measurement instrument, the personnel involved, and the items being measured.

The % contribution of Gage R&R quantifies the proportion of total variation that is
due to the measurement system. For a robust and reliable measurement system, this %
contribution should be less than 9%. In our study, the Gage R&R % contribution was
calculated to be 3.16%, well within the acceptable range, indicating that the measurement
system used was highly reliable. The Response by Part analysis looks at how each point
represents at least one measurement of that part by the operator. Variations in the scatter
of these points may suggest part bias, but in our case, the analysis confirmed that the
measurement system was sufficiently accurate to support this study’s findings (Figure 14).
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These Gage R&R studies’ outcomes reaffirm the validity of our measurement pro-
cess, ensuring that the reported results are accurate and that the measurement system’s
contribution to overall variation is minimal.

3.7. Case Study

To validate the practical application of the research findings, a fixture device for a
texture analyser was fabricated using FDM technology. The design of this fixture required
the upper plate to be installed in two different positions (Figure 15a,b), with or without
a retaining ring. This made the concentricity and cylindricity of the central hole from
the three different components into a critical tolerance, along with the flatness deviation
required to precisely orient the device on the texture analyser (Figure 15c).
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Figure 15. Texture analyser fixture device (a) device assembled in configuration 1; (b) device as-
sembled in configuration 2; (c) technical drawing of the device assembled in configuration 1 (di-
mensions are represented in [mm]). 

Given the stringent requirements, it was essential that the fabricated device met con-
centricity tolerances for the central hole and flatness tolerances for optimal functionality. 
The optimal parameters identified from the flatness measurements (Tables 4 and 5 and 
Figure 5) were combined with those from the cylinder’s dimensional deviation analysis 
(Table 10 and Figure 9). Specifically, the chosen parameters for the fabrication were the 
following: a layer height of 0.2 mm, PLA as the material, a print speed of 30 mm/s, and a 
nozzle size of 0.6 mm. By selecting these parameters, it was demonstrated that depending 
on which geometrical and dimensional deviation was prioritized for minimization, the 
optimal settings identified in this study could be effectively combined to enhance the ac-
curacy of FDM additive-manufactured parts.  

As illustrated in Figure 16, the fabricated fixture device conformed to the required 
specifications and was successfully installed on the texture analyser without compromis-
ing the device’s original capabilities. This case study demonstrates the feasibility of using 
optimized FDM parameters for producing components that meet industrial precision 
standards.  

 
(a) 

 
(b) 

Figure 16. Texture analyser fixture device’s physical assembly (a) and installation (b). 

Figure 15. Texture analyser fixture device (a) device assembled in configuration 1; (b) device assem-
bled in configuration 2; (c) technical drawing of the device assembled in configuration 1 (dimensions
are represented in [mm]).

Given the stringent requirements, it was essential that the fabricated device met
concentricity tolerances for the central hole and flatness tolerances for optimal functionality.
The optimal parameters identified from the flatness measurements (Tables 4 and 5 and
Figure 5) were combined with those from the cylinder’s dimensional deviation analysis
(Table 10 and Figure 9). Specifically, the chosen parameters for the fabrication were the
following: a layer height of 0.2 mm, PLA as the material, a print speed of 30 mm/s, and a
nozzle size of 0.6 mm. By selecting these parameters, it was demonstrated that depending
on which geometrical and dimensional deviation was prioritized for minimization, the
optimal settings identified in this study could be effectively combined to enhance the
accuracy of FDM additive-manufactured parts.

As illustrated in Figure 16, the fabricated fixture device conformed to the required
specifications and was successfully installed on the texture analyser without compro-
mising the device’s original capabilities. This case study demonstrates the feasibility
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of using optimized FDM parameters for producing components that meet industrial
precision standards.
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This research underscores the potential of FDM additive manufacturing for industrial
applications, particularly in producing functional components that meet stringent tolerance
requirements. By optimizing key printing parameters such as layer height, print speed,
and nozzle size, it is possible to achieve high levels of accuracy and consistency in critical
dimensions and geometries. This makes FDM technology not only suitable for prototyping,
but also for manufacturing end-use components that must adhere to specific industrial
standards. The successful application of the findings to fabricate a functional fixture device
for a texture analyser further validates FDM as a viable solution for producing complex
and precise parts in a cost-effective and time-efficient manner. This capability extends the
utility of FDM from merely a prototyping tool to a valuable production method in various
industries where precision and customization are crucial.

4. Conclusions

This study investigates the geometrical and dimensional deviations in FDM additive
manufacturing and reveals critical insights into the optimization of printing parameters
and the use of different materials to minimize geometrical and dimensional deviations.
The Taguchi method proved useful in identifying the significant influence of print speed,
nozzle size, material, and layer height on the flatness deviations, with the optimal settings
being established for enhanced surface quality. Perpendicularity and parallelism deviations
were predominantly influenced by layer height and print speed, respectively, emphasizing
the importance of parameter optimization for geometric fidelity. Furthermore, nozzle
size emerged as a decisive factor affecting cylindricity and spherical form deviations,
where larger sizes compromised precision. Dimensional deviations were notably impacted
by nozzle size and layer height, indicating a delicate balance between these parameters
for accurate dimensions. Surface roughness measurements, Ra and Rz, confirmed the
dependency on print speed and nozzle size, with slower speeds and smaller nozzles
yielding superior finishes.

In conclusion, our study reveals that the commonly held belief in the superiority
of lower printing speeds, smaller nozzle diameters, and reduced layer heights in FDM
printing does not hold universally. It has been established that optimal printing parameters
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are highly contingent on the specific geometrical demands. This nuanced understanding
necessitates a more tailored approach to parameter selection to achieve the desired precision
and quality. Furthermore, further investigation into the impact of slicing software choices
on the outcome of printed parts is needed, as it holds considerable promise for refining
FDM technology. The insights gained from this study are poised to make a substantial
contribution to the field of precision manufacturing and to the application of FDM printing
in producing parts that meet stringent quality standards.
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