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Abstract

Purpose: This study analyzes the influence of extrusion temperature, printing speed, and layer
thickness on dimensional accuracy, geometric deviations, and surface roughness of Nylon 12
parts fabricated via Fused Filament Fabrication (FFF). Understanding these effects is key to
optimizing the process for precision engineering and biofabrication applications.
Design/methodology/approach: Hollow cylindrical specimens were printed under varying
conditions: extrusion temperature (240-270 °C), printing speed (40-60 mm/s), and layer
thickness (0.1-0.3 mm). Dimensional deviations, roundness, circular run-out, cylindricity,
straightness, and surface roughness were analyzed. Response Surface Methodology (RSM) was
applied to develop predictive models, while Grey Relational Analysis (GRA) was used to
optimize process parameters.

Findings: Higher layer thickness and extrusion temperature increased surface roughness, while
higher printing speeds worsened roundness and cylindricity but improved straightness and
circular run-out. The optimal parameters identified by GRA were 40 mm/s speed, 0.1 mm layer
thickness, and 255 °C extrusion temperature.

Originality/value: This study systematically evaluates geometric deviations in Nylon 12 parts
fabricated via FFF, an area with limited prior research. The combined use of RSM and GRA
provides a robust approach to minimize geometric errors and enhance print quality, benefiting
industries requiring high-precision polymer components, such as aerospace, biomedical
engineering, and mechanical manufacturing.

Acronyms

FFF = Fused Filament Fabrication

v = Printing speed (mm/s)

T = Extrusion temperature (°C)

e = Layer thickness (mm)

D,,, = Outer diameter deviation

D;, = Inner diameter deviation

H = Height deviation
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RON = Roundness deviation

CRO = Circular runout

STR = Straightness deviation

CYL = Cylindricity deviation

Ra = Arithmetic mean surface roughness (um)

;= Scan length (um)

/.= Contact length (mm)

RSM = Response Surface Methodology

GRA = Grey Relational Analysis

1.- Introduction

In recent decades, additive manufacturing has brought a major change in the way the products
are manufactured. This technology, also called 3D printing, has changed numerous industrial
sectors, including automotive, aerospace, and healthcare, among others (Altiparmak & Xiao,
2021; Ghidini et al., 2023; Guo & Leu, 2013). The design flexibility, the reduction of waste,
and the capability of producing complex geometries that are unfeasible with traditional
manufacturing methods are currently revolutionizing the manufacturing landscape (Lin et al.,
2021).

Among the various additive manufacturing processes, Fused Filament Fabrication (FFF), also
known as Fused Deposition Modelling (FDM)), is distinguished by its relative simplicity, lower
cost and the wide materials range that can be used, making it an attractive option for industrial
applications as well as for domestic and educational use (Bahnini et al., 2018; Garcia-
Dominguez et al., 2020).

In this context, Nylon is one of the most versatile and prominent materials applied in additive
manufacturing using FFF technologies (Fathi & Dickens, 2013; Terekhina et al., 2019). Among
its different attributes, this thermoplastic offers a combination of properties that make it ideal
for a wide applications range, from functional prototypes to end-use parts in industries such as
automotive and aerospace (Martinez et al., 2022). Its high mechanical strength and toughness,
high flexibility, good wear resistance, thermal stability and resistance to chemical attack
compared to other thermoplastic materials makes it suitable for manufacturing end-use parts
(Ketan Vagholkar & Parth Vagholkar, n.d.; Song et al., 2005; Yunus et al., 2005). In particular,
nylon is employed in the manufacture of final components that require a combination of
lightweight and robust properties, including brackets, housings and structural parts, being its
wear resistance and thermal stability ideal for these applications (Moreno-Nuiiez et al., 2023;

O’Connor & Dowling, 2019).
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The use of Nylon is increasing in industries such as automotive and aerospace, where producing
parts with high geometric accuracy is essential for ensuring the functionality and integration of
printed parts into wider components. For example, geometric deviations lead to assembly
failures, performance problems and, in extreme cases, a structural failure of the component in
service (Braian et al., 2016; Oh et al., 2022; Rupal et al., 2020). Consequently, it is important
to perform an exhaustive geometry control that guarantee the required specifications and
tolerances (Minetola et al., 2020; J. Singh et al., 2016; Valerga Puerta et al., 2020). In addition
to dimensional tolerances, form deviations and surface roughness are attributes of manufactured
parts that are of great interest in high value-added industries (Karamimoghadam et al., 2023;
Vazquez-Martinez et al., 2020). However, these characteristics of surface finish have not been
studied so intensively until nowadays, when the focus of the production using additive
technologies has shifted from the manufacturing of prototypes to obtaining final parts (Felbrich
et al., 2018; Sharma et al., 2023). This trend has increased the interest of the scientific
community in studying not only the properties of 3D-printed parts, but also the process
parameters that affect these properties.

The final properties of FFF-produced parts are highly dependent on the precise control on the
printing parameters. Factors such as temperature, printing speed, and layer thickness
significantly influence the mechanical strength, surface finish, and dimensional accuracy of the
printed components (Garcia Plaza et al., 2019a; Kechagias et al., 2022a). Variations in these
parameters can lead to deviations in the expected performance and the final part quality.
Consequently, it is crucial to consider the process parameters in order to ascertain the final
conditions of the part.

One of the most studied variables is temperature. Heat is a requisite for the deposition of layered
material by FFF technologies, and represents a crucial parameter, as it is directly related to
volume variations that ultimately influence the final geometry of the part (Nahar & Gurrala,
2022; Oskolkov et al., 2021). Another significant parameter is the speed at which the material
is deposited on the layer, known as printing speed. From a production standpoint, although
increasing the speed reduces manufacturing times (Qin et al., 2019; R et al., 2021), high speeds
may result in defects in the final product, such as porosity and high surface roughness, Or
equipment vibrations that generate geometric distortions in the part. Layer thickness is also the
subject of many studies, as increasing this parameter reduces manufacturing times (Alafaghani
& Qattawi, 2018; Yang & Yeh, 2021), although it is also related to a negative impact on the

mechanical properties and geometry of the resulting parts (Letcher et al., 2015; Nomani et al.,
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2020). Additionally, other parameters such as layer orientation, nozzle diameter and raster
orientation have been also studied in the literature for different materials.

The effect of printing speed, layer thickness and build orientation on geometrical deviations
was analysed by E. Garcia et al. (Garcia et al., 2020) for PLA-Graphene parts manufactured by
FFF. In this study, different parts printed using printing speeds from 20 to 80 mm/s and values
of layer thickness from 0.06 to 0.24 mm. The results indicate that the upright orientation
achieved the best dimensional accuracy, in contrast with the flat orientation which showed
poorest accuracy. Regarding the printing speeds, the authors stated that larger extruder
movements increase the errors due to the accumulation of single positioning errors.
Nevertheless, the lowest flatness deviation was obtained with flat orientation, achieving the on-
edge orientation the higher deviation. In addition, they found that an increase of printing speed
and layer thickness, respectively, affects negatively dimensional accuracy of the manufactured
parts.

The same three parameters were studied by E. Garcia et al. (Garcia Plaza et al., 2019a) in order
to assess their effect on dimensional deviations and flatness in PLA parts produced via FFF. In
terms of dimensional deviations, the results shown that none of the three variables studied are
significant. However, on-edge orientation demonstrated favourable dimensional outcomes, in
any direction at low printing speed and low layer thickness. Conversely, reducing layer
thickness was identified as a significant factor that affects flatness positively, reducing the value
of the shape deviation.

The effect on surface roughness and dimensional accuracy of different parameters for
acrylonitrile butadiene styrene (ABS) parts produced by FFF was studied by S. Vyavahare et
al. (Vyavahare et al., 2020). In their study, they analysed layer height, deposition rate, layer
orientation, shell thickness and extrusion temperature as input variables. Their initial results
showed dimensional deviations ranging between 8.9% and 9.8% of the nominal values. They
found that the layer thickness is statistically significant, and that surface roughness (Ra)
increases with layer thickness. They also found that in terms of dimensional accuracy, the layer
thickness proves to be influential, with better results at intermediate values (0.2 mm) than at the
extreme values of the range studied (0.1-0.3 mm). Regarding the other variables, no clear
influence on dimensional accuracy was observed.

In relation with the nozzle diameter, S. Khatoon et. al. (Khatoon & Ahmad, 2023) analysed the
dimensional errors obtained in the fabrication of polymethyl methacrylate micropillars for
biomedical applications via FFF were investigated. The nozzle diameter was varied (0.20, 0.25

and 0.30 mm) while the remaining parameters were held constant. The results indicated that the
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optimal nozzle diameter for achieving dimensional accuracy was 0.25 mm because is the most
suitable choice as it optimizes filament deposition, minimizes thermal defects, improves layer
quality, and maintains efficient print times.

In addition to the previously mentioned variables, the filament colour has also been considered
in the study of the dimensional accuracy of parts obtained by FFF. As indicated in (Frunzaverde
et al., 2023), the thickness of red PLA parts increased by up to 12%, while parts obtained with
black filament exhibited a deviation exceeding 5%. In this instance, although a greater
discrepancy was observed at higher layer thicknesses (0.2 mm), no discernible trend was
evident when varying the value. Authors considered that the colour of the filament significantly
affects the dimensional accuracy of 3D-printed PLA parts due to variations in the thermal
properties and material flow behaviour caused by pigmentation additives.

Although the above mentioned parameters are related to geometrical properties and surface
roughness, there are few studies that analyse the effects of these parameters on parts printed
using Nylon. Among these studies, I. Buj-Corral et al. (Buj-Corral & Zayas-Figueras, 2023),
performed a comparative analysis to investigate the dimensional error and roundness in the
fabrication of a cylindrical spur gear by FFF using PLA and Nylon PA6. For this purpose,
different printing temperatures and bed temperatures were set for manufacturing PLA and
Nylon gears, respectively, and a unique layer thickness value of 0.2 mm. The results showed
that the gear obtained with PLA provided better dimensional accuracy compared to Nylon
(0.23% in PLA, 2.30 % in Nylon), with lower relative errors in key measurements, whereas the
Nylon gear had better roundness accuracy (0.254 in PLA gear, 0.177 mm in Nylon gear) , which
was attributed to differences in infill rates.

A relevant investigation on Nylon was also provided by K. Rashed et. al. (Rashed et al., 2022),
who analysed the influence of infill density, layer height, infill pattern and raster orientation in
surface roughness and different mechanical properties of pieces obtained by FFF. They stated
that the infill density (80-100%) is the sole significant variable influencing surface roughness,
as higher infill density contributes to a smoother surface finish in the printed parts. Conversely,
large layer thickness was related to elevated surface roughness. However, given the dimensions
employed to fabricate the specimens (0.1 and 0.2 mm), this variable is not deemed statistically
significant.

Similar outcomes to those reported by S. Vyavahare et al. (Vyavahare et al., 2020) for ABS
were obtained by R. Tahir (Mushtaq et al., 2022) in the Ra of parts produced by FFF of ABS
and Nylon 6. Regarding Nylon, they found that reducing the Ra value must be accompanied

with a reduction of layer thickness, printing speed, and an increase of temperature.
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A review of the literature shows that few studies have investigated the influence of process
parameters on the mechanical and surface properties of parts manufactured by FFF
(Dobrzanska-Danikiewicz et al., 2023; Durgun & Ertan, 2014; Rajpurohit & Dave, 2019;
Ralchev et al., 2021), and Nylon remains a relatively understudied material. Given that this
material is increasingly used to produce final parts in high-value manufacturing sectors, it is
necessary to study the influence of process parameters on the geometric deviations of final parts
in order to optimize the manufacturing process. Accordingly, the present study aims to evaluate
the impact of layer thickness, printing speed, and extrusion temperature on the geometry of
hollow cylindrical Nylon 12 parts, representing an axis-hole system. This will facilitate the
establishment of optimal manufacturing conditions through Grey Relational Analysis (GRA).
Although previous studies have explored the influence of process parameters on the
dimensional accuracy of FFF parts, very few have focused on Nylon 12 materials. Moreover,
most research has either used statistical modelling techniques or direct correlation analyses, but
not a combined approach. In this study, a novel methodology is proposed by integrating
Response Surface Methodology (RSM) to build predictive models and Grey Relational
Analysis (GRA) for multi-response optimization. The RSM models provide predicted values
which are subsequently used in GRA, allowing for a more accurate optimization over a broader
set of process parameters. This combined approach addresses a gap in the literature and
provides a comprehensive understanding of the process—geometry relationship in FFF of Nylon
12 parts.

2. Methodology

In order to evaluate the influence of the manufacturing parameters on the geometrical properties
of Nylon 12 parts obtained by FFF, a cylindrical-type part has been designed. The hollow
cylindrical specimen was designed to evaluate the potential influence of the parameters on a
concave or convex surface. This geometry allows to determine whether the effects could be

noticeable in a cylindrical part with different radius. Furthermore, the thickness and height of
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the specimens were set to provide enough rigidity and stability to be manipulated and measured.
The specific dimensions of the specimens are illustrated in Figure 1.

45,00
30,00

T T

50,00

Figure 1. Design dimensions (in mm) of the test pieces to be manufactured.
A set of specimens with the design conditions was obtained by means of Fused Filament
Fabrication. The specimens were printed using a Raise 3D Pro2 model printer (Figure 2). This
equipment has an extrusion capacity up to a maximum temperature of 300 °C and a resolution
per layer up to 0.01 mm. The G-code for the printing process was obtained using the slicing

software idea Maker.

r Laminado  [M) Exportar al disco local * % Ce

Figure 2. Slicing software and equipment used for the test tube fabrication.

To analyse the influence of the manufacturing parameters in the geometrical properties, the
printing speed (v), the temperature (7) and the layer thickness (e) have been varied, producing
a total of 18 specimens corresponding to the values shown in Table 1.

It must be noted that Nylon printing requires low values of v to ensure the enough quantity of
the material during the extrusion process, as reported by R. T. Mushtaq et al. (Mushtaq et al.,
2022), whereas the range of temperature selected correspond to the values recommended for
filament manufacturer (240 — 270 °C). In addition, e values were selected to maximize the piece
resolution, as it is the case of the lowest e value (0.1 mm) and to minimize the manufacturing
time, as it is the case of the higher e value (0.3 mm) (Shakeri et al., 2021a).

Table 1. Values of the manufacturing parameters variables.

7
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v (mm/s) T(°C) e (mm)
240 0.1
40
255 0.2
60
270 0.3

The layers deposition has been carried out in the cylinder generatrix direction (vertical
direction). This orientation has been observed to reduce the amount of material used, as no
support material is required. Furthermore, previous studies have demonstrated that this
orientation exhibits less geometrical errors compared to a horizontal direction (Garcia et al.,
2020b; Hooshmand et al., 2021).

The remaining manufacturing parameters have been maintained at a constant level. The specific
values are presented in Table 2. To implement these parameters in the production of the parts,
IdeaMaker slicing software was employed.

Table 2. Printing conditions.

Infill density 100 %

Bed temperature 110 °C
Exterior Shell number 2
Interior Shell number 2

A total of 18 specimens were obtained by considering each of the possible combinations of the
previously established values of v, T and e. The dimensions of the outer diameter (D,,), the
inner diameter (D;,) and the height (H) of the piece were measured for the geometric control of
these specimens.

An outside micrometre was employed to measure the outer diameter D,,, performing four
diameter measurements for each specimen, located at four different heights in intervals of 10
mm apart. In the case of the D;, measurement, a three-contact inside micrometre was used,
yielding four measurements at different heights as performed with the outer diameter. All
measurements were repeated four times for each specimen and the average value was
considered to minimize the influence of measurement variability. For the height, a depth probe
was used, resulting in the measurement of H at four different positions at intervals or 90 degrees.
Table 3 illustrates the specifications of the instruments utilized for measurement. Prior to data
acquisition, the apparatus underwent calibration using longitudinal standard blocks, resulting

in an uncertainty value commensurate with the scale division of each instrument.
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Table 3. Metrology characteristics for dimensional equipment used.

Three contact Inside

Outside micrometre Depth CALYPER
micrometre
Model IROKO D1 1081 MITUTOYO, MAH2 RS PRO
Scale division (mm) 0.01 0.01 0.01
Measuring range (mm) 0-150 25-30 0-150

A Mitutoyo portable roughness meter, model SURFTEST SJ-210, was employed to ascertain
the surface finish. The resulting measurement is indicative of the arithmetic mean roughness
(Ra). Four Ra values were obtained on the outer surface of each specimen, as well as on the
inner surface. This was achieved by measuring four generatrixes on the upper part and four
generatrixes on the lower part, separated by 90° for each. A Gaussian filter has been used to
obtain the roughness profile. The scan length (/) was 25 um and the contact length (/.) was 8
mm according to ISO 21920-3:2021 standard (International Organization for Standardization,
2021).

The macrogeometrical deviations were measured for every specimen with a form-measuring
machine of ACCRETECH, model RONDCOM NEX (Figure 3). Five roundness (RON)
measurements were carried out at the inner surface and at the outer surface, respectively, in
intervals of 10 mm along the cylinder generatrix. Among the different mathematical methods
to obtain the roundness value, according to ISO 12181-1:2011 (International Organization for
Standardization, 2011), the least square error method was used, being a common method used
in previous researches (Béjar et al., 2019; Bermudo Gamboa et al., 2022). According with the
values obtained in each section measured, the circular runout (CRO) was obtained.

Regarding longitudinal form deviations, the specimen straightness (S7R) has been measured
for the inner and the outer specimen surface. Along one generatrix, three measurements were
carried out separated 5 mm each other and 10 mm length. In addition, the measurements were
reproduced in three generatrix, 90° separated each other, obtaining twelve straightness values
for each specimen surface. Finally, using the different measurements performed for each

specimen, the cylindricity (CYL) was calculated.
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Figure 3. Macrogeometrical deviations measurements (a) form-deviations equipment, (b)

roundness results, (c) cylindricity results, (d) straightness results.

The experimental results obtained were processed using different analytical techniques to
evaluate the influence of manufacturing parameters on the geometric deviations and surface
roughness of the printed parts. The relationship between these parameters and the studied
variables was analysed using the Pearson correlation coefficient, which allows for a precise
evaluation of the linear dependence variables. This method is particularly suitable for
identifying trends and quantifying the influence of process parameters on dimensional accuracy.
To develop predictive models and assess the interaction between variables, Response Surface
Methodology (RSM) was applied, employing second-order polynomial models. In general, the
second-order RSM model is expressed as Equation 1:

Y = Bo+ Xy BiXi + Xl BuX?F + LIS XN BuXiXj + € (1)
where Y is the response variable, X; and X; are the independent variables, 8 values are the
regression coefficients, and ¢ is the residual error. In this study, with three independent variables
(k=3) corresponding to printing speed (v), extrusion temperature (7), and layer thickness (e),
the fitted model takes the form of Equation 2:

Y=L+ PB1v+ BT + Bre+ L11V? + L22T% + Baze? + 1T + B13ve +

[23Te + ¢ (2)

The experimental matrix was designed according to a central composite design, and the
regression coefficients were calculated from the experimental data. The model adequacy was

evaluated through the coefficient of determination (R?).
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RSM is widely used in additive manufacturing as it effectively captures nonlinear behaviours,
facilitates process optimization, and enables the identification of optimal manufacturing
conditions through mathematical modelling (Temiz, 2024; Vanaei et al., 2022).

Additionally, to optimize and evaluate the best printing conditions, Grey Relational Analysis
(GRA) was used, considering that all output variables should be minimized to enhance
dimensional precision. GRA is particularly advantageous in multi-response optimization, as it
normalizes variables of different scales, ranks parameter configurations based on overall
performance, and provides a systematic approach to selecting the most favourable process
conditions.

Initially, the experimental results were normalized. To do that, it is necessary to take into
account if lower or higher results are better. In this case, smaller values of geometrical
deviations and surface roughness values are better. Equation 3 was used to normalize the

experimental results in both cases.

max(x;) — Xg

Smaller is better

3)

Ay max(x;) — min (x;)

Where different variables correspond with:
e 7, : Normalized value for the output variable in a cutting parameter combination.
e x;: Set of output variable values
e x;: Output variable value in a cutting parameter combination.

Reference value (R) has been selected as the maximum value of Z;. Then, the normalized values

variations (Ay) were calculated (Equation 4).

A = [Yx —R| “4)
The identificatory coefficient (&) has been calculated according Equation 5. These values are
between a 0 to 1 range.

_ min (4) + 0.5-max (x)
KT Ak + 0.5-max (xi)

©)

Finally, the mean value of the identificatory coefficients corresponds with the GRC values
(Equation 6). These results allow to rank the best performing cutting parameters (higher GRC

values) against the worst performing combinations (lower GRC values).

GRC = ¢, = ¥ ©)

11
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The use of GRA has been shown to be effective in additive manufacturing studies for selecting
the most suitable processing parameters in multi-criteria decision-making environments
(Shakeri et al., 2022; M. Singh & Bharti, 2022).

3. Results

Once the specimens were obtained for the different combinations of temperature, printing speed
and layer thickness, a series of measurements were taken to perform a geometry analysis. The

measurement results are presented according to three categories corresponding to each

subsection of the results section: dimensional deviations, form deviations and surface roughness.

In each case, the influence of the manufacturing parameters on the magnitudes under analysis
was investigated. Based on these results, a mathematical model has been proposed to predict
each of these magnitudes, respectively, as a function of the manufacturing parameters.

3.1. Dimensional Deviations Analysis

Figure 4 illustrates the deviations in the values of the outside and inside diameter and the height
of the specimens as a function of the printing speed, the extrusion temperature and the layer
thickness.

In general terms, it can be observed that the specimens obtained have a lower value of outer
and inner diameters in comparison to their design dimensions. This phenomenon can be
attributed to the volumetric contractions during the cooling of the deposited material, and it is
inherent to the thermal process necessary for the filament extrusion. With regard to the height
of the cylinders, the deviations obtained in comparison to the nominal height are lower than in
the case of the diameters. In this case, larger and smaller dimensions than the nominal were
observed indistinctively, without a discernible pattern.

The results depicted in Figure 4a, which corresponds to a deposition rate v = 40 mm/s, shown
a decrease of the deviation of the outer diameter as the extrusion temperature increases.
However, that trend observed for the lowest deposition rate was not observed for the highest
deposition rate (v = 60 mm/s), where the maximum reduction of the deviation was obtained for
the intermediate temperature 7 = 255 °C (Figure 4b). It must be noted that the outer diameter
deviations are negative independently of the value of the printing parameters, which
corresponds with a reduction of the diameter with respect to the nominal.

Furthermore, a reduction of the deviation was observed at the highest extrusion temperature
(270 °C) in comparison to the lowest temperature (240 °C). Regarding the influence of layer
thickness on the outer diameter, the results show an increase of the deviation with respect to the
nominal as the value of this parameter increases, which is irrespective of 7'and v. This is due to
the adjustment that is originates in the extruded bead at the ends, which has a different width

12
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i due to the thickness of the layer, thereby modifying the final dimension of the part. This result
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Attending to the inner diameter, deviations of different sign were obtained for v = 40 mm/s, as
represented in Figure 4c. The deviations were positive for the smallest value of the layer
thickness (e = 0.1 mm), while for the other two values they were negative in most of the cases
analysed. In this case, the smallest error was obtained for the intermediate temperature.
However, for the highest speed value (v = 60 mm/s) represented in Figure 4d, this behaviour is
only observed for e = 0.1 mm, while for 0.2 and 0.3 mm the deviation decreases when the
temperature increases. It is necessary to consider the temperature values used to carry out the
tests, the maximum and minimum values correspond to the extreme values of the material for
a correct operation, so at intermediate values the creep capacity of the material in the extruder
die could be considered more adequate at these intermediate temperature values.

For the lowest value of v, it is not possible to establish a clear influence of e on the deviations
obtained. However, for v = 60 mm/s an increase in deflection with increasing e is observed at
extrusion temperature values of 240 and 255 °C.

The height is the dimension with the smallest dimensional deviation analysed. This result is due
to the better control of the displacement of the printer head along the Z axis, which defines the
layer thickness. Furthermore, the layer by layer process causes that any excess of material
deposited in a specific layer gets displaced in the following layer, which allows for a best control
of the layer height. In contrast, in the XY plane the deviations are mainly affected by the creep
of the material and the volumetric contractions due to temperature, which produce the flux of
the material during the deposition and its contraction during the cooling process.

Regarding temperature and layer thickness, they did not show a clear influence on the deviation
from the nominal part height. However, for v a slight increase can be observed as the speed
increases, although this trend could be considered as not very relevant.

With the aim of determining the correlation among the different variables analysed, a Pearson
correlation analysis was performed. Table 4 shows the values of the Pearson correlation
coefficients of the output variables with respect to the input variables (between the output and
the input variables). These results are in line with the experimental results, where a greater
significance of the extrusion temperature on the O.D. deviation was observed, with the value
of the deviation increasing as the temperature increases. These results of this analysis align with
the analysis previously performed in this section, showing (1) a greater influence of the
extrusion temperature on the dimensional deviation of the outer diameter than on the inner
diameter, and (2) an increase of this deviation with temperature.

In relation to D;,, a significance is shown in relation to the printing speed, with an inverse

relationship in this behaviour, where an increase in v tends to reduce the inner diameter
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deviation. However, the relationship between v and H is direct, with higher values of v
increasing the value of the deviation.

Among the variables studied, e is the one that has shown the least relevance, with a slight
significance in the deviation of the inner diameter.

Table 4. Pearson correlation values in the dimensional deviations

Dou Din H
v 0.19 -0.49 0.35
T 0.55 -0.16 -0.01

e -0.22 -0.34

Using the Response Surface Methodology (RSM), second-degree polynomial models were

obtained, allowing to relate the deviations from the nominal value of each of the output
variables studied with the input variables used in the experimental process (deposition rate,
temperature and layer thickness). Related with the dimensional deviations, Equations 1 to 3
expose the mathematical model for the outer diameter (D,,), inner diameter (D;,) and piece
height (H).

To relate the input variables of the process (deposition rate, temperature and layer thickness) to
the output variables, a Response Surface Methodology (RSM) analysis with second-degree
polynomial models was used. The corresponding mathematical models for the outer diameter
(D,y,), inner diameter (D;,) and piece height (H) are described by equation 1, 2 and 3,
respectively. Additionally, the degree of fitting of each mathematical model has been expressed
by means of the R? value, which are represented in Table 5. As can be seen, the mathematical
model corresponding to the outer diameter D, has a poor fit in its model, whereas the prediction
of the model for the inner diameter D;, and the layer height H, respectively, are fit enough to
relate both variables to the manufacturing parameters used in the process.

D,, (mm) =34.8 + 0,0472 v+ 0,064 T - 0,09 e - 0,000098 T>-2,98 e -

0,000188 v+ T+0,0132v - e+0,0014 T+ ¢ @)
D;y (mm)=13.5 - 0,1287 v + 0,203 T- 7,21 ¢ - 0,000445 7>+ 11,73 ¢ 2 +

0,000443 v - T+0,0348 v - ¢-0,0001 T - e )
H (mm) = 30.79 - 19,21 - 0,0695 v + 0,1671 T - 4,19 ¢ (mm) - 0,000354 7> + o

4,69 €2+ 0,000255v - T+0,0349 v - e+ 0,00233 T - e (mm)
Table 5 shows the fit of each of the models obtained. As can be seen, D, has a poor fit in its
model. This lower predictive accuracy may be attributed to the high sensitivity of the external
diameter to slight geometric imperfections, material shrinkage, or thermal deformation
phenomena. Consequently, the proposed model should be considered as an approximate

predictive tool, valid within the experimental range of this study. In contrast, the regression
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models obtained for D;, and H exhibited higher R? values, reflecting a stronger correlation and
a better predictive capability within the studied experimental range.

Table 5. Models fit values of the geometrical deviations.

Dou Din H
R? 0.490 0.704 0.837

3.2. Microgeometrical deviations analysis

Figure 5 shows the experimental results of the arithmetic mean of the roughness (Ra)
measurements of each of the specimens obtained for each of the manufacturing conditions used
during the experimental phase. These results are shown for both the outer and inner surfaces of
the cylinder.

In general, the roughness analysis of the outer and the inner surfaces of the cylinder, Ra;, and
Ra,,, respectively, show values of the same order of magnitude. However, the inner roughness
values are slightly higher than those on the outer surface, with an increase of Ra approximately
from 1 to 5 um in the different specimens measured. This difference is probably due to the
morphology of the surface, which is concave inside the cylinder and convex outside the
specimen.

From the results obtained, a clear influence of the layer thickness can be observed
independently of the 7" and v values. For both the inside and the outside of the cylinder,
increasing the layer thickness produces an increase of Ra. These results are consistent with
those obtained using additive manufacturing by material extrusion with other types of
conventionally used materials, such as PLA or ABS (Karamimoghadam et al., 2023; Mushtaq
et al., 2022; Vyavahare et al., 2020).

For the lowest value of v (40 mm/s) it can be observed that the increase of temperature produces
higher values of Ra, being this effect more relevant at the first step of temperature (from 255
t0270 °C) than at the second step (from 240 to 255 °C). This phenomenon is more pronounced
for lower values of e (0.1 and 0.2 mm), while for values of e = 0.3 mm the variation of Ra is
not very significant. However, for the highest value of v (60 mm/s), the highest values of Ra
are observed at the intermediate temperature (255 °C) and a higher roughness is obtained at the

highest temperature (270 °C) compared to the lowest value studied (240 °C).
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Figure 5. Roughness deviation for the different temperature and layer thickness (a) Outer
roughness and v = 40 mm/s; (b) Outer roughness and v = 60 mm/s; (¢) Inner roughness and v =
40 mm/s; (d) Inner roughness and v = 60 mm/s.

The analysis shows that, on the one hand, the effect of temperature on surface roughness can
be related from the thermal contractions and expansions obtained during the manufacturing
process. Higher contractions associated with higher temperature values tend to cause surface
irregularities that affect negatively the Ra value. On the other hand, the increase of v generally
leads to reductions in Ra up to 40% for a layer thickness of 0.2 mm. This occurs on both the
inner and outer surfaces of the samples analysed.

Table 6 shows the Pearson correlation coefficients of the input variables with respect to Ra on
the outer and inner surfaces, respectively. These results show a significant positive correlation
of e with respect to the roughness on both, the inside and outside of the specimen. However,
the temperature effect on the manufacturing variables is small, showing only a slight tendency
of Ra to increase with temperature. This effect can be observed in Figure 5b and 5d, where the

Ra values for T=255 °C are higher than those at T=270 °C.
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With regard to v, there is not a high correlation with the Ra values obtained, although there is
an inverse relationship between the two variables, i.e. an increase of v reduces Ra.

Table 6. Pearson correlation values ion surface roughness.

Ra,, Rai,
Sy -0.28 -0.18
T 0.06 0.05
e 0.69 0.62

As performed in the previous section for the dimensional deviations, equations 4 and 5 show
the models obtained by RSM relating the roughness inside and outside the specimens to the
three process variables studied.
Ra,, (pm) =-827+ 1.88 v+ 5.78 T+ 583 ¢-0.0101 7% - 272 ¢*- 0.00685 v - T-1.56
v-e-134T- e
Ra;, (um)=-1461+294v+10.48 T+ 685¢-0.0189 72-350¢*-0.0104 v - T -
215v-e-150T-e

(10)

(11)

The fitting of these models, represented by R? depicted in Table 7, show a high correlation of
the mathematical expressions, therefore allowing to perform accurate predictions about the
behaviour of Ra for the parameters analysed within the range of study selected. In this regard,
the behaviour for the outer surface is slightly better than for the inner surface.

Table 7. Models fit values of the inner and outer roughness.

Raou Rain
R? 0.739 0.690

3.3. Macrogeometrical Deviations Analysis

In this section, the geometric deviations of roundness (RON), circular runout (CRO),
cylindricity (CYL) and straightness (S7R) are analysed as a function of the manufacturing
parameters. Each of the geometric deviations is evaluated independently by establishing second
degree polynomial models from RSM for each of the variables considered. The correlation
between each of the analysed macro-geometric deviations and the manufacturing variables
considered is then evaluated.

The first shape deviation analysed is RON, whose results are shown in Figure 6 for each of the
specimens obtained. It can be observed that, given a set of process parameters, the RON values
obtained are always higher for the outer sections than for the inner sections of the specimens.
This result is due to the larger diameter of the outer surface of the cylinder, which caused a
greater deviation than that of the inner surface (Kryvyi et al., 2020; Shakeri et al., 2021b).

The increase of e produced higher RON values in the tests, regardless of the values of v and 7.

The greater amount of material deposited, with a greater layer thickness, causes greater RON
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deviations, especially on the outer and inner faces, where the material can move more freely
and therefore produce greater deviations.

With regard to the influence of v, it can be considered that the increase in speed has caused an
increase in the deviation obtained. This may be due to a greater vibration of the extrusion head,
associated with higher speeds, which may cause an increase in the irregularities in the shape of
the surfaces obtained (Kechagias et al., 2022b).

With respect to the extrusion temperature, a general trend in the RON values with respect to
this variable was not observed. However, for the specific case of e intermediate values (0.2 mm)
and v low values (40 mm/s), an increase in temperature caused an increase in the shape deviation,

both on the inner and outer surfaces of the part.

v =40 mm/s v =60 mm/s
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Figure 6. Roundness deviation for the different temperature and layer thickness (a) Outer
roundness and v =40 mm/s; (b) Outer roundness and v = 60 mm/s; (¢) Inner roundness and v =

40 mm/s; (d) Inner roundness and v = 60 mm/s.
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As in the case of geometry and surface roughness deviations, second-degree polynomial models
have been obtained to relate RON to the manufacturing variables used in the production of the
part (Equations 6 and 7).
RON,, (um) =818 +18.6 v-8.5 T+ 1047 e+ 0.021 7*-271 &2-0.0634 v - T+
52v-e-18T"e
RON;, (um) =-4740 +35.5v+30.2 T+ 879 ¢-0.048 77 -6532¢*-0.1382v - T
+6.0v:-e+97T e

(12)

(13)

The fit of the models is shown in Table 8. As can be seen, the results show a good correlation
so that these models can be used to evaluate the inner and outer RON behaviour over the full
range of manufacturing parameters used.

Table 8. Models fit values of the inner and outer roundness.

RON,, RON/,
R? 0.830 0.895

The CRO values obtained for each of the specimens, both inner and outer, can be seen in Figure
7 as a function of the manufacturing parameters studied (v, 7'and e).

In general, it can be observed a slight increase of the values of CRO obtained on the inner
surface compared to those obtained on the outer surface. This increase is not very significant,

except by the results obtained for the specific case of v =60 mm/s and 0.2 mm layer thickness.
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(c) (d)

BT=240°C IT=255°C T=270°C

Figure 7. Circular runout deviation for the different temperature and layer thickness (a) Outer
circular runout and v = 40 mm/s; (b) Outer circular runout and v = 60 mm/s; (c) Inner circular
runout and v =40 mm/s; (d) Inner circular runout and v = 60 mm/s.
Regarding the velocity of the printing head v, its influence on CRO is not clear for both, the
inner and the outer surface, although there is a correlation of v with 7. At low values of v (40
mm/s), an increase in CRO with temperature is observed, while for the highest value of v (60
mm/s) the opposite behaviour takes place. This behaviour can be related to the material creep,
as far as at higher temperatures the creep phenomenon increases. Therefore, the combination of
creep and high speed produces narrower bead thickness, showing a more regular geometry of
the bead, and thus reducing the CRO deviation (Quelho de Macedo et al., 2019). This behaviour
can also be observed with a combination of low v and low T values, so the correlation between
these two variables in terms of this shape deviation is of interest.
In relation with the influence of e, it can be noted a greater influence on CRO in general than
that observed for v and T. In this case, for low values of v (40 mm/s), an increase in CRO can
be observed as e increases. This is due to the fact that a larger amount of deposited material is
generated, which has a negative effect on the value of CRO. However, the same behaviour
cannot be considered for v =60 mm/s. Although a higher bead height is obtained as e increases,
the increase in v tends to produce a narrower bead, which tends to reduce the CRO value.
The second order polynomial models for CRO both inside and outside the specimens are shown
in equations 8 and 9. Table 9 shows the fit obtained in these models, which can be considered
a good fit for the range of parameters used in the manufacture of the specimens.

CRO,, (um) =3611+51.98v-374T-1262e¢+0.0893 T2+ 176 ¢*-0.1931 v -

T-1455v-e+798T e

CRO;, (um) =3062 +44.1 v-30.6 T-2966 e + 0.0714 7> + 1342 > - 0.1604 v -

T-1687v-e+12.83T- ¢

(14)

(15)

Table 9. Models fit values of the inner and outer roundness.

CRO,, CRO,
R? 0.860 0.800

The values obtained for the cylindricity of each of the specimens are shown in Figure 8 for each
of the values of v, T'and e used. In this case, lower CYL values were obtained on the inside than

on the outside of the pieces obtained.
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Figure 8. Cylindricity deviation for the different temperature and layer thickness (a) Outer
cylindricity and v = 40 mm/s; (b) Outer cylindricity and v = 60 mm/s; (c) Inner cylindricity and
v =40 mm/s; (d) Inner cylindricity and v = 60 mm/s.

A clear influence of v on CYL values can be observed in the results, independently of 7 and e,
with the deviation increasing as the printing speed of the extruded material increases, both
inside and outside the part. However, no clear CYL trend can be observed with respect to
temperature. Nevertheless, it was observed that high v values (60 mm/s) generate lower CYL
values at high temperatures (270 °C) than low values (240 °C).

In terms of layer thickness, there is a clear tendency for the deviation to increase as the e value
increases, with this influence being more relevant on the inner surface than on the outer surface.
The concavity of the inner surface tends to produce greater irregularities in the shape of the
parts obtained, considering a smaller section radius (Shakeri et al., 2021b).

Equations 10 and 11 show the second-degree polynomial models relating the cylindricity

deviation to the manufacturing parameters of the sample. The goodness of fit of the models is
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shown in Table 10. It can be seen that these models give a good fit over the range of working
parameters used.
CYL,, (um)=3975+973v-46T-540e+0.116 T>- 1345 ¢*-0.354 v - T -
40v-e+82T e
CYL;, (um) =-19330+ 115.5v+ 132 T- 1701 ¢ - 0.230 77 - 14629 ¢2-0.435 v
T+01lv-e-+342T-¢

(16)

(17)

Table 10. Models fit values of the inner and outer cylindricity.

CYLo, CYL,
R? 0.726 0.798

The last variable measured was straightness on the inside and outside of the cylindrical part.
On this occasion, higher deflection values were obtained on the inside than on the outside, with
a behaviour similar to that of CRO.

Regardless of T and e, an increase in v must result in a reduction in straightness deviation. This
improvement in the STR deviation is much more sensitive to high values of 7'than to low values.
Regarding the influence of 7, at low values of v (40 mm/s), a clear increase in STR is observed
as T increases. On the other hand, at high values of v (60 mm/s), the highest values of STR are
observed at intermediate values of 7' (255 °C).

Finally, an increase in e also tends to generate a higher STR value, which can be explained by
considering the higher surface irregularities associated with the higher e values, as observed in
the surface roughness (Marcel Kuruc, 2024).

In equations 12 and 13 the polynomial models relating STR to the manufacturing variables used
in the production of the parts have been presented. The fit of these models is shown in Table
11. Although their fit is inferior to that obtained with the other models, they can be considered
adequate (R? > 0.63) for predicting STR values for other values of v, T and e.
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Figure 9. Straightness deviation for the different temperature and layer thickness (a) Outer
straightness and v = 40 mm/s; (b) Outer straightness and v = 60 mm/s; (¢) Inner straightness
and v =40 mm/s; (d) Inner straightness and v = 60 mm/s.
STR,, (um)=1720+39.8v-22.6 T+ 116 e+ 0.0614 77 - 1525 ¢2-0.1542 v -
T-87v-e+387T: e
STR;, (um) =2803 + 55.5v-33.0 T-2067 e + 0.0855 77 - 689 ¢ - 0.2133 v - T
-133v-e+1243T- ¢

(18)

(19)

Table 11. Models fit values of the inner and outer straightness.

STROu STR(’n
R? 0.631 0.735

Considering all the deviations analysed, it can be appreciated that there is a relationship in the
behaviour depending on the variables used to manufacture the parts (v, 7 and e). To facilitate
the analysis of the relationship between the deviations, the Pearson correlation coefficients of
each of the manufacturing variables with each of the shape deviations have been determined
(Table 12).

On the one hand, a similar behaviour of CRO and STR is observed for the combination of
parameters used, especially for low values of v (40 mm/s). Moreover, in both cases it was
observed that there is a direct relationship between 7 and e and the deflections, both inner and
outer, whereas for v this relationship is inverse. However, despite a similar correlation, the
influence of the manufacturing parameters is greater for CRO than for STR.

On the other hand, RON and CYL also show a similar behaviour with respect to the variation of
v, T and e, both on the inner and outer surface of the sample. In this case, v shows a direct
correlation with both shape deviations, contrary to the inverse relationship obtained for CRO
and STR. Furthermore, for both deviations, a variation in the way T affects the inside and outside

is observed, being inverse for the outside and direct for the inside. This behaviour could be due
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to the low significance obtained with respect to the 7 values analysed. Regardless of these
correlations analysed, e is the most significant variable among those analysed, having a direct
relationship with RON and CYL.

Table 12. Pearson correlation coefficients in the form deviations.

RON,, RON; CRO,, CROj, CYL. CYL; STR. STR;
0.14 -0.05 -0.07 0.5 0.28 -0.29 -0.28

T 0.07 0.02 0.01
e 0.85 0.29 0 0.53 0.6

3.4. Manufacturing parameter optimization

From the set of results obtained in the experimental phase, a grey relational analysis (GRA)
was carried out in order to determine the most suitable manufacturing parameters for the
production of the parts, based on the different deviations obtained, both at the dimensional level
and at the macrogeometric and microgeometric levels.

Table 13 shows the GRC values obtained considering the manufacturing conditions and the
corresponding values of each output variable, which have been ranked according to the best
conditions obtained in the relational analysis.

The best behaviour was obtained for a low printing speed (40 mm/s), a low layer thickness (0.1
mm) and an intermediate temperature (255 °C) in the range of values suitable for the material
extrusion. From the set of results obtained, the lowest value of e gives the best results, regardless
of the values of v and 7. This fact is related to the high correlation that this variable has with
the deviations studied, especially with the macro and microgeometric deviations.

In general, the influence of v and 7'is not as clear as that of e. However, it can be stablished that
regardless of the best conditions obtained, low temperature values (240 °C) and high speeds
(60 mm/s) generate greater deviations in the parts produced by FFF.

The results presented above are related to the outer and the inner surfaces together. However,
given that the geometry of the part has two different morphologies(shaft-hole), a similar study
has been carried out considering a concave and a convex surface independently, so two
relational analyses were obtained.

Table 13. Manufacturing parameter ranking for the geometrical deviations optimization of the

axis-hole piece.

v (mm/s) T (°C) e (mm) GRC Rank
40 255 0.1 0.884 1
40 240 0.1 0.815 2
40 270 0.1 0.737 3
60 270 0.1 0.729 4
60 270 0.2 0.708 5
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60 240 0.1 0.692 6
40 255 0.2 0.643 7
60 270 0.3 0.634 8
60 255 0.1 0.634 9
40 255 0.3 0.618 10
40 240 0.2 0.618 11
60 255 0.2 0.604 12
60 240 0.2 0.598 13
40 240 0.3 0.582 14
60 240 0.3 0.555 15
60 255 0.3 0.488 16
40 270 0.2 0.425 17
40 270 0.3 0.400 18

Table 14 contains the results obtained for the non-coupled analysis of the outer and inner
surfaces of the piece, respectively. In addition, the coupled rank has been added to the table to
facilitate the comparison. Attending to these results, the best manufacturing conditions coincide
with the best case obtained in table 13 for the part as a whole. Nevertheless, the temperature is
less relevant in the case of the shaft than for the hole, whereas the speed has better behaviour at
low values in both cases.

Table 14. Manufacturing parameter ranking for the geometrical deviations optimization of the

axis and the hole.

Shaft Hole
v (mm/s) T e (mm) GRC Rank Coup. v (mm/s) T e (mm) GRC Rank
(°C) Rank (°C)
40 255 0.1 0.835 1 1 40 255 0.1 0.917 1
40 240 0.1 0.778 2 2 40 240 0.1 0.893 2
40 270 0.1 0.727 3 3 40 270 0.1 0.772 3
60 240 0.1 0.701 4 6 60 270 0.1 0.746 4
60 270 0.2 0.684 5 5 60 240 0.1 0.715 5
60 270 0.1 0.683 6 4 60 270 0.2 0.690 6
60 270 0.3 0.649 7 8 40 255 0.2 0.662 7
40 240 0.2 0.629 8 11 60 240 0.2 0.646 8
60 255 0.1 0.623 9 9 60 255 0.1 0.645 9
40 255 0.2 0.612 10 7 40 240 0.2 0.641 10
60 255 0.2 0.607 11 12 60 270 0.3 0.639 1"
40 255 0.3 0.573 12 10 40 240 0.3 0.629 12
60 240 0.2 0.571 13 13 40 255 0.3 0.629 13
40 240 0.3 0.535 14 14 60 255 0.2 0.561 14
60 255 0.3 0.512 15 16 60 240 0.3 0.551 15
60 240 0.3 0.506 16 15 60 255 0.3 0.471 16
40 270 0.2 0.502 17 17 40 270 0.3 0.379 17
40 270 0.3 0.430 18 18 40 270 0.2 0.359 18

In summary, the results presented in this section have shown the correlation between different

process parameters and a set of output variables. The information obtained from the test has
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been processed obtaining mathematical models that can be used to perform geometry
predictions. From a technological point of view, one of the main objectives of the industry is
the reduction of manufacturing times. In this regards, v and e are two variables that have a direct
influence with the manufacturing time in FFF, as far as the total manufacturing time may be
reduced considerably by reducing the layer thickness and/or by increasing the velocity of the
printing head. The results obtained indicate that, in order minimize the manufacturing time by
increasing the layer thickness, the extrusion temperature must be set as high as possible within
the appropriate range for the material extrusion.

4. Conclusions

The aim of this work is to analyse the influence of a set of manufacturing parameters, including
printing speed, extrusion temperature and layer thickness, on the dimensional, macrogeometric
and microgeometric deviations of cylindrical geometry specimens obtained using additive
manufacturing processes by material extrusion.

Regarding the dimensional deviations, the specimens manufactured had lower outer and inner
diameter with respect to their design values regardless of the set of process parameters selected.
The cause of this phenomenon is the volumetric contractions during the cooling of the deposited
material after the extrusion of the filament. The height of the cylinders showed smaller
deviations compared to the diameters which is consequence of the better control of the process
along the Z axis. On contrary, the deviations on the XY plane are more significant due to (1)
the lower precision of the printer in the horizontal axes due to dynamic effects of the belts, and
(2) the creeping of the material and the volumetric contractions.

The surface roughness analysis showed that both the outer and inner surfaces of the cylinder
had similar arithmetic mean roughness (Ra) values, with values on the inner surface slightly
higher due to its smaller diameter and the concavity. Layer thickness had a notably effect on
roughness, with Ra increasing with the layer height. This result is consistent with previous
studies for other materials such as PLA and ABS. Regarding the extrusion temperature, it also
showed a tendency to increase Ra, especially at high values (255-270 °C), which was more
pronounced at low layer thicknesses. The deposition rate, on the other hand, showed a
significant influence on the reduction of Ra, with a decrease of up to 40%.

The analysed shape deviations (RON, CRO, CYL and STR) showed different behaviour
depending on the manufacturing parameters. In general, higher deposition rates and layer
thicknesses increase the deviations value. On the other hand, the extrusion temperature showed

lower influence on the deviations with one exception corresponding to the STR.
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The circularity (CRO) and straightness (STR) deviations showed an inverse correlation with the
deposition rate, with higher printing speed values reducing the deviations. In contrast,
cylindricity (CYL) and roundness (RON) showed a clear tendency to increase with deposition
rate, independent of temperature and layer thickness.

In general, it can be said that the layer thickness was the variable with the greatest influence on
the values of the geometric characteristics analysed, both at the dimensional level and at the
macro and microgeometric level. Lower values of the layer thickness have shown better
geometric characteristics in the parts obtained; however, it must be considered that small
thickness height considerably increase the manufacturing time. In this regard, the results
obtained from the experimental campaign allow to determine the optimal process parameters
that must be selected to obtain the tolerances established in the design phase of the parts.
Additionally, to evaluate the deviations in the whole range of the manufacturing parameters,
second-degree polynomial models have been obtained using the response surface methodology.
These models allow to predict the deviations for a given set of manufacturing parameters. These
models will help the industry to optimise the process and improve the quality of the parts
produced.

From a technological approach, and attending to the GRA analysis carried out, the smallest
deviations were obtained at low rate (40 mm/s) intermediate temperature (255 °C) and low layer
thickness (0.1 mm). However, if the resulting parts does not require excessively narrow
tolerances, it is convenient to select the highest values of e and v in order to reduce the
production time, together with the highest 7" values.

It is important to highlight that, given the high number of variables that can be evaluated
regarding the geometric characteristics of a part obtained through a manufacturing process, the
optimization carried out has demonstrated the best manufacturing conditions for producing
parts. These results can be directly applied to the components production.
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