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ABSTRACT

The aim of this study was to conduct an experimental comparative analysis of the stability of axially compressed
thin-walled closed-section profiles with identical geometries, manufactured from PLA, PETG, PETG-CF, and
ABS thermoplastic materials using fused deposition modeling (FDM), and from a carbon fiber-reinforced polymer
(CFRP) composite with a quasi-isotropic stacking sequence. The profiles had square cross-sections with internal
dimensions of 40 x 40 mm, a height of 200 mm, and a wall thickness of 1.24 mm. Three specimens were manu-
factured from each FDM material, resulting in a total of 12 profiles. Axial compression tests were conducted using
a universal testing machine, an ARAMIS 2D digital image correlation system, and an acoustic emission system.
The critical loads were determined from the experimental load—displacement curves using the intersection method
based on fitted straight-line segments. Among the thermoplastic materials, the highest mean critical load was
obtained for PLA; it was approximately 1.29 times higher than that obtained for PETG, 1.70 times higher than
that obtained for PETG-CF, and 1.36 times higher than that obtained for ABS. The mean critical load of the CFRP
profile was approximately 13.9 times higher than that of the PL A profiles. Five complete buckling half-waves were
observed in the PLA, PETG, and ABS structures, seven in the PETG-CF structures, and four in the CFRP profile.
Despite substantial differences in the critical load values, the experimental load—displacement responses and the
overall buckling behavior of the investigated structures were similar. The acoustic emission signals recorded near
the critical state did not indicate the initiation of permanent material damage, as confirmed by the absence of stiff-
ness degradation and the recovery of the specimens’ original shapes after unloading. The novelty of the present
study lies in the comparison of the behavior of thin-walled structures manufactured using FDM additive technol-
ogy with that of thin-walled composite structures. The obtained results may provide a basis for assessing the appli-
cability of additive manufacturing technologies in the design of thin-walled load-bearing structures.

Keywords: buckling, thin-walled closed-section profiles, fused deposition modeling, axial compression, critical
load, thermoplastic materials, carbon fiber-reinforced polymer.

INTRODUCTION

In recent years, there has been a rapid increase
in interest in components manufactured using
additive manufacturing technologies, particularly
fused deposition modeling (FDM), which is one
of the most widely used 3D-printing techniques.
This technology is applied across numerous
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industrial sectors, including rapid and cost-effec-
tive prototyping, as well as the production of wall
panels, air ducts, tools, decorative components,
electronic parts, assembly fixtures, load-bearing
structures, and components with complex geom-
etries [1-6]. The dynamic development of FDM
technology and the continuous expansion of
its application areas justify the need for further
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research into the properties and behavior of struc-
tures manufactured using this method. This need
is particularly important for load-bearing compo-
nents, as the transition from prototyping to struc-
tural applications requires an understanding not
only of the material properties of printed parts,
but also of their behavior under complex struc-
tural phenomena, such as buckling.

Composite materials have gained consider-
able popularity, replacing conventional materials
such as metal alloys and wood in many applica-
tions [7], owing to the increasing demands placed
on modern structural materials. One of their key
characteristics is the ability to tailor their prop-
erties through deliberate design, which enables
their optimization for specific applications. The
complex mechanical behavior of fiber-reinforced
composites, such as carbon fiber-reinforced poly-
mers (CFRPs), results from their anisotropy,
whereby their mechanical properties strongly
depend on the orientation of the fibers relative
to the direction of the applied load. Components
made of fiber-reinforced composites exhibit high
strength and stiffness while maintaining a rela-
tively low self-weight [8—10]. Current research
on composite materials frequently focuses on
the axial compression of thin-walled composite
structures, defined as structures in which the char-
acteristic dimension of the internal hollow cross-
section is at least 20 times greater than the wall
thickness [11-14].

Previous studies on axially compressed thin-
walled CFRP structures have addressed, among
other aspects, the effects of cross-sectional
geometry, laminate configuration and ply orien-
tation, and boundary conditions on the critical
load, buckling mode, post-buckling response,
and load-carrying capacity failure mechanisms
[11-14]. These studies have provided extensive
knowledge of the stability of composite struc-
tures; however, they have generally focused on
comparisons between different laminate configu-
rations or geometries within the same material
group. By contrast, considerably less attention
has been devoted to comparing the behavior of
such structures with that of additively manufac-
tured thin-walled polymer structures.

Components manufactured using FDM tech-
nology should not be treated as homogeneous
isotropic materials. The layer-by-layer deposi-
tion process leads to the formation of a clearly
defined mesostructure, whose principal direc-
tions are determined by the orientation of the

deposited material paths within individual lay-
ers and by the build direction. Consequently, the
mechanical properties of the manufactured com-
ponents, including their stiffness and strength,
depend on the direction of loading relative to
the printing paths and interlayer bonding planes.
For this reason, the behavior of FDM materi-
als is often described using orthotropic material
models or approaches derived from laminate
mechanics. The mechanical properties of the
final structure are also influenced by layer thick-
ness, path geometry and arrangement, the quali-
ty of bonding between adjacent paths and layers,
and the presence of voids. Interlayer interfaces
are particularly important, as they may constitute
the weakest direction of the structure and pro-
mote crack initiation and damage propagation.
As a result, the properties of the manufactured
component may differ significantly from those
of the isotropic bulk material. The influence of
anisotropy is especially important in thin-walled
components subjected to compression. During
buckling, the walls are simultaneously exposed
to compressive stresses and local bending, while
the directions of these stresses may vary relative
to the deposited paths and interlayer boundaries.
Anisotropy and local mesostructural heteroge-
neities may therefore affect the effective struc-
tural stiffness, critical load, location of buckling
initiation, number of developed half-waves, and
subsequent evolution of post-buckling deforma-
tion. The structural similarity between FDM-
printed components and layered composite
materials therefore justifies comparative studies
of thin-walled FDM and composite structures,
particularly with respect to their pre-buckling
response, buckling behavior, and post-buckling
performance [15-23]

A distinct group of materials used in FDM
technology comprises thermoplastics modified
with short fibers, including carbon-fiber-rein-
forced PETG (PETG-CF). The incorporation of
short carbon fibers into the PETG matrix is pri-
marily intended to increase material stiffness. In
components printed using filaments reinforced
with short discontinuous fibers, fiber orientation
is largely determined by the flow of the material
through the nozzle and its deposition along the
printing paths. Consequently, the properties of
PETG-CF components depend simultaneously
on the characteristics of the matrix, fiber content
and orientation, fiber—matrix interfacial bonding,
porosity, and manufacturing process parameters.
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Available studies indicate that the addition of
short carbon fibers generally increases the elastic
modulus of printed components, although it does
not necessarily lead to a proportional improve-
ment in strength. The properties of PETG-CF
are also strongly influenced by parameters such
as infill pattern and density, layer thickness,
extrusion temperature, porosity, and heat treat-
ment [24-26]. The use of PETG-CF in studies of
thin-walled profiles makes it possible to assess
whether increasing material stiffness through the
addition of short carbon fibers results in a higher
critical load and changes in the buckling mode
compared with unreinforced PETG.

A substantial proportion of previous research
on the mechanical behavior of FDM-manufac-
tured components has focused on material speci-
mens and on the influence of process parameters,
such as build orientation, printing path direction,
layer thickness, and interlayer bonding condi-
tions, on their elastic and strength properties [15,
27, 28]. These studies have confirmed that the
build direction and path configuration may result
in pronounced orthotropy of the mechanical prop-
erties, thereby justifying the use of models anal-
ogous to those applied in laminate mechanics.
However, they do not provide a complete under-
standing of the behavior of finished thin-walled
structural components under buckling conditions.

Components manufactured using FDM addi-
tive technology are characterized by geometric
and structural imperfections arising from tech-
nological limitations and the specific nature of
the manufacturing process. These imperfec-
tions, particularly in load-bearing components
and structures subjected to mechanical loading,
may reduce their load-carrying capacity. Com-
ponents produced using this technology exhibit
relatively high strength, compatibility with a
wide range of materials, including fiber-modified
polymers reinforced, for example, with carbon
or glass fibers, and comparatively low produc-
tion costs [6, 29-31]. Economic considerations
are currently among the most important factors
taken into account in industrial manufacturing.
In the case of composite components, manufac-
turing costs are relatively high owing to the high
cost of raw materials, the complexity of the pro-
duction process, the need for dedicated tooling,
such as molds, and the use of expensive equip-
ment, including ovens and autoclaves. Another
important factor contributing to the high produc-
tion cost of composite components, particularly

222

in one-off or low-volume manufacturing, is the
long production time. This includes the design
and manufacture of production tooling, multi-
stage component preparation, such as ply lay-up,
as well as time-consuming curing processes and
post-processing operations [32, 33]. An addi-
tional advantage of additive manufacturing tech-
nologies is their greater design flexibility. These
technologies enable the production of compo-
nents with complex geometries without the need
for drilling holes or performing other machining
operations, thereby reducing the risk of introduc-
ing additional stresses during processing [34-37].
From the perspective of structural applications, it
is therefore important to determine not only the
absolute load-carrying capacity of FDM profiles,
but also the extent to which their pre-buckling
response and buckling behavior resemble those
of more expensive CFRP structures.

The literature review indicates that previous
studies have primarily focused on the separate
analysis of thin-walled CFRP structures or struc-
tures manufactured using FDM technology. The
cited studies did not provide a systematic com-
parison of geometrically equivalent profiles made
of a conventional carbon—epoxy composite and
several unreinforced FDM thermoplastics tested
under identical loading and boundary conditions.
In particular, the differences between these struc-
tures in terms of pre-buckling stiffness, critical
load, spatial distribution of buckling half-waves,
and the relationship between buckling and dam-
age initiation remain insufficiently understood
[38—41]. Such a comparison requires the use of
profiles with equivalent geometries and a consis-
tent experimental procedure, thereby limiting the
influence of geometric factors and allowing the
effects of material type and manufacturing tech-
nology to be identified more clearly.

The studies on composite structures were
conducted at an earlier stage of the research, and
the results obtained serve as a reference for com-
parison with the results obtained for structures
of identical geometry manufactured using FDM
additive technology. The novelty of the present
study lies in the analysis and comparison of the
buckling behavior of thin-walled profiles manu-
factured from thermoplastic materials using FDM
additive technology with that of thin-walled com-
posite structures [13, 42]. Unlike previous stud-
ies, the comparison was performed for profiles
with identical geometric parameters and under
the same experimental conditions, encompassing
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both a conventional CFRP composite and four
commonly used thermoplastic materials.

This study compares the behavior of thin-
walled structures in the pre-buckling and criti-
cal regimes, manufactured from polylactic acid
(PLA), glycol-modified polyethylene terephthal-
ate (PETQG), and acrylonitrile-butadiene-styrene
(ABS) using FDM additive manufacturing tech-
nology, with that of structures made of a carbon-
epoxy composite. All specimens had identical
geometric parameters, including cross-sectional
area, height, and wall thickness. The experimen-
tal tests were conducted using a universal testing
machine, the ARAMIS 2D digital image correla-
tion system to record buckling modes, and the
acoustic emission method to determine whether
any indications of damage initiation occurred as
the profiles approached buckling. The novelty of
this study lies in the comparison of geometrically
identical anisotropic specimens manufactured
using different production technologies and made
of different material types, namely a CFRP, PLA,
glycol-modified PETG, and ABS. The contribu-
tion of the study extends beyond a quantitative
comparison of critical loads and includes a com-
parison of pre-buckling response characteristics,
the identification and assessment of buckling
modes, and verification of whether the attainment
of the critical state is accompanied by indications
of damage initiation detected using acoustic emis-
sion. This approach makes it possible to assess
whether the structural similarity between com-
posite structures and FDM-manufactured compo-
nents results in comparable buckling mechanisms
despite fundamental differences in their materials
and manufacturing technologies.

MATERIALS

The objects of the study were thin-walled
columns made of PLA, PETG, ABS, and glycol-
modified polyethylene terephthalate reinforced
with carbon fibers (PETG-CF), all having iden-
tical geometries. In the case of PETG-CF, gly-
col-modified polyethylene terephthalate formed
the matrix, whereas short carbon fibers consti-
tuted the reinforcing phase. To assess the influ-
ence of material type on structural behavior, the
additively manufactured profiles were compared
with profiles made of a CFRP with the symmetric
stacking sequence [0/45/—45/90/90/—45/45/0].
The analysis compared the buckling modes and

critical loads of profiles with a wall thickness
of 1.24 mm, a height of 200 mm, and a cross-
section with external dimensions of 40 x 40
mm (Figure 1). The profiles manufactured using
FDM additive technology are shown in Fig-
ure 2. Three profiles were produced from each
material used in the FDM manufacturing pro-
cess, resulting in a total of 12 test specimens.
The CFRP composite profiles were used sole-
ly as a reference for comparison with the pri-
mary objects of the study, namely the profiles
manufactured using FDM additive technology.
The composite specimens were produced using
CYCOM 985-42%-HS-135-305 prepreg tape
with a width of 305 mm. The tape consisted of
985 resin, accounting for 42% of its volume,
and carbon-fiber reinforcement with a fiber areal
weight of 135 g/m? The columns were manu-
factured by wrapping the prepreg tape around a
mold at angles corresponding to the prescribed
stacking sequence. The profiles were cured in an
autoclave at a temperature of 177 °C and a pres-
sure of 0.6 MPa. The mechanical properties of
the composite were determined in [42], which
also provides a detailed description of the cor-
responding characterization methodology. The
composite profiles used for comparison were
also analyzed in several previous publications,
including [13, 38, 43-49].

The profiles were manufactured using FDM
additive technology with a Bambu Lab X1 Car-
bon (X1C) 3D printer compatible with all the
aforementioned materials. The CoreXY kine-
matic system used in the printer provides high
printing accuracy owing to its greater structural
rigidity compared with conventional Carte-
sian printers, while maintaining a high print-
ing speed. The 3D printer was equipped with
a Micro Lidar system comprising a miniature
laser sensor that scans the printed surface. This
system was used to calibrate the filament flow
before printing each specimen. The thin-walled
profiles were printed along the machine Z-axis,
1.e., in the vertical orientation, which reduced
the manufacturing time while maintaining a high
quality of both the internal and external surfaces
of the specimens. Each layer of the model con-
sisted of three equally wide wall lines, forming
a wall with a total thickness of 1.24 mm and a
layer height of 0.2 mm. Owing to the relatively
small contact area between the specimens and
the magnetic build plate mounted on the heated
bed, a brim was used to improve bed adhesion.
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Figure 1. The dimensions of the samples
analyzed in [mm)]

The brim is a single-layer auxiliary structure
generated around the base of the profile and con-
nected to its edges. Its purpose was to increase
the contact area with the magnetic build plate
and stabilize the printing process by reducing
the risk of the model corners detaching from the
build surface. The FDM profiles were manufac-
tured using Bambu Lab filaments with a diam-
eter of 1.75 mm, whose material properties, as
specified by the manufacturer, are presented in
Table 1 [50]. The deposition of successive mate-
rial layers involved feeding the thermoplastic fil-
ament through the extruder into a heated nozzle,
where it was melted and subsequently extruded
as a thin material path. The moving print head
deposited successive layers, which bonded
together upon cooling to form a structure cor-
responding to the instructions contained in the
G-code generated from the three-dimensional
model using Bambu Studio slicing software. To

reduce the risk of the nozzle rubbing against the
printed component during travel movements,
i.e., movements performed without material
extrusion, the Z-hop function was applied. This
function temporarily raises the nozzle, creating
a clearance between the nozzle and the printed
component and thereby preventing collisions
during non-printing movements. A Z-hop height
of 0.4 mm was used in the present study, with a
spiral movement pattern in which the nozzle fol-
lowed a helical trajectory while being raised to
the specified height. This solution additionally
reduced the formation of stringing. The use of
Z-hop also decreased the risk of model damage
and layer shifting. After completing the travel
movement, the nozzle returned to the printing
height and resumed material extrusion.

The individual filament types used in the
study required different printing process param-
eters. The manufacturing process was carried out
using the printing parameters recommended by
the filament manufacturer, adjusted to the printer
nozzle diameter of 0.4 mm, a layer height of 0.2
mm, and the type of magnetic build plate used
for printing. Owing to the use of materials with
increased abrasiveness, particularly PETG-CF, a
hardened nozzle was employed for the manufac-
ture of all profiles. Its enhanced wear resistance
limited erosion of the nozzle orifice, thereby
maintaining a constant extrusion diameter and
contributing to high dimensional accuracy and
repeatability of the manufactured components.
All specimens were printed on a heated bed
equipped with a smooth BIQU Panda BuildPlate
CryoGrip Pro Glacier magnetic build plate. This
plate is intended for technical and precision print-
ing applications and is characterized by high tem-
perature resistance and compatibility with the
filaments used in the study. Selected printing pro-
cess parameters are presented in Table 2, whereas
the profiles manufactured using FDM 3D printing
are shown in Figure 3. Before the printing process
was initiated, the printer was thoroughly cleaned,

Table 1. Strength and stiffness properties of the selected filaments [50]

Filament type
Filament properties
PLA PETG HF ABS PETG CF
Toughness — Impact strength XY (kJ/m?) 26.6 315 39.3 41.2
Strength — Bending strength XY (MPa) 76 64 62 70
Stiffness — Bending modulus XY (MPa) 2750 2050 1880 2910
Layer adhesion — Impact strength Z (kJ/m?) 13.8 10.6 7.4 10.7
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Figure 2. 3D printing station during PLA test printing

lubricated, and calibrated on the stable surface
on which the test specimens were subsequently
manufactured. In addition, before each print, the
magnetic build plate was cleaned with isopropyl
alcohol to remove contaminants and improve
first-layer adhesion.

To prevent premature softening of the mate-
rial during printing due to excessive temperature
inside the build chamber, which could lead to fila-
ment deformation within the extruder, improper
extrusion, or nozzle clogging, the front door of

the printer chamber was removed when process-
ing PLA. This measure was intended to limit the
temperature rise inside the chamber and was con-
sistent with the recommendations of the printer
and filament manufacturers [51]. At the same
time, stable ambient conditions were maintained
by eliminating air movement within the room,
which could otherwise cause non-uniform cool-
ing of the manufactured structures. According to
the manufacturer’s recommendations, for mate-
rials with a softening temperature below 60 °C,

Table 2. Selected printing process parameters

Nozzle temperature [°C] 220
Bed temperature [°C] 45
PLA Outer wall printing speed [mm/s] 200
Inner wall printing speed [mm/s] 300
Layer height [mm] 0,2
Nozzle temperature [°C] 245
Bed temperature [°C] 75
PETG Outer wall printing speed [mm/s] 200
Inner wall printing speed [mm/s] 300
Layer height [mm] 0,2
Filament type
Nozzle temperature [°C] 255
Bed temperature [°C] 70
PETG CF Outer wall printing speed [mm/s] 200
Inner wall printing speed [mm/s] 300
Layer height [mm] 0,2
Nozzle temperature [°C] 270
Bed temperature [°C] 90
ABS Outer wall printing speed [mm/s] 200
Inner wall printing speed [mm/s] 300
Layer height [mm] 0.2
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such as PLA, the printer chamber should remain
open when the heated-bed temperature exceeds
45 °C. Profiles made of PETG, PETG-CF, and
ABS were printed with the build chamber closed,
which enabled stable thermal conditions to be
maintained throughout the manufacturing pro-
cess. To improve the quality of the manufactured
structures, all filaments used in the study were
dried before printing, as thermoplastic materi-
als employed in FDM technology are capable of
absorbing moisture from the surrounding air. The
extent of moisture absorption depends on the type
of material. Excessive moisture content in the fil-
ament may cause the absorbed water to evaporate
when the material is heated in the nozzle, result-
ing in the formation of water-vapor bubbles and
local expansion of the molten material, thereby
producing unstable extrusion. This phenomenon
may deteriorate the surface quality of printed
components, reduce their mechanical proper-
ties, and decrease the repeatability of the printing
process. A Creality Space Pi 360 filament dryer
was used to remove excess moisture from the
filaments. The drying parameters were selected
in accordance with the material manufacturer’s
recommendations [52]. All filaments used in the
study were dried for 8 h at 50 °C for PLA, 65 °C
for PETG and PETG-CF, and 80 °C for ABS.

METHODS

Axial compression tests were conducted
using a Cometech QC505M2F universal testing
machine controlled by AMIS Plus software and
capable of applying loads of up to 50 kN. The
experiments were performed at a constant room
temperature and a constant machine crosshead
displacement rate of 1 mm/min. The tests were
intended to determine the critical state, including
analysis of the buckling phenomenon and deter-
mination of the corresponding critical loads. The
critical loads of the thin-walled structures manu-
factured using FDM technology were determined
using an approximate straight-line intersection
method. This method is based on experimentally
obtained load—shortening curves and involves
approximating two appropriately selected seg-
ments of the experimental curve, one located
before the onset of buckling, prior to the change
in structural stiffness, and the other immediately
after buckling, following the change in stiffness.
The selected curve segments should exhibit a lin-
ear character, i.e., they should follow a straight-
line trend as closely as possible. The intersection
point of the two fitted straight lines corresponds
to the approximate displacement and load values
at which buckling occurred [53, 54].

",,‘ S1 PETG

el Mt e

®. S1PETG CF f‘

SR

Figure 3. Test specimens manufactured using FDM 3D printing technology prepared for measurements
with the Digital Image Correlation (DIC) system
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For the approximation, segments of the curve
corresponding to stable compression behavior were
selected. The initial loading range, during which
the contact conditions between the test specimen
and the components of the testing machine were
stabilizing, was excluded from the analysis. This
range could exhibit variations associated with the
seating of the specimen end surfaces, the elimi-
nation of small clearances, and the attainment of
proper axial alignment of the specimen within the
test setup. The immediate transition region associ-
ated with the onset of buckling, in which a pro-
nounced change in the slope of the response curve
occurred, was also omitted. No uniform, prede-
termined length of the curve segments used for
approximation was adopted because the response
curves of the individual specimens were not iden-
tical. The ranges were selected individually, with
the aim of including the longest possible segments
exhibiting stable and approximately linear behav-
ior. This approach was intended to minimize the
influence of local measurement disturbances and
to obtain the highest possible quality of fit for the
approximating straight lines.

The results obtained using the straight-line
intersection method were verified by determining
the coefficient of determination R?, The results
obtained using the straight-line intersection meth-
od were verified by determining the coefficient of
determination, R2, which was used to assess the
quality of the approximation employed to iden-
tify the buckling load. This coefficient was deter-
mined for the selected segments of the experimen-
tal curve located before and immediately after the
onset of buckling and describes the agreement
between the fitted trend lines and the correspond-
ing experimental data. The determined critical
load was considered acceptable when the R? value
for each approximated segment was at least 0,95.
The maximum possible value of the coefficient of
determination is 1, indicating perfect agreement
between the approximation and the experimental
data; however, such a result is rarely achieved in
practice. The closer the R? value is to unity, the
higher the accuracy of the approximation used
to determine the critical load [53, 54]. For all
analyzed structures, the coefficient of determina-
tion satisfied the adopted minimum criterion and
remained close to unity, confirming the high qual-
ity of the applied approximation. For the compos-
ite structures, the approximate buckling load and
the corresponding displacement were determined
using the same procedure.

The critical loads of the individual test speci-
mens were determined using a matrix-based
method, which reduces to solving the following
equation: [53, 54].

{A1X+Bly+C1 =0 1
A2x+Bzy+CZ=0 ()

where: 4 and 4, — coordinates of the points
defining the direction of line x, B, and B,
— coordinates of the points defining the
direction of line y, C, and C,— numerical
values specifying free expression of the
function.

The intersection point corresponding to the
critical value is obtained by rearranging Equation
1 into the form given in Equation 2:

{Alx + Bly = _Cl (2)
Azx + Bzy = _CZ

Using Cramer’s rule, the above system of
equations can be expressed and solved as follows:

Ay B

W= =A; XB,—A, XB 3

A2 Bz 1 2 2 1 ( )
—-C; B

Wy = —C; B; (=€) X By = (—=C3) X By (4)
A, —C

Wy =0 _ (| (=€) X Ay — A3 X (—C1)(5)
2 2

When the determinant is (W#0) the above
system has a unique solution, given by the fol-
lowing equations:

(6)

where: x and y correspond to the coordinates of
the intersection point of the two selected
line segments, that is, the displacement
and the load corresponding to the buck-
ling force.

An ARAMIS 2D optical deformation mea-
surement system was used to record the buckling
modes, enabling precise, non-contact observa-
tion and measurement of specimen deforma-
tion using a single camera. The system operates
on the basis of a sequence of images acquired
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in real time during the experiment, which are
subsequently correlated and analyzed using spe-
cialized algorithms that track the coordinates of
selected reference points. An important advan-
tage of this system is the elimination of poten-
tial disturbances and measurement errors result-
ing from direct contact between the measuring
device and the specimen. The ARAMIS 2D opti-
cal deformation measurement system records
in-plane deformation and subsequently identifies
and tracks individual points using grayscale anal-
ysis. This enables the positions of selected points
to be determined on each recorded image with
subpixel accuracy [45, 55-57]. In addition, the
test setup was equipped with an LED light source
to provide adequate and uniform illumination of
the specimens. To ensure the correct recording
of deformation by the ARAMIS 2D system and
to reduce undesirable light reflections, the speci-
mens were spray-painted with matte white and
black paints to obtain an appropriate stochastic
speckle pattern on their surfaces. Acoustic emis-
sion was used to verify the occurrence of damage
in the specimens during loading. This method
enabled the recording of potential acoustic sig-
nals generated by the release of accumulated
elastic strain energy within the material, a sudden
increase in which may indicate damage initiation
and, in many cases, its subsequent propagation.
The tests were conducted using a single-channel
Vallen SpotWave 201 acoustic emission system
equipped with a dedicated VS150-L piezoelectric
sensor. Acoustic emission signals were recorded
using the dedicated SpotWave Acquisition soft-
ware [58—60]. The specimens intended for exper-
imental testing were placed between the flat and
parallel working surfaces of specially designed
fixtures, which ensured axial loading and main-
tained parallelism throughout the compression
process. The fixture design provided stable and
rigid restraint of the specimen ends, limiting their
displacement and rotation. The adopted bound-
ary conditions corresponded to both ends being
clamped. Before each test, the specimen was
carefully centered relative to the loading axis to
minimize eccentric loading and the development
of additional bending moments. The method of
mounting and positioning the specimens was
identical in all tests. The load and displacement
of the testing machine fixtures were recorded in
real time. On the basis of these data, the criti-
cal load was determined using the approximate
straight-line intersection method.
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Before testing, no quantitative measurements
of the initial geometric imperfections of the
specimens were performed, such as deviations
of the longitudinal axis from straightness, wall
irregularities, or local dimensional deviations.
The specimens were subjected only to visual
inspection, and only components without visible
damage or significant deformation were selected
for testing. It should be emphasized, however,
that minor imperfections introduced during the
manufacturing process may have affected both
the critical load and the buckling mode. The
main limitation of the present study was the lack
of experimentally determined mechanical prop-
erties of the thermoplastic materials used. The
properties of FDM-manufactured components
depend not only on the material type, but also
on process parameters, printing path orienta-
tion, and the quality of interlayer bonding. The
absence of an independent material character-
ization prevented the reliable development and
validation of finite element models. The pres-
ent experiments should therefore be regarded as
a preliminary stage of further research, which
will include the determination of the mechanical
properties of the printed materials, measurements
of geometric imperfections, and the development
of numerical models for analyzing the behavior
of the investigated structures in the buckling and
post-buckling regimes (Figure 4).

RESULTS

Theuse of complementary experimental tech-
niques, including a universal testing machine, a
digital image correlation (DIC) system, and an
acoustic emission system, enabled assessment of
the influence of material type on the buckling
behavior of thin-walled structures manufactured
using FDM technology, followed by comparison
of the obtained results with those determined for
geometrically equivalent composite structures.
The tests conducted using the universal testing
machine made it possible to determine experi-
mental equilibrium paths, on the basis of which
approximate critical (buckling) loads were iden-
tified using the straight-line intersection approx-
imation method. The experimentally determined
equilibrium paths were compiled and presented
in Figure 5, providing a graphical representation
of the differences between the individual results.
Figure 6 presents the experimental equilibrium



Advances in Science and Technology Research Journal 2026, 20(12), 220-241

P~ ‘H.
! | Acoustic Emission System |

| AE sensor
mount

N
RN

Figure 4. Experimental setup for axial compression tests: a) overall view of the test stand;
b) detailed view of the specimen mounting and acoustic emission sensor

paths of the composite structures obtained in
previous studies, which were used for compari-
son with the results determined for the FDM-
manufactured structures.

Based on the presented figures, it can be
observed that, during the initial stage of the
experiment, the relationship between the applied
load and displacement is nonlinear. This behav-
ior results from the stabilization of the boundary
conditions and the mutual seating of the compo-
nents of the test setup during the initial loading
stage. Once the boundary conditions have stabi-
lized, the structural response in the pre-buckling
range becomes nearly linear. This is evidenced
by the very close agreement between the experi-
mental response and the fitted linear relation-
ship, as confirmed by a coefficient of determina-
tion close to unity. Minor deviations from ideal

linearity arise from imperfections in the mea-
surement system and the tested structures and do
not affect the overall character of their behavior
in the pre-buckling regime. The nearly linear
structural response observed in the pre-buckling
range is consistent with Hooke’s law, according
to which stress is proportional to strain within
the elastic range of the material. Based on the
recorded experimental results, it can be conclud-
ed that the load—displacement curves obtained
for PETG and ABS exhibit very similar charac-
teristics, as clearly illustrated in Figure 5.
Analysis of the experimental equilibrium
paths showed that, despite substantial differ-
ences in the load values and the corresponding
displacements, all investigated FDM and com-
posite structures exhibited very similar response
characteristics. After eliminating the influence of
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Figure 5. Experimentally determined equilibrium paths for FDM specimens

35000,00

30000,00

25000,00

20000,00

Load [N]

15000,00

10000,00

5000,00

0,00 0,20 0,40 0,60 0,80

1,00 1,20 1,40 1,60

Displacement [mm)]

Figure 6. Experimentally determined equilibrium paths for CFRP specimens

the absolute values of the analyzed parameters,
the experimental curves displayed comparable
shapes, indicating a similar buckling mechanism
and a similar structural response throughout the
loading process.

The critical loads were determined using
an approximation method based on identify-
ing the intersection point of two straight lines,
using the experimental data recorded during the
tests and presented in Figure 5. The following
figures graphically illustrate the procedure used
to determine the critical load for the twelve
specimens manufactured by FDM additive tech-
nology. In addition, each figure presents the
acoustic emission signals recorded during the
experiment using the Vallen SpotWave system,
shown as a green curve. In the following Fig-
ures 7—11, the line colors denote the following:
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the black dashed line indicates the critical load
value, the red solid line represents the effective
approximation range, and the red dashed line
corresponds to the fitted approximation func-
tion. Table 3 and 4 summarizes the critical load
values obtained for all profiles manufactured
using FDM technology.

The experimental results showed that,
among the geometrically identical structures
manufactured from thermoplastic materials
using FDM additive technology, the PLA speci-
mens exhibited the highest mean critical load.
The mean buckling load obtained for PLA
was approximately 1.29 times higher than that
obtained for PETG, 1.70 times higher than that
obtained for PETG-CF, and 1.36 times higher
than that obtained for ABS. It was also demon-
strated that the addition of short carbon fibers
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Figure 7. Experimental equilibrium path together with the corresponding acoustic emission signals
for PLA specimens
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Figure 8. Experimental equilibrium path together with the corresponding acoustic emission signals
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to PETG reduced the buckling load compared
with unmodified PETG. The mean critical load
of the PETG specimens was approximately

1.32 times higher than that of the PETG-CF
specimens. For comparison, the mean critical
load obtained for the carbon—epoxy composite
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with the quasi-isotropic stacking sequence structures. The tests also confirmed the high
[0/45/—45/90/90/—45/45/0] was approximately  repeatability of the results obtained for the addi-
13.9 times higher than the highest mean criti- tively manufactured FDM structures. The great-
cal load determined for the FDM-manufactured est scatter was observed for PETG-CF, for which
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Figure 9. Experimental equilibrium path together with the corresponding acoustic emission signals
for PETG CF specimens
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Table 3. Comparison of critical load values for FDM profiles

Material Specimen Critical load [N] Average critical load [N] Pfe;gc;:r&aeg;g:;i?;ioc])n
S1PLA 1722.45 1.47
PLA S2 PLA 1707.40 1697.12 0.60
S3 PLA 1661.51 2.14
S1PETG 1343.39 2.03
PETG S2 PETG 1333.23 1316.13 1.28
S3 PETG 1271.78 3.49
S1PETG CF 1029.50 3.21
PETG CF S2 PETG CF 1006.90 996.41 1.04
S3 PETG CF 952.84 4.57
S1ABS 1245.90 0.24
ABS S2 ABS 1234.27 1248.84 1.18
S3 ABS 1266.36 1.38

Table 4. Comparison of critical load values for composites profiles [38]

. . ", Average critical load Percentage deviation
Material Specimen Critical load [N] IN] from the mean [%]
A1_1 23807,68 0.98
CFRP A1_2 23605,78 23574,69 0.13
A1_3 23310,60 1.13
2000
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— 1200
=3
< 1000
©
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Figure 11. Comparison of the buckling load values obtained from the experimental tests

the maximum deviation of the critical load from
the mean value was 4.57%, whereas the mean
deviation was 2.94%. The greater scatter in the
PETG-CF results may be attributed to the pres-
ence of short carbon fibers with varying orienta-
tions within the polymer matrix, as well as to
the greater technological difficulties associated
with both the manufacture of components from
this material and the production of the filament
itself compared with unmodified PETG. The
small differences in both the critical load values

and the experimental equilibrium paths indicate
high manufacturing quality and good repeatabil-
ity of the FDM specimens. The observed devia-
tions may be associated with minor geometric
and structural imperfections that are unavoid-
able in real structures. Nevertheless, the differ-
ences between the individual values were small
and did not affect the quality of the experimen-
tal results. During the experiments, the acoustic
emission system recorded isolated events char-
acterized by a sudden increase in acoustic signal
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activity for selected profiles. In most of the ana-
lyzed cases, local increases, or spikes, in acous-
tic emission signal energy were observed at the
moment corresponding to structural buckling.
The signals were recorded using the attojoule
(aJ) as the unit of energy because of the very
low signal energy measured before the onset of
buckling. The recorded signals were most like-
ly associated with phenomena accompanying
structural buckling rather than with the initiation
of material damage at this stage of loading. The
fact that the signals appeared close to the onset
of buckling in most cases may indicate local
changes in contact conditions and stress redis-
tribution occurring during the buckling process.
These phenomena may have been accompanied
by microslip between adjacent material paths,
local separation between layers or deposited fil-
aments, temporary changes in the contact area,
and frictional processes characteristic of FDM-
manufactured components. The absence of any
observed loss of structural stiffness and the com-
plete recovery of the specimens’ original shape
after unloading indicate that the recorded events
were not associated with the initiation of perma-
nent damage. Furthermore, signals characteris-
tic of material cracking generally exhibit higher
amplitudes and energies and occur as sequences
of events associated with damage propagation,
none of which were observed in the present tests.
A detailed analysis of the acoustic emission sig-
nal parameters, particularly under conditions

a) S1 PLA
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b) S2 PLA

involving material damage and more representa-
tive signals, will be presented in a subsequent
publication devoted to the loss of load-carrying
capacity of thin-walled structures manufactured
using FDM technology.

The buckling modes were analyzed using
the ARAMIS 2D digital image correlation sys-
tem. The acquired data were processed and ana-
lyzed using ZEISS INSPECT 2026 software.
To graphically present the strain distribution
over the surfaces of the tested specimens, the
von Mises equivalent strain visualization func-
tion was applied. In addition, median filters
were used to enhance the visibility of the strain
distribution in the investigated FDM-manufac-
tured structures. The experimentally recorded
buckling modes are presented in the following
Figures 12-15.

The experimental results showed that the
type of thermoplastic material used to manu-
facture the structures by FDM additive tech-
nology affected both the buckling load and
the corresponding displacement. For the unre-
inforced materials, namely PLA, PETG, and
ABS, the buckling mode was characterized by
the formation of five complete half-waves in
all specimens. By contrast, the buckling mode
of the carbon-fiber-modified material (PETG-
CF) consisted of seven complete half-waves.
These results indicate that the incorporation of
reinforcing additives into the polymer matrix
may significantly affect the buckling behavior
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Figure 12. Buckling modes and corresponding von Mises equivalent strain fields recorded
using Digital Image Correlation (DIC) for PLA specimens
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Figure 13. Buckling modes and corresponding von Mises equivalent strain fields recorded
using Digital Image Correlation (DIC) for PETG specimens
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Figure 14. Buckling modes and corresponding von Mises equivalent strain fields recorded
using Digital Image Correlation (DIC) for PETG CF specimens

of the structure. Incomplete half-waves were
also observed near the ends of the specimens.
An additional noteworthy observation was that
some of the half-waves, particularly those locat-
ed near the mid-height of the structure, were
shifted to one side relative to the vertical axis of
the specimen. This phenomenon may be associ-
ated with the characteristics of the printing pro-
cess and the presence of a seam along one corner
of the structure, visible as a narrow vertical line
or protrusion on the printed surface at the loca-
tion where the printer starts and terminates each

layer. The presence of the seam at one corner
may additionally increase the local stiffness of
the structure. Distinct buckling modes were also
observed in previous studies of carbon—epoxy
composite structures, in which four complete
half-waves were identified, as shown in Figure
16. The similar behavior of the FDM-manufac-
tured and carbon—epoxy composite structures at
the onset of buckling and immediately thereaf-
ter may indicate comparable buckling mecha-
nisms despite the use of different manufacturing
technologies and structural materials.
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Figure 15. Buckling modes and corresponding von Mises equivalent strain fields recorded
using Digital Image Correlation (DIC) for ABS specimens
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Figure 16. Buckling mode of the CFRP composite structure with the stacking sequence
[0/45/—45/90/90/—45/45/0]

DISCUSSION

The results showed that the FDM-manufac-
tured PLA structures exhibited the highest criti-
cal load among all the thermoplastic materials
analyzed. The mean critical load of the PLA
structures was approximately 1.29 times higher
than that of PETG, 1.70 times higher than that
of PETG-CF, and 1.36 times higher than that of
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ABS. It was also observed that the addition of car-
bon fibers to PETG reduced the critical load. The
mean load at which the composite structure buck-
led was approximately 13.9 times higher than the
mean value obtained for the PLA structures. The
substantially higher critical loads obtained for
the CFRP components result primarily from their
high elastic modulus and the presence of con-
tinuous carbon-fiber reinforcement. In contrast
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to FDM-manufactured structures, CFRP com-
posites do not contain the characteristic bound-
aries between individual extrusion paths, which
may act as sites for the initiation of local dam-
age, such as inter-path debonding, and adversely
affect the buckling load [61]. The results clearly
demonstrate that the type of material used has a
significant influence on the critical load. Analy-
sis of the recorded experimental curves showed
that the responses obtained for PETG and ABS
were very similar in terms of both curve shape
and the resulting values. No differences were
observed in the buckling modes of the structures
manufactured from PLA, PETG, and ABS, with
five complete half-waves occurring in all cases.
By contrast, the buckling mode of the PETG-
CF structures consisted of seven complete half-
waves. Owing to the limited number of speci-
mens made from unmodified thermoplastics, it
cannot be conclusively determined whether the
material type alone affects the resulting buckling
mode. Nevertheless, the results indicate that the
addition of carbon fibers to PETG significantly
alters the buckling mode. It was also observed
that the presence of a manufacturing seam along
one corner of the structure locally increased its
stiffness, resulting in a shift of the half-waves,
particularly those located near the mid-height of
the specimen, relative to its vertical axis.

All specimens were manufactured using iden-
tical FDM printing paths and process parameters,
except for the build-plate and nozzle tempera-
tures, which were adjusted to the requirements of
each material. This approach limited the influence
of printing parameters other than temperature on
the behavior of the investigated structures. All
specimens were also printed in the same orien-
tation, thereby eliminating build orientation as a
variable. This is particularly important because
FDM-manufactured structures exhibit anisotro-
pic behavior; consequently, the results obtained in
this study are applicable only to the specific build
orientation investigated. Despite the use of other-
wise identical manufacturing conditions, the criti-
cal load values varied depending on the material
from which the specimens were produced. These
differences may be attributed to the different
mechanical properties of the materials and to vari-
ations in the quality of bonding between adjacent
deposited paths, which depend on the characteris-
tics of the individual polymers. Because the spec-
imens were manufactured using the same printing
strategy and comparable process conditions, the

influence of process-induced imperfections was
expected to be broadly comparable across the
investigated materials. Nevertheless, the inter-
action of these imperfections with the material-
specific mechanical properties of each polymer
may have contributed to the observed differences
in buckling behavior [62, 63]. According to the
manufacturer’s data, the presence of short car-
bon fibers in PETG-CF increases the stiffness of
the base material relative to unreinforced PETG.
However, in the present study, the PETG-CF
profiles exhibited a lower mean buckling load of
996.41 N than the PETG profiles, for which the
mean buckling load was 1316.16 N. Thus, the
buckling load obtained for PETG was approxi-
mately 1.32 times higher than that obtained for
carbon-fiber-modified PETG-CF. This difference
may result from the influence of the FDM process
on the actual mechanical properties of the printed
components. The addition of short carbon fibers
may reduce interlayer bonding quality, increase
structural porosity, and result in a non-uniform
fiber distribution, potentially decreasing the
effective stiffness of an FDM-manufactured pro-
file [64, 65]. The results therefore indicate that the
stability of thin-walled components is governed
not only by the properties of the base material, but
also by the quality of the structure formed dur-
ing the manufacturing process. Consequently, the
properties of an FDM-manufactured component
may differ from those of the bulk material, and
its actual structural stiffness may be lower than
would be expected from the properties of the base
material alone, resulting in reduced resistance to
buckling [66].

In the present study, no analytical calcula-
tions of the critical load based on classical buck-
ling theory were performed, because the primary
objective was to experimentally compare the
behavior of thin-walled profiles manufactured
from different materials. Nevertheless, the results
obtained for PLA, PETG, ABS, and CFRP are
consistent with the general principles of stability
theory, according to which an increase in struc-
tural stiffness leads to an increase in the critical
load [67]. In the case of FDM-manufactured
components, the critical load is additionally
influenced by material anisotropy and printing-
process imperfections, which are not accounted
for in classical theoretical models. For PETG-CF
reinforced with short carbon fibers, however, the
relationship expected on the basis of classical
stability theory was not observed. Although this
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material exhibits higher stiffness than unrein-
forced PETG, the structures manufactured from
PETG-CF showed lower mean critical loads.
This indicates that, in the analyzed case, resis-
tance to buckling was governed not only by the
intrinsic material properties, but also by factors
associated with the FDM manufacturing process.
The possible causes of this behavior, related to
the characteristics of the printing process and
the effect of carbon-fiber addition on the internal
structure of the printed material, were discussed
in the preceding paragraph [64, 65].

The buckling behavior of the FDM-manu-
factured structures and the composite structure
was similar despite the different numbers of half-
waves. Four complete half-waves were observed
for the analyzed composite structure. It was also
demonstrated that the experimental load—dis-
placement characteristics of the composite and
FDM-manufactured structures followed very
similar trends, despite substantial differences
in the critical load values and the correspond-
ing displacements. This may indicate a similar
buckling mechanism and a comparable structural
response to loading.

CONCLUSIONS

Based on the results, FDM technology can be
considered to have potential for the manufacture
of thin-walled components subjected to compres-
sive loading. The investigated structures retained
their load-carrying capacity after the onset of
buckling, and the shapes of their load—displace-
ment curves were similar to those obtained for the
composite structures. Thin-walled FDM-manu-
factured structures may therefore be suitable pri-
marily for lightly loaded components, functional
prototypes, and applications in which low weight,
rapid manufacturing, and ease of geometric cus-
tomization are important. This technology also
enables the production of components with com-
plex geometries without the need for additional
tooling. At the same time, the results obtained
for PETG-CF demonstrate that a higher stiffness
of the base material does not necessarily trans-
late directly into greater buckling resistance of
the printed structure. The behavior of the com-
ponent is also governed by the quality of bond-
ing between adjacent layers and material paths,
anisotropy, and imperfections introduced during
the manufacturing process.
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The investigated FDM structures cannot be
unequivocally qualified for use in safety-critical
load-bearing applications. Such an assessment
would require independent characterization of
the mechanical properties of the printed materi-
als, quantitative evaluation of geometric imper-
fections, determination of the effects of printing
parameters and build orientation, and the devel-
opment of validated numerical models. Neverthe-
less, the present study provides a basis for further
assessment of the potential application of FDM
technology in the design of thin-walled load-
bearing structures.
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