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Abstract
This study delves into the crucial aspect of sample preparation methodology and its profound impact on characterizing the 
physical and mechanical properties of components fabricated through the material extrusion (fused deposition modeling—
FDM) process. Two distinct manufacturing approaches, direct printing and sample extraction from a plate, were employed 
to produce samples. To assess the influence of artifacts introduced by direct printing, compression tests were conducted 
under various loading directions. The investigation extends to density measurements and comprehensive morphological 
analysis, which plays a pivotal role in understanding the ramifications of different manufacturing approaches and principal 
sample directions. Notably, the research findings reveal that direct printing inflicts significant artifacts within the samples, 
fundamentally altering the properties obtained during testing. These artifacts substantially affect density measurements 
and mechanical behavior, indicating a potential avenue for future research and applications. Besides, the printing direction 
also significantly influenced the extent of the artifacts and differences in mechanical behavior. The maximum difference 
in density measurement was − 5.3%, while Young’s modulus reached − 29%, and yield strength ranged between − 12% (for 
vertical samples) and + 18% for horizontal samples with filaments arranged along the loading path. These findings underscore 
the necessity for meticulously crafted quality assessment protocols when utilizing functional parts manufactured through 
the material extrusion process. Such protocols should also consider the influence of sample dimensions on the mechanical 
characteristics of the components.
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1 Introduction

Additive manufacturing (AM) processes are having an 
increasing impact on the manufacturing sector. Since its 
early acceptance for rapid prototyping, additive manufac-
turing (AM) has gradually expanded to include new appli-
cations like rapid tooling and the production of highly per-
sonalized items. This is because adopting these technologies 
has intrinsic advantages in additive manufacturing. These 
include distributed production, high levels of customiza-
tion, minimal fixed costs, very inexpensive machining, 
speedy setup times, and reduced logistic costs [1–3]. The 
creation of novel materials, even those with functionalized 

fillers, and machines with greater accuracy and high-tem-
perature heating chambers (techno-polymers such as poly-
ether ether ketone (PEEK) [4–9], polyethylenimine (PEI) 
[10–16], polyaryletherketone (PAEK) [17, 18], as well as 
reinforced plastics field [19–25]) provides new opportunities 
and answers to manufacturing’s demands. However, certain 
issues that are specifically related to the layer-by-layer depo-
sition approach still afflict AM components. Internal voids, 
surface finishing, distortion, and porosities are widespread 
in various additive manufacturing techniques [26].

Material extrusion (MatExt), one of the AM techniques, 
is the method most frequently employed to create poly-
meric components. It is possible to embed functionalized 
fillers for structural purposes (like glass or carbon fibers) 
or to produce electrically conductive material, thanks to the 
machine’s simplicity, ease of scalability, great material avail-
ability, reduced material cost (especially when compared to 
polymeric powders used in selective laser sintering), and 
availability of materials (such as copper or even graphene). 
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Because of the material’s viscosity during deposition, items 
created with the MatExt technique suffer from the existence 
of voids. The viscosity increases quickly after the extrusion 
when the material comes into contact with the underlying 
layer. This severely restricts the degree of healing and lim-
its the contact interface between overlapping layers [27]. 
Since there are inner voids and a sintering process is used 
to adhere the layers together rather than welding, the result-
ing mechanical behavior is considerably different from that 
of plastic components made using conventional techniques, 
such as injection molding. This is also the case for semicrys-
talline materials since the crystallization kinetics may pre-
vent the healing of neighboring deposited filaments [28–32].

Although AM processes enable the direct production 
of a sample without further work, direct sample printing 
may cause some artifacts while determining the mechanical 
behavior of AM components. Indeed, the mechanical behav-
ior of these components, while keeping constant the material 
and other process conditions, is affected by the thermal his-
tory, which greatly influences the adhesion of consecutive 
layers. The thermal history influences the degree of healing 
[27]. Consequently, interlayer bonding is strongly affected 
by all the printing parameters that influence the thermal 
history, such as the nozzle temperature, the nozzle speed, 
the layer thickness, the printing strategy, and the degree of 
filling. In addition, the thermal history also determines the 
viscosity of the material being deposited; consequently, it 
also strongly influences the effective bonding area between 
the filaments [28, 33] and the voids. With these printing 
parameters held constant, the interlayer time, referring to 
the duration between successive extrusion passes at the same 
point after completing one layer, is solely influenced by the 
geometry of the deposited layer. The interlayer time serves 
as a comprehensive indicator, encapsulating the contribu-
tions of numerous printing parameters to the interlayer adhe-
sion. Indeed, opting for process parameters that result in 
extended interlayer times can lead to significant cooling of 
the printed layer, thereby diminishing adhesion with the sub-
sequent layer. Conversely, excessively short interlayer times 
may compromise dimensional accuracy since the “substrate 
material” remains in a rubbery state.

While determining the mechanical behavior of an AM 
component, direct sample print is widely adopted [34–36]. 
The sample with all its features (e.g., dogbane for tensile 
tests) is produced. However, this sample may show differ-
ent behavior as compared to that of a larger component 
since the interlayer time could be highly different. Differ-
ent interlayer times elapsed when using series or parallel 
deposition strategy. This indicates that the interlayer time 
should be similar between the effective workpiece and the 
sample printing. Another potential artifact that can occur 
during direct printing of a sample is related to the effective 
deposition speed. In cases where small samples are being 

produced, despite configuring the same nominal deposi-
tion rate, the acceleration and deceleration phases may 
impede reaching the intended nominal speed due to the 
limited length of the sample. Consequently, this can result 
in disparities between the properties of a sample generated 
through direct printing and one that is “as extracted” from 
a component.

Finally, as reported by several studies [37, 38], the 
mechanical behavior of printed samples is also sensitive 
to the distance from the building plate. In the MatExt pro-
cess [6–8, 10, 39], layers in contact with the building plate 
show higher density than overlying layers. In addition, as the 
building plate is typically kept at temperatures close or even 
higher to the polymer’s glass transition temperature, aging 
may occur in these layers. This also alters the mechanical 
properties of these layers compared to those of the rest of 
the sample [37].

Mechanical characterization tests are conducted to assess 
the physical and mechanical properties of materials or com-
ponents. The main scope of these tests is to determine how a 
material or structure responds to various types of mechani-
cal forces and to gather data for design, quality control, 
and safety purposes. The tests are performed on samples 
whose characteristics are representative of the whole com-
ponent. Typically, the samples used for mechanical tests are 
extracted (cut or milled, depending on the shape) from the 
component. On the other hand, since AM processes enable 
the production of very complex geometries, the mechanical 
characterization of the samples has been largely performed 
by directly printing the sample with the final geometry. 
Neither of the previous studies analyzed whether or not the 
samples directly printed show the same behavior as those 
produced by “extraction” from a larger component. Indeed, 
the “deposition history” and particularly the thermal his-
tory can be significantly different from that occurring during 
the production of a real (larger) component. Thus, direct 
sample printing may introduce artifacts that can lead to 
significant differences in the mechanical properties of the 
sample as compared to those of a larger component. The 
different deposition histories may lead to underestimation 
or overestimation of the physical properties (e.g., density) 
and mechanical properties. On the other hand, the “classi-
cal” sample preparation, through sample cutting or milling 
from a larger component, demands more effort for sample 
production and is more time-consuming.

The primary objective of this study is to assess the extent 
to which the mechanical and physical properties of samples 
are influenced by the sample manufacturing strategy, specifi-
cally the sample manufacturing protocol. To this end, two 
distinct approaches were followed:

1) Direct sample printing: In this widely adopted approach, 
samples were printed directly at their final dimensions.



4357The International Journal of Advanced Manufacturing Technology (2023) 129:4355–4368 

1 3

2) Sample extraction: The second approach involved manu-
facturing larger components (plates) from which sam-
ples were subsequently extracted to attain the desired 
final dimensions.

A comparative analysis of compression samples was 
performed for several reasons. First, straight samples are 
relatively easier to cut, making them suitable for this inves-
tigation. Additionally, understanding compressive behav-
ior is crucial for the adoption of the material extrusion 
(MatExt) process in applications such as rapid tooling [40], 
where components like molds and dies are often subjected 
to autoclave cycles. As many previous studies have indi-
cated, the mechanical performance of components can be 
influenced by their distance from the building plate during 
the printing process. This effect can vary between samples 
printed vertically and horizontally [41]. Consequently, we 
prepared compression samples oriented in different loading 
directions using both of the aforementioned manufacturing 
protocols. We conducted a comprehensive examination of 
physical properties, including density and inner void dimen-
sions, followed by compression tests to determine essential 
mechanical properties such as elastic modulus and yield 
strength. Additionally, we conducted thermal analysis during 
the sample printing process to gain insights into the impact 
of sample dimensions on thermal history, thereby shedding 
light on their physical and mechanical properties.

2  Materials and methods

2.1  Sample production

Polylactide acid (PLA), supplied by RS PRO, was used 
in the study. The filament had an initial diameter of 
1.75 mm ± 0.05 mm. Compression tests were performed 
using a sample with a box geometry with a square base hav-
ing a side of 12 mm and a height of 48 mm. A schematic of 
the sample is reported in Fig. 1.

The samples were produced on a commercial Creality 
machine, model Ender 6. Table 1 provides an overview of 
the primary deposition circumstances. A large part of these 
parameters show a direct influence on the interlayer bond-
ing behaviors [42, 43], as well as other characteristics such 
as surface roughness and dimensional accuracy. Indeed, the 
nozzle temperature, the layer thickness, the building plate 
temperature, as well as the extrusion multiplier, and the 
infill percentage directly influence the thermal history that 
determines the interlayer bonding of subsequent layers. Fur-
thermore, the layer’s dimensions, which represent the cross-
section of the component being printed, also play a crucial 
role in influencing interlayer bonding. This is because they, 
along with the nozzle speed, dictate the interlayer time.

The following reference explains the effects of six param-
eters on strength (PLA material) and can be used for the 
parameter selection constant values [44].

Three different orientations were tested, leading to (1) 
vertical samples (the loading direction corresponds to the 
material extrusion machine Z-axis), (2) horizontal samples 
with filaments arranged transverse to the loading direction, 
and (3) horizontal samples with filaments arranged parallel 
to the loading direction. The samples were produced using 
two different approaches: direct printing and sample extrac-
tion (cut) from larger components (plate).

The final dimensions of the samples used for compres-
sion tests were 12 mm × 12 mm × 48 mm. Such values are 

Fig. 1  Schematic of the sample produced with the selected deposition 
strategy

Table 1  Main deposition conditions

Process parameter Value

Nozzle temperature [°C] 210
Building plate temperature [°C] 60
Nozzle speed [mm/min] 4000
Nozzle diameter [mm] 0.4
Extrusion width [mm] 0.5
Layer thickness [mm] 0.2
Infill percentage [%] 100
Infill strategy Rectilinear
Number of external shells 1
Extrusion multiplier 100%
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similar to those reported by the ASTM D695, which reports 
that for the evaluation of the Young’s modulus and the 
offset yield stress the height should be four times the side 
(12.7 × 12.7 × 50.8 mm). Such dimensions were also adopted 
to let the samples to better fit the experimental devices.

The samples were produced using the direct 
pr in t ing approach wi th  the  f inal  d imension 
(12  mm × 12  mm × 48  mm). The printing and cutting 
involved more effort for sample preparations. Indeed, a plate 
with dimensions of 12 mm × 130 mm × 60 mm was pro-
duced. From this plate, four samples for each direction were 
made. The side regions of the plate were cut to avoid embed-
ding regions where acceleration/deceleration and inversion 
of deposition direction into the samples. To this end, a water-
cooled saw blade was adopted for the cuts. To understand the 
adopted approach, a plate layout with the cuts is reported in 
Fig. 2. The picture shows that configurations V1, H1, and 
HL1 immediately produce the samples. However, some of 
these samples (especially those of type H1 and HL1) are in 
contact with the building platform. Thus, such regions could 
be affected by prolonged contact with the building platform, 
which may alter the region’s structure and mechanical prop-
erties, as reported in [37]. On the other hand, V2 and H2 
samples are cut from the 3D-printed plaque, taking care to 
avoid the region coming in contact with the building plate. 
H3 and H4 samples (shown in Fig. 2d) were produced with 
benchmarking purposes to determine the influence of the 
printed part size on the mechanical behavior.

2.2  Thermal analysis

The mechanical characteristics of samples manufactured 
using the MatExt process are intricately linked to the mate-
rial viscosity and the bonding that occurs between filaments 
through interdiffusion. Consequently, thermal analysis was 
conducted to discern how sample dimensions influence their 
thermal history. Furthermore, the local temperature meas-
urements were analyzed to investigate the potential devel-
opment of edge effects during the printing process, which 
could impact sample characteristics.

Thus, an infrared camera, model E60 by Flir, was 
involved during the MatExt process to capture tempera-
ture distributions and variations in real time. The meth-
odology closely followed that described by Bartolai et al. 
[45], where the thermal camera was positioned alongside 
the specimen to record the thermal cycles imposed during 
printing. This configuration is visually depicted in Fig. 3. 
To ensure high-quality data capture, the highest available 
acquisition frequency (30 Hz) was selected as the deposi-
tion time for manufacturing the entire specimen extended 
up to 7 h. Subsequently, the thermal history was analyzed 
using the ResearchIR software. As evident from Fig. 3, the 
thermal camera is securely mounted on the machine frame, 
allowing for continuous temperature monitoring throughout 
the entire deposition process.

Three main cases were analyzed to understand the influ-
ence of the sample dimension on the temperature history: 

Fig. 2  Schematic of the adopted printing strategies: direct print of a vertical, b horizontal samples, and c horizontal with longitudinal filaments. 
Plaque print and cut of d vertical plaque and e horizontal plaque
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(1) direct printing of a single (vertical) specimen, (2) direct 
printing of 4 (vertical samples), and (3) plate printing. This 
enabled the produce samples with different interlayer times.

2.3  Sample characterization

The samples were geometrically characterized before 
mechanical tests to establish the component densities. The 
dimensions were determined using a centesimal microm-
eter. The weight of the samples was then determined using 
a Precisa balance model XT1220M. This enabled us to esti-
mate the density of the samples and how the chosen process 
parameters affected it.

According to ASTM D695 specifications, compression tests 
were carried out. A load cell with a full scale of 50 kN and a 
universal testing machine mode C43.50 were used. The tests 
were conducted using a traverse speed of 1 mm/min. During the 
tests, the strain of the sample was measured through an exten-
someter model 632.24F-50 by MTS. The tests were conducted 
up to a displacement of 2 mm. A picture of the sample during 
the compression test is reported in Fig. 4.

Table 2 provides an overview of the final experimental 
strategy.

Optical microscopy was used to better comprehend the 
materials’ morphology before and after the mechanical 
tests. To accomplish this, a LEICA stereoscope model 

M205 was used to ascertain the morphology of the upper 
surface. Additionally, a LEICA DM5000 metallographic 
microscope was used to comprehend better the micro-
structural features (interlayer neck and void sizes). Some 
samples were cross-sectioned and polished using abrasive 
paper to see better the internal flaws of the samples and 
the impact of the material flow (up to 2400 grit). Thus, a 
cooled diamond blade was used to cross-section the sam-
ples in the past. The samples were then molded and pol-
ished following consolidated metallographic techniques.

3  Results

3.1  Density of the samples

Figure  5 summarizes the density measurements per-
formed on the different samples (green bars highlight the 

Fig. 3  Picture of the IR thermal measurement during the MatExt pro-
cess

Fig. 4  Picture of the sample during the compression test

Table 2  Levels of the full factorial experimental plan

Sample Manufacturing Sample direction

V1 Direct print Vertical
H1 Direct print Horizontal
HL1 Direct print Horizontal
V2 Extracted from the vertical plate Vertical
H2 Extracted from the vertical plate Horizontal
H3 Extracted from the horizontal plate Vertical
H4 Extracted from the horizontal plate Horizontal
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measurements performed on directly printed samples). As 
can be inferred, direct sample printing led to underestimating 
the density in vertical samples. The density of V1 samples 
was 5.3% lower than that measured on extracted samples V2. 
On the other hand, negligible differences (lower than 1%) 
were found while comparing the density of all the samples 
extracted from the plaque. This indicates good robustness 
and reproducibility of the procedure adopted while extract-
ing the samples. Directly printed samples HL1 showed a 
slightly higher density than the other samples. This differ-
ence can be ascribed mainly to the inversion of the printing 
direction (at the edges). On the other hand, the average den-
sity was less affected by the distance of the sample from the 
building plate. The samples V2 and H2 which were extracted 
far from the plate showed similar density compared to sam-
ples H3 and H4, which were extracted from a plaque printed 
with a large area in contact with the building (heated) plate.

3.2  Mechanical characteristics

Figure 6 depicts the influence of the printing strategy and 
direction on Young’s modulus. As can be inferred, directly 
printed samples V1 and H1 showed lower Young’s modulus 
than the corresponding “extracted” samples V2 and H3. The 
measurements using V1 samples underestimated Young’s 
modulus by 10%. Similarly, the difference between Young’s 
modulus measured along the horizontal direction was even 
more marked; indeed, for H1, the average Young’s modulus 
was 1380 MPa, while that of the H3 sample was 1780 MPa, 
corresponding to an underestimation of 29%.

Only direct printed samples HL1 showed a simi-
lar Young’s modulus as compared to the corresponding 
“extracted” samples H4 and H2 because, during the com-
pression test, filaments are oriented perpendicular to the 

direction of load application in all three specimens consid-
ered. Direct printed samples H1 showed the lowest Young’s 
modulus because, during the compression test, these sam-
ples were not compressed in the direction of layer growth; 
indeed, layers were not compressed with each other, but 
there was compression of filaments  (Fig. 7).

Figure 8 depicts the influence of the printing strategy and 
direction on the yield stress. As can be inferred, directly 
printed samples V1 showed lower yield stress than the cor-
responding “extracted” samples V2. The measurements per-
formed using V1 samples underestimated the yield stress by 
12%. The difference between the yield stress measured along 
the horizontal direction was not marked; indeed, for H1, the 
average yield stress was 61 MPa, while that of the H3 sample 
was 63 MPa. Differences were more marked if compared to 
H4 and HL1; HL1 depicts an average yield stress of 73 MPa, 
corresponding to an underestimation with H2 of 18%. The 
motivation for this difference can be found in the printing 
mode, which results in a 3% higher density in HL1 than in 
H2. HL1, having been printed in the horizontal direction, 
has a greater contact surface with the printing plane than 
H2, leading to a higher density.

3.3  Optical microscopy

The specimens with the lowest density are the direct printed 
vertical samples V1. The average density of the sample 
V1 is 1.14 g/cm3, while the density of the corresponding 
“extracted” sample V2 is 1.20 g/cm3, showing an increase 
for the extracted specimens of 5.3%. Figure 9 shows the 
porosities present in the two types of specimens analyzed. 
Figure 7a shows the porosities in the V1 specimens, which 
are much more evident than those in the V2 specimens, 
shown in Fig. 7b.

Fig. 5  Influence of the deposition conditions on the density of the 
samples

Fig. 6  Influence of the deposition conditions on the Young modulus 
of the samples
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Figure 10 shows the porosities present in the H1 samples, 
which are those directly printed in the horizontal direction. 
Observing how the porosities present a gradient in their dis-
tribution is possible. The lower area, in contact with the 
printing plane, shows almost absent porosities; while mov-
ing away from the printing plane, the porosities gradually 
increase.

The results from the test matrix are summarized in 
Table 3.

3.4  Thermal analysis

Figure 11 illustrates thermal infrared (IR) images captured at 
various stages during the deposition of directly printed samples. 
The images vividly display temperature variations within the 
printed structure. Initially, the upper layers exhibit higher tem-
peratures immediately after deposition, reflecting their recent 
extrusion. However, the temperatures in these upper layers 
quickly decrease due to heat diffusion toward the underlying 
layers and heat dissipation into the surroundings through radia-
tion and convection. This rapid cooling results in a substantial 
drop of approximately 80–90 °C in filament temperature.

In contrast, the first layers, in direct contact with the 
build platform, maintain a relatively higher temperature, 
approximately 60 °C, even after an extended period since 
deposition. This sustained temperature can be attributed to 
the continuous heat exchange between these layers and the 
build platform.

The thermal images of the directly printed samples also 
reveal distinct horizontal temperature gradients. The isotherms 
exhibit a characteristic parabolic pattern, which arises from 
increased heat dissipation at the sample corners compared to 
the sides. This gradient in temperature distribution highlights the 
complex thermal dynamics within the printed structure.

Fig. 7  Schematic of the cross sections performed on V1 samples (a) and H1 samples (b) with a zoom on the direction of the layer during com-
pression test for V1 samples (c) and H1 samples (d)

Fig. 8  Influence of the deposition conditions on the yield stress of the 
samples
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The sequence of the IR images of the directly printed samples 
deposited in parallel (four at a time) has been reported in Fig. 12. 
The IR map indicates a smoother gradient of temperature as 
compared to that observed during single-sample printing. In 
addition, the average temperature was much lower. Both these 
phenomena were addressed to the longer interlayer time that pro-
moted higher heat diffusion and heat loss when four specimens 
were printed instead of only one.

The thermal infrared (IR) images, as depicted in Fig. 13, dis-
tinctly highlight a contrasting thermal distribution pattern meas-
ured on the plate. Notably, a considerably steeper temperature 
gradient is observed in the vertical direction, particularly just 
beneath the deposited layer. This gradient is a consequence of 
the significantly longer interlayer time, which is directly propor-
tional to the layer’s surface area. In contrast, these images reveal 
negligible horizontal temperature gradients within the printed 
structure.

Fig. 9  Porosities in direct 
printed vertical samples V1 
(a) and in corresponding 
“extracted” samples (b)

Fig. 10  Porosities in direct printed horizontal samples (H1) with a zoom on their distribution

Table 3  Summary of the results 
from the test matrix

Density [g/cm3] Young modulus [MPa] σy [MPa]

Mean value Standard 
deviation

Mean value Standard 
deviation

Mean value Standard 
deviation

V1 1.139 0.004 1547 17 54.7 0.9
V2 1.199 0.013 1708 85 61.5 1.4
H1 1.202 0.008 1380 88 61.3 2.8
H2 1.189 0.006 1625 49 60.4 3.3
H3 1.193 0.009 1781 35 63.1 0.6
H4 1.189 0.012 1653 1 75.5 1.5
HL1 1.227 0.009 1666 47 73.3 2.3
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Further analysis was conducted to assess temperature var-
iations within the actual layer. A fixed point (region of inter-
est) was strategically placed at the center of the layer to mon-
itor temperature fluctuations. As illustrated in Fig. 14a–c, the 
temperature exhibits a periodic trend corresponding to the 
nozzle’s motion along the layer. Notably, when the nozzle 
passes through the ROI, the temperature reaches a peak and 
quickly decreases.

Comparing the temperature data collected under the three 
deposition conditions, it is evident that the average tempera-
ture of the actual layer varies. The average temperature for 
direct printing of a single sample was 93 °C, while it was 
56 °C for direct printing of four samples in parallel. In con-
trast, the average temperature for the larger component was 
43 °C. This variance can be attributed to the significantly 
smaller dimensions of the layers in the plate sample, which 

Fig. 11  IR maps recorded at different deposition times during 3D printing of a single sample

Fig. 12  IR maps recorded at different deposition times during 3D printing of four samples (two samples are behind the shown ones)
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are nearly six times smaller. Therefore, it is apparent that the 
direct printing of a single sample, or even four samples in 
parallel, introduces more significant artifacts compared to 
plate printing, potentially impacting intermolecular diffusion, 
entanglement, and crystallinity.

4  Discussion

Additive manufacturing technologies are rapidly evolv-
ing from a rapid prototyping niche to a suitable solution 
for producing customized components, small batches, 
and even unique components manufacturing. So far, 

applications of AM processes in fields such as biomedi-
cal and aerospace are growing significantly. This demands 
a deep understanding of the AM components’ behavior 
and physical and mechanical properties [42]. For exam-
ple, precise knowledge of the density and its engineering 
is required in the biomedical field for greater prosthesis 
integration. Similarly, the accurate identification of the 
mechanical behavior of the components is mandatory. 
Besides, unreliable characterization procedures may lead 
to underestimation or overestimation of the mechanical 
properties. This may lead to oversized structures in aero-
space components, which would tremendously increase 
the space mission cost (the cost for getting a kilogram 

Fig. 13  IR maps recorded at different deposition times during 3D printing of the plate

Fig. 14  Thermal history measured at the actual printing layer during the sample deposition using three strategies: a direct printing of one sam-
ple, b direct printing of four samples, and c printing of a plate
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of material in orbit is 5–10 k€). On the other hand, over-
estimation would lead to undersizing of the component 
with possible failure without the possibility of mainte-
nance. These events make even more demanding the need 
for accurate characterization of these components and the 
definition of a reliable procedure.

Among AM processes, material extrusion is gaining great 
attention from both biomedical and aerospace fields because 
of the possibility of producing finished components with 
complex shapes made by biocompatible or high-strength-
to-weight materials. The simplicity of the process, scalabil-
ity, and opportunity to embed functionalizing fillers (such 
as reinforcing fibers, an electrically conductive filler) also 
contribute to attracting attention from both biomedical and 
aerospace fields.

The present investigation identified different causes of 
artifacts produced during direct sample printing. These 
included different thermal histories, (edge) regions where 
the deposition direction is inverted, rounded edges of the 
samples, and contact with the building plate shown in 
directly printed samples and determine different mechani-
cal behavior from that of a larger component. These artifacts 
also add to the possible bad adhesion between the internal 
infill and the external shells, which should be avoided during 
mechanical characterization. The main artifacts introduced 
in the directly printed samples are depicted in Fig. 15.

In the present study, external shells were not printed, 
and only the internal infill was characterized. Neverthe-
less, the artifacts introduced by direct printing determined 

significant differences in the measurements performed on 
directly printed samples and those extracted from a larger 
component. Table 4 summarizes the main differences in the 
properties measured on directly printed and extracted sam-
ples. As can be inferred, such differences greatly depend on 
the direction of the sample.

Figure 10 depicts schematically a sample printed under 
V1 conditions. As can be inferred, since the dimensions of 
the sample along the deposition path are relatively small 
(the edge is 12 mm long), the deposition conditions and 
especially the extruder speed are strongly uneven along the 
deposition path. Indeed, since the need for acceleration and 
deceleration ramps, only a small part of the path is effec-
tively deposited under predefined steady-state speed. There-
fore, the characteristics of the sample are greatly variable 
along the deposition path. This indicates that V1 samples 
suffer from edge effects. On the other hand, the samples 
“extracted” from the plate, as those of V2 type, are cut from 
an almost homogeneous region where the extruder speed 
is constant and equal to that prescribed. Consequently, V1 
samples showed lower density and mechanical properties 
as the larger component. Thus, assuming the characteristics 
retrieved from direct printing sample testing would result 
in an underestimation of the final weight and oversizing of 
the component.

In the samples printed horizontally with filaments depos-
ited transversely to the loading direction (H1), a negligible 
density difference was found compared to extracted sam-
ples (H3). On the other hand, an extremely lower Young’s 

Fig. 15  Schematic of the deposition of directly printed vertical samples (V1 type) (a) with a zoom on main artifacts in directly printed samples 
(b)

Table 4  Difference of the 
density and mechanical 
behavior of samples made by 
direct printing (V1, H1, and 
HL1) and extraction method 
(V2, H3, and H2)

∆

Density Young’s modulus Yield strength

Vertical  (V1 −  V2)/V1  − 5.3%  − 10%  − 12%
Horizontal-transverse  (H1 −  H3)/H1 0.6%  − 29%  − 3%
Horizontal-longitudinal  (HL1 −  H2)/HL1 3% 2% 18%
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modulus was measured (29% lower). This difference was 
due to the shorter deposition path, which led to a differ-
ent thermal history and a great edge effect. Finally, in sam-
ples printed horizontally with filaments arranged along the 
loading direction, the directly printed samples HL1 showed 
much higher yield strength values than the extracted sam-
ples H2. This was due to the large portion of samples HL1 
in contact with the building plate. Such high values of yield 
strength were also observed in H4 samples. This confirms 
the strong influence of the densification occurring near the 
build platform on the yield strength. Similar results are in 
good agreement with the experimental findings concerning 
indentation tests performed on samples on the build platform 
face and the opposite one, as reported in [37].

All the previous comparisons indicate that, although 
direct printing of the samples by MatExt shows unquestion-
able advantages in terms of reduced efforts, time, and cost of 
manufacturing, it provides results that tend to underestimate 
or overestimate the mechanical properties of the deposition 
strategy. Such differences are certainly due to the accelera-
tion/deceleration speed ramps that lead to uneven deposition 
conditions during the direct printing approach. In addition, 
this strategy is also affected by the rounding edges that fur-
ther introduce significant artifacts in the geometry of the 
samples.

According to the findings discovered in the present inves-
tigation, some main considerations can be drawn:

• During the characterization of the samples, external lay-
ers should be avoided to avoid the issue of bad overlap-
ping between the external shells and infill. These mainly 
alter the evaluation of the density and the effective cross-
section (and consequently the mechanical properties of 
the samples).

• Direct printing of the samples should be used only for 
comparative purposes. Consequently, the adoption of 
directly printed samples should be limited to optimizing 
deposition conditions.

• Direct printing should be avoided for precise charac-
terization aimed at determining the real mechanical 
characteristics of the samples, which should be used for 
mechanical simulation purposes of the component. In 
this case, sample extraction should be used instead.

The study provides a critical examination of how dif-
ferent manufacturing procedures can significantly impact 
the characterization of material extrusion (MatExt) com-
ponents. This exploration of deposition strategies con-
tributes to a deeper understanding of the complexities 
involved in additive manufacturing.

– The research highlights the necessity of considering 
sample dimensions when qualifying MatExt com-

ponents. This insight underscores the importance of 
robust qualification protocols that account for varia-
tions in sample size, ensuring representative results.

– A detailed analysis of thermal imaging was conducted, 
reaffirming the existence of distinct thermal histories 
during material deposition. This serves as valuable evi-
dence to support our findings regarding the effects of 
different manufacturing approaches.

However, the study utilized a fixed set of process 
parameters, which might limit the generalizability of our 
findings. The influence of processing conditions, such 
as deposition speed, was not explored comprehensively. 
Future investigations should encompass a wider range of 
printing parameters to provide a more holistic perspective 
on their effects. While the study focused on the effects of 
different deposition paths on components, other printing 
parameters’ impacts, like nozzle temperature and layer 
height, were not extensively examined. A more compre-
hensive exploration of these parameters could lead to a 
more nuanced understanding of their influence.

The main findings align with prior research that has 
highlighted the sensitivity of material extrusion processes 
to various parameters [46]. However, our study delves 
deeper into the specific influence of manufacturing proto-
cols, expanding on the existing body of knowledge.

To address the limitation of fixed process parameters, 
future studies should encompass a broader spectrum of 
printing conditions. This includes variations in deposition 
speed, nozzle temperature, and layer height. Understand-
ing how these parameters interact and influence artifacts 
and mechanical properties is essential for advancing the 
field. Developing more comprehensive qualification pro-
tocols that consider sample dimensions as a critical factor 
will contribute to more accurate representations of MatExt 
components. This is particularly crucial as the technology 
finds broader industrial applications.

Exploring the influence of different loading conditions, 
such as tensile, bending, and shearing, on components 
manufactured with various protocols can provide insights 
into the versatility and limitations of MatExt parts in real-
world applications. Such investigations will be vital for 
tailoring MatExt components to specific industry needs.

5  Conclusions

In this study, the implications of varying manufacturing 
procedures on the characterization of components produced 
through material extrusion were explored. By investigating 
two distinct approaches—direct sample printing and sample 
extraction from larger components—we have unveiled key 
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insights that hold considerable promise for future research 
and practical applications in the field.

The research has illuminated the following overarching 
insights:

– The direct printing of samples introduced various arti-
facts, including alterations in thermal history, regions 
with inverted deposition directions, the formation of 
rounded sample edges, and interactions with the build-
ing platform.

– These differences in deposition paths under direct sam-
ple printing had a profound impact on the mechanical 
behavior of the components. Vertical samples produced 
via direct printing exhibited reduced density (− 5.3%), 
decreased Young’s modulus (− 10%), and lower yield 
strength (− 12%) when compared to their extracted coun-
terparts.

– For horizontal samples with filaments oriented per-
pendicular to the loading direction, there was a notable 
underestimation of Young’s modulus (− 29%). Although 
these samples showed similar density (on average, 0.6% 
higher than the extracted samples), their yield strength 
was lower by − 3%.

– Conversely, horizontal samples with filaments aligned 
along the loading direction displayed higher density 
(+ 3%), increased Young’s modulus (+ 2%), and signifi-
cantly elevated yield strength (+ 18%) compared to the 
extracted samples.

These findings collectively underscore the critical impor-
tance of selecting an appropriate manufacturing protocol in 
material extrusion processes. As we look ahead, this research 
not only enhances our understanding of the nuanced effects 
of manufacturing techniques but also paves the way for the 
development of tailored approaches that can optimize the 
properties of printed components. Future work may explore 
how these insights can be leveraged to improve the reliabil-
ity and precision of material extrusion processes, ultimately 
advancing their applications across diverse industries.
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