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Abstract
This study examined the combined effects of infill pattern, infill ratio, and pattern orientation on the tensile and vibration 
behavior of PLA structures produced by fused filament fabrication (FFF). Despite extensive studies on individual FFF 
parameters, the combined tensile and vibration behavior of honeycomb, tetrahedral, and Hilbert curve infills has not yet 
been systematically evaluated under a common structural parameter set. To address this gap, PLA specimens were manu-
factured using a Taguchi L9 design and evaluated by tensile testing and impact-based modal analysis. Pattern orientation 
governed the tensile response, accounting for about 60% of the variation in elastic modulus, 75% in tensile strength, and 
67% in elongation. The highest elastic modulus was obtained in H45 (945.1 MPa), while T45 showed the highest tensile 
strength (40.3 MPa) and elongation (5.5%). In contrast, infill pattern was the main factor governing vibration behavior, 
accounting for about 59% of the stiffness variation and 80% of the damping ratio variation. Specifically, the Hilbert curve 
pattern showed the highest stiffness, while the tetrahedral pattern showed the highest damping ratio. Natural frequency 
was governed primarily by pattern orientation, which accounted for about 45% of the variation, while infill pattern had 
a secondary effect, contributing about 35%. HC45 exhibited the highest stiffness (450,000 N/m), T15 the highest damp-
ing ratio (0.128%), and T45 the highest natural frequency (195 Hz). These findings showed that mechanical strength and 
vibration response were controlled by different properties of internal architecture, providing a practical route for tailoring 
lightweight FFF components for engineering applications.
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Effects of infill pattern, infill ratio and print orientation on the 
mechanical and vibration response of PLA structures
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lightweight and dynamic stability are critical. Although 
AM offers advantages such as reduced material waste and 
simplified production processes [5, 6], the effective utiliza-
tion of its design flexibility for multifunctional performance 
remains a key challenge. Consequently, AM technologies 
have been widely adopted across various fields, including 
aerospace, automotive, medicine, bioengineering, and food 
technology, where both structural efficiency and vibration 
response are of importance [7–14].

AM production methods are categorized according to the 
type of energy source used or the primary feedstock mate-
rial [15–17]. Among these, one of the most common and 
cost-effective AM methods is Fused Deposition Modeling 
(FDM), also known as Fused Filament Fabrication (FFF) 
or Material Extrusion (MEX) [18, 19]. FFF enables the 
low-cost fabrication of complex 3D components, test proto-
types, lightweight tooling, and load-bearing parts [20, 21]. 
The production process operates by heating a filament feed-
stock until it reaches a semi-molten state and subsequently 

1  Introduction

Additive Manufacturing (AM) enables the fabrication of 
components with complex geometries and tailored internal 
architectures, providing significant design flexibility for 
engineering applications [1–4]. This capability has increased 
the need to optimize structural configurations not only in 
terms of mechanical performance but also with respect 
to vibration behavior, particularly in applications where 
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extruding the material through a heated nozzle in a layer-
by-layer manner [22–24]. In the FFF methods, a wide range 
of thermoplastic materials such as Polylactic Acid (PLA), 
Acrylonitrile Butadiene Styrene (ABS), Polycarbonate 
(PC), and Thermoplastic Polyurethane (TPU) as well as 
their composites (e.g., PLA/CF, ABS/CF) can be used as 
feedstock materials [25–32]. In particular, PLA was selected 
as it is a widely used FFF material suitable for evaluating 
mechanical and vibration behavior [1, 2, 15, 33, 34].

There are numerous process parameters that influence 
the quality and final properties of parts produced by FFF, 
and further research is required to determine optimal manu-
facturing settings. These parameters can be categorized into 
manufacturing parameters (nozzle temperature, print speed, 
etc.) and structural parameters (infill ratio, raster angle, 
nozzle size, layer thickness, infill pattern, etc.) [35–39]. The 
infill ratio is a key parameter that defines the material den-
sity inside the model and plays a critical role in optimiz-
ing both material usage and printing time. Previous studies 
have consistently shown that increasing the infill ratio leads 
to improvements in mechanical properties such as tensile 
and flexural strength, while lower infill ratios may provide 
advantages in terms of specific strength and material effi-
ciency [1, 40]. Similarly, studies investigating different 
infill patterns have reported that structural configuration 
significantly influences load-carrying capacity and strength, 
with pattern geometry and raster alignment governing the 
mechanical response of FFF parts [35, 40]. Print orienta-
tion and raster angle refer to the orientation of the part to be 
produced on the build platform and have a decisive impact 
on the mechanical properties of FFF parts due to their aniso-
tropic nature [41, 42]. In general, studies have shown that 
the alignment between the loading direction and the internal 
structure plays a critical role. Orientations aligned with the 
load improve strength, while perpendicular configurations 
tend to enhance energy dissipation and affect failure behav-
ior [43, 44]. To provide a critical and structured overview of 
the literature, selected representative studies were compara-
tively summarized in Table 1 according to their investigated 
parameters, measured responses, and evaluation methods. 
This information presented indicates that previous stud-
ies have provided valuable findings on the effects of FFF 
parameters on polymer structures. However, most of them 
focused on either mechanical properties or vibration-related 
responses. Although some studies included statistical or 
numerical evaluations, these approaches were generally 
applied to a restricted set of responses rather than to a com-
bined mechanical–dynamic assessment. Therefore, a unified 
evaluation of tensile behavior, modal response, and contri-
bution-based statistical analysis under the same experimen-
tal design remains insufficiently addressed.

While neat PLA is generally unsuitable for primary 
load-bearing machinery components due to its limited 
mechanical strength and thermal stability, understanding its 
dynamic behavior is critical for several engineering applica-
tions. FFF-printed PLA is extensively used for lightweight 
auxiliary components, such as robotic end-effectors, UAV 
frames, sensor brackets, and custom manufacturing fix-
tures, where components must withstand operational vibra-
tions without reaching destructive resonance. Furthermore, 
polymer structures exhibit highly advantageous viscoelas-
tic damping properties compared to metals. Consequently, 
PLA serves as a highly accessible and effective surrogate 
material for experimentally validating how complex, bio-
inspired, or mathematically derived internal architectures 
(such as varying infill patterns) can be utilized to intention-
ally tune the stiffness, natural frequency, and damping ratios 
of lightweight parts.

Materials’ responses to vibration, alongside their mechan-
ical strength properties, constitute a critical factor to control 
in machinery systems. Although stiffness, natural frequency, 
and damping behavior have been investigated in various 
material systems such as composite structures, sandwich 
panels, and numerical models [50–55], these studies do not 
directly address FFF-fabricated PLA structures. In addition, 
a combined evaluation of mechanical and vibration behav-
ior under the same structural parameters remains limited for 
FFF-produced polymer components. Regarding damping 
capacity, among the patterns examined (Grid, Cross, and 
Tri-hexagon), the best vibration damping properties were 
typically observed at a 40% infill ratio. Among these, the 
cross pattern exhibited the most effective vibration damp-
ing behavior, as it was thought to help dissipate vibrations 
by elongating the path for vibration signals [1]. Addition-
ally, it was reported that raster angle significantly affected 
vibration damping, with raster orientations perpendicular to 
the loading axis providing higher damping [56]. Previous 
studies reported that print orientation plays a critical role 
in governing stiffness and natural frequency, where orien-
tations perpendicular to the vibration axis tend to increase 
both parameters. Furthermore, processing parameters such 
as infill structure and manufacturing conditions were shown 
to significantly affect dynamic behavior, including natural 
frequency and damping characteristics [57, 58]. In this con-
text, the combined and interactive effects of the infill pat-
tern, infill ratio, and print orientation parameters on both 
mechanical and vibration behavior, as well as the statistical 
contribution of each parameter to these responses, have not 
been clearly established in previous studies.

In this study, the infill pattern, infill ratio, and print orienta-
tion parameters were selected considering their fundamental 
roles in governing internal load paths, material distribution, 
and anisotropic behavior in FFF structures. PLA specimens 
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were manufactured using a Taguchi L9 experimental design, 
and their performance was evaluated through a combined 
approach involving tensile testing and impact-based modal 
analysis. Unlike commonly used simple infill geometries 
(e.g., rectilinear or cubic patterns), honeycomb, tetrahedral, 
and Hilbert curve patterns were selected in this study due 
to their distinct structural characteristics and load transfer 
mechanisms. As a result of our literature review, no study 
was found that investigates the combined mechanical and 
vibration behavior using these infill patterns. The effects of 
the selected parameters were assessed using signal-to-noise 
(S/N) ratios and contribution analyses to identify their rela-
tive influence on different performance metrics. This study 
provided a unified evaluation of mechanical and dynamic 
responses under the same structural parameter set. It fur-
ther demonstrated that infill design could be utilized as a 
controllable engineering variable to tailor both strength and 
vibration characteristics. In this context, it is anticipated that 
different infill designs can be used as performance-enhanc-
ing structural features in vibration-sensitive systems (such 
as sensor housings, robotic joints, and drone components), 
as well as in lightweight load-bearing parts, damper-like 
polymer elements, and functional prototypes.

2  Experimental

In this study, the effects of process parameters on the 
mechanical and vibrational properties of PLA specimens 
manufactured by the FFF method were examined. Tensile 
tests and modal analyses were applied to the produced spec-
imens. The specimens were first designed in SolidWorks, 
and the resulting geometries were exported in STL format 
and imported into Creality Print 6.3. Then, using the pre-
determined printing parameters, the models were sliced 
to generate the G-codes and manufactured with a Creality 
Ender 3 V3 SE FFF-based 3D printer. To ensure consistency 
throughout the manufacturing process, the printing param-
eters were kept constant and were detailed in Table 2.

All prints were carried out at room temperature under 
identical manufacturing conditions. Ender PLA + white 

filament was used as the material for specimen produc-
tion. Considering the number of process parameters and 
their potential interactions, the Taguchi L9 orthogonal array 
was selected to design the experiments in an efficient and 
systematic manner. This design allowed the main effects of 
infill pattern, infill ratio, and pattern orientation to be evalu-
ated using only nine factor combinations. In addition, the 
Taguchi methodology provided S/N ratios and analysis of 
variance, enabling a robust identification of the most influ-
ential parameters under experimental scatter and guiding 
the selection of parameter combinations that enhance both 
mechanical and vibration performance. For each parameter 
combination in the design, three identical specimens were 
produced, resulting in a total of 27 specimens. The speci-
men’s nomenclature and the Taguchi experimental design 
were presented in Table 3. The selected infill patterns (hon-
eycomb, tetrahedral, and Hilbert curve) were chosen to rep-
resent distinct structural architectures with different load 
transfer characteristics, including planar, three-dimensional, 
and fractal-based geometries. This selection was made to 
enable the evaluation of the influence of advanced internal 
architectures on mechanical and vibration behavior.

The Taguchi L9 array used in this study was intended to 
identify the dominant main effects of three three-level fac-
tors with a limited number of experiments. For this reason, 
it does not independently capture the interaction terms of 
infill pattern—infill ratio, infill pattern—pattern orientation, 
infill ratio—pattern orientation, or the three-way interac-
tion. Main effects were considered sufficient because the 
purpose of the Taguchi L9 design in this study was to screen 
and rank the dominant contributions of three three-level 
structural parameters with a manageable number of experi-
ments, rather than to quantify all interaction terms. This 
was consistent with the manuscript’s stated objective and 
with the ANOVA results, which showed clear dominance 
of single factors for most responses. The use of three speci-
mens for each parameter combination provided a basic esti-
mate of experimental scatter, improved the robustness of the 
average response values, and increased confidence that the 

Table 2  Printing parameters used during specimen fabrication
Printing parameters Value
Layer thickness (mm) 0.20
Nozzle temperature (°C) 190
Build platform temperature (°C) 50
Wall count 2
Top and bottom layers count 4
Cooling fan speed (%) 100
Printing speed (mm/s) 100
Nozzle material Brass
Nozzle diameter (mm) 0.40

Table 3  Taguchi L9 experimental design and nomenclature of speci-
mens
Specimen Infill pattern Infill ratio (%) Pattern orientation (°)
H15 Honeycomb 15 0
H30 30 45
H45 45 90
HC15 Hilbert curve 15 45
HC30 30 90
HC45 45 0
T15 Tetrahedral 15 90
T30 30 0
T45 45 45
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observed differences reflected systematic parameter effects 
rather than isolated specimen-level variability.

During the FFF manufacturing process of the specimens, 
the internal structure visuals corresponding to the infill pat-
tern and infill ratio, as well as the schematic representation 
of pattern orientation variations, were presented in detail in 
Fig. 1. Pattern orientation was defined by the angle between 
the long edge of the specimen and the Z-axis on the build 
platform. The specimens were produced in a manner that 
ensured consistency in factors such as heat distribution and 
distance from the build platform center, which could affect 
print quality.

The specimens were produced according to the ASTM 
D638-14 standard using a Type IV specimen geometry to 
determine their mechanical behavior. The specimen thick-
ness was selected as 3.2 mm. Images of the specimens after 
production were presented in Fig. 2.

Prior to testing, the specimens were kept under laboratory 
room-temperature conditions, and all tests were conducted 
under the same environmental conditions. No additional 
humidity-controlled conditioning protocol was applied. 
Although this procedure ensured comparable testing condi-
tions for all specimens, the absence of a humidity-controlled 
conditioning protocol should be considered a limitation 
of the study, since moisture exposure may influence the 

Fig. 1  Infill structure and varia-
tion of pattern orientation of the 
specimens
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mechanical and dynamic response of FFF-printed PLA 
structures.

Tensile testing, a fundamental step in mechanical charac-
terization, was conducted to determine the behavior of the 
produced specimens under uniaxial loading. This test is crit-
ical for revealing the material’s elastic and plastic deforma-
tion characteristics, elongation, and tensile strength. During 
the tensile test, the specimens were fixed at both ends and 
loaded so that they were pulled apart at a constant speed 
along their longitudinal axis. As the load increased, tensile 
stresses began to accumulate in the fracture region, caus-
ing the material to first reach its elastic limit, then the yield 
region, and finally the point of fracture. The tensile tests 
were performed using a universal testing machine operating 
under its routine calibrated configuration. The machine load 
cell was verified according to the manufacturer’s calibration 
procedure before the testing, and all specimens were tested 
under identical loading conditions at a crosshead speed of 
5 mm/min. Prior to testing, all specimens were inspected for 
dimensional accuracy and surface integrity. Tests were con-
ducted at room temperature under consistent loading condi-
tions to ensure repeatability of results. The elastic modulus, 
tensile strength, and elongation values were determined 
from the load–displacement curves using standard engi-
neering stress–strain relations. Engineering stress and strain 
were calculated a σ = F/A0 and ε = ∆ℓ/ℓ0, respectively. 

The tensile strength was obtained as σts = Fmax/A0. The 
elastic modulus (E) was calculated by converting the ini-
tial linear region of the load–displacement curve into the 
corresponding engineering stress–strain response. The 
strain at break was calculated as εbreak = ∆ℓbreak/ℓ0. 
Here,F  is the applied load,Fmax​is the maximum load,A0 
is the initial cross-sectional area,∆ℓ is the change in gauge 
length,∆ℓbreak is the elongation at fracture, and ℓ0 is the 
initial gauge length. In all calculations, the initial cross-sec-
tional area of the specimens was taken as 19.2 mm2.

Impact-based modal analysis was conducted to evaluate 
the dynamic behavior of the specimens. Modal analysis is 
a fundamental technique that determines a structure’s natu-
ral frequencies, mode shapes, and damping characteristics, 
enabling a comprehensive assessment of structural perfor-
mance under vibration. In this study, to replicate boundary 
conditions similar to those in the tensile test, each speci-
men was fixed at both ends using vices, as shown in Fig. 3, 
and controlled impacts were applied to the tensile region 
using an impact hammer. Vibration responses following the 
impacts were recorded via accelerometers attached to the 
tensile region and analyzed using Cut Pro 8.0 software. To 
reliably characterize the vibration properties of each speci-
men, five consecutive impacts were performed. The col-
lected data were curve-fitted to calculate the specimens’ 
natural frequencies, stiffness, and damping ratios. The 

Fig. 2  Produced tensile specimens
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tests were conducted under the same sensor configuration, 
impact location, and environmental conditions for all speci-
mens. This ensured the comparability and repeatability of 
the dynamic behavior of PLA specimens produced with dif-
ferent parameters.

A PCB 7902 impact hammer, controlled by swing angle 
for constant force, was used for impact testing at the mid-
span, with three repetitions to minimize error. Damping 
ratios were calculated using the half-power bandwidth 
method. Potential errors from hammer velocity and mount-
ing led to an estimated overall error margin of ± 5% in the 
damping ratio, sufficient for comparative defect analysis. 
The hammer and an accelerometer were connected to a data 
acquisition system via an interface unit. Post-data collec-
tion, curve fitting optimized modal characteristics, yielding 
natural frequencies and damping coefficients. Also, the Fre-
quency Response Function (FRF) or the Transfer Function 
(TF) was measured using an impulse hammer test-based 
system by capturing and averaging successive impulse-
mode TF readings from a specified number of specimens.

The experimental setup utilized a PCB 9690 accelerom-
eter, characterized by a sensitivity of 5.17 mV/g (with con-
version factors of ms2 = 0.102 g and 1.28 g). For excitation, 
a PCB 7902 hammer/force sensor, equipped with a steel tip 
and featuring a sensitivity of 0.22  mV/N, was employed. 
To ensure measurement reliability and repeatability, each 
modal test was performed three times under consistent con-
ditions. The consistency across these repeated tests, with 

any minor deviations falling within an acceptable range, 
confirmed the robustness of the data and the resulting con-
clusions from the modal analysis.

The accelerometer measurements were acquired using the 
MALTF/CutPro measurement chain with an instrumented 
impact hammer, accelerometer, and NI data acquisition 
hardware. Prior to testing, the measurement setup was con-
figured by entering the manufacturer-provided sensitivity 
values of the hammer and accelerometer into the software, 
enabling ICP power for the active channels, and scaling the 
transfer function accordingly through the gain settings.

The natural frequency of a system depends on the mode 
of vibration and is a function of elastic deformation and 
mass. It was expressed by the Euler–Bernoulli equation pre-
sented in Eq. 1. In this equation,ω denotes the natural fre-
quency,ρ is the material density,E is the elastic modulus,I  
is the area moment of inertia,A corresponds to the cross-
sectional area, and l indicates the beam length. The param-
eter βl varies depending on the boundary conditions of the 
beam. For beams with fixed–fixed boundary conditions, the 
values of βl corresponding to the first three mode shapes are 
4.73, 7.85, and 10.99, respectively [59].

ω = (βl)2

√
EI

ρAl4 � (1)

Although Eq.  1 applied to homogeneous, isotropic, pris-
matic beams with idealized kinematic assumptions, it was 
used here only as a simplifying reference to illustrate that 
variations in effective stiffness and mass distribution can 
alter the natural frequency. These assumptions are not fully 
satisfied in FFF-printed specimens because the infill archi-
tecture introduces anisotropy, non-uniform load-transfer 
paths, localized density variations, and possible interlayer 
compliance. Therefore, the Euler–Bernoulli formulation 
should be interpreted as a conceptual framework rather than 
a quantitative predictive model for the present structures. 
Although more advanced approaches, such as Timosh-
enko beam modeling or finite element analysis, provide a 
more accurate representation of the dynamic response of 
such non-homogeneous printed specimens, they were not 
included within the scope of the present experimental study. 
Accordingly, rather than claiming direct analytical verifi-
cation, the present study relied on repeated FRF measure-
ments and the consistency of the experimentally observed 
resonance trends as a practical alternative for assessing the 
physical validity of the modal response.

Fig. 3  Modal analysis measurements of specimens
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3  Results and discussions

3.1  Tensile testing for mechanical response

The load–displacement graphs for all specimens were pre-
sented in Fig.  4. The near-complete overlap of the three 
repetitions within each specimen group confirmed both the 
stability of the manufacturing process and the reliability of 
the experimental measurements. Examination of the graphs 
showed that a distinct linear region appeared in all speci-
mens, followed by a short transition region that led to the 
maximum load after elastic deformation. With increasing 
infill density, a pronounced improvement in load-carrying 
capacity was observed, particularly in the honeycomb and 
tetrahedral patterns. In contrast, the Hilbert curve pat-
tern exhibited the opposite trend, revealing the differing 

influences of geometric continuity on load transfer. The 
slope and load values reached by the T45 specimens in the 
elastic region showed that the internal structural characteris-
tics of this pattern improved the mechanical response. Since 
the pattern type directly determined the continuity of the 
load transfer paths, the honeycomb and tetrahedral struc-
tures formed a more efficient load-bearing structure, provid-
ing higher strength compared to the Hilbert curve pattern 
[60, 61]. Mechanical performance was not directly related 
to the pattern orientation, but instead maximum tensile 
loads were obtained as a result of a more compatible match 
between the infill pattern and the tensile direction in specific 
combinations (H45, HC30, T45).

Figure  5 presented the tensile test results of the speci-
mens along with their corresponding S/N ratios. The highest 
elastic modulus values were calculated as 945.1 ± 24.9 MPa, 

Fig. 4  Load–displacement graphs of specimens
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758.1 ± 19.3 MPa, and 730.0 ± 30.0 MPa for the H45, HC30, 
and T45 specimens, respectively. It was evident that load 
transfer occurred more stably in these specimens, and the 
resistance to deformation in the elastic region increased. 
Similarly, previous studies emphasized the decisive effect 
of pattern orientation on mechanical performance [62–
64]. This was attributed to the low elastic modulus values 
observed in the H15, HC45, and T30 specimens with a 0° pat-
tern orientation, where the internal infill lines were aligned 
perpendicular to the loading direction and initial deforma-
tion developed more easily. This trend demonstrated that in 
FFF manufacturing, the pattern was not merely a geomet-
ric choice but a functional parameter controlling the elastic 
response. According to ANOVA results, the contributions of 
infill pattern, infill ratio, and pattern orientation to the elas-
tic modulus were determined as 7.4%, 29.2%, and 60.0%, 
respectively. These results showed that the elastic modu-
lus was sensitive to both the infill ratio and, especially, the 
pattern orientation. The fact that pattern orientation alone 
accounted for the majority of the total effect confirmed that 
pattern orientation was the most critical parameter in elastic 
behavior.

The highest tensile strength values calculated were 
38.8 ± 0.6 MPa, 35.2 ± 1.0 MPa, and 40.3 ± 0.6 MPa for the 
H45, HC30, and T45 specimens, respectively. The more 
effective alignment of the infill pattern with the load-bearing 
direction delayed crack initiation, allowing the specimens to 
reach maximum stress values. The high strength observed 
particularly in the T45 specimen resulted from the cross-ori-
ented infill lines distributing the load more homogeneously 
and increasing the energy accumulation capacity before 
fracture. In the specimens exhibiting the lowest strength 
(H15, HC45, and T30), the pattern orientation caused 
localized stress accumulation, which led to earlier failure. 
According to ANOVA results, the most dominant parameter 
controlling tensile strength was pattern orientation, with a 
contribution of 74.5%. With contribution levels of approxi-
mately 10–11%, the infill pattern and infill ratio exhibited 
considerably lower effects. Therefore, it was evident that the 
orientation of the pattern geometry with respect to the load-
ing direction directly influenced the tensile strength [65].

The H30 (5.3 ± 0.3%), HC15 (5.1 ± 0.1%), and T45 
(5.5 ± 0.2%) specimens exhibited the highest elongation 
values. These specimens possessed a 45° pattern orienta-
tion, where the internal infill lines contributed maximally to 
the slip planes under load. This orientation facilitated plastic 
deformation, delayed crack propagation, and significantly 
enhanced ductility by increasing the material’s energy 
absorption capacity [66]. Additionally, the effective trans-
fer of load to regions where the crystalline polymer chains 
of PLA were aligned contributed to the deformation abil-
ity of the material. Analysis of the ANOVA results revealed 

that pattern orientation was the most influential parameter 
for elongation, accounting for 66.8% of the total contribu-
tion. The infill pattern exhibited a meaningful yet secondary 
effect with its 19.2% contribution, indicating that the pattern 
geometry can influence the deformation behavior. Likewise, 
the filling ratio contributed 10.8%, indicating that changes 
in density had a slight effect on elongation. These findings 
revealed that elongation was chiefly controlled by the defor-
mation of infill lines under load, while the infill pattern and 
infill ratio provided additional, non-negligible contributions 
to the specimens’ deformation capability.

The ANOVA contribution analysis showed that pattern 
orientation was the dominant factor governing the mechani-
cal responses, with contribution ratios of 60.0% for elastic 
modulus, 74.5% for tensile strength, and 66.8% for elonga-
tion. Among these, orientation was statistically significant 
for tensile strength (p = 0.045) and elongation (p = 0.017), 
while its effect on elastic modulus was close to the signifi-
cance threshold (p = 0.053). These results indicated that the 
alignment of the internal structure with the loading direction 
plays a decisive role in the tensile behavior of FFF-printed 
PLA specimens. This dominant contribution of pattern ori-
entation was consistent with the anisotropic nature of FFF-
printed PLA structures reported in the literature [41, 62]. In 
this study, orientation primarily governed how effectively 
the internal roads participated in carrying the tensile load. 
More favorable orientation–pattern combinations enabled a 
more stable stress transfer within the gauge section, whereas 
less favorable ones promoted earlier local damage through 
weaker bonded paths. This explained why pattern orienta-
tion showed the highest contribution to elastic modulus, ten-
sile strength, and elongation [65, 66].

Additionally, to provide a comprehensive and quantita-
tive comparison of the mechanical performance, the tensile 
test results of all specimens were detailed in Table 4. The 
average elastic modulus, tensile strength, and elongation 
values were presented together with their corresponding 
standard deviations.

3.2  Modal analysis for vibration response

FRF graphs of specimens were given in Fig. 6. Upon exam-
ining the graphs, a dominant resonance peak clearly rep-
resenting the fundamental mode vibration behavior was 
identified in all specimens. This peak directly reflected 
the natural frequency of the specimens and their dynamic 
response under vibration.

Differences in peak position and curve shape observed 
among the specimens demonstrated that the manufacturing 
parameters interacted in a complex manner with vibration 
behavior, causing each specimen to develop a unique fre-
quency response.
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Fig. 5  Tensile test results of the specimens. a elastic modulus, c tensile strength, and e elongation, with corresponding S/N ratios shown in b, d, 
and f, respectively
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Figure  7 presented the modal test results of the speci-
mens along with their corresponding S/N ratios. The stiff-
ness values clearly demonstrated the effect of the infill 
pattern on the continuity of the load-bearing paths. The stiff-
ness coefficient is directly proportional to the flexural rigid-
ity EI for a prismatic beam with fixed geometry. The infill 
pattern and ratio used in this study varied. Therefore, the 

ranking of the infill configurations in terms of elastic modu-
lus did not fully coincide with their stiffness coefficients. 
The highest stiffness values were obtained in the HC45 
(450,000 N/m) and HC15 (213,000 N/m) specimens. The 
fractal-based "space-filling" structure of the Hilbert curve 
pattern contributed to increased deformation resistance in 
the elastic region by making the load transfer paths continu-
ous and multidirectional. This behavior was consistent with 
the literature, which reported that complex curved geom-
etries provide advantages, particularly in terms of stiffness 
[67]. Conversely, the lowest stiffness values were measured 
in the T15 (27,400 N/m) and T45 (23,600 N/m) specimens. 
In this case, the localization of load transfer due to the geo-
metric structure led to a significant increase in stiffness loss 
in structures with less complex geometries, as similarly 
reported in previous studies [68, 69]. ANOVA analysis 
showed that the infill pattern was the most dominant param-
eter with a 59.1% contribution, confirming that stiffness was 
directly determined by the pattern geometry.

Table 4  Tensile test results for all specimens
Specimen Elastic modulus 

(MPa)
Tensile strength 
(MPa)

Elonga-
tion (%)

H15 623.5 ± 26.8 26.5 ± 0.6 4.3 ± 0.2
H30 655.0 ± 42.5 34.8 ± 1.1 5.3 ± 0.3
H45 945.1 ± 24.9 38.8 ± 0.6 4.1 ± 0.2
HC15 609.5 ± 18.1 31.2 ± 0.9 5.1 ± 0.1
HC30 758.1 ± 19.3 35.2 ± 1.0 4.6 ± 0.1
HC45 647.7 ± 29.6 25.6 ± 0.4 4.0 ± 0.2
T15 710.7 ± 11.8 34.4 ± 0.8 4.8 ± 0.1
T30 618.3 ± 18.2 29.4 ± 0.6 4.7 ± 0.1
T45 730.0 ± 30.0 40.3 ± 0.6 5.5 ± 0.2

Fig. 6  FRF graphs of specimens
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Fig. 7  Modal test results of the specimens. a stiffness, c damping ratio, and e natural frequency, with corresponding S/N ratios shown in b, d, and 
f, respectively
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When the damping ratio results were examined, the high-
est value was detected for the T15 specimen (0.128%). This 
high damping ratio could be attributed to the micro-scale 
slip and energy absorption regions formed by the tetrahe-
dral pattern. This behavior aligned with literature studies 
indicating that intersecting infill paths increase internal fric-
tion in polymer structures, thereby enhancing damping [43, 
70, 71]. The lowest damping ratios were determined in the 
HC15 (0.014%), HC30 (0.013%), and HC45 (0.012%) spec-
imens featuring the Hilbert curve pattern. ANOVA analysis 
showed that the infill pattern had the strongest effect on the 
damping ratio, contributing 80.3%, indicating that damping 
was influenced by internal topological friction, a mecha-
nism distinct from elastic behavior. Additionally, the high 
infill ratio (45%) reduced internal voids, which enhanced 
inter-filament bonding and consequently increased internal 
friction. This provided a secondary contribution of 11.3% 
to the damping ratio of the specimens. Beyond the effect 
of topology alone, the damping response can also be inter-
preted in relation to the anisotropic deformation behavior 
of FFF-printed PLA [41, 56]. Since the printed roads and 
bonded interfaces do not deform identically in every direc-
tion under vibration, part of the input energy is dissipated 
through direction-dependent local slip, shear transfer, and 
friction between neighboring filaments [70, 71]. In this way, 
anisotropy influences not only how vibration is transmitted 
through the structure, but also how effectively it is attenu-
ated, depending on the internal directional arrangement cre-
ated by the selected infill design. This also helps explain 
why the Hilbert-based specimens exhibited high stiffness 
but very low damping, whereas the tetrahedral structure 
showed the highest damping response. In the Hilbert pat-
tern, the continuity of the curved filament network increased 
resistance to deformation, while the same regular arrange-
ment limited local interfacial motion and reduced frictional 
energy loss during vibration [72].

The highest natural frequency values were obtained in 
specimens T45 (195 Hz), H15 (193 Hz), and H30 (183 Hz). 
The highest frequency observed in the T45 specimen can 
specifically be explained by the tetrahedral network form-
ing three-dimensional components and making the structure 
more resistant to mode shapes. These findings were com-
patible with studies reporting that regular lattice structures 
suppress resonance tendencies [59, 73]. Additionally, it is 
known that a structure’s natural frequency is influenced 
by parameters such as elastic modulus, moment of inertia, 
and density. This leads to the natural frequency varying in 
a complex manner among specimens with different manu-
facturing parameters [1]. In this context, ANOVA analyses 
revealed that pattern orientation had the most significant 
effect on natural frequency with a contribution of 45.0%. 
Moreover, the infill pattern contributed substantially with 

35.3%, indicating that natural frequency behavior was 
shaped by the interaction of anisotropic orientation and geo-
metrical properties.

For the modal responses, the infill pattern exhibited 
the highest contribution to stiffness (59.1%) and damping 
ratio (80.3%), indicating that internal geometry was the 
dominant parameter affecting vibration behavior. Although 
strict statistical significance was not achieved for the modal 
responses, the lowest p-value in this group was obtained 
for the damping ratio (p = 0.095), suggesting a tendency 
toward significance when considered together with the high 
contribution ratio. These findings indicated that internal 
geometry plays a decisive role in the vibration behavior of 
FFF-printed PLA specimens.

Additionally, the modal test results of all specimens were 
detailed in Table 5 to enable a comprehensive comparison. 
The stiffness, damping ratio, and natural frequency values 
were reported for each specimen.

4  Conclusions

This study demonstrated that the mechanical and vibration 
responses of FFF-printed PLA specimens can be effectively 
tailored through internal structural design. Within the inves-
tigated parameter range, pattern orientation primarily gov-
erned the tensile response, contributing 60.0% to elastic 
modulus, 74.5% to tensile strength, and 66.8% to elonga-
tion. The highest elastic modulus was obtained in specimen 
H45 (945.1 MPa), whereas the highest tensile strength and 
elongation were achieved by specimen T45, with values of 
40.3 MPa and 5.5%, respectively. In contrast, infill pattern 
had the strongest influence on vibration-related responses, 
contributing 59.1% to stiffness and 80.3% to damping ratio. 
The highest stiffness was measured in specimen HC45 
(450,000 N/m), the highest damping ratio was obtained in 
specimen T15 (0.128%), and the highest natural frequency 
was recorded in specimen T45 (195  Hz). These results 

Table 5  Modal test results for all specimens
Specimen Stiffness (N/m) Damping ratio 

(%)
Natu-
ral fre-
quency 
(Hz)

H15 71,200 0.054 193
H30 103,000 0.064 183
H45 78,300 0.023 172
HC15 316,000 0.014 174
HC30 213,000 0.013 165
HC45 450,000 0.012 157
T15 27,400 0.128 154
T30 226,000 0.058 154
T45 23,500 0.048 195
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showed that different structural parameters do not control all 
performance metrics equally. In this context, it was detected 
that mechanical strength and dynamic behavior depend on 
different characteristics of the interior design.

From an engineering perspective, this finding is important 
because it shows that infill design can be used not only to 
reduce weight and material consumption but also to tune the 
functional behavior of printed components according to ser-
vice requirements. For applications where tensile strength 
is critical, selecting a more favorable pattern orientation 
becomes decisive. In contrast, for components exposed to 
vibration, resonance, or oscillatory loading, the choice of 
infill topology is more important, since stiffness, damping 
capacity, and natural frequency can be adjusted through the 
internal geometry. This provides a practical design route for 
lightweight printed parts used in vibration-sensitive systems 
such as brackets, housings, fixtures, robotic components, 
and similar functional polymer structures. In this study, 
the results obtained provide a useful basis for FFF-printed 
structures. However, further investigations involving differ-
ent materials, wider processing ranges, and more diverse 
service conditions are needed to support broader engineer-
ing generalization.

Future studies should therefore focus on broader experi-
mental designs that can quantify factor interactions more 
explicitly, as well as on extending the analysis to different 
materials, environmental conditions, and loading scenarios. 
Numerical modeling approaches such as finite element anal-
ysis, together with fatigue and long-term vibration testing, 
would also be valuable for improving predictive capability 
and supporting the design of FFF-manufactured parts for 
real engineering applications.
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