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Ironing process optimization

for enhanced properties in material
extrusion technology using
Box—Behnken Design

Hussein Alzyod™ & Peter Ficzere

Material Extrusion (MEX) technology, a prominent process in the field of additive manufacturing
(AM), has witnessed significant growth in recent years. The continuous quest for enhanced material
properties and refined surface quality has led to the exploration of post-processing techniques. In this
study, we delve into the ironing process as a vital processing step, focusing on the optimization of its
parameters through the application of Design of Experiments (DoE), specifically the Box-Behnken
Design (BBD). Through a systematic examination of ironing process parameters, we identified optimal
conditions that resulted in a substantial reduction in surface roughness (Ra) by approximately 69%.
Moreover, the integration of optimized ironing process parameters led to remarkable improvements
in mechanical properties. For instance, the Ultimate Tensile Strength (UTS) saw a substantial
improvement of approximately 29%, while the compressive strength (CS) showed an increase of about
25%. The flexural strength (FS) witnessed a notable enhancement of around 35%, and the impact
strength (IS) experienced a significant boost of about 162%. The introduction of ironing minimizes
voids, enhances layer bonding, and reduces surface irregularities, resulting in components that not
only exhibit exceptional mechanical performance but also possess refined aesthetics. This research
sheds light on the transformative potential of precision experimentation, post-processing techniques,
and statistical methodologies in advancing Material Extrusion technology. The findings offer practical
implications for industries requiring high-performance components with structural integrity and
aesthetic appeal.

Material extrusion (MEX), which is also recognized as Fused Filament Fabrication (FFF) or as Fused Deposi-
tion Modeling (FDM)'?, is an additive manufacturing (AM) process that employs a heated extruding nozzle
to deposit a continuous filament of thermoplastic or polymer material layer by layer to create 3D parts®>*. MEX
technology has several advantages over other AM technologies, including the diverse choice of filaments (such
as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), acrylonitrile styrene acrylate (ASA), polyether
ether ketone (PEEK), Polypropylene (PP) 5, and polyethene terephthalate glycol (PETG) ¢, etc.), a wide variety
of filament colours 7%, fibre and metal reinforced polymer matrix composites with multi-functional properties
10 ease of material loading and replacement, capability to utilize recycled materials !'~'%, inexpensive mainte-
nance rates, rapid manufacturing of small parts, low tolerance, ability to print complex geometries '*, and safe
and nontoxic ingredients '>!°. These advantages make it a popular manufacturing method in various industries
17. As a result, there is a growing need to focus on developing functional and sustainable products in industrial
sectors such as medical '®'°, automotive*~?2, aviation®, and fashion ?*. However, MEX has some challenges,
including anisotropic properties %, limited shape accuracy®®?, and varying surface roughness in flat and inclined
surfaces *. However, it is worth noting that MEX technology has some limitations. For instance, accuracy can
be compromised, especially when support structures are required for a MEX geometry featuring an overhang
exceeding 45° or protruding structures *. Additionally, gaps between toolpaths, prolonged printing times for
thinner layers, and thermal gradients during printing may lead to issues such as delamination or warping.
These problems, in turn, result in stresses within printed components and contribute to a rough surface finish,
impacting the overall quality of the final product. Research efforts to address these challenges and expand the
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applications of MEX are, therefore, increasingly crucial *°. The properties of printed products depend on the
used material and the pre-processing parameters, such as printing speed, layer thickness, printing tempera-
ture, bed temperature, raster angle, toolpath, printing orientation, etc. *'. Extensive research has been done to
investigate and optimize these pre-processing parameters to improve the mechanical properties of MEX parts
32736, Kumar et al. ¥ made significant improvements in addressing challenges in MEX. Through a meticulous
study involving Taguchi optimization and CRITIC-embedded WASPAS, they optimized layer thickness, print
speed, and temperature, resulting in substantially improved mechanical attributes. The research demonstrated
enhanced strength and minimized defects, offering valuable insights for advancing AM methodologies. Some
researchers also used post-processing techniques to improve the mechanical properties of MEX parts. Chen
used laser polishing post-processing to enhance the properties of Al-PLA composite samples made using FDM.
The results showed that laser polishing decreased the porosity inside the FDM parts and improved interfacial
adhesion between the Al fibres and PLA matrix. This led to enhanced dynamic mechanical properties and an
improvement in tensile strength and Young’s modulus. Beniak et al. ** employed acetone vapour post-processing
to enhance the surface quality and compressive strength of FDM parts made of ABS material. The smoothing
process resulted in a 97.63% decrease in surface roughness, and the compressive strength of the specimen
increased by more than 21% when exposed to 5 min of acetone vapour. Kalyan et al. *° increased the surface
quality and hardness of ABS-FDM samples using vapour smoothing post-process. Hambali et al. ' implemented
chemical treatment as a post-processing methodology to improve the surface quality of FDM-ABS components.
The findings revealed a significant enhancement of about 97% in surface roughness, simultaneous with a notice-
able reduction of around 43% in tensile strength. Ironing is a simple and inexpensive post-processing technique
that can be performed using any typical FDM printer. Despite its potential benefits, there have been relatively
few studies on the effects of ironing with default parameter settings on FDM part properties. Sardinha et al. *?
investigated the influence of ironing post-processing on ABS parts produced employing the FDM technique.
The study concluded that surface roughness and warpage deformation were reduced by up to 60% and 30%,
respectively, while Griffiths * investigated the impact of subtractive machining, ironing, and burnishing on the
conductivity of inkjet-printed silver nano-particle ink on FDM printed PLA parts and concluded that ironing
enhanced conductivity by 72%. Sardinha et al. * also demonstrated that ironing can reduce distortion levels by
up to 33% and surface roughness by up to 60% in ABS samples produced using FDM technology. In another
investigation, Paz et al. * studied the impact of ironing and two other post-processing techniques on the electri-
cal conductivity of GNP-reinforced nanocomposite ABS parts produced using FDM. The study concluded that
ironing resulted in significant improvements in the electrical characteristics of the part surface. Butt * studied
the effect of ironing post-processing on the surface roughness, dimensional accuracy, and hardness of ABS and
ASA FFF-printed parts. The results showed that surface roughness, dimensional accuracy, and hardness were
improved in both ABS and ASA.

It is widely recognized that post-processing techniques play a crucial role in enhancing the mechanical prop-
erties of MEX parts by improving the surface quality?’”. However, in this study, we aim to study the effect of using
the ironing post-processing technique after every printed layer on the mechanical properties of PLA components
made utilizing the MEX process. Ironing has shown promising results in improving surface quality by reducing
surface roughness and decreasing the visibility of layer lines*. By performing ironing as a processing step, the
aim is to improve the adhesion between layers and enhance the mechanical properties of the part by reducing the
occurrence of interlayer voids and delamination. As with any processing technique, ironing processing involves
controllable parameters, specifically spacing between passes, path speed, and flow rate. In this particular study,
the impact of these ironing process parameters on a range of responses, including ultimate tensile strength (UTS),
compressive strength (CS), flexural strength (FS), impact strength (IS), and surface roughness (Ra), was investi-
gated using Box-Behnken Design (BBD). This study aims to thoroughly investigate the influence of MEX ironing
process parameters on the mechanical and surface properties of printed parts. By conducting a comprehensive
analysis and validation study, we seek to provide valuable insights that will contribute to the optimization of the
MEX process, ultimately enabling the production of high-quality parts with enhanced mechanical performance
and surface characteristics.

Materials and methods

Material, samples, and printing parameters used

Black colour EcoPLA filament, a nontoxic, biodegradable 3D printing material with 1.75 mm diameter
and +0.05 mm tolerance, sourced from the supplier 3Djake***. The process of creating a 3D model for the
specimens began with the utilization of SolidWorks TM. After that, the geometry was exported as a .stl file
to import it to the PrusaSlicer software, which is compatible with a wide range of 3D printers and enables the
application of ironing processing. This facilitated the conversion of the .stl file into G-code. All printed specimens
were printed utilizing an open-source printer, Creality Ender3-V2 printer. A 30 mm X 20 mm X 2 mm sample
was used for the roughness measurements. For the mechanical properties testing, all the samples were prepared
according to the American Society for Testing and Materials (ASTM) standards. Specifically, D638 type V was
used for the tensile test®!, D695-15 for the compressive test®?, D256 for the impact test®, and D790-17 for the
flexural test>*. Tensile tests were conducted on a ZwickiLine machine at a crosshead speed of 5 mm/min, com-
pression tests were performed on a Zwick Z020 machine at a constant compression rate of 2 mm/min, impact
tests were carried out on a Resil 5.5 machine with an energy level of 4 Joules, and flexural tests were executed
on a Zwick/Roell machine with a span width of 40 mm. To unravel the intricate details concealed within the
material matrix, a meticulous microscopic analysis for UTS, compressive strength, flexural strength, and impact
strength was conducted using a Dino-Lite microscope, while the surface roughness of the uppermost surface
of the MEX specimens was measured using Keyence VR-5000. The surface roughness of PLA-printed parts was
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assessed using optical interferometry. A high-magnification camera, capable of up to 160 x magnification, was
employed for detailed examination. Surface roughness values ranging from 0.1 to 2 pm were measured using a
cut-off length/sampling length of 0.8 mm/4 mm, while values ranging from 2 to 10 um were measured with a
cut-off length/sampling length of 2.5 mm/12.5 mm®. The measurement system provided a display resolution of
0.1 pum, ensuring precision in the evaluation of surface characteristics. As the aim of this study is to investigate
the ironing parameters, the printing parameters were set, as shown in Table 1. The selection parameters’ values
were based on literature and the material data sheet***-%, and Fig. 1 depicts the printed test samples.

Optimization of the ironing parameters through the utilization of Box-Behnken Design (BBD)
Design of experiments (DoE)

The mathematical methodology known as Design of Experiments (DOE) is employed for the systematic planning,
execution, and analysis of experiments, as well as the interpretation of data derived from these experiments®. This
field, rooted in applied statistics, plays a crucial role in the scientific investigation of systems, aiming to enhance
product quality and reliability®. There are many types of DoE used to study the impact of process parameters
in MEX, such as Taguchi’s orthogonal design®-®?, BBD, Response Surface Methodology (RSM)®, and Central
Composite Design (CCD)®. In this investigation, we used DoE, specifically BBD, to advance our understanding
of the intricate relationships between printing parameters and material properties in the realm of MEX tech-
nology. BBD is a type of experimental design used in statistical analysis and modelling. It is a response surface
methodology that is often used to optimize process parameters®>°.

BBD employed in this study follows a three-level factorial design approach, where the factors under investi-
gation are examined at low, medium, and high levels®”. This design is constructed using a series of points that
form a three-level factorial design, which is then augmented with additional points forming a central composite
design. The central composite design allows for the estimation of the curvature of the response surface in the
vicinity of the optimal factor settings®. One notable advantage of the BBD is its ability to achieve meaningful
results with fewer experimental runs compared to a full factorial design, leading to enhanced efficiency and
cost-effectiveness’. Moreover, the BBD provides a reliable approximation of the response surface within the
area of interest, making it a valuable tool for optimization. Several researchers have effectively utilized the BBD
to examine the impact of various processing parameters on the mechanical properties of printed parts. Mohan*
used BBD to investigate the effects of three printing parameters, including infill density, layer thickness, and bed
temperature, on micro-hardness, density, print time, and surface roughness of ABS parts made using the FDM
process. Vardhan” studied the impact of layer height and build orientation on the tensile strength of FFF parts
made of ZP150 powder using the BBD approach. The study found that layer thickness has a negative effect on
tensile strength, meaning that increasing layer thickness decreases tensile strength. The orientation of the part
also has an impact on tensile strength. When the part is oriented in the XY plane, increasing rotation leads to
an increase in tensile strength. However, for the XZ and YZ planes, tensile strength decreases until reaching an
angle of 45°, after which it rapidly increases up to 90°. Prabakaran’ used BBD to investigate the influence of

Printing parameter Value Unit
Printing rate 60 mm/s
Layer height 0.2 mm
Extruder head 0.4 mm
Printing temperature | 205 °C
Bed temperature 50 °C
Printing density 100 %
Infill pattern Line

Build orientation XYZ

Print direction Horizontal

Table 1. Set printing parameters for the printed parts.

Bl
- TN

Figure 1. Printed samples: T tensile, C compressive, F flexural, I impact, R roughness.
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raster angle, printing temperature, and layer thickness on tensile strength, fracture strain, and elastic modulus of
ASA parts fabricated using the FDM technique. The conducted study found that the layer thickness has a greater
impact on these properties compared to the raster angle and printing temperature.

BBD methodology

The most commonly used BBD array is the L15, which involves conducting fifteen experiments with three centre-
point repetitions’. A graphical representation of the BBD combinations is shown in Fig. 2, which illustrates a
cube with the centre point (0,0,0) and other possible combinations expressed as points with three coordinates
located on the cube facets and edges. It is important to note that BBD only considers the midpoints of the edges
and the centre point, which translates into thirteen points: twelve edge points plus the centre point. Furthermore,
the centre point is replicated three times, which results in a total of fifteen experiments’. By repeating the centre
points three times, we can estimate the pure error of the experimental process and use this information to assess
the significance of any observed effects. This also helps to increase the precision and reliability of the estimates
for the parameters being investigated. The three ironing parameters, spacing between passes, path speed, and
flow rate, were used as ironing process parameters with the three levels, as shown in Table 2. These levels were
selected based on the PrusaSlicer software recommendations. "Spacing between passes" refers to the distance
between successive ironing paths, which is influenced by the extruder head diameter. Increasing the spacing
between passes will result in a reduction in the overlap between ironing passes, and Fig. 3 provides a visual rep-
resentation of the spacing between passes. The scheme "Path speed" is the speed of the heated nozzle movement
over the deposited layer. "Flow rate" refers to the amount of filament that is deposited during the ironing process,
expressed as a percentage of the set layer thickness. The primary objective of this experimental work is to utilize
analysis of variance (ANOVA), microscopic analysis of the internal structure, and contour plots to determine
the significant contribution of the ironing process parameters to the responses.

Results and discussion

The application of the BBD coupled with the ironing process has demonstrated its efficacy in achieving a sig-
nificant enhancement in mechanical properties and surface roughness of the MEX parts. The UTS increased to
56.47 MPa, marking a notable improvement of approximately 28.6% from the initial 43.91 MPa. Similarly, the
compressive strength exhibited substantial growth, rising from 62.7 to 78.34 MPa, representing an enhancement
of approximately 24.9%. The flexural strength also demonstrated a notable increase, reaching 85.73 MPa, which
signifies a considerable improvement of approximately 35.4% compared to the initial 63.34 MPa. Additionally,
the impact strength saw a significant boost, measuring 9.84 kJ/m? after ironing, an impressive improvement of
approximately 161.7% compared to the initial 3.76 kJ/m?. Furthermore, the surface roughness Ra experienced
a substantial reduction, measuring only 2.73 pum after ironing compared to the initial 8.829 um, representing
a reduction of approximately 69.1%. These results underscore the significant impact of the ironing process on
enhancing the mechanical properties and surface quality of MEX parts, and they demonstrate the potential
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Figure 2. Box-Behnken Design of design points.

(0,-1,-1) «

Levels
Ironing parameter Codes |-1 |0 1
Spacing between passes (mm) | A 0.1 |02 |03
Path speed (mm/s) B 10 |20 |30
Flow rate (%) C 10 |15 |20

Table 2. BBD parameter design.
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Figure 3. Visual representation of the spacing between passes.

for optimizing printing parameters and post-processing techniques in the AM industry. Table 3 presents 15
experimental sets and their results with varying process parameters, which were formulated using the statistical
software MINITAB 21. Each result in the table represents the mean value obtained from three measurements.
While the ironing process has shown significant benefits in enhancing mechanical properties and surface qual-
ity, it is essential to acknowledge potential drawbacks. One consideration is the potential increase in printing
time associated with the ironing step. Additionally, the impact on the roughness of the side surface warrants
discussion, and future research could delve into optimizing ironing parameters to mitigate any adverse effects
on printing time and side surface quality.

Analysis of the ironing process parameters for UTS, compressive, flexural, and impact
strength, and surface roughness of PLA

To evaluate the mechanical properties of processed PLA parts, the ironing process parameters of MEX played a
significant role in their fabrication. As such, we analyzed the effects of these parameters on various responses,
including UTS, compressive strength, flexural strength, impact strength, and surface roughness of PLA using
BBD response surface methodology. Through this analysis, we were able to obtain optimized values for the
ironing process parameters of MEX.

1 -1 (-1 /0 51.16+£2.25 72.7%2.5 81.44+1.43 9.46+0.55 2.993+0.745
2 1 -1 10 49.77+3.07 68.22+2.0 79.91+£0.55 9.14+0.59 5.682+0.912
3 -1 |1 0 55.36+3.09 74.74+2.3 82.57+1.06 9.45+0.43 3.302+0.461
4 1 1 0 50.93+2.69 67.2+2.4 80.23+£1.22 8.86+0.59 5.468 £0.582
5 -1 10 -1 ]54.56+2.19 76.94+2.7 83.68+1.08 9.81+0.56 2.731+0.602
6 1 0 -1 |4525+2.88 71.37+2.1 80.54+0.95 9.07+0.44 5.935+1.028
7 -1 10 1 54.60+2.49 75.83£2.3 82.88+1.12 9.52+0.38 3.357+0.715
8 1 0 1 43.68+3.07 70.49+2.0 80.77+0.28 8.77+0.58 5.786+0.725
9 0 -1 | -1 |5429+221 76.86+2.2 82.12+0.55 9.62+0.58 4.629+0.315
10 0 1 -1 |47.73£3.22 76.61£2.1 81.35+0.65 9.09+0.53 4.727+0.358
11 0 -1 ]1 51.11£3.37 78.34+1.8 83.00+0.67 9.16+£0.41 4.603+0.507
12 0 1 1 55.85+2.95 77.26+2.1 82.99+0.54 9.84+0.08 4.762+0.525
13 0 0 0 52.30£2.82 76.77+1.8 83.11+0.61 9.63+0.47 4.086+0.041
14 0 0 0 53.92+3.06 76.47 2.0 85.73+£1.25 9.76+£0.25 4.148£0.075
15 0 0 0 56.47 +3.41 73.89+2.5 83.85+1.51 9.13+0.31 3.994+0.417
Without ironing 43.91+1.93 62.7+3.5 63.34+7.37 3.76+0.33 62.7+4.5

Table 3. BBD experimental design and the output results with the standard deviations (SD).
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Analysis of variance (ANOVA) study

In this study, we utilized an analysis of variance (ANOVA) approach to establish the relationship between the
ironing process parameters and their respective contributions to the response variable, effectively identifying the
most influential factors. The contribution percentages of each ironing process parameter towards the responses
were determined by calculating the ratio between the total adjusted sum of squares and the individual adjusted
sum of squares. This was done for both linear (A, B, and C), quadratic (AA, BB, and CC), and 2-way interaction
terms (AB, AC, and BC), where A represents the spacing between passes (mm), B stands for path speed (mm/s),
and C corresponds to flow rate (%). The ANOVA results provided contribution percentage insights for UTS,
CS, FS, IS, and Ra, as presented in Table 4. Typically, the Fisher value ’F’ was employed to identify significant
contributors to the response, with a threshold of ’F value exceeding 47°.

While the statistical analysis provided valuable insights, we recognize the importance of elucidating the
underlying mechanisms driving these observed effects. The spacing between passes plays a pivotal role in deter-
mining the UTS of the PLA sample, contributing significantly with a value of 40.68%. This can be correlated
with the interlayer bonding strength, where optimal spacing promotes enhanced adhesion between successive
layers, resulting in improved tensile strength. When considering compressive strength, the key contributors are
the spacing between passes, the square of spacing between passes, and the square of flow rate, contributing sub-
stantially at 38.56%, 42.67%, and 10.97%, respectively. These relationships could be associated with the density
and arrangement of infill structures, where the optimal spacing and flow rate contribute to a more uniform and
dense internal structure, consequently improving compressive strength. When considering flexural strength,
the major influencers are the spacing between passes, the square of spacing between passes, and the path speed,
contributing notably at 29.49%, 29.29%, and 19.56%, respectively. These factors may affect the interlayer adhe-
sion and filament alignment, influencing the material’s ability to withstand bending forces. Similarly, spacing
between passes emerges as a dominant factor in determining impact strength, with a significant contribution of
43.18%. This can be correlated with the optimized infill patterns and layer bonding achieved at specific spacing
values, enhancing the material’s resistance to sudden impact. Finally, the primary predictors for surface rough-
ness are the spacing between passes, the square of flow rate, and the interaction between spacing between passes
and flow rate, collectively contributing a substantial 93.09%, 3.02%, and 1.02%, respectively. These parameters
influence the layer-to-layer uniformity and surface irregularities, showcasing the importance of precise control
over spacing and flow rate for achieving a smoother surface finish.

Contour plot for responses

In order to evaluate and confirm the synergistic effects of the ironing process parameters of MEX on key response
variables such as UTS, compressive strength, flexural strength, impact strength, and surface roughness, a con-
tour plot was generated. This contour plot was produced for fixed values of path spacing (0.2 mm), path speed
(20 mm/s), and flow rate (15%) using MINITAB statistical software version 21, as depicted in Fig. 4. The contour
plot is derived from the regression equation, aiding in the comprehensive assessment of the parameter inter-
actions. Analyzing the UTS contour plot, as depicted in Fig. 4a, reveals distinct trends. It is evident that UTS
exhibits a decrease with an increase in the spacing between passes while showing an upward trajectory as path
speed is elevated. Moreover, UTS experiences a rise with an increase in the flow rate, with the highest UTS value
observed at a flow rate of 20%. Notably, UTS demonstrates an inverse correlation with the interaction between
path speed and flow rate. In reference to compressive strength, as elucidated in Fig. 4b, the findings are discern-
ible. Notably, the compressive strength exhibits a diminishing trend as the spacing between passes increases.
Additionally, an initial ascent in compressive strength is observed with an increase in the flow rate, although

F-value P-value Contribution percentage (%)
Source DF UTS Cs ES 18 Ra UTS Cs ES 18 Ra UTS CS ES 18 Ra
Model 9 1.94 11.31 2.87 1.83 68.82 0.24 0.01 0.13 0.26 0.00 77.71 95.32 83.77 76.70 99.20
Linear 3 3.15 13.73 3.18 3.15 194.30 0.12 0.01 0.12 0.13 0.00 42.14 38.57 31.00 43.98 93.36
A 1 912 |4118 | 9.09 |9.27 |581.01 |0.03 000 |0.03 |003 |000 |[40.68* |3856* |29.49% |43.18* |93.06*
B 1 0.17 0.01 0.05 0.03 0.65 0.70 0.93 0.84 0.87 0.46 0.75 0.01 0.16 0.15 0.10
C 1 0.16 0.00 0.42 0.14 1.25 0.71 0.97 0.55 0.72 0.32 0.70 0.00 1.35 0.65 0.20
Square 3 1.41 19.68 5.25 0.72 9.06 0.34 0.00 0.05 0.58 0.02 18.83 55.27 51.14 10.12 4.35
AA 1 2.63 42.83 10.41 2.02 0.13 0.17 0.00 0.02 0.21 0.74 10.59 42.67* 29.29* 9.01 0.01
BB 1 0.01 111 6.31 0.24 10.28 0.93 0.34 0.05 0.65 0.02 0.17 1.63 19.56* 1.10 1.33
CcC 1 1.81 11.71 0.71 0.00 18.85 0.24 0.02 0.44 0.96 0.01 8.06 10.97* 2.29 0.01 3.02%
2-way interaction | 3 1.25 053 | 017 | 162 309 039 068 [091 (030 |013 |1674 1.48 163 | 2260 1.49
AB 1 0.25 1.47 0.14 0.23 2.89 0.64 0.28 0.72 0.65 0.15 1.10 1.37 0.46 1.08 0.46
AC 1 0.07 0.01 0.23 0.00 6.34 0.80 0.93 0.65 1.00 0.05 0.31 0.01 0.75 0.00 1.02*
BC 1 3.44 0.11 0.13 4.62 0.04 0.12 0.76 0.74 0.08 0.85 15.32 0.10 0.42 21.52 0.01
Error 5 22.29 4.68 16.23 23.30 0.80
Total 14

Table 4. Comparison of ANOVA response results. *Statistically significant results.
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Figure 4. Contour plot for responses: (a) UTS, (b) CS,

() FS, (d) IS, and (e) Ra.

a marginal decline follows this. Furthermore, it is noteworthy that the interaction between flow rate and path
speed appears to have an insignificant impact on compressive strength. In the context of flexural strength, as
depicted in Fig. 4c, a distinct pattern emerges from the contour plots. It is evident that flexural strength dem-
onstrates an initial increase, followed by a subsequent decrease, as all three parameters vary. Significantly, the
peak of flexural strength is pinpointed at the centre of the contour plot, characterized by a spacing of 0.2 mm,
a path speed of 20 mm/s, and a flow rate of 15%. Within the realm of impact strength, as depicted in Fig. 4d, a
noticeable observation appears obviously. It becomes apparent that the interaction between flow rate and path
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speed has a negligible impact on impact strength. In addition, there is a notable decrease in impact strength with
the growth of spacing between passes.

Concluding our analysis, Fig. 4e provides insight through contour plots depicting surface roughness. Nota-
bly, an increase in the spacing between passes correlates with an elevation in surface roughness. Conversely, an
increase in both flow rate and path speed is linked to a reduction in surface roughness. It is significant to observe
that surface roughness reaches its peak at the extreme levels of spacing between passes. This underscores the
pivotal role of this parameter in influencing the surface texture. Furthermore, it is worth noting that the interac-
tion effect of flow rate and path speed exerts a less pronounced influence on surface roughness in comparison
to the other factors considered in our investigation.

Validation study

In this empirical investigation, a set of regression equations is formulated to model and describe the behaviour of
key material properties. The quadratic form of these equations is utilized to predict UTS, compressive strength,
flexural strength, and impact strength, as articulated in Egs. (1)-(5) correspondingly. These regression equations
are grounded on the experimental responses and are contingent upon three pivotal predictor variables, specifi-
cally the spacing between passes, path speed, and flow rate.

UTS[MPa] = 41.2 4+ 97.6A — 0.711B + 1.68C — 257A x A 4+ 0.0015B x B

1
—0.0853C * C — 0.76A % B — 0.81A % C 4+ 0.0565B x C W
Compressivestrength[MPa] = 77.78 4+ 157.0A + 0.488B — 2.637C — 430.3A x A — 0.00692B * B 2)
4 0.0900C % C — 0.765A * B + 0.12A « C — 0.0041B x C
Flexuralstrength[MPa] = 70.52 + 56.7A + 0.550B + 0.430C — 179.4A * A — 0.01397B % B 3)

— 0.0187C % C — 0.201A * B 4+ 0.51A * C 4 0.0038B * C

Impactstrength[K] /m] = 10.60 4+ 6.62A — 0.0500B — 0.118C — 20.7A * A — 0.00071B % B — 0.00031C x C
— 0.067A * B — 0.001A * C + 0.00601B * C

(4)

Surfaceroughness[um] = 3.86 + 20.39A — 0.0767B — 0.334C + 2.86A *x A 4 0.002566B * B 5)

4 0.01390C * C — 0.1308A * B — 0.387A * C + 0.00030B * C

where A, B, and C denote spacing between passes, path speed, and flow rate, respectively.

Table 5 presents a concise comparison between experimental (E) and predicted (P) results for key response
variables—UTS, compressive strength, flexural strength, impact strength, and surface roughness. This analysis
provides valuable insights into the performance of our regression models. This comparative analysis is crucial
for evaluating the predictive accuracy of our models, highlighting the complexities involved in predicting the
mechanical properties and surface quality of MEX parts. For UTS, it is notable that the errors between experi-
mental and predicted values exhibit both positive and negative discrepancies across various runs. This variability

Responses
UTS Compressive strength Flexural strength Impact strength Surface roughness
(MPa) (MPa) (MPa) (kJ/m?) (um)
No E P Error (%) E P Error (%) E P Error (%) E P Error (%) E P Error (%)
1 51.16 53.86 -5.28 72.70 72.86 -0.22 81.44 81.89 -0.55 9.46 9.48 -0.21 2.993 2.875 3.94
2 49.77 48.87 -1.19 68.22 68.65 —-0.63 79.91 80.02 -0.14 9.14 9.01 1.42 5.682 5.759 -1.36
3 55.36 56.26 - 1.63 74.74 74.31 0.58 82.57 82.46 0.13 9.45 9.58 -1.38 3.302 3.225 2.33
4 50.93 48.24 5.28 67.20 67.05 0.22 80.23 79.78 0.56 8.86 8.84 0.23 5.468 5.585 -2.14
5 54.56 51.95 4.78 76.94 76.56 0.49 83.68 83.12 0.67 9.81 9.63 1.83 2.731 2.887 -571
6 45.25 46.24 -2.19 71.37 70.72 0.91 80.54 80.33 0.26 9.07 9.03 0.44 5.935 5.896 0.66
7 54.60 53.61 1.81 75.83 76.48 -0.86 82.88 83.09 -0.25 9.52 9.56 -0.42 3.357 3.396 -1.16
8 43.68 46.29 -5.98 70.49 70.87 -0.54 80.77 81.33 - 0.69 8.77 8.95 -2.05 5.786 5.630 2.70
9 54.29 54.20 0.17 76.86 77.08 -0.29 82.12 82.23 -0.13 9.62 9.78 - 1.66 4.629 4.591 0.82
10 47.73 49.44 —-3.58 76.61 77.42 - 1.06 81.35 82.01 -0.81 9.09 9.15 -0.66 4.727 4.648 1.67
11 51.11 49.40 3.35 78.34 77.53 1.03 83.00 82.33 0.81 9.16 9.11 0.55 4.603 4.682 -1.72
12 55.85 55.94 -0.16 77.26 77.04 0.28 82.99 82.88 0.13 9.84 9.67 1.73 4.762 4.800 -0.80
13 52.30 54.23 -3.69 76.77 75.71 1.38 83.11 84.23 -1.35 9.63 9.51 1.25 4.086 4.076 0.24
14 53.92 54.23 -0.57 76.47 75.71 0.99 85.73 84.23 1.75 9.76 9.51 2.56 4.148 4.076 1.74
15 56.47 54.23 3.97 73.89 75.71 —2.46 83.85 84.23 -0.45 9.13 9.51 -4.16 3.994 4.076 -2.05
Table 5. Comparison between experimental (E) and predicted (P) results.
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can be attributed to the intricate relationships between the selected ironing parameters and UTS. Runs such as
1, 4, and 8 experience errors exceeding 5%, highlighting the nuanced interplay of factors, including non-linear
material responses and interactions, which our regression model seeks to capture. In the context of compres-
sive strength, flexural strength, and impact strength, the comparative analysis demonstrates remarkably close
agreement between experimental and predicted values, with errors generally falling within acceptable limits.
These results affirm the effectiveness of our regression models in predicting these mechanical properties with
a high degree of accuracy. Surface Roughness presents a distinct pattern with prediction errors varying across
runs. Run 5 stands out with a 5.712% error, emphasizing the sensitivity of surface quality to specific parameter
configurations. This discrepancy highlights the intricacies of predicting surface roughness and the need for
careful consideration of interaction effects and non-linear responses in the model.

In conclusion, the experiment was conducted to determine the optimal ironing process parameters, with
the spacing between passes set at 0.136113 mm, path speed at 23.5354 mm/s, and flow rate at 17.1717%. In
the context of response optimizer, the composite desirability value signifies the overall optimization success in
achieving the defined goals for multiple responses. The composite desirability considers how well the combina-
tion of variables satisfies the predefined objectives of multiple responses’’. With a range of zero to one, where
one is ideal, the obtained value suggests a high level of success in meeting the specified goals, as it is close to the
ideal case’®. In this study, the composite desirability of 0.811134 was achieved to maximize UTS, compressive
strength, flexural strength, and impact strength while simultaneously minimizing surface roughness. The selec-
tion criteria for desirability were evaluated with equal weight and importance. The Multi-response prediction
utilizing the response optimizer feature in Minitab software facilitated the identification of the optimum ironing
process variables. The details of the desirability criteria selection are presented in Table 6. Subsequently, a valida-
tion analysis was performed to compare the optimized predicted response data with the optimized experimental
response data. The analysis aimed to demonstrate the high degree of consistency between the regression equation
and the experimental data, as illustrated in Fig. 5.

Response Goal Lower | Target | Upper | Weight | Importance
UTS Maximum | 43.6834 | 56.4734 1 1
Compressive strength Maximum | 67.2000 | 78.3400 1 1
Flexural strength Maximum | 79.9100 | 85.7268 1 1
Impact strength Maximum | 8.7708 9.8390 1 1
Surface roughness Minimum 2.7310 |5.935 1 1

Table 6. Desirability criteria for responses.
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Figure 5. Validation analysis.
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Microscopic analysis of internal structure

The internal structure of MEX components is a crucial factor that determines their mechanical properties, failure
mechanisms, and overall performance. The internal structure of a material refers to the arrangement of its atoms,
molecules, and grains. It is responsible for the material’s strength, ductility, toughness, and other mechanical
properties’*®. The internal structure also influences the material’s failure mechanisms, such as fatigue, creep, and
fracture®!. The internal structure of MEX components affects their thermal, electrical, and magnetic properties,
which are essential for their performance in these applications®*%?,

To visually depict the changes brought about by the ironing process, a series of distinct images were captured
of the specimen’s fracture section. These images serve to highlight the evolution of voids and layer bonding both
before and after the application of the ironing process to every printed layer. Through this visual documenta-
tion, we elucidate the transformative impact of this post-processing technique on the internal structure of MEX
components.

As shown in Figure 6, the conducted tests on the printed specimens revealed a noteworthy observation
regarding the presence of voids within the material structure. The majority of these voids were observed to be
concentrated in the region between the infill and the outer contour (wall) of the specimens and between the infill
paths, signifying a critical area of interest for understanding material integrity and tensile strength. However, the

Without ironing After applying ironing process

oids (defec)

Tensile

—
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200 X
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Figure 6. Micrographs of the cross-sectional area after fracture showing voids in the MEX parts.
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Figure 7. Top surface of the MEX parts: (a) before ironing, and (b) after ironing.
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transformative impact of the ironing process on the internal structure was remarkable. Following the applica-
tion of the ironing technique, a substantial reduction in the visibility of voids was noted. These voids, once pro-
nounced between the infill and wall, became considerably less discernible, indicating a significant enhancement
in material cohesion and continuity. This reduction in void presence is indicative of improved layer bonding, a
phenomenon that contributes to the substantial increase in tensile strength observed after the ironing process.
The ironing process played a pivotal role in enhancing the surface roughness of the printed components. This
enhancement was achieved through the substantial reduction of irregularities that were characteristic of the
layer-by-layer deposition inherent to MEX technology, as can be seen in Fig. 7. As a result, the surface appeared
notably smoother and more uniform, aligning with the criteria of aesthetics and functional performance. The
marked improvement in surface roughness was closely tied to the reduction of irregularities between printed
paths. Irregularities, characterized by discontinuities and variations in the surface, are often associated with
Material Extrusion. Prior to the ironing process, these irregularities were a prominent feature of the printed
parts, contributing to increased surface roughness. The ironing process’s unique ability to level and smoothen
these irregularities led to a substantial decrease in surface roughness, enhancing the overall quality of the printed
components. Moreover, the ironing process played a pivotal role in minimizing voids within the material struc-
ture. These voids, initially present between printed paths, were considerably reduced in size and visibility after
ironing. The process facilitated a closer and more cohesive bonding of adjacent material layers, reducing the
voids that can compromise structural integrity, surface quality, and overall mechanical properties of MEX parts.

Conclusion

The central objective of this investigation was to understand and optimize the intricate relationships between
ironing process parameters and material properties in MEX technology. We boarded this journey with the aim
of achieving not only enhanced mechanical properties but also improved surface quality, characteristics essential
for diverse applications spanning various industries. The key findings of this study can be summarized as follows:

e The implementation of the ironing process in conjunction with the Box-Behnken Design BBD showcased a
substantial improvement in the mechanical and surface properties of MEX-printed PLA samples.

e Optimization of ironing process parameters: through the application of DoE, specifically BBD, we identified
optimal ironing process parameter combinations. This approach allowed us to systematically explore the
parameter space and unveil the conditions that led to substantial enhancements in material properties.

e Effect of the ironing process: The introduction of the ironing process as a process step was a transformative
aspect of our investigation. It significantly improved surface roughness, minimizing voids and enhancing
layer bonding within the printed components. This enhancement was particularly evident in the results of
tensile tests, where the presence of voids between infill and outer contour was drastically reduced. The surface
roughness Ra experienced a substantial reduction, representing a decrease of approximately 69%.

® Mechanical property improvements: The integration of optimized ironing process parameters contributed to
a remarkable increase in mechanical properties, as evidenced by higher ultimate tensile strength, compres-
sive strength, flexural strength, and impact strength. The Ultimate Tensile Strength witnessed a noteworthy
improvement of approximately 29%. Similarly, the compressive strength exhibited substantial growth, repre-
senting an enhancement of almost 25%. The flexural strength demonstrated a remarkable increase, signifying
a considerable improvement of around 35%. Moreover, the impact strength saw a significant boost, showing
an impressive improvement of about 162%. These improvements underscore the potential of this processing
technique to elevate the overall mechanical performance of MEX-produced components.

e Surface quality enhancement: the ironing process not only heightened mechanical properties but also
enhanced surface quality. Irregularities and imperfections were notably reduced, providing a smoother,
more aesthetically pleasing surface finish.

In summary, this study explores the connections between ironing process parameters and material proper-
ties, offering insights into potential enhancements for the characteristics and surface quality of MEX-produced
components. This research contributes to the ongoing efforts to optimize and advance MEX technology, empha-
sizing the impact of precision experimentation, post-processing techniques, and statistical methodologies in the
pursuit of material innovation and the development of components with improved performance and aesthetics.

Scientific Reports |

(2024) 14:2300 | https://doi.org/10.1038/s41598-024-52827-5 nature portfolio



www.nature.com/scientificreports/

Data availability
The data that support the findings of this study are available on request from the corresponding author.

Received: 3 December 2023; Accepted: 24 January 2024
Published online: 27 January 2024

References

1.

Al Noman, A., Kumar, B. K. & Dickens, T. Field assisted additive manufacturing for polymers and metals: materials and methods.
Virt. Phys. Prototyp. 18, 1 (2023).

2. Harris, M. et al. Hybrid deposition additive manufacturing: novel volume distribution, thermo-mechanical characterization, and
image analysis. J. Braz. Soc. Mech. Sci. Eng. 44, 432 (2022).
3. Markiz, N., Horvith, E. & Ficzere, P. Influence of printing direction on 3D printed ABS specimens. Prod. Eng. Arch. 26, 127-130
(2020).
4. Vassilakos, A., Giannatsis, J. & Dedoussis, V. Fabrication of parts with heterogeneous structure using material extrusion additive
manufacturing. Virtual Phys. Prototyp. 16, 267-290 (2021).
5. Vardai, R. et al. Effect of various organic fibers on the stiffness, strength and impact resistance of polypropylene; a comparison.
Polym. Int. 70, 145-153 (2021).
6. Vesely, P. et al. Dielectric spectroscopy of PETG/TiO, composite intended for 3D printing. Virt. Phys. Prototyp. 18, (2023).
7. Ando, M., Birosz, M. & Jeganmohan, S. Surface bonding of additive manufactured parts from multi-colored PLA materials.
Measurement 169, 108583 (2021).
8. Chen, M. Y,, Skewes, J., Woodruff, M. A., Dasgupta, P. & Rukin, N. J. Multi-colour extrusion fused deposition modelling: A low-
cost 3D printing method for anatomical prostate cancer models. Sci. Rep. 10, 10004 (2020).
9. Pervaiz, S., Qureshi, T. A., Kashwani, G. & Kannan, S. 3D printing of fiber-reinforced plastic composites using fused deposition
modeling: A status review. Materials 14, 4520 (2021).
10. Szebenyi, G., Czigany, T., Magyar, B. & Karger-Kocsis, J. 3D printing-assisted interphase engineering of polymer composites:
Concept and feasibility. Express Polym. Lett. 11, 525-530 (2017).
11. Kmetz, B. & Takécs, A. Designing a filament recycling extruder. Des. Mach. Struct. 11, 46-52 (2021).
12. Kmetz, B. & Takdcs, A. Demand for recycling filament in 3D printing. Des. Mach. Struct. 10, 65-72 (2020).
13. Kascak, J. et al. Design of an atypical construction of equipment for additive manufacturing with a conceptual solution of a print-
head intended for the use of recycled plastic materials. Appl. Sci. 11, 2928 (2021).
14. Hlinka, J., Déniel Eréss, L., Fendrik, A. & B4n, K. Changes in mechanical properties due to heat treatment on additive manufactured
Ti-6Al-4V. Commun. Sci. Lett. Univ. Zilina 25, B1-B6 (2023).
15. Ficzere, P, Borbas, L. & Szebenyi, G. Reduction possibility of residual stresses from additive manufacturing by photostress method.
Mater. Today Proc. 4, 5797-5802 (2017).
16. Farooq, M. U, Anwar, S., Ullah, R. & Guerra, R. H. Sustainable machining of additive manufactured SS-316L underpinning low
carbon manufacturing goal. J. Mater. Res. Technol. 24, 2299-2318 (2023).
17. Alzyod, H. & Ficzere, P. The influence of the layer orientation on ultimate tensile strength of 3D printed poly-lactic acid. Jordan
J. Mech. Ind. Eng. 16, 361-367 (2022).
18. Dasgupta, A. & Dutta, P. A comprehensive review on 3D printing technology: current applications and challenges. Jordan J. Mech.
Ind. Eng. 16, 529-542 (2022).
19. Engberg, A., Stelzl, C., Eriksson, O., O’Callaghan, P. & Kreuger, ]. An open source extrusion bioprinter based on the E3D motion
system and tool changer to enable FRESH and multimaterial bioprinting. Sci. Rep. 11, 21547 (2021).
20. Wang, Z., Guo, Z., Li, Z. & Zeng, K. Design, manufacture, and characterisation of hierarchical metamaterials for simultaneous
ultra-broadband sound-absorbing and superior mechanical performance. Virtual Phys. Prototyp. 18, (2023).
21. Cazén, A, Prada, J. G, Garcia, E., Larraona, G. S. & Ausejo, S. Pilot study describing the design process of an oil sump for a com-
petition vehicle by combining additive manufacturing and carbon fibre layers. Virtual Phys. Prototyp. 10, 149-162 (2015).
22. Takdcs, A. Safe in and out of the car. in Vehicle and Automotive Engineering 4: Select Proceedings of the 4th VAE2022, Miskolc,
Hungary 63-70 (Springer, 2022).
23. Widden, M. & Gunn, K. Design-build-test of model aerofoils for engineering education using FDM. Virtual Phys. Prototyp. 5,
189-194 (2010).
24. Yap, Y. L. & Yeong, W. Y. Additive manufacture of fashion and jewellery products: A mini review. Virtual Phys. Prototyp. 9, 195-201
(2014).
25. Vega, V. et al. The effect of layer orientation on the mechanical properties and microstructure of a polymer. J. Mater. Eng. Perform.
20, 978-988 (2010).
26. Ekinci, B. & Ehrmann, A. Influence of printing parameters on the dimensional accuracy of concave/convex objects in FDM print-
ing. in ASEC 2022 40 (MDPI, 2022). https://doi.org/10.3390/ASEC2022-13811.
27. Alzyod, H. & Ficzere, P. Thermal evaluation of material extrusion process parameters and their impact on warping deformation.
Jordan ]. Mech. Ind. Eng. 17, 617-624 (2023).
28. Hlinka, J. & Weltsch, Z. Examination of steel surfaces treated by different lasers. IOP Conf. Ser. Mater. Sci. Eng. 448, 012028 (2018).
29. Cuan-Urquizo, E. & Guerra Silva, R. Fused filament fabrication of cellular, lattice and porous mechanical metamaterials: A review.
Virtual Phys. Prototyp. 18, (2023).
30. Alzyod, H. & Ficzere, P. Material-dependent effect of common printing parameters on residual stress and warpage deformation
in 3D printing: A comprehensive finite element analysis study. Polymers (Basel) 15, 2893 (2023).
31. Rashed, K., Kafi, A., Simons, R. & Bateman, S. Optimization of material extrusion additive manufacturing process parameters for
polyether ketone ketone (PEKK). Int. J. Adv. Manuf. Technol. 126, 1067-1091 (2023).
32. Popescu, D., Zapciu, A., Amza, C., Baciu, F. & Marinescu, R. FDM process parameters influence over the mechanical properties
of polymer specimens: A review. Polym. Test 69, 157-166 (2018).
33. Kechagias, J., Chaidas, D., Vidakis, N., Salonitis, K. & Vaxevanidis, N. M. Key parameters controlling surface quality and dimen-
sional accuracy: A critical review of FFF process. Mater. Manuf. Process. 37, 963-984 (2022).
34. Rashed, K., Kafi, A., Simons, R. & Bateman, S. Fused filament fabrication of nylon 6/66 copolymer: Parametric study comparing
full factorial and Taguchi design of experiments. Rapid Prototyp. J. 28, 1111-1128 (2022).
35. Rashwan, O. et al. Extrusion and characterization of recycled polyethylene terephthalate (rPET) filaments compounded with chain
extender and impact modifiers for material-extrusion additive manufacturing. Sci. Rep. 13, 16041 (2023).
36. Peterson, A. M. & Kazmer, D. O. Predicting mechanical properties of material extrusion additive manufacturing-fabricated struc-
tures with limited information. Sci. Rep. 12, 14736 (2022).
37. Kumar, M. S. et al. Achieving effective interlayer bonding of PLA parts during the material extrusion process with enhanced
mechanical properties. Sci. Rep. 13, 6800 (2023).
38. Chen, L. & Zhang, X. Modification the surface quality and mechanical properties by laser polishing of Al/PLA part manufactured
by fused deposition modeling. Appl. Surf. Sci. 492, 765-775 (2019).
Scientific Reports|  (2024) 14:2300 | https://doi.org/10.1038/s41598-024-52827-5 nature portfolio


https://doi.org/10.3390/ASEC2022-13811

www.nature.com/scientificreports/

40.

41.

42,

43.

44.
45.

46.

47.

48.

. Beniak, J., Krizan, P, So0§, I & Matus, M. Roughness and compressive strength of FDM 3D printed specimens affected by acetone

vapour treatment. IOP Conf. Ser. Mater. Sci. Eng. 297, 012018 (2018).

Kalyan, K. et al. Integration of FDM and vapor smoothing process: Analyzing properties of fabricated ABS replicas. Mater. Today

Proc. 5,27902-27911 (2018).

Hambali, R. H., Cheong, K. M. & Azizan, N. Analysis of the influence of chemical treatment to the strength and surface roughness

of FDM. IOP Conf. Ser. Mater. Sci. Eng. 210, 012063 (2017).

Sardinha, M., Lopes, J., Gusmio, A., Reis, L. & Leite, M. Ironing process influence on the warping of ABS parts produced by Fused

Filament Fabrication. Proc. Struct. Integrity 42, 1274-1281 (2022).

Griffiths, E. R. & Leigh, S. J. Hybrid additive manufacture: Surface finishing methods for improving conductivity of inkjet printed

tracks on non-planar substrates fabricated using fused deposition modeling. Sens. Actuators A Phys. 333, 113235 (2022).

Sardinha, M. et al. Effect of the ironing process on ABS parts produced by FDM. Mater. Des. Process. Commun. 3, 1 (2021).

Paz, R., Moriche, R., Monzén, M. & Garcia, J. Influence of manufacturing parameters and post processing on the electrical con-

ductivity of extrusion-based 3D printed nanocomposite parts. Polymers (Basel) 12, 733 (2020).

Butt, J., Bhaskar, R. & Mohaghegh, V. Investigating the effects of ironing parameters on the dimensional accuracy, surface rough-

ness, and hardness of FFF-printed thermoplastics. J. Compos. Sci. 6, 121 (2022).

Tamburrino, E, Barone, S., Paoli, A. & Razionale, A. V. Post-processing treatments to enhance additively manufactured polymeric

parts: A review. Virt. Phys. Prototyp 16, 221-254 (2021).

Alzyod, H., Takacs, J. & Ficzere, P. Improving surface smoothness in FDM parts through ironing post-processing. J. Reinforced

Plast. Compos. 073168442311730 (2023). https://doi.org/10.1177/07316844231173059.

. 3DJAKE. Technical Data Sheet EcoPLA. https://c-3d.niceshops.com/upload/file/Technical_Data_Sheet[0].pdf (2018).

. Lyu,J. S., Lee, J.-S. & Han, J. Development of a biodegradable polycaprolactone film incorporated with an antimicrobial agent via
an extrusion process. Sci. Rep. 9, 20236 (2019).

51. Rashed, K., Kaf, A., Simons, R. & Bateman, S. Effects of fused filament fabrication process parameters on tensile properties of
polyether ketone ketone (PEKK). Int. J. Adv. Manuf. Technol. 122, 3607-3621 (2022).

52. Standard-ASTM. Standard Test Method for Compressive Properties of Rigid Plastics ‘D695-15” in vol. 08.01 1-8 (2015).

53. Standard-ASTM. Standard Test Methods for Determining the Izod Pendulum Impact Resistance of Plastics ‘D256™". in vol. 08.01
1-20 (2023).

54. Standard-ASTM. Standard test methods for flexural properties of unreinforced and reinforced plastics and electrical insulating
materials ‘D790-17" in vol. 08.01 1-12 (2017).

55. American Society of Mechanical Engineers. ASME B46. 1—Surface Texture (Surface Roughness, Waviness and Lay). Preprint at
(2019).

56. Dul, S., Fambri, L. & Pegoretti, A. Fused deposition modelling with ABS-graphene nanocomposites. Compos. Part A Appl. Sci.
Manuf. 85, 181-191 (2016).

57. Liu, X. et al. Mechanical property parametric appraisal of fused deposition modeling parts based on the gray Taguchi method. Int.
J. Adv. Manuf. Technol. 89, 2387-2397 (2017).

58. Syrlybayev, D. et al. Optimisation of strength properties of FDM printed parts—A critical review. Polymers 13, 1587 (2021).

59. Durakovic, B. Design of experiments application, concepts, examples: State of the art. Period. Eng. Nat. Sci. 5, (2017).

60. Durakovic, B. & Basic, H. Continuous quality improvement in textile processing by statistical process control tools: A case study
of medium-sized company. Period. Eng. Nat. Sci. 1, (2013).

61. Alzyod, H. & Ficzere, P. Optimizing fused filament fabrication process parameters for quality enhancement of PA12 parts using
numerical modeling and taguchi method. Heliyon 9, e14445 (2023).

62. Hadny, A., Ayun, Q,, Triyono, J. & Pujiyanto, E. Optimization of injection molding simulation of bioabsorbable bone screw using
Taguchi method and particle swarm optimization. Jordan J. Mech. Ind. Eng. 16, 319-325 (2022).

63. Sk, F. & Kumar, D. V. Optimization of performance and exhaust emissions of a PFI SI engine operated with iso-stoichiometric
GEM blends using response surface methodology. Jordan J. Mech. Ind. Eng. 15, (2021).

64. Gurrala, P. K. & Regalla, S. P. Multi-objective optimisation of strength and volumetric shrinkage of FDM parts. Virt. Phys. Prototyp
9,127-138 (2014).

65. Pinheiro, D. R,, Neves, R. de F. & Paz, S. P. A. A sequential Box-Behnken design (BBD) and response surface methodology (RSM)
to optimize SAPO-34 synthesis from kaolin waste. Microp. Mesop. Mater. 323, 111250 (2021).

66. Li, Z., Lu, D. & Gao, X. Optimization of mixture proportions by statistical experimental design using response surface method—A
review. J. Build. Eng. 36, 102101 (2021).

67. Alam, P. et al. Box-Behnken Design (BBD)-based optimization of microwave-assisted extraction of parthenolide from the stems
of tarconanthus camphoratus and cytotoxic analysis. Molecules 26, 1876 (2021).

68. Kumar, M. S., Yang, C.-H., Farooq, M. U,, Kavimani, V. & Adesoji, A. A. Enhanced structural integrity of Laser Powder Bed Fusion
based AlSi10Mg parts by attaining defect free melt pool formations. Sci. Rep. 13, 16672 (2023).

69. Ahmadi, M., Vahabzadeh, E,, Bonakdarpour, B., Mofarrah, E. & Mehranian, M. Application of the central composite design and
response surface methodology to the advanced treatment of olive oil processing wastewater using Fenton’s peroxidation. J. Hazard.
Mater. 123, 187-195 (2005).

70. Mousavi, L., Tamiji, Z. & Khoshayand, M. R. Applications and opportunities of experimental design for the dispersive liquid-liquid
microextraction method—A review. Talanta 190, 335-356 (2018).

71. R,R.M,, R, V. &S, R. Experimental analysis on density, micro-hardness, surface roughness and processing time of Acrylonitrile
Butadiene Styrene (ABS) through Fused Deposition Modeling (FDM) using Box Behnken Design (BBD). Mater. Today Commun.
27,102353 (2021).

72. Vardhan Rai, H., Kumar Modi, Y. & Pare, A. Process parameter optimization for tensile strength of 3D printed parts using response
surface methodology. IOP Conf. Ser. Mater. Sci. Eng. 377, 012027 (2018).

73. Prabakaran, A. C,, Senthil, P. & Sathies, T. Experimental Investigation on the Mechanical Characteristics of FDM Printed Polymer.
In Lecture Notes in Mechanical Engineering 741-760 (2022). https://doi.org/10.1007/978-981-19-0244-4_70/TABLES/7.

74. Gorbounov, M., Taylor, J., Petrovic, B. & Soltani, S. M. To DoE or not to DoE? A technical review on & roadmap for optimisation
of carbonaceous adsorbents and adsorption processes. S. Afr. . Chem. Eng. 41, 111-128 (2022).

75. Maity, S. Applications of selected response surface design of experiments and advanced control charts in textile engineering. in
Textile Calculation 13-55 (Elsevier, 2023). https://doi.org/10.1016/B978-0-323-99041-7.00015-1.

76. Hong, S. et al. High-velocity oxygen-fuel spray parameter optimization of nanostructured WC-10Co-4Cr coatings and sliding
wear behavior of the optimized coating. Mater. Des. 55, 286-291 (2014).

77. Boateng, I. D. Application of graphical optimization, desirability, and multiple response functions in the extraction of food bioac-
tive compounds. Food Eng. Rev. https://doi.org/10.1007/s12393-023-09339-1 (2023).

78. Minitab Support. What are individual desirability and composite desirability? Minitab https://support.minitab.com/en-us/minit
ab/21/help-and-how-to/statistical-modeling/using-fitted-models/supporting-topics/response-optimization/what-are-individual-
desirability-and-composite-desirability/ (2023).

79. Callister Jr, W. D. Materials science and engineering an introduction. (2007).

80. Kumari, R., Kumar, A. L. & BadJena, S. Materials Engineering ¢ Metallurgy. https://www.vssut.ac.in/lecture_notes/lecture142
3814208.pdf.

Scientific Reports|  (2024) 14:2300 | https://doi.org/10.1038/s41598-024-52827-5 nature portfolio


https://doi.org/10.1177/07316844231173059
https://doi.org/10.1007/978-981-19-0244-4_70/TABLES/7
https://doi.org/10.1016/B978-0-323-99041-7.00015-1
https://doi.org/10.1007/s12393-023-09339-1
https://support.minitab.com/en-us/minitab/21/help-and-how-to/statistical-modeling/using-fitted-models/supporting-topics/response-optimization/what-are-individual-desirability-and-composite-desirability/
https://support.minitab.com/en-us/minitab/21/help-and-how-to/statistical-modeling/using-fitted-models/supporting-topics/response-optimization/what-are-individual-desirability-and-composite-desirability/
https://support.minitab.com/en-us/minitab/21/help-and-how-to/statistical-modeling/using-fitted-models/supporting-topics/response-optimization/what-are-individual-desirability-and-composite-desirability/
https://www.vssut.ac.in/lecture_notes/lecture1423814208.pdf
https://www.vssut.ac.in/lecture_notes/lecture1423814208.pdf

www.nature.com/scientificreports/

81. Maleque, M. A. & Salit, M. S. Mechanical Failure of Materials. in Materials Selection and Design (eds. Maleque, M. A. & Salit, M.
S.) 17-38 (Springer Singapore, 2013). https://doi.org/10.1007/978-981-4560-38-2_2.

82. Li, H. et al. Microstructure and properties of carbon nanotubes-reinforced magnesium matrix composites fabricated via novel
in situ synthesis process. J. Alloys Compd 785, 146-155 (2019).

83. Nie, D. et al. Mechanical performance and failure analysis of a 3D-printed “continuous layer-lattice layer-continuous layer”
sandwich structure. Polymers (Basel) 15, 4283 (2023).

Acknowledgements
The authors would like to acknowledge the invaluable contributions of Dr. Szebényi Gébor and Dr. Rébert Vérdai
in assisting them with the measurements for this research.

Author contributions

H.A. conceived and designed the experiments; performed the experiments; analyzed and interpreted the data,
and wrote the main manuscript text. PE supervised the research; and contributed reagents, materials, and
analysis tools. All authors reviewed the manuscript. All authors agreed upon the current version of the submis-
sion for publication.

Funding

Open access funding provided by Budapest University of Technology and Economics.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:2300 | https://doi.org/10.1038/s41598-024-52827-5 nature portfolio


https://doi.org/10.1007/978-981-4560-38-2_2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ironing process optimization for enhanced properties in material extrusion technology using Box–Behnken Design
	Materials and methods
	Material, samples, and printing parameters used
	Optimization of the ironing parameters through the utilization of Box–Behnken Design (BBD)
	Design of experiments (DoE)
	BBD methodology 


	Results and discussion
	Analysis of the ironing process parameters for UTS, compressive, flexural, and impact strength, and surface roughness of PLA
	Analysis of variance (ANOVA) study
	Contour plot for responses

	Validation study
	Microscopic analysis of internal structure

	Conclusion
	References
	Acknowledgements


