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Featured Application: Real-time monitoring of the elastic properties of materials during the
printing process.

Abstract: This study demonstrated the potential of a non-destructive evaluation (NDE) method to
assess the elastic properties of materials printed under various parameters. A database was created
documenting the relationship between the elastic properties (Young’s modulus, shear modulus,
and Poisson’s ratio) of PLA (polylactic acid) materials and selected printing parameters such as
temperature, speed, and layer height. PLA, which is widely used in additive manufacturing, offers
convenient testing conditions due to its less demanding control compared to materials like metals.
Ultrasonic testing was conducted on specimens printed under different nozzle temperatures, speeds,
and layer heights. The results indicated that an increase in the printing temperature corresponded to
an increase in material density and elastic properties of the material. In contrast, an increase in layer
height led to a decrease in both density and the elastic properties of the material. Variations in the
nozzle speed had a negligible effect on density and did not show a notable effect on the elastic moduli.
This study demonstrated that ultrasonic testing is effective in measuring the elastic properties of PLA
materials and shows the potential of real-time ultrasonic NDE.

Keywords: NDE; elastic properties; material characterization; 3D printing; PLA; ultrasonic testing;
UT; FDM

1. Introduction

Fused Deposition Modeling (FDM) is a popular 3D printing technology, which is
based on the extrusion of a melted material through a nozzle, layer by layer [1,2]. With
the growth in popularity and advancements in FDM, it now enables the creation of objects
with complex geometries [3,4]. This is a low cost technology, which is easy to operate and
allows the use of a wide range of printing materials, such as polylactic acid (PLA) and
acrylonitrile butadiene styrene (ABS) [4].

Despite its advantages, this process presents several challenges that need to be ad-
dressed. Among these challenges, the quality control of the printed part is one of the
primary concerns. The final properties of the printed material are dependent on many
factors, including the interrelationships between printing parameters. Layer height is one
of the FDM parameters that influence the surface roughness, tensile, and shear strength of
the printed material [5–7]. Along with layer height, the temperature of the nozzle affects
the mechanical properties of FDM-produced parts, which was demonstrated by several
researchers [8,9]. The contribution of the raw materials’ properties and filament color to
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the mechanical properties was shown in [10,11]. One of the reasons why the final prop-
erties of a material may differ from the expected ones is the presence of defects. Defects,
such as voids, layer debonding, and surface roughness, can arise from various factors,
such as the parameters of the process and their combinations, the properties of the raw
material, environmental factors, etc. [12,13]. Defects could negatively affect the mechanical
properties of the part [14,15]. Finally, the layer-by-layer deposition approach may result in
possible anisotropy of the material. Given the broad range of variables affecting the quality
of the fabricated part, it is important to explore the influence of process parameters on the
mechanical properties of the printed material.

Nondestructive evaluation (NDE) methods are widely employed for material charac-
terization and do not damage the material itself [16–18]. Some nondestructive techniques
permit inspection during the printing process (in situ) [19]. One of the leading methods
of quality assessment of additively manufactured parts is X-ray computed tomography
(CT). This is an ex situ method used in defect characterization and classification after the
manufacturing process is completed [20–22]. Although it permits the assessment of defect
sizes and locations, it may not provide information on the elastic properties of the printed
material. This nondestructive technique is also used for assessing the mechanical and
thermo-mechanical properties of PLA-based composites [23,24].

Infrared imaging relies on analyzing thermal radiation variances, enabling the identifi-
cation of defect shapes and contours within materials. This method can also be employed to
capture thermal gradients across the surface of the printed part. Nevertheless, this method
may not effectively detect small defects and does not provide information regarding the
material’s properties [25].

Ultrasonic testing (UT) is one of the most robust NDE techniques. UT is capable of
detecting both surface and sub-surface defects, and identifying their locations and sizes.
Additionally, ultrasonic testing can be employed to measure material properties [26–28].
This NDE technique could be used for both ex situ and in situ measurements. In situ
implementation of this method and subsequent signal acquisition enable a qualitative
evaluation of residual stresses and porosity [29,30]. UT testing can be applied to objects
with complex geometries, but the surface roughness significantly influences the signal
detection and its quality. In cases involving rough surfaces, liquid couplants are used
to improve the test results [28,31]. UT also demonstrates good performance in detecting
cracks [32]. This NDE method is cost effective, simple to use, and capable of detecting
internal defects within the printed material [27,31,32].

There are other methods of determining material parameters [33,34]. For example,
elastic parameters could be obtained from 3- and 4-point bending tests. However, these
tests typically proceed further to the destructive phase. To enable the assessment of the
future assessment of the material in real time, the ultrasonic method was chosen.

Several studies were conducted on the effect of parameters of the printing process
on the mechanical properties of the plastic parts. Kumar et al. [35] chose infill density,
perimeters, and nozzle angle as the printing variables. Cwikla et al. [36], in their investiga-
tion, changed the following parameters: perimeters, solid layers, fill density, fill pattern,
solid fill pattern, and extrusion multiplier. In the study of Samykano et al. [37], variable
raster angles and infill densities were used. Doshi et al. [38] explored the influence of layer
thickness, infill density and pattern, printing speed, build orientation, and raster angle on
the mechanical properties of the FDM-printed parts. In general, researchers make their
own selection of printing parameters based on the interest of the study and their vision.
Therefore, in this work, nozzle speed, printing speed, and temperature were chosen as the
variable parameters as we believe that changes in these parameters could result in different
properties of the final material.

The use of NDE in the post-printing assessment of material quality is well established.
In this work, the potential of an ultrasonic NDE method in evaluating the elastic properties
of PLA printed with various parameters was explored. The effect of various variables in the
printing process on the resultant material properties was studied. Such an opportunity may
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enable a real-time adjustment of printing parameters to enable certain material properties
by utilizing NDE information in conjunction with the printer’s control and hardware
settings. A multi-dimensional response surface that links various process settings to the
measured elastic material properties could be utilized as a foundation for NDE-enabled
real-time decision-making to obtain the desired outcome from the printing process. For
this purpose, a database of the dependency of the elastic properties (including Young’s
modulus, shear modulus, and Poisson’s ratio) of the PLA material on the parameters of
the printing process such as printing temperature, printing speed, and layer height was
established. PLA is one of the widely used filaments in additive manufacturing. Unlike
other printing materials, e.g., metals, the printing controls and temperatures for PLA are
not as demanding, making it a convenient choice for laboratory testing. Furthermore,
PLA is a rather challenging material for ultrasonic testing (UT) due to its high attenuation
since less attenuative materials are likely to provide broader opportunities for real-time
ultrasonic NDE. The findings from this research offer valuable insights into how printing
process parameters affect the elastic properties of the printed samples, benefiting a broad
spectrum of users working with PLA materials.

2. Materials and Methods
2.1. Specimen Manufacturing

This study investigated the influence of the printing process parameters on the elastic
material properties of a printed PLA material. For this purpose, 38 cubic PLA specimens
with dimensions of 20 × 20 × 20 mm3 were printed using a Creality Ender 6 FDM 3D
printer (Shenzhen, China) (Figure 1). Markforged PLA white filament with diameter of
1.75 mm was utilized. The initial process parameters chosen for printing the experimental
specimens included a nozzle temperature of 220 ◦C, a nozzle speed of 50 mm/s, a build
plate temperature of 50 ◦C, and a layer height of 0.2 mm. In order to analyze the influence
of the nozzle temperature, nozzle speed, and layer height on the elastic properties of
the printed material, three sets of cubic specimens were printed, changing the parameter
under investigation with respect to the starting point (Table 1). The initial set of specimens,
as shown in Figure 1, included a larger number of specimens. However, due to high
ultrasonic wave attenuation in some specimens, which complicated the experiments and
prevented accurate data collection, these specimens were excluded from the final analysis.
Consequently, the final set of specimens reported in Table 1 represents those used in the
research. To improve the poor quality of the ultrasonic signal due to surface roughness [39],
all specimens were polished using P220 and P400 grade sandpaper. The results for the
unpolished specimens are not presented because the ultrasonic wave attenuated very
rapidly on these specimens. This high attenuation made it impractical to process and use
such data for analysis. Therefore, polishing was necessary to ensure reliable and accurate
ultrasonic measurements.

Table 1. Printing process parameters used for the specimen manufacturing.

Parameter S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13

Nozzle speed, mm/s
(nozzle temperature: 220 ◦C; layer

height: 0.2 mm)
50 60 70 80 90 100 105 110 115 120 130 140 150

Parameter T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13

Nozzle temperature, ◦C
(nozzle speed: 50 mm/s; layer height:

0.2 mm)
200 201 203 204 205 206 207 208 209 210 212 215 220

Parameter TH1 TH2 TH3 TH4 TH5 TH6 TH7 TH8 TH9 TH10 TH11 TH12

Layer height, mm
(nozzle temperature: 220 ◦C; nozzle

speed: 50 mm/s)
0.04 0.05 0.07 0.1 0.13 0.18 0.2 0.23 0.25 0.27 0.3 0.32
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Figure 1. Printed specimens. Arrow shows the build direction.

2.2. Density Measurements

The density of each specimen, which is required for elastic property estimation via
ultrasonic testing, was measured using the Archimedes’ principle. First, the specimens
were weighed using an AWS-100 electronic scale with an accuracy of ±0.01 g (Apotheca,
Cornelius, NC, USA). Then, the PLA cubes were suspended in a water-filled tank placed
on the electronic scale and the change in mass was recorded. The volume of the immersed
body was calculated using Equation (1).

V =
∆m
ρ

, (1)

where ∆m is the change in mass and ρ is the density of water (1 g/cm3).
The density of the specimen was calculated using Equation (2):

ρbody =
m ∗ ρ

∆m
, (2)

where m is the mass of the cubic specimen.
Measurements were conducted five times for each specimen and the average was

recorded for all calculations.

2.3. Ultrasonic Experimental Setup

Ultrasonic testing is a non-destructive technique that utilizes high-frequency sound
waves to evaluate the internal structure, integrity, and physical properties of materials.
In this work, the information about the longitudinal and shear velocities in the printed
PLA specimens was collected using the UT technique. For this purpose, the experimental
setup included a RITEC RAM-5000 high-power pulse generator, a RITEC Diplexer, a PXI
chassis with an embedded digitizer, a PC for data visualization and recording, and UT
transducers. UT signals were measured using an A103S-RM 1MHz longitudinal wave
transducer and two V153-RM 1MHz shear wave transducers. A frequency of 1 MHz was
chosen as the most suitable frequency for a specimen of the given dimensions and material.
The schematic of the experimental setup is depicted in Figure 2.
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Figure 2. Experimental setup.

PLA materials have a relatively high attenuation coefficient, which affects the intensity
of the ultrasonic signal travelling through the material. Therefore, two different measure-
ment approaches were utilized in this work: pulse echo and through transmission. The
pulse-echo approach was used for measuring the longitudinal speed of sound. In this
method, a transducer acts as both a transmitter and as a receiver. The through transmis-
sion approach was used for measuring the shear speed of sound. In this approach, one
transducer is used as a transmitter and the second one as a receiver.

During the tests, specimens with transducers were placed in clamps (see Figrue 2
insert for details) to maintain tight and consistent contact. Consistency in the conducted
experiments is essential, considering that various environmental factors such as contact
pressure and the thickness of the couplant’s layer could significantly influence the test
results. In order to resolve this, the signal consistency was maintained by controlling the
ultrasonic signal levels. The ultrasonic intensity was adjusted by tuning the transducer
contact pressure to yield the same level of horizontal cursors within the software interface.
These cursors were adjusted up to the maximum and minimum amplitudes of the transmit-
ted signal, which was the same for all measurements. The received signal was scaled in
such a way that the maximum and minimum amplitudes of the first echo reached these
cursors, as depicted in Figure 3. Ultrasonic measurements were taken three times for each
specimen; a constant level of contact pressure was maintained during the experiment to
maintain signal consistency, as described above.
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2.4. Assessment of the Elastic Properties of PLA Material

The longitudinal and shear speeds of sound within a material are related to the
material’s elastic properties. The time of flight was used to calculate the speeds of sound
within the specimens. This approach is based on determining the distance between two
ultrasound signal peaks, and then dividing the distance traveled by the signal by the
measured time interval. The procedure for determining the time corresponding to the
peaks of the ultrasonic signal is shown in Figure 4.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 17 
 

 
Figure 3. The process of adjusting the signal. 

2.4. Assessment of the Elastic Properties of PLA Material 
The longitudinal and shear speeds of sound within a material are related to the ma-

terial’s elastic properties. The time of flight was used to calculate the speeds of sound 
within the specimens. This approach is based on determining the distance between two 
ultrasound signal peaks, and then dividing the distance traveled by the signal by the 
measured time interval. The procedure for determining the time corresponding to the 
peaks of the ultrasonic signal is shown in Figure 4. 

 
Figure 4. Example of the longitudinal signal and time of flight measurement approach. The envelope 
for the signal is shown by the blue dashed line. 

After estimating the longitudinal and shear speeds of sound within the specimens, 
Equation (3) was utilized to calculate the Poisson’s ratio [40]: 𝜂 = ଵିଶ(௏೅ ௏ಽൗ )మଶିଶ(௏೅ ௏ಽൗ )మ, (3) 

where 𝑉௅ is the longitudinal sound speed and 𝑉  is the shear (transverse) speed. 

Figure 4. Example of the longitudinal signal and time of flight measurement approach. The envelope
for the signal is shown by the blue dashed line.

After estimating the longitudinal and shear speeds of sound within the specimens,
Equation (3) was utilized to calculate the Poisson’s ratio [40]:

η =
1 − 2

(
VT
VL

)2

2 − 2
(

VT
VL

)2 , (3)

where VL is the longitudinal sound speed and VT is the shear (transverse) speed.
The Young’s and shear moduli were calculated using Equation (4) and Equation (5),

respectively:

E =
V2

L ρ(1 + η)(1 − 2η)

(1 − η)
, (4)

G = V2
T ρ, (5)

where ρ is the material’s density.

2.5. Experimental Setup and Procedure for Porosity Measurements

Two specimens from each set (S, T, and TH; see Table 1), printed using the min and
max values of the corresponding parameter, i.e., nozzle speed, nozzle temperature, and
layer height, were selected for CT scanning. Samples with dimensions of approximately 3
× 3 × 10 mm3 were cut from the selected cubic specimens. The samples were mounted on
a cylindrical acrylic rod and scanned using a Waygate Technologies Phoenix V|tome|x S
scanner (Baker Hughes, Houston, TX, USA). The CT machine was configured to produce
30 watts at 50 kV of voltage and 60 µA of current. A total of 1500 projections were taken
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at 0.24-degree increments; each projection took 333 ms and was captured with a detector
sensitivity of 2. During testing, the specimen was placed at a distance of 35.94 mm from
the X-ray source, resulting in a voxel size of 8.9 µm.

3. Results and Discussion
3.1. Density Measurements

The density measurements described in the previous section yielded the experimental
data presented in Figure 5. The collected data show that an increase in printing temperature
corresponded to an increase in the material’s density, while an increase in layer height, on
the contrary, demonstrated an inverse dependence. At the same time, the nozzle speed
fluctuations, according to the experimental data, had an insignificant effect on the density
of the material. Fluctuations in the specimens’ density can be caused by various factors,
such as fabrication defects, such as pores, delamination, etc.; as a consequence of selected
printing parameters and their combinations; as well as inconsistency in the printing process
itself. The observed peak in density at 201 ◦C, despite the general decreasing trend in
density for specimens manufactured between 203 and 210 ◦C, could be attributed to a
specific combination of parameters at this temperature that temporarily enhanced the
material’s compaction or reduced the occurrence of defects.
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3.2. Repeatability Test

To ensure the consistency and reliability of the measurements, a repeatability study
was performed for sound speed measurements using the previously described experimental
setup. In this study, measurements were taken 10 times by placing the transducer in the
same location on one of the printed PLA specimens. Tests were performed for both types of
waves, longitudinal and shear, since both of these speeds are used for calculating the elastic
properties. As a result, the mean value for longitudinal speed of sound was 2044.98 m/s
with a standard deviation of 1.82, which is 0.09%. For the shear speed, the mean value
was 1042.81 m/s with a standard deviation of 22.61 (2.16%). An example of a collected
ultrasonic signal is illustrated in Figure 6. The variation in the received signals may be
caused by the slight variability in contact pressure between the sensor and the specimen,
which is difficult to control and maintain at the same level. The force with which the sensor
is pressed against the specimen affects the thickness of the bonding medium, which is likely
to cause variations in the signal.
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3.3. Speed of Sound as a Function of Printing Parameters

Bar charts showing the dependence of longitudinal and shear sounds speeds on nozzle
temperature, layer height, and nozzle speed are shown in Figure 7. The error bars on the
plots indicate the standard deviation of a single data set. While an increase in nozzle
temperature seemed to result in a higher sound speed, the relationship between layer
height and sound speed was inversely proportional. Meanwhile, there was no discernible
trend in sound speed with increasing nozzle speed.

Bar charts illustrating the dependence of the calculated Young’s and shear moduli on
the nozzle temperature, layer height, and nozzle speed are shown in Figure 8. Figure 8
suggests that increasing the nozzle temperature results in better specimen elastic properties,
and increasing the layer height resulted in a lower PLA stiffness. This can be attributed to
certain reasons. A higher nozzle temperature results in better melting and flow of the PLA
filament, which leads to improved interlayer adhesion and reduced porosity, which in turn
increases the overall stiffness of the printed specimens. Conversely, an increase in layer
height leads to an increase in porosity in the printed structure. A greater layer thickness, as
well as lower temperature, can lead to incomplete bonding of the layers, resulting in voids
and weakened bonds. In addition, higher layer heights and lower nozzle temperatures
lead to larger inhomogeneities and defects such as gaps and delamination, which reduces
the stiffness of the material. Conversely, variations in nozzle speed did not present a clear
pattern of changes in the elastic moduli.

Poisson’s ratios were calculated using Equation (3) and the results are provided in
Table 2. Poisson’s ratio is a function of both longitudinal and shear speeds of sound. The
interrelationship between these sound speeds defines the value of the Poisson’s ratio and,
in the printed material, this interrelationship is contingent upon the internal structure of the
material such as pores, defects, the quality of the bonding between the layers, etc. Provided
that both longitudinal and shear sound speeds follow similar trends, the Poisson’s ratio
yields comparable dependencies.
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Table 2. Poisson’s ratios for indicated printing parameters, calculated using Equation (3).

Nozzle speed, mm/s
(nozzle temperature: 220 ◦C;

layer height: 0.2 mm)
50 60 70 80 90 100 105 110 115 120 130 140 150

Poisson’s ratio 0.323 0.334 0.346 0.349 0.327 0.351 0.351 0.347 0.347 0.350 0.346 0.324 0.337

Nozzle temperature, ◦C
(nozzle speed: 50 mm/s; layer

height: 0.2 mm)
200 201 203 204 205 206 207 208 209 210 212 215 220

Poisson’s ratio 0.346 0.351 0.343 0.354 0.351 0.353 0.351 0.349 0.349 0.346 0.360 0.346 0.356

Layer height, mm
(nozzle temperature: 220 ◦C;

nozzle speed: 50 mm/s)
0.04 0.05 0.07 0.1 0.13 0.18 0.2 0.23 0.25 0.27 0.3 0.32

Poisson’s ratio 0.354 0.344 0.348 0.345 0.340 0.341 0.344 0.348 0.346 0.345 0.344 0.334

The experimental measurements of the specimens’ density and sound speed, although
performed independently of each other, revealed similar trends in response to the varying
printing parameters. The observed trends suggest a consistent relationship between the
structural characteristics of the printed material and the parameters used in the print-
ing process.

The longitudinal wave velocity is influenced by the Young’s modulus and density
(Equation (4)). An increase in the velocity of longitudinal waves correlated with an increase
in the Young’s modulus of the material. The shear wave velocity depends on the shear
modulus and density of the material (Equation (5)). The experimental results confirm this
by showing that the shear modulus increased with increasing shear wave velocity and
vice versa.

3.4. Investigation of the Internal Structure of Printed PLA Specimens
3.4.1. Porosity Measurements

The porosity fraction of the samples was calculated using ORS Dragonfly and are
presented in Table 3. ORS Dragonfly computes the volume of the pores by segmenting
the CT data to create two regions of interest. One region corresponds to the solid fraction,
where all cavities are removed to retain a single solid block. The second region of interest
corresponds to the pores, and the software counts the number of voxels in both regions of
interest for comparison, as depicted in Figure 9. The lower gray value in between the peaks
of the histogram was used as a threshold to separate pores from the bulk PLA material.
The pore volume fraction was calculated as the ratio of the number of voxels below the
threshold to the total number of voxels representing the scanned sample.

Table 3. Porosity of the scanned PLA samples.

Specimen Porosity, %

TH1 0.38
TH12 0.65

S1 1.63
S13 0.76
T1 0.98
T13 0.29
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Figure 9. Three-dimensional visualization shows the location, shape, and size of pores within a
specimen printed with a layer thickness of 0.32 mm. The color of the pores corresponds to the
maximum length between two points within each pore.

3.4.2. Establishing the Relationship between Printing Process Parameters and
Internal Structure

Figures 10 and 11 show cross-sections of specimens printed with a layer height of 0.04
mm and 0.32 mm, respectively. In both cases, pores are clearly visible as black dots and
lines in Figures 10 and 11. Pores were observed in both cases in between the printed layers.
The pores between the layers had a channel shape and could be observed in the x-y views.
In the sample printed with a layer height of 0.32 mm, these gaps had a triangular shape in
the cross-section, which was previously described in the work [41]. The diameter of the
circle describing the cross-section of these pores is approximately 0.09 mm. In the sample
printed with a layer height of 0.04 mm, the pores mostly had a round-shaped cross-section
with a diameter of 0.05 mm.
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Figure 11. Cross-sections obtained via X-ray computed tomography showing PLA specimen printed
with layer height of 0.32 mm. Z-axis is the build direction; the XY plane is the layer plane. Scale bar
length is 1 mm.

The total porosity of the specimens printed with a layer height of 0.04 mm and 0.32 mm
was 0.38% and 0.65%, respectively.

4. Conclusions

This paper presented an investigation into the relationship between the printing
process parameters and the elastic properties of PLA. The study offers insights into how
printing parameters—printing temperature, speed, and layer height—influence the printed
material’s characteristics such as Young’s modulus, shear modulus, and Poisson’s ratio.
The experimental data showed that nozzle temperature, layer height, and nozzle speed had
different effects on the density and stiffness of the PLA specimens. Increasing the printing
temperature corresponded to an increase in material density and the elastic properties of
the material. In contrast, increasing the layer height led to a decrease in both density and
the elastic properties of the material, suggesting that thicker layers result in less dense and
less stiff structures. However, the variations in nozzle speed had a negligible effect on
density and did not show a notable effect on the elastic moduli.

Also, the examination of the correlation between the printing process parameters and
internal structure was performed for two opposing cases of the minimum and maximum
printing layer height. Through the analysis of the CT scans, pores were clearly visible in
the samples, regardless of the height of the layer used in the printing process. However,
the pore size was different for different layer heights.

The study demonstrated that ultrasonic testing is effective in measuring the elastic
properties of PLA materials. One significant advantage of this method is its ability to be used
in real time, which enhances the potential for quality control in additive manufacturing.
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36. Ćwikła, G.; Grabowik, C.; Kalinowski, K.; Paprocka, I.; Ociepka, P. The influence of printing parameters on selected mechanical
properties of FDM/FFF 3D-printed parts. IOP Conf. Ser. Mater. Sci. Eng. 2017, 227, 012033. [CrossRef]

37. Samykano, M.; Selvamani, K.; Kadirgama, K.; Ngui, W.K.; Kanagaraj, G.; Sudhakar, K. Mechanical property of FDM printed ABS:
Influence of printing parameters. Int. J. Adv. Manuf. Technol. 2019, 102, 2779–2796. [CrossRef]

38. Doshi, M.; Mahale, A.; Kumar Singh, S.; Deshmukh, S. Printing parameters and materials affecting mechanical properties of
FDM-3D printed Parts: Perspective and prospects. Mater. Today 2022, 50, 2269–2275. [CrossRef]

39. Yan, X.-L.; Dong, S.-Y.; Xu, B.-S.; Cao, Y. Progress and Challenges of Ultrasonic Testing for Stress in Remanufacturing Laser
Cladding Coating. Materials 2018, 11, 293. [CrossRef] [PubMed]

40. Ledbetter, H.M. Elastic Properties in Materials at Low Temperatures; Reed, R.P., Clark, A.F., Eds.; American Society for Metals: Metals
Park, OH, USA, 1983; pp. 1–45.

41. Liao, Y.; Liu, C.; Coppola, B.; Barra, G.; Di Maio, L.; Incarnato, L.; Lafdi, K. Effect of Porosity and Crystallinity on 3D Printed PLA
Properties. Polymers 2019, 11, 1487. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ndteint.2020.102340
https://doi.org/10.1016/j.ndteint.2022.102729
https://doi.org/10.1016/j.addma.2019.100782
https://doi.org/10.1088/2631-7990/abe0d0
https://doi.org/10.1088/1757-899X/227/1/012033
https://doi.org/10.1007/s00170-019-03313-0
https://doi.org/10.1016/j.matpr.2021.10.003
https://doi.org/10.3390/ma11020293
https://www.ncbi.nlm.nih.gov/pubmed/29438309
https://doi.org/10.3390/polym11091487
https://www.ncbi.nlm.nih.gov/pubmed/31547357

	Introduction 
	Materials and Methods 
	Specimen Manufacturing 
	Density Measurements 
	Ultrasonic Experimental Setup 
	Assessment of the Elastic Properties of PLA Material 
	Experimental Setup and Procedure for Porosity Measurements 

	Results and Discussion 
	Density Measurements 
	Repeatability Test 
	Speed of Sound as a Function of Printing Parameters 
	Investigation of the Internal Structure of Printed PLA Specimens 
	Porosity Measurements 
	Establishing the Relationship between Printing Process Parameters and Internal Structure 


	Conclusions 
	References

