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Abstract
The present study is aimed at determining the local density of components made by fused deposition modeling (FDM) 
through non-destructive indentation tests. An experimental campaign was performed to assess such a relationship. Specimens 
were made varying the amount of material flow and the direction of deposition. The specimen’s dimension and weight were 
measured to determine the average density. The internal porosity due to uncomplete filling produced due to the deposition 
process was also assessed through cross-sectioning. Instrumented indentation tests were conducted on the samples to deter-
mine a relationship between the density and the slopes during the loading and unloading phases. The tests were performed 
using flat cylindrical indenters of different diameters. The results indicated that the density of the specimens was strongly 
influenced by the adopted material flow and the orientation during deposition. An empirical relationship was determined 
between the slopes measured during indentation tests and the density. Such a relationship is independent of the deposition 
orientation. The optimized procedure represents a valuable tool to determine the local density of components made by fused 
deposition modeling through non-destructive indentation tests.

Keywords  Additive manufacturing · Fused deposition modeling · Material extrusion · Characterization · Mechanical 
testing · Quality assessment

1  Introduction

Additive manufacturing (AM) processes are achieving grow-
ing interest within the scientific community and industrial 
companies [1–3]. Since the early application of these pro-
cesses for rapid prototyping purposes, additive manufactur-
ing has been rapidly extended to rapid tooling. The chal-
lenge is to use AM to provide an alternative solution for 
the rapid fabrication of final products. However, applying 
these processes to finished manufacturing products intro-
duces new issues. The components’ mechanical properties 
are different from parts made by traditional methods (e.g., 
injection molding for plastics) [4]. This is due to the inher-
ent growing mechanism (layer by layer) of the finished part 
that can be seen as an aggregate of different bonded layers. 

Furthermore, with few exceptions (e.g., sheet lamination), 
additive manufacturing processes involve many porosities. 
This is particularly evident in components made by mate-
rial extrusion processes such as fused deposition mod-
eling (FDM) since the great dimension of the raw material 
involved in this process and the semi-solid state of the mate-
rial during the deposition.

The presence of the porosities influences the behavior of 
the components made by additive manufacturing processes. 
Porosities reduce the load-bearing area and induce severe 
stress concentration leading to higher stress. As explained 
above, compared to other additive manufacturing processes, 
the process-induced porosities in the fused deposition mode-
ling (FDM) process are even more challenging. Indeed, dur-
ing the FDM process, a relatively low pressure (as compared 
to conventional manufacturing processes such as injection 
molding) is applied to the molten material flowing from the 
nozzle to the underlying layer. This hinders the complete 
filling of the volume and adhesion with side and underly-
ing layers, leading to continuous porosities within the com-
ponent. Therefore, fused deposition modeling (FDM) parts 
show anisotropic plastic behavior [5]. This also causes the 
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fracture mechanism and elongation at rupture to be strongly 
influenced by the direction of the load with respect to the 
growing direction [6]. The porosities also affect the crystal-
linity of semi-crystalline materials such as polylactide acid 
(PLA), as reported in [4].

Compared to conventional manufacturing processes, 
FDM is also less standardizable; the deposition condi-
tion, the adhesion between the deposited filament, and the 
shape and dimensions of the porosity depend on the tool 
path. Thus, the mechanical properties are also influenced 
by the component’s geometry. This further complicates the 
characterization of the components and the prediction of 
the behavior of the components. This limits the adoption of 
testing samples that represent the manufacturing conditions 
of the actual part. This is due to the thermal history of the 
material that flows from the nozzle, which also depends on 
the thermal diffusion with the surrounding material. Further-
more, in the FDM process, the accelerations/decelerations 
in the proximity of rapid direction changes also determine 
the material’s uneven “distribution.”

In the FDM process, the typical dimension of the extruder, 
which determines the dimension of the deposited filament, 
ranges between 0.3 and 0.6 mm. These values are one order 
of magnitude higher than the size of the powder used in 
powder bed fusion processes of plastics. Consequently, the 
porosities in FDM are larger than those observed in other 
AM processes such as powder bed fusion and binder jetting. 
Compared to stereolithography, the viscosity of the material 
during the extrusion is higher than that of photopolymers, 
leading to larger porosities as well. Thus, the presence and 
dimensions of porosities in FDM are generally more chal-
lenging than other additive manufacturing processes of 
plastics. The characterization of porosities can be precisely 
conducted through X-ray computed tomography analysis [7]. 
This approach enables the measurement of the location, the 
arrangement, and the dimension of the porosities, through 
a digital twin of the actual component. However, computed 
tomography analysis involves expensive testing equipment 
and a long scanning time that limits the applicability of such 
a testing technique. On the other hand, the application of 
non-destructive testing such as indentation tests could pro-
vide some more insight into the local behavior of the com-
ponent with a reasonable analysis time. For these reasons, 
the adoption of non-destructive testing (NDT) performed on 
actual components would significantly improve the quality 
assessment of the parts [8, 9]. For instance, indentation tests 
have been investigated to predict the mechanical behavior 
of metals and plastics [10]. Indentation tests were used for 
testing the mechanical properties of components made by 
direct energy deposition (DED) [11], and binder jetting [12].

So far, indentation tests have been applied to materials 
showing relatively small porosities, generally much smaller 
than those observed in parts made by FDM. This enabled 

the adoption of typical hardness indenters and even nanoin-
dentation tests to determine the characteristics of the tested 
material. Such procedures and tools are not suitable for test-
ing parts made by FDM since the indenter is much smaller 
than the porosities of the part. Therefore, the present work 
aims to develop a procedure and tools to determine the 
porosity of components made by FDM through an instru-
mented indentation test. This was performed experimentally 
by producing samples with different densities. The density 
of the components was determined through other measuring 
techniques to establish a relationship between the character-
istic slopes determined in indentation tests and the porosity.

2 � Materials and methods

The experimental campaign was conducted on rectangu-
lar specimens made of polylactide acid (PLA) produced 
by Fabbrix. PLA has widespread application, inherent 
recyclability, and reduced cost compared to other plas-
tics [13]. The samples were parallelepiped-shaped with 
5 mm × 60 mm × 20 mm, and were fabricated using a com-
mercial FDM machine model Ender-6 by Creality. This 
machine enables the selection of a wide range of param-
eters and deposition conditions. During the deposition pro-
cess, the extruder and the bottom plate temperature were 
set at 210 °C and 60 °C, respectively. A deposition rate of 
4000 mm/min was selected. A layer thickness of 0.2 mm was 
selected. This value represents 50% of the nozzle diameter 
(d = 0.4 mm) used for deposition. The samples were filled 
using five perimetral shells with a fixed width of 0.5 mm. 
The software Simplify 3D was used to control all the depo-
sition settings. Different extrusion multipliers (94%, 97%, 
100%, 103%, and 106%), which determine the amount of 
material flow during the deposition, were adopted to pro-
duce specimens of different porosities. The samples were 
produced using two deposition strategies, vertical and hori-
zontal, as depicted in Fig. 1. Three replicates were made for 
each deposition condition.

After printing, the weight of the specimens was measured 
through a precision balance model XT1220M by Precisa, 
and the main dimensions were measured. This enabled us 
to determine the density produced through different extru-
sion multipliers.

The samples were cross-sectioned following standard 
metallographic procedures, as schematized in Fig. 2. The 
portions were molded into resin, and polished with fumed 
silica suspension 0.2 mm. Finally, the samples were treated 
in an ultrasonic bath to remove material from the porosities. 
The samples were thus observed using a digital stereoscope 
model M205 by Leica.

Instrumented indentation tests were carried out using 
MTS’s Universal Testing Machine model C43.50. The 
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specimen was positioned horizontally (with the 20 × 20 
surface perpendicular to the indenter) on a compression 
plate. A cylindrical indenter was placed on the upper 
side of the sample, as shown in Fig. 3a. Indentation tests 
were conducted using cylindrical indenters with different 
diameters: D = 2 mm and D = 4 mm, at a constant travel 
speed of 1 mm/min, as depicted in Fig. 3b. The test was 
divided into two phases: the loading phase until the tool 
traveled for 0.6 mm through the sample thickness and the 
unloading phase, which involved a reverse tool direction. 
The tool travel depth was selected based on the previous 
experimental test.

The force–displacement curves were recorded during 
the loading and the unloading phases; then, the curves 
were elaborated using an algorithm within the MATLAB 
2021a environment. The algorithm identifies the linear 
path of the curves during the loading and unloading phases 
and identifies the slopes (E1 and E2, respectively) of each 
path, as shown in Fig. 3b.

3 � Results

3.1 � Determination of porosity 
through conventional techniques

Figure 4 depicts the variation of the density of the samples 
produced using different extrusion multipliers and printing 
orientations. The adoption of higher values of the extru-
sion multiplier raised the density of both types of samples 
(vertical and horizontal). However, significant differences 
between the densities of samples printed with the same 
extrusion multiplier were observed on samples printed in 
horizontal and vertical directions. Such difference tended to 
decrease with higher values of the extruder multiplier; then, 
a negligible difference was found for the extruder multiplier 
of 106%. The highest density reached by the printed samples 
was 1.195 g/mm3. This value is almost 4.5% lower than the 
density of the original filament (1.25 g/mm−3) and has a 
relative density of 95.5%.

Figure 5 depicts the cross-sections made on samples pro-
duced by different extrusion multipliers (EMs). The com-
parison of the cross-sections confirms a gradual reduction 
of the porosity dimension (darker regions) as the extruder 
multiplier increases. The porosities were diamond-like, 
as shown in the higher magnifications reported in Fig. 5. 
For EM = 94%, the average diagonal of the porosities was 
180 mm, while for the samples made with EM = 103% and 
EM = 106%, the average diagonal was 85 mm.

The analysis of the cross-section enabled us to deter-
mine other defects. Samples made using a low extrusion 
multiplier (EM = 94%) showed a coalescence of porosities 
in different sample regions. In addition, several unconnected 
filaments were observed owing to the lower material flow. 
Such defects were not observed in samples made by higher 
extrusion multipliers (EM ≥ 97%).

An uneven distribution of the porosities also character-
ized all the cross-sections. For low extrusion multiplier, the 

Fig. 1   Schematics of a vertical and b horizontal disposition of the samples during FFF deposition

Fig. 2   Schematic of the sample printing (vertical sample)
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variability of the porosity dimension led to the presence of 
coalescent porosities; on the other hand, in samples printed 
with higher extrusion multipliers, the outer shells generally 
showed smaller porosities than those observed in the central 
region.

3.2 � Indentation tests

Figure 6a and b depict the influence of the extrusion mul-
tiplier on the slopes E1 and E2 (during the loading and 

unloading phases, respectively) measured through indenta-
tion tests using the two indenters (D = 2 mm and D = 4 mm, 
respectively) on samples printed horizontally. The trends 
indicate a linear increase in the slope with the extrusion 
multiplier.

However, all the testing conditions (performed with 
the two indenters and during the loading or the unload-
ing phases) indicated a saturation phenomenon. Indeed, 
the slopes determined on samples printed with the extru-
sion multiplier EM = 106% showed a negligible varia-
tion compared to those measured on samples printed with 
EM = 103%.

Figure 7a and b depict the trends of the slopes E1 and E2 
measured (with indenter diameters D = 2 mm and D = 4 mm 
respectively) on samples printed in the vertical direction. 
In this case, the tests conducted with the tool diameter 
D = 4 mm indicate a non-linear increase of the slopes with 
the extrusion multiplier characterized by a high coefficient 
of correlation. This non-linear behavior reflects that deter-
mined for the density (shown in Fig. 4). On the other hand, 
the slope measured through the smaller indenter (D = 2 mm), 
as shown in Fig. 7b, was affected by higher uncertainty and 
dispersion (lower R2 values).

Cross-correlation among the calculated slopes and the 
density measurements was performed to determine the 
best procedure and indenter diameter for density evalua-
tion. Figure 8a depicts the trends of the slopes E1 and E2 by 
different indenter diameters (D = 2 mm and D = 4 mm) for 
horizontal samples. The slope showed a high coefficient of 

Fig. 3   a Experimental equipment and sample orientation during the indentation test; b schematic of the force–displacement curve recorded dur-
ing loading (red) and unloading (blue) phases

Fig. 4   Influence of the extrusion multiplier and direction of printing 
on the density of printed samples
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Fig. 5   Cross-sections of vertically printed samples using different extrusion multipliers

Fig. 6   Influence of the extrusion multiplier on the slope measured during indentation tests on samples printed in a D = 4 mm and b D = 2 mm on 
horizontally printed samples, as schematized in Fig. 3b

Fig. 7   Influence of the extrusion multiplier on the slope measured during indentation tests on samples printed in a D = 4 mm and b D = 2 mm on 
vertically printed samples
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correlation R2 in all the testing conditions. The correlation 
between the slopes and the density for horizontally printed 
samples ranged between R2 = 0.917 and R2 = 0.98. Figure 8b 
depicts the correlation between the slope and the density 
measured on samples printed vertically. In this case, adopt-
ing the indenter of D = 4 mm confirms a good correlation 
between the slope and the density; conversely, low values of 
R2 for D = 2 mm indicate the limit of the smaller indenter for 
samples printed vertically.

Figure 8a and b indicate the possibility of correlating 
the slopes of indentation tests with density measurements 
performed on samples printed in the same direction, in 
horizontal and vertical directions, respectively. A further 
cross-correlation analysis was conducted to verify if a rela-
tionship can be established between the samples’ slopes and 
density regardless of the printing direction. This analysis 
was limited to the indenter with D = 4 mm since the low 
values of the coefficient of correlation are shown in Fig. 8b. 
The relatively high values of the coefficient of correlation as 
reported in Fig. 9 (R2≈0.90) indicate the reliability of such 
a general relationship between the slopes and the density of 
the samples.

3.3 � Surface analysis of the printed specimens

The surfaces to be tested during the indentation tests 
were analyzed to understand better possible causes that 
led to unreliable test results (especially for the smaller 
indenter). Figure 10a depicts the 3D surface reconstruction 
of a sample printed in a vertical direction with the extru-
sion multiplier set to EM = 100%. The deposited filaments 
can be clearly distinguished on the surface. The average 
distance between the filaments is 0.2 mm, corresponding 
to the layer height adopted in the 3D-printing deposition. 
Figure 10c depicts a virtual cross-section of the surface 

which enables to determine better the irregularities of the 
external surface (that is tested during indentation tests of 
samples printed vertically). Red dots in Fig. 10c highlight 
the height of the external filaments. The height of the fila-
ments is comprised between 8 and 30 mm; thus, the sur-
face shows a variation of 22 mm in the surface that is in 
contact with the indenter. The total roughness Rt value 
calculated as the difference between the peak surface and 
the bottom valley is 59 mm. This morphology is consistent 
with that shown in [14, 15].

The same analysis was performed on the top surface of 
the samples printed horizontally with an extrusion multiplier 
EM = 100%, as depicted in Fig. 11. Such surface was even 
less regular as compared to that observed on the vertical 
side shown in Fig. 10. Indeed, the maximum peak to valley 

Fig. 8   Correlation of the slopes measured during indentation tests and the density on a horizontally printed and b vertically printed samples

Fig. 9   Overall correlation between the slope measured the indenta-
tion tests on horizontal and vertical samples during loading (E1) and 
unloading (E2) phases
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height of the profile Rz is 110 mm. Such a value corresponds 
to almost half of the layer thickness.

3.4 � Influence of deposition strategy

External shells are typically deposited first during the depo-
sition of a layer using fused deposition modeling; then, the 
process proceeds towards the inner shells. Thus, different 
deposition conditions are experienced depending on the 
position of the distance from the external layer perimeter. 
Figure 12 depicts a schematic of the other deposition con-
ditions occurring during the layer formation with differ-
ent colors. As mentioned above, the outer layers were first 
deposited. Therefore, during the deposition of the external 
shells, barreling edges were produced. Inner shells were 
deposited differently. Indeed, the material flow of the inner 
shell was partially constrained by the presence of the fila-
ments already deposited. Therefore, barreling was hindered 
from the side in contact with the already deposited layer. 

This was perpetrated as going towards the layer core until 
the last layer was deposited. Here, the last filament was 
constrained from both sides, leading to a different material 
flow than previously deposited filaments. The other deposi-
tion conditions lead to an uneven porosity distribution, as 
depicted in Fig. 12c.

Such porosities participate differently when testing 
horizontal and vertical samples. Indeed, as schematized in 
Fig. 13a, during the indentation tests of vertically printed 
samples, the tool plunges into the barreled side of the exter-
nal shells. According to the sample orientation, all types of 
shells (outer to the inner) were loaded during the indenta-
tion. On the other hand, during the indentation of the hori-
zontally printed samples, the tool plunged the top (flat) sur-
face of the sample, and only the inner shells were loaded. 
Figure 13 depicts a schematic of vertical and horizontal sam-
ples. While testing vertically printed samples, the load is 
spread (vertically) over all “types” of deposition (shells with 
different colors). On the other hand, during indentation tests 

Fig. 10   a 3D surface recon-
struction of a vertical printed 
sample; b topography of the 
analyzed surface area; c virtual 
cross-section of the surface
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of the horizontal test, the external shells do not contribute to 
balancing the load exerted by the indenter.

4 � Discussion

Additive manufacturing is a suitable alternative to conven-
tional manufacturing processes in many fields. This is due 
to several advantages, including the possibility of producing 
highly customizable products, economic suitability for small 
batches (even unit batches), extreme geometrical flexibility, 
distributed production, on-demand production, shortening of 
the supply chain, and the possibility of continuously improv-
ing a component performance with real-time feedback.

However, the adoption of AM processes to produce fin-
ished components is still hindered by limitations. Among 
them, the mechanical characterization is particularly com-
plex on AM products. This is due to a higher sensitivity to 
the shape and dimensions of the component being produced. 

Indeed, fixed process parameters and a different temperature 
history (due to differences in the form, dimensions, local 
filling, deposition strategy, acceleration/deceleration of 
the printing head, etc.) may induce significant differences 
in the local properties of the component. This also makes 
the development of a testing specimen representative of the 
element more complex. On the other hand, non-destructive 
testing can overcome these limitations by providing informa-
tion on the specific component. This also reduces material 
waste and does not increase the production time needed for 
building a series of specimens or physical twins.

Even though the weight and volume measurement can 
be used to determine the density of the components, this 
approach is not suitable for complex shapes. In addition, as 
mentioned above, the density of a component is also highly 
influenced by the geometry; consequently, the average den-
sity cannot be representative of the local properties. On the 
other hand, the cross-sectioning approach of the actual part 
is unfeasible. Indeed, it is a destructive method, which would 

Fig. 11   a 3D surface reconstruction of a horizontal printed sample; b topography of the analyzed surface area; c virtual cross-section of the sur-
face
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require a physical twin of the actual component to be used 
for cross-sectioning. This would lead to a significant waste 
of material and production time. In addition, observations 
of the porosities through optical microscopy are highly 

time-consuming since it involves different phases, including 
cutting, molding, lapping, ultrasonic cleaning to remove pos-
sible material flowing within the voids, and optical obser-
vation. Consequently, also, this approach is not suitable for 

Fig. 12   a Schematic of the different material flow conditions arising during the deposition of subsequent shells as moving from the outside 
perimeter shells towards the core of the layer and b during the deposition of subsequent layers; c uneven porosity distribution in the central zone
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Fig. 13   Schematic of the loaded 
shells tested during indenta-
tion tests on a vertically and b 
horizontally printed samples
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the needs of production. On the other hand, X-ray computed 
tomography analysis produces a digital twin of the actual 
part. However, the application of this method is limited since 
the cost of the equipment, long scanning time, and the maxi-
mum dimension of the part being tested.

The force–displacement features determined during 
instrumented indentation tests showed a high correlation 
with the components’ density, regardless of the direction 
of testing. Indeed, both the horizontally printed samples 
and those printed vertically were successfully characterized 
through indentation tests. The test performed on horizontally 
printed samples indicated a high correlation between the 
force–displacement curves and the porosity measurements 
regardless of both the tool diameters used in the indentation 
tests (D = 2 mm and D = 4 mm). The correlation coefficient 
on these samples ranged between R2 = 0.93 and R2 = 0.98 
depending on the measurement procedure (during the load-
ing and unloading phases) and the tool diameter. On the 
other hand, when testing the vertically oriented samples, the 
adoption of the larger tool is mandatory. Indeed, the tests 
conducted by the smaller indenter (D = 2 mm) resulted in 
a weak correlation between the characteristic indentation 
slopes and the density (R2 was lower than 0.6). On the other 
hand, the correlation between the force–displacement slopes 
and the porosity using the indenter with D = 4 mm were 
R2 = 0.94 and R2 = 0.96 (in loading and unloading phases, 
respectively). Thus, even in the presence of internal singu-
larities (such as the presence of connected porosities found 
on samples printed with a low extrusion multiplier), uneven 
distribution of the porosities (which were larger in the inner 
shells), and a rough contact surface between the tool and the 
indented surfaces, the results from indentation tests showed 
high correlation with the porosity of the components. This 
indicates the excellent capability of the proposed methodol-
ogy to determine the local properties of the components. The 
tests and the online elaboration of the curves were relatively 
short (almost 30 s). This indicates the possibility of adopt-
ing the test for the quality assessment of finished products.

5 � Conclusions

The present investigation proved the suitability of instru-
mented indentation tests to determine the density of compo-
nents made by fused deposition modeling (FDM). An exper-
imental campaign was conducted to produce specimens with 
different porosities. The samples were analyzed using weight 
and dimensional measurements and image analysis on the 
cross-sections. The information from other tests was com-
pared to verify the suitability of the proposed methodology. 
Indentation tests were performed using cylindrical tools of 
different diameters. The influence of the sample orientation 

during the tests was also assessed. The main results from the 
study are reported as follows:

1.	 The increase in the material flow during 3D printing led 
to an increase in the specimen’s density. This tended 
to saturate for extrusion multiplier higher than 103%; 
higher values of extrusion multiplier led to a negligible 
variation of the density. The samples printed in a hori-
zontal direction showed lower density than those printed 
vertically. Thus, the printing direction also influences 
the density of the samples. The highest relative density 
measured on samples with the highest material flow was 
95.5%.

2.	 Cross-sectional analysis showed a gradual reduction of 
the porosities with increasing the extrusion multiplier. 
The porosities had a diamond shape whose longer diago-
nal reduced from 180 mm (for EM = 94%) to 85 mm (for 
EM = 103% and 106%). The cross-sections showed varia-
ble dimensions of the porosities regardless of the adopted 
extrusion multipliers. For EM = 94%, the reduced mate-
rial flow led to the coalescence of porosities in several 
regions. In samples made with higher material flow con-
ditions, the external shells showed higher density than 
the inner shells. This was due to the different deposition 
conditions arising during the layer formation.

3.	 For horizontally printed samples, the characteristic 
slopes of the force vs. the displacement curves (meas-
ured during the indentation tests) and the density 
showed a high coefficient of correlation, regardless of 
the diameter of the indenter. The R2 values were higher 
than 0.93 and showed a maximum coefficient of correla-
tion of R2 = 0.98 (using the tool with 2 mm of diameter 
during the unloading phase).

4.	 For vertically printed samples, the smaller indenter 
(D = 2 mm) was not suitable for determining the density 
since poor correlation coefficient. Nevertheless, the cor-
relation coefficient between the density and the slopes 
measured on force–displacement curves using the larger 
indenter (D = 4 mm) was much higher (R2 = 0.96).

5.	 Despite the severe difference between the loaded regions 
and the tested surfaces of horizontally and vertically 
printed samples, an overall correlation (with R2 = 0.90) 
between the slope of the force–displacement curve and 
the density of the samples was identified.
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