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Abstract. This study explores the impact of walls number on the acoustic 

properties of 3D printed PLA samples using fused filament fabrication (FFF). The 
samples, with dimensions of 12,7×12,7×25,4 mm, are subjected to three infill 
patterns {line, combined, concentric} and four infill densities {100%, 90%, 80%, 
70%}, with two levels of contours {0, 3} (without contours and with three contours). 
Variation of these parameters allows for modulation of the volumetric fraction of 
porosity, thus influencing the acoustic properties of the materials. The results reveal 
that the addition of contours does lead to a decrease in the velocity of acoustic waves, 
but rather favors the propagation of waves within the edges of the structure. This 
phenomenon is identified as guided waves, where contours introduce discontinuities 
that interfere with wave propagation through the 3D printed material. Additionally, 
the study highlights the influence of modulation of volumetric porosity fraction on 
wave propagation through the material, thus emphasizing the capability of additive 
manufacturing to adjust the acoustic characteristics of 3D printed materials. The 
practical implications of these findings are significant for real-world applications of 
3D printing, such as optimizing acoustic performance in engineered materials and 
structures. This research enhances our understanding of the interactions between 
additive manufacturing and the acoustic properties of materials, revealing the critical 
role of contours in structural guided wave phenomena. Furthermore, this study 
contributes to the broader context of additive manufacturing and materials science 
by demonstrating how structural modifications at the micro-scale can influence 
acoustic properties. 

 
Keywords: fused filament fabrication (FFF); infill pattern; infill density; polylactic 
acid (PLA); acoustic wave; number of contours. 
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1 Introduction 

Additive manufacturing (AM), also known as 3D printing, has revolutionized the 
manufacturing landscape by enabling the creation of complex parts with a variety of 
materials [1, 2]. Different types of additive manufacturing technologies are evolving 
at a rapid pace [3]. FFF (Fused Filament Fabrication), often referred to as FDM 
(Fused Deposition Modeling), is currently the most widely used 3D printing process. 
It has experienced rapid development due to its low cost, effective working method, 
and flexibility. Among the materials widely used in AM, Polylactic Acid (PLA) is 
of particular interest due to its versatility and biocompatibility [4]. However, despite 
the progress made in the field of FFF, understanding the impact of manufacturing 
parameters on mechanical properties and the integration of non-destructive 
evaluation methods such as ultrasound and X-ray remain a crucial challenge due to 
the complexity of the internal geometry and surface condition of parts produced in 
AM [5, 6]. 

FFF allows for the control of several manufacturing parameters, including infill 
pattern, infill density, number of contours, layer thickness, extrusion temperature, 
printing speed, etc. [7]. Previous studies [8-11], have shown that the number of 
contours can have a significant influence on the mechanical properties of 
manufactured parts, particularly in terms of bending. However, these observations 
have primarily been confirmed through destructive mechanical testing, raising the 
question of whether non-destructive techniques can also detect these property 
variations. Among the motivations for studying the effect of contours is that the 
addition of contours creates structural heterogeneity, which influences the acoustic 
properties. This raises the question of whether this parameter will reveal a physical 
phenomenon. The modulus of elasticity and Poisson's ratio of additively 
manufactured components can be determined by measuring the velocity of ultrasonic 
waves in the longitudinal and shear directions. These properties are necessary to 
obtain information about the material's anisotropy. 

In 2018, Witkin et al. [8] investigated the non-destructive experimental 
characterization of a powder bed additive manufactured aluminum alloy. Their work 
revealed that non-destructive methods offer increased precision compared to the 
conventional tensile testing method. Indeed, non-destructive techniques allow for 
the analysis of the alloy's mechanical properties without altering its structure, 
thereby providing a more accurate assessment of its performance. This methodology 
yields more precise results than the tensile testing method. 

In 2021, Kuszko et al. [9] studied the influence of several parameters on the 
mechanical properties of parts manufactured by FFF. The studied parameters 
included layer thickness (0.1 mm and 0.3 mm), build angle (0° and 90°), and the 
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number of contours (1 and 3). The tensile tests were conducted to assess the impact 
of these variables on the elastic modulus of the samples. The results revealed that 
the build angle and the number of perimeters exert a significant influence on the 
mechanical properties of parts manufactured by FFF. Specifically, it was observed 
that increasing the number of perimeters leads to an increase in the elastic modulus. 
This finding suggests that perimeter density substantially affects the mechanical 
characteristics of parts produced by this 3D printing method. 

In 2020, Charlon and Soulestin [10] conducted a comprehensive study to examine 
the impact of several printing parameters, such as density (from 80% to 120% with 
a 10% interval), extrusion temperature (from 190°C to 270°C in 20°C increments), 
and the number of contours (0, 1, 3, and 5) on the mechanical properties of samples 
produced by FFF. Their work revealed that the number of contours has a significant 
influence on these mechanical properties. Furthermore, through a detailed 
tomographic study, they demonstrated that the number of contours affects the mass 
and volume of the samples, which in turn influences porosity. This observation 
underscores the crucial importance of controlling the number of contours during FFF 
additive manufacturing to ensure optimal mechanical properties of the produced 
parts. 

The use of non-destructive testing (NDT), including acoustic emission, to assess 
the mechanical properties of parts manufactured by AM is an emerging field. 
However, it remains to be determined whether these techniques are sensitive to 
variations induced by the number of contours in the structure of the parts. The ability 
of non-destructive tests to detect these variations could open new perspectives in 
quality control and validation of parts manufactured by AM. Although NDT has 
been widely used in other industrial fields to assess mechanical properties, its 
integration into the AM domain is relatively new. Previous research has mainly 
focused on using these techniques to detect manufacturing defects, but few studies 
have explored their ability to characterize variations in properties induced by 
manufacturing parameters such as the number of contours, infill pattern, infill 
density, etc. 

This article aims to determine whether NDT, particularly acoustic wave velocity 
measurements, are capable of detecting variations in mechanical properties induced 
by the number of contours in parts manufactured by FFF. By conducting both 
destructive tests (DT) and NDT on samples printed with different numbers of 
contour, this research aims to evaluate the sensitivity of NDT to these variations. 
This study will contribute to expanding our understanding of the application of non-
destructive tests in the AM field and exploring new opportunities for quality control 
of manufactured parts. 
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2 Methodology 

2.1 Sample Preparation 

In our study, we used Prusa slicer software to prepare the print files for our 
samples. The use of Prusa Slicer provides us with increased dimensional accuracy 
and better surface quality compared to Ultimaker Cura software [11]. The print 
settings used were as follows: nozzle diameter of 0.4 mm, platform temperature set 
to 60°C, a single layer thickness of 0.2 mm, and a print speed of 60 mm/s. The 
extruder temperature was set to 215°C [12]. The studied printing parameters were 
infill pattern, infill density and number of contours since these considerations affect 
the mechanical properties of 3D printed parts. 

For each type of infill pattern {Line; Combined; Concentric} (see table 1), 
samples were made in four different infill densities as defined in the Prusa Slicer 
software {100%; 90%; 80%; 70%}, two levels of a number of contours {0; 3} 
making a total of 24 pieces. 

 

Table 1.  Different infill patterns with and without contours 

Infill pattern With contours Without contours  

Line 

  

Combined 

  

Concentric 
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The specimens used in our study are rectangular parallelepipeds shape, with a 
length L = 12.7 mm, a width W = 12.7 mm and a height H = 25.4 mm, in view to 
compare the mechanical results with ultrasound measurements. The choice of this 
geometry offers several advantages in the context of acoustic wave propagation. The 
rectangular parallelepipeds shape ensures proper contact between the transducers 
and the sample surface, facilitating accurate ultrasonic measurements.  

In this study, the FFF was processed using a Prusa i3 MK3S+ 3D printing 
machine using transparent PLA purchased from Prusa (Prusa Research, Prague, 
Czech Republic). Throughout the software processing Prusa Slicer, the printing 
parameters have been set as previously described in order to analyze the impact of 
different manufacturing parameters. 

 

2.2 Porosity evaluation 

The total volumetric fraction of porosity Vf of a porous material is one of the 
essential characteristics of a structure. As a definition, it is expressed by the 
following equation [13]: ��(%) = 100 × 
���

��       (1) 

where eff = meff / Veff is the effective mass density deduced from the 
measurements of meff the effective mass and Veff the effective volume of the 
rectangular parallelepipeds shape, and ρPLA is the density of PLA material, which is 
supplied by the manufacturer: 1240 kg.m−3. As a result, the porosity ratio Vf (%) is 
determined for each combination of printing pattern and filling density. 

2.3 Ultrasonic characterization 

Measurement positions 

Ultrasound measurements were conducted by positioning a pair of transducers in 
contact with both sides of the perimeter specimens. This setup facilitated the 
determination of longitudinal and transverse wave velocities. Time-of-flight 
measurements were taken in three measurement directions for each of the three 
studied filling patterns: Directions {1; 2; 3} along axes {X; Y; Z}, respectively 
(Table 1). 

In this study, two types of contact transducers were used, the first type capable of 
producing longitudinal waves, and the second type for producing transverse waves. 
These transducers generate waves at a frequency of 2.25 MHz, with a diameter of 
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15 mm. The experimental setup for ultrasonic measurements is depicted in Figure 1, 
each pair of transducers (SF024, ndtXducers, Englewood, FL, USA) are placed on 
each side of the sample, in direct contact with it. These transducers are connected to 
a broadband pulse generator and receiver. Ultrasound signals reflected by or 
transmitted through the sample are captured using a LeCroy HDO6034 digital 
oscilloscope. Subsequently, these acquired signals are meticulously processed to 
evaluate the acoustic properties of the sample under investigation. 

 

 

Fig. 1. Experimental setup 

Evaluation of the longitudinal and transverse wave velocities 

A parametric study is carried out on the FFF samples, to evaluate the influence of 
the number of contours versus the ultrasonic Young's modulus. In this aim, the 
acquired signals displaying the transmitted echoes are then analyzed to extract the 
longitudinal wave velocities cL and transverse wave velocities cT (Fig. 2). 

 

(a) (b) 

Fig. 2. Signals obtained and time indicators for identifying the time-of-flight of the 
longitudinal τL(a) and transverse τT (b). 
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The wave velocities are deduced from time-of-flight measurements where τL is 
the arrival time of the longitudinal wave, τT is the arrival time of the transverse wave, 
and D is the distance traveled by the wave: 

��� = ����� = ���
        (2) 

Next, it is necessary to convert the wave velocities into elastic properties such as 
Young's modulus (E). The transverse velocity (cT) allows obtaining the shear 
modulus (G), while the longitudinal velocity (cL) allows obtaining the P wave 
modulus (M). 

�� = � ��  �� = � ��  � and � = �(� !"�) !�      (3) 

 

3 Results 

As a parametric study, the effect of the printing parameter revered as density is 
varied from 70 to 100% among the defined values {100%; 90%; 80%; 70%}, while 
considering two values for the number of contours {0; 3}. Thus, the effect of the 
density parameter is studied in terms of impact on the evaluated ultrasonic Young's 
modulus E. 

 
3.1 Density effect on Young’s modulus E for Line infill pattern 
 

   
(a) (b) (c) 

Fig. 3. Young's modulus E as function infill density for Line infill pattern: 
(a) Direction 1, (b) Direction 2, (c) Direction 3 

Figure 3 illustrates the impact of density on the Young's modulus E in different 
directions of ultrasonic measurement. Overall, Young's modulus decreases with 
decreasing density, regardless of the measurement direction. 
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Along Direction 1, the number of contours significantly influences Young's 
modulus E. At a density of 100%, the effect of the number of contours is negligible. 
However, at a density of around 70%, a significant decrease in Young's modulus is 
observed for samples without contours. This can be explained by the fact that 
ultrasonic measurements are taken in the across direction of the filaments, resulting 
in energy loss of the waves due to barriers created in this case. Conversely, when 
samples are provided with contours, ultrasonic waves directly penetrate the contours 
(Fig. 4). 

Along Direction 2, the number of contours has a slight impact on Young's 
modulus E because ultrasonic measurements are taken in the same direction as the 
filaments (along the Y-axis), thus avoiding a significant influence of sample porosity 
on wave propagation. 

Along Direction 1 and 2, the contours introduce discontinuities within the 
material that interact with the ultrasonic waves. These discontinuities disrupt the 
wave paths, causing scattering and reflection of the waves, which in turn decreases 
the wave velocity. When contours are present, they provide additional paths for the 
waves to propagate along, leading to the phenomenon of guided waves. This guided 
wave propagation is influenced by the material’s microstructure, as the contours 
create regions of varying density and elasticity, affecting how the waves travel 
through the material. 

Along Direction 3, Young's modulus E is higher than in the other two directions. 
Ultrasonic measurements are taken along the height of the sample (along the Z-axis); 
and therefore, the removal of contours does not result in a significant difference 
because, in this case, the successive layers present a homogeneous medium. 
Moreover, in this direction, the wave propagation speed is influenced by the porosity 
generated between the filaments (infill density) rather than that between the layers. 

 

 

Fig. 4. The wave path in the case with contours 

In 2022, Siddique et al. [14] mentioned that open-cell structures exhibit strength 
concentrated only along the cell edges, while closed-cell structures have strong 
membranes covering the cell faces. In 1982, Gibson and Ashby [15] noted that 
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despite this difference, the two types of structures provide comparable rigidity, 
thanks to the main support coming from the cell edges. For this we can understand 
the appearance of the guided wave phenomenon in porous samples only in the first 
measurement direction because the contours present a solidity which allows the 
passage of the wave. 

 
For this infill pattern, the experimental values for directions 2 and 3 are close. 

However, the experimental values for direction 1 are significantly different 
compared to the other two directions. This indicates that this infill pattern imparts 
an anisotropic structure to the material. 

3.2 Density effect on Young’s modulus E for Combined infill 

pattern 
Figure 5 depicts how density influences Young's modulus E across various 

ultrasonic measurement directions. Overall, Young's modulus decreases with 
decreasing density, regardless of the measurement direction. 

For the first two directions (1 and 2) along the X and Y axes, respectively, the 
presence of contours has a slight influence when the density is within the range of 
[100, 90] %. However, beyond 90% density, a significant influence is observed. This 
observation can be attributed to the phenomenon where in denser samples, ultrasonic 
waves propagate more uniformly and consistently. In these directions, some isotropy 
is observed, resulting in similar outcomes for directions 1 and 2. 

Regarding Direction 3 along the Z axis, although contours are not directly aligned 
in this direction, their presence still influences Young's modulus. The measurement 
technique used to calculate the propagation velocities of longitudinal and transverse 
{cL, cT} waves is based on the principle of the first arrival of the wave. When the 
sample becomes more porous, the sound wave is propagating through the contours 
of the sample. 
 

   
(a) (b) (c) 

Fig. 5. Young's modulus E as function infill density for Combined infill pattern: 
(a) Direction 1, (b) Direction 2, (c) Direction 3 
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For the combined infill pattern, the experimental values for directions 1 and 2 are 
similar. However, the experimental values for direction 3 are significantly different 
from those in the other two directions. This indicates that this infill pattern imparts 
a uniaxial anisotropic structure to the material. 

3.3 Density effect on Young’s modulus E for Concentric infill 

pattern 

Figure 6 demonstrates a notable reduction in Young's modulus E with decreasing 
density, irrespective of the number of contours present. 

For directions 1 and 2, the number of contours did not influence the mechanical 
properties of the sample because the filling pattern already included contours. 
Therefore, adding additional contours had no impact on Young's modulus. Any 
minor differences observed can be attributed to measurement errors. The similar 
results observed in Fig.6a, 6b indicate isotropy in these two directions. 

Regarding Figure 6c, the number of contours also has no influence on the 
mechanical properties of the sample. In this case, the phenomenon remains the same: 
the waves always propagate along the Z-axis, crossing the successive layers that 
make up the sample. These successive layers create a homogeneous environment 
since the studied parameters do not lead to variations along this axis. 

 

   
(a) (b) (c) 

Fig. 6. Young's modulus E as function infill density for Concentric infill pattern: 
(a) Direction 1, (b) Direction 2, (c) Direction 3 

For the concentric infill pattern, the experimental values in directions 1 and 2 are 
similar. However, the values in direction 3 are markedly different from those in the 
other two directions. This suggests that this infill pattern imparts a uniaxial 
anisotropic structure to the material. 
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4 Conclusion 

This study highlights the efficiency of a non-destructive characterization 
technique in emphasizing the crucial importance of the number of contours as a key 
parameter in the filament fusion fabrication (FFF) process. The results obtained from 
various infill patterns, notably the line and combined infill patterns, underscore the 
significant impact of the number of contours on the mechanical properties of the 
samples. The number of contours leads to structural heterogeneity whatever the 
filling pattern used. In the ultrasonic measurement directions 1 and 2, the number of 
contours has a major influence on the Young's modulus when the samples are dense 
(with a density rate exceeding 90%). However, a density lower than 80% reveals a 
significant influence of the number of contours on the mechanical properties. These 
observations emphasize the crucial importance of considering the number of 
contours in FFF sample fabrication, particularly under lower density conditions, to 
ensure optimal mechanical performance. 

For concentric infill pattern, it is worth noting that it did not have a significant 
impact on the studied mechanical properties, as it is primarily characterized by 
contours. Therefore, it is not appropriate to compare its effects with those of other 
infill patterns. However, concerning both the concentric and combined infill 
patterns, it is interesting to highlight the observation of isotropy in the first two 
measurement directions, namely along the X and Y axes. This isotropy suggests 
uniformity in the mechanical properties of the samples in these directions, which 
may be an important aspect to consider when analyzing the performance of parts 
manufactured by FFF. 

The effectiveness of this non-destructive technique (NDT) provides motivation 
to study other printing parameters such as layer thickness, in order to generate 
porosity between layers that will influence the third direction, and to make a 
comparison between this measurement technique and a destructive technique (DT) 
such as compression test. 
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