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Abstract. This paper presents experimental and numerical results of the mechanical response of body-centered cubic (BCC) lattice structures
manufactured with the fused filament fabrication (FFF) method using polyethylene terephthalate glycol (PETG) material. The BCC structures
were subjected to uniaxial compression tests using a universal strength machine with three different values of deformation velocities. Moreover,
dog-bone specimens were manufactured in three orientations to identify the PETG mechanical properties, which were supplemented with the
literature data of PETG tested under compression. Then, the mechanical properties were correlated in the LS-Dyna code using a visco-plastic
material model, which was used to numerically reproduce the experimental uniaxial tensile test conditions. The compression tests of BCC were
simulated, and the results of experiments and numerical simulations were compared with satisfactory agreement. It was demonstrated that the
properties of the 3D printed PETG varied, depending on both the printing direction and the type of applied load condition (compression/tension).
Furthermore, the results also show that for the strut-based lattice structures manufactured with the FFF method and PETG material, it is mandatory
to consider the above remark while simulating this type of mechanical behavior in a structure. Additionally, the influence of element type and
cross section of the struts was also analyzed in this work. Results presented in the paper confirmed that the BCC lattice structures were effective

in terms of energy absorption capacity, and they demonstrated long-range plateau deformation force plots.

Keywords: truss-based lattice; BCC; 3D printing; PETG; fused filament fabrication; additive manufacturing.

1. INTRODUCTION

Cellular structural materials attract the interest of many scien-
tists due to their unique physical and mechanical properties.
They exist in nature, and their distinctive characteristics have
often attracted attention and inspired scientists and engineers,
particularly because of their low relative density and specific
mechanical properties. Their ability to provide high structural
stiffness or absorption of mechanical energy through deforma-
tion makes them particularly attractive for engineering applica-
tions [1-9]. However, a production of such materials has been
either impossible or significantly restricted due to technologi-
cal limitations [10, 11]. The emergence and growing popularity
of additive manufacturing (AM) techniques have accelerated
considerable research on the design, production, and analysis
of mechanical properties of regular cellular structures [12, 13].
These production methods are applied in many branches of in-
dustry: aerospace, automotive, defense, civil engineering, and
bioengineering, as well as in medicine and art, enabling the
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production of objects with diverse mechanical properties and
varying sizes [12—16]. Depending on the geometry and size of
the unit cell, the cellular structures can be classified into two
main categories: 2D and 3D.

2D structures are the subject of research in numerous
numerical-experimental studies [17]. The primary objective of
these studies was to evaluate the mechanical response of struc-
tures that differ in the unit cell (shape and dimensions), consid-
ering various types of mechanical loading (tension, compres-
sion, bending) and taking into account the effect of strain rate
(quasi-static, dynamic, and impact tests) [18, 19]. The number
of studies on 3D cellular structures is currently lower compared
to 2D variants. This difference arises from the fact that their
manufacturing process is more complex. However, their signif-
icantly lower relative density makes them attractive to many
industrial sectors. The 3D cellular structured materials are most
commonly classified into four main groups of lattices: truss-
based, plate-based, shell-based, and hierarchical [11, 20, 21].
The first are the most widely used due to their beam-like archi-
tecture [2,5,21-25]. These structures exhibit excellent energy
absorption (EA) capabilities and controlled deformation. The
extent of the plateau region varies depending on the used mate-
rial [1,2,4,5]. Among 3D lattice structures, four primary types
of elementary cells can be distinguished: body-centered cubic
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(BCC), body-centered cubic with Z-strut (BCCZ), face-centered
cubic (FCC), and face-centered cubic with Z-strut (FCCZ) [11].

A lot of research focuses on the EA characteristics of metallic
3D cellular structures [1,4-6,23,26]. Li et al. [2] investigated
BCC structures fabricated using selective laser melting (SLM)
with 316L stainless steel. Their study involved uniaxial compres-
sion tests, from which stress-strain curves were obtained and
subsequently validated through numerical simulations. In [5],
the BCC structures were also subjected to uniaxial compres-
sion tests, with additional investigation into the effect of the
heating temperature on the resulting stress-strain curves. Be-
yond conventional BCC structures, Seharing et al. [26] explored
the influence of elementary cell gradients on EA properties. In
their study, the relative density of individual cells varied along
different heights of the structure. An interesting analysis was
presented in [23], where the authors examined the impact of
cross-sectional variations in individual beams on the structural
strength of A1Si10Mg lattice structures. Their findings indicated
that the stress concentration from the center of the elementary
cell to the center of the beam significantly affected the mechan-
ical response.

In addition to static tests, lattice structures are also subjected
to dynamic loading conditions [4, 6]. The authors of [6] com-
pared the EA capacity of 2D and 3D chiral structures. Smith et
al. [4] investigated the behavior of BCC and BCCZ structures
fabricated via SLM using 316L stainless steel under detonation
conditions, highlighting differences in their response to extreme
dynamic loads. It was shown that EA at the front of a structure
varied depending on its relative density. Maconachie ez al. [1]
conducted a comprehensive review of 3D lattice structures fabri-
cated using selective laser melting (SLM). Their study outlined
best practices and consolidated experimental data from litera-
ture. Compared to metal-based lattices, fewer studies focus on
3D lattice structures made from plastics. The earliest materi-
als used in this context include ABS and PLA [3,9,27]. Seek
et al. [27] compared the EA properties of simple cubic (SC),
honeycomb (HC), BCC, and PeckGy80 (PG80) structures fab-
ricated from PLA. Their study demonstrated that altering the
elementary cell type significantly affected the resulting force-
displacement curves. In [3], the effect of increasing the number
of elementary cells in BCC trusses and modifying the cross sec-
tion of the sub-elementary beams was investigated. Specimens
were fabricated using the SLA technique and compared with nu-
merical simulations. The findings revealed that structures with a
higher number of elementary cells and smaller beam cross sec-
tions exhibited superior EA compared to those with fewer cells
and larger beam cross sections. Studies on PETG-based lattice
structures are less common [9,22,28-30]. Natesan et al. [29] ex-
amined Schwarz P-type triply periodic minimal surface (TPMS)
structures, comparing different elementary cell sizes to assess
their impact on EA capabilities. In [28], the authors evaluated
the performance of foam-filled 3D lattice structures.

Specific features of lattice structures inspire their investigation
not only in compression but also under tension loading condi-
tions. Researchers in [22] compare the mechanical properties
of polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
and polyethylene terephthalate glycol (PETG) across different

lattice structures in cross section geometry. Their results indi-
cated that the truss configuration plays a crucial role in tensile
loading scenarios, highlighting its major influence on structural
performance.

The present study is focused on the BCC truss-based lat-
tice variant, which was thoroughly studied in previous pa-
pers [1-3, 11, 21-23]. However, the most frequently utilized
technique is the PBF (powder bed fusion) AM, while there is a
limited number of studies in which the FFF method and PETG
were incorporated in the production of 3D lattice structures, es-
pecially BCC. To highlight this research gap, the present paper
expands a current knowledge in this area and demonstrates the
following original aspects: (1) implementation of both experi-
mental and numerical studies related to the mechanical response
of truss-based lattice structures made additively via FFF from
PETG filament under quasi-static compression tests, (2) demon-
stration of a direct influence of the printing orientation and
strong anisotropy on the mechanical response of FFF PETG
material, (3) a comprehensive correlation and validation of the
elasto-viscoplastic constitutive model based on different loading
conditions (tension/compression) and printing orientation.

Experimental tests were preceded by additional technological
attempts to identify the most efficient 3D printing parameters.
Tensile dog-bone specimens were manufactured according to
ASTM D638-14 standard to determine the mechanical proper-
ties of PETG filaments, as well as to verify the influence of the
3D printing direction. The data of the obtained material were
supplemented by the compression properties taken from the
relevant literature [31]. Based on the gathered data, computer
simulations were performed using the FEA approach imple-
mented in the LS-Dyna software. A strong anisotropy observed
during the experimental tests led to the adoption of an appropri-
ate approach in the utilized constitutive model. Unfortunately,
there are no such material models available in the LS-Dyna
software that allow for the definition of the mechanical proper-
ties of materials 3D printed via the FFF technique belonging to
the material extrusion (MEx) group. Therefore, in the present
paper, direct implementation of the stress vs. strain curves in
the selected elasto-viscoplastic model was considered. The ob-
tained results allow for additional parametric studies directed to
analyze the potential application of developed lattice structures
in engineering applications. The results demonstrate that in the
case of lattice structures produced by the FFF method [15, 32]
from PETG filament, it is not possible to rely only on tensile
testing of specimens produced in one orientation. Furthermore,
brick elements were found to be more efficient in reproducing
the behavior of the simulated BCC topology compared to the
1D representation.

2. CHARACTERIZATION OF BCC LATTICES

2.1. Geometrical assumption of the tested BCC lattice
structures

The BCC topology manufactured from PETG material was stud-
ied under compression loading conditions. Both experimen-
tal and numerical studies were considered with the hexago-
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nal cross sections of the struts. Moreover, two additional struts
cross section variants (i.e., square and round) were investi-
gated, using a computer simulation approach. The designed
BCC structures had a cubical shape with a total dimension of
~ 85.0%85.0x 85.0 mm and a relative density value close to
0.07. The relative density is expressed by the equation

*

pre1 = 2, (1)
P

N

where p* — density of structure, ps — density of solid material.

Five unit cells across the width/height/length with a dimen-
sion of ~ 17.0 mm were assumed during the design process. The
cross-sectional area for all tested variants of the strut was kept
at the same value. Additional structure variants were proposed
to analyze the influence of the FFF 3D printing technique on
the obtained results since a significant discrepancy between the
computer simulation results and data gathered from the experi-
mental tests was observed (see Section 5.3). It was assumed that
the differences between FEA and experimental outcomes could
be justified by the applied 3D printing direction and strut dimen-
sions, which were different in the BCC topologies compared to
the dog-bone specimens used for the uniaxial testing. Therefore,
two types of cubical specimens were manufactured with dimen-
sions close to four elementary cells of the BCC structure, i.e.,
34.0%x34.0%34.0 mm, named BCC_s (small) and SQ (square).
For each variant, three specimens were prepared and subjected
to uniaxial compression tests. Obtained outcomes enable evalu-
ation of whether there is a relation between 3D printing direction
and the mechanical response of manufactured specimens.

The geometrical representations of all lattice structures con-

sidered in this work, with the presented dimensions, is shown in
Fig. 1.

2.2. Characterization of the applied FFF 3D printing
process

To manufacture the BCC lattice structures and dog-bone spec-
imens for material testing, the commercial PETG filament was
used; its basic properties are shown in Table 1. The Prusa i3
MK3S 3D printer was used, and the parameters for the 3D
printing process are shown in Table 2. Many filament producers
declare other mechanical properties of PETG, which pose an
additional challenge in the process of defining mechanical pa-
rameters [33—36]. Thus, to minimize the impact of incorrectly
defined PETG material parameters, twelve dog-bone specimens
were manufactured. Moreover, nine BCC topologies were also
manufactured (Fig. 2). Furthermore, the geometrical properties
of dog-bone specimens are also included (details regarding the
specimens for material testing are provided in Section 3.1). In
Fig. 3, additional printed cubical specimens are also shown,
with visible different 3D printing directions. Thus, in the com-
pression tests, the material itself was assessed under different
loading conditions to analyze the influence of building orien-
tation on the obtained results, since significant discrepancies
between the numerical results and experimental tests were ob-
served while compressing the BCC lattice structures.

Table 1
Mechanical properties of PETG [35]

Constant Value Unit
Density, p 1270.0 kg/m?
Elastic modulus E 1800.0 MPa
Poisson’s ratio, v 0.39 -
Yield stress, R, 42.0 MPa
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Fig. 1. a) A general 3D view of BCC lattice structure, b) strut cross sections, ¢) cubical specimens

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. 155047, 2025



www.czasopisma.pan.pl P

N www journals.pan.pl

POLSKA AKADEMIA NAUK

M. Banaszek, P. Baranowski, P. Platek, M. Sarzynski, and K. Cieplak

Table 2
3D printing parameters for specimen fabrication
Process parameter Value
Nozzle diameter 0.6 mm
Layer height 0.3 mm
Fill density 100%

45.0 mm/s for contour

Printing speed 35.0 mm/s for small contour

55.0 mm/s for filling
Extrusion width 0.65 mm
Nozzle temperature 240°C
Bed temperature 90°C
Number of contour lines 2
Cooling On
Sequence printing On

Fig. 2. The specimens manufactured by FFF: a) 3D CAD models,
b) printed specimens

Fig. 3. The specimens manufactured by FFF: a) cubic, b) BCC lattice

2.3. Quality evaluation of the manufactured specimens

Before performing experimental tests with the use of BCC lat-
tice structures and dog-bone specimens, the quality control of
the fabricated specimens was conducted. Based on the digital
microscopy images (Fig. 4), it was possible to verify the geomet-
rical dimensions of the specimens by comparing them with the
designed BCC topologies. The quality analysis was conducted
using the Keyence VHX 6000 digital microscope with dedicated
software. The quality of the struts and the porosity level were
analyzed. A detailed measurement of the struts showed that the
strut thickness (diameter) varied and was not equal to the geo-
metrical model at each of the given measurement points. The
discrepancies between the actual and CAD models vary between
0.1 mm and 0.15 mm. Based on the measurements, the numer-
ical models were prepared considering the above dimensions of
the struts.

Fig. 4. Evaluation of lattice strut using optical microscope

3. PETG MATERIAL PROPERTIES
3.1. Material data acquisition

In general, the uniaxial tensile test seems to be a relatively sim-
ple and basic method used to obtain the required material data.
However, in the case of PETG, several scholars highlighted that
this specific filament is quite problematic to perform tests via
tension [37-39] or compression. For example, in [37] it was
shown that the speed and temperature of specimens printing
process affected their strength. On the other hand, in [38], the
authors demonstrated that the shape of specimens and orien-
tation of printed layers impacted the mechanical properties of
PETG. Moreover, Ergene et al. [39] studied the effect of ten-
sile test speed and layer thickness on PETG parameters, while
in [31,40], the authors verified the mechanical properties of
PETG in compression tests. It is worth noticing that various
producers of PETG filament also declare different mechanical
properties [33-36]. In the previous papers [8,37-39,41,42], it
was also proven that the mechanical properties of 3D printed
materials strongly depended on the printing parameters. There-
fore, the material parameters of the PETG filament were verified
in three printing directions: X (T1), at an angle of 45° (T2), and
Z (T3). The uniaxial tensile tests were conducted for the spec-
imens prepared according to ASTM D638-14 standard [43].
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Furthermore, the literature data for the compressive loading of
PETG were also included [31], which were named as: C1, C2,
and C3 for the Z, X, and Y printing directions, respectively.
Based on the obtained results and available literature data [31],
it was noted that PETG exhibited anisotropic properties, both
for compression and tensile tests. A schematic of the specimens
with dimensions is presented in Fig. 5.

125
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Fig. 5. Specimen dimensions for tensile tests according to
ASTM D638-14 standard [43]

Figure 6 shows the true stress-true strain curves for the spec-
imens manufactured in three printing directions. The curves
from compression tests conducted by [31] were also included.
The uniaxial tensile tests were performed using an MTS Crite-
rion C45.105 universal testing machine at 22°C. The dog-bone
specimens were investigated at a velocity of 5 mm/min. For
each specimen building direction, four samples were prepared.
It was observed that the printing direction affected the results
obtained. For the XY printing direction, the elastic modulus,
yield strength, and elongation are higher compared to the other
two cases. The pronounced effect of the printing direction is
visible for the curves obtained for YZ and 45° specimens. These
groups of specimens demonstrated a smaller elastic modulus,
yielded stress, and brittle fracture caused by delamination. The
parameters of the specimens printed in these two directions are
quite similar, with a small discrepancy between the elastic parts
of the curves.

On the other hand, the curves taken from compression
tests [31] are characterized by significantly smaller yield stress

compared to tensile specimens. Moreover, the brittle behavior
of the specimens is more evident. The specimens manufactured
along the 0X direction display a brittle fracture characteristic,
which is similar to dog-bone specimens used for tensile tests
conducted in this paper.

60

Tension, present study
—— Xdirection -T1
—— 45 degree -T2
—— Zdirection-T3

50 |

) -

Compr. Colmenero et al.

w
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True stress [MPa]

—— Zdirection -C1

—  Xdirection - C2
10 r —— Ydirection -C3

0.00

0.02

0.04 0.06

True strain [mm/mm)]

0.08

Fig. 6. True stress vs. true strain curves for PETG material obtained un-
der different specimens and orientation of layers for printed specimens
according to ASTM D638-14 standard [43] and compression test [31]

Since a strong anisotropy of the PETG and a pronounced
effect of the printing direction were observed, which was pre-
viously reported by other scholars [20], the material properties
of the selected constitutive model were determined based on
these facts. The stress-strain curves obtained from the tests for
each type of specimen (three in compression and tension) were
averaged, and only one curve from each group was used for sim-
ulations. The results of uniaxial tensile and compression tests
are summarized in Tables 3 and 4, respectively. The remaining
material parameters were provided in the manufacturer’s data
sheet [35].

Results of experimental studies of the PETG material ogtaali)lllidsthrough the uniaxial tensile test conducted in this paper
022 lnntgzin Tensile properties s1 s2 $3 s4 A;ivt:;:gegc dgf;fizln
Young’s modulus [MPa] 2019.0 2034.0 2094.0 2094.0 2060.2 34.16
X direction (T1) Yield strength [MPa] 40.5 41.0 42.0 41.8 41.3 0.61
Fracture stress [MPa] 34.99 25.39 32.11 32.81 31.33 3.59
Young’s modulus [MPa] 1804.00 1795.00 1851.00 1800.00 1812.50 22.46
45 degree (T2) Yield strength [MPa] 32.85 32.96 32.45 3242 32.67 0.24
Fracture stress [MPa] 29.61 36.11 34.95 37.11 34.45 2.89
Young’s modulus [MPa] 1885.00 1925.00 1929.00 1930.00 1917.25 18.71
Z direction (T3) Yield strength [MPa] 35.01 33.42 n/d 31.65 33.36 1.37
Fracture stress [MPa] 29.64 35.00 18.20 28.61 27.86 6.08
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Table 4
PETG data collected from the literature [31]
Ogrei::;gin Compression properties S1 S2 S3 S4 S5 S6 A;ivt:rr:ge;ic dzzgtci?)ln
Young’s modulus [MPa] | 1473.9 | 1207.1 | 1235.1 | 1244.6 | 14429 | 13734 1329.5 105.5
Z-axis (C1) Yield strength [MPa] 21.7 227 22.7 229 22.8 223 225 0.4
Fracture stress [MPa] 18.6 19.2 18.4 17.4 18.2 16.9 18.1 0.8
Young’s modulus [MPa] 704.8 1091.1 899.2 1537.8 | 1140.0 | 1334.7 1117.9 271.7
X-axis (C2) Yield strength [MPa] 23.7 234 20.9 20.5 10.0 18.9 19.6 4.6
Fracture stress [MPa] 23.1 22.8 21.5 20.7 9.5 19.3 19.5 4.6
Young’s modulus [MPa] | 1504.3 937.7 1126.6 | 961.1 1254.4 | 959.94 1124.0 204.0
Y-axis (C3) Yield strength [MPa] 12.3 16.0 14.3 11.5 12.7 17.1 14.0 2.0
Fracture stress [MPa] 12.9 16.3 14.7 11.6 12.9 17.5 14.3 2.1

3.2. Correlation of the constitutive model

Since there are no available constitutive models in the LS-
Dyna library, considering the anisotropic properties and print-
ing directions of the material, an elasto-viscoplastic constitutive
(MAT_PLASTICITY_WITH_DAMAGE — MPD) model was
used instead to reproduce the behavior of the PETG material.
Six different input curves and corresponding basic data were
included based on the results shown in Section 3.1. Each model
was named using the abbreviation “MPD” and the correspond-
ing letter for building direction. For instance, MPD_T1 rep-
resents the constitutive model with the properties determined
based on the tensile tests for specimens printed in the 0X di-
rection. Previously, this model was found to be effective for
simulating the polymeric materials and the deformation pro-
cess of cellular structures subjected to uniaxial compression
tests [19,44]. It is based on the Huber-Mises-Hencky (HMH)
yield criterion in which deviatoric stresses S;; satisfy the yield
function oy, as follows [45]:

1 oy
¢:§SijSij_? <0, 2
oy =p [0‘0+fh (sfﬂ)] , (3)
where g’g’ i is an effective plastic strain defined as
t
= [ ast,. )

0

[ s a strain rate effect parameter (omitted in the present studies),
and f; is the hardening function, which can be specified in
tabular form. However, fj, is usually defined as a linear function

i (oti) = Ep (8 )

where E, is the plastic hardening modulus.

The selected constitutive model was correlated based on the
uniaxial tensile tests and compression tests conducted by other
scholars, which were discussed in Section 3.1. Numerical sim-
ulations were performed using an implicit massively parallel
processing (MPP) LS-Dyna solver. A discrete model of the spec-
imens was developed using a hexagonal finite element, with an
average size of the FEs corresponding to the optimum mesh size
used for the modeling of the BCC structure. The basic data, such
as yield stress and Elastic modulus, were determined based on
the experimental data for each printing direction, whereas den-
sity and Poisson’s ratio were imported from the manufacturer’s
data sheet [35] (Table 5). The MPD model requires effective
stress (ES) vs. effective plastic strain (EPS) curve input based
on the experimental tests (Table 6). Moreover, the damage (soft-
ening) curve was also adopted (Table 7). However, it was mainly
applied in the numerical simulations of the BCC compression
structures to allow elements to remain in the model without early
numerical erosion and to maintain the continuity of the material.

Table 5
Mechanical properties of PETG used in the MPD model for compres-
sion and tension for three different printing directions

Densit Elastic Poisson’s Yield
Model bk /y,3 modulus? ratio, stress“,
p7 kg/m1 | g vpa | WP 0] | Re [MPal
MPD_T1 2060.0 41.3
MPD_T2 1812.0 32.7
MPD_T3 1917.0 333
- 1270.0 0.39
MPD_Cl1 1329.0 22.5
MPD_C2 1117.0 19.6
MPD_C3 1124.0 14.0

¢ from experiments (Section 3.1)

b from manufacturer [35]
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Moreover, the assumption was that the damage curve does not
change the stiffness of the material. Eventually, the points of this
curve were determined iteratively.

Table 6
Points of the es-eps curve of PETG used in the MPD model for
compression and tension for three different printing directions

Tension
Point MPD_T1 MPD_T2 MPD_T3

no. EPS ES EPS ES EPS ES
[e] [MPa] [e] [MPa] [%o] [MPa]
1 0.00 40.98 0.00 30.74 0.00 30.05
2 0.20 43.76 0.16 32.82 0.10 31.05
3 0.30 4491 0.24 33.68 0.12 31.33
4 0.40 45.95 0.33 34.46 0.15 31.62
5 0.50 46.94 0.43 35.21 0.18 31.90
6 0.60 47.50 0.47 35.63 0.21 32.19
7 0.70 48.00 0.52 36.00 0.26 32.68
8 0.80 48.30 0.56 36.23 0.27 32.77
9 0.90 48.60 0.57 36.45 0.32 33.14
10 1.00 48.70 0.59 36.49 0.35 33.16

Compression
Point MPD_Cl1 MPD_C2 MPD_C3

no. EPS ES EPS ES EPS ES
[P] | [MPa] | [%] | [MPa] | [%] | [MPa]
1 0.00 22.50 0.00 19.62 0.00 14.20
2 0.02 22.60 0.02 19.97 0.02 14.62
3 0.05 22.72 0.04 20.14 0.04 14.89
4 0.08 22.81 0.06 20.36 0.06 15.08
5 0.12 22.92 0.08 20.52 0.08 15.20
6 0.15 23.01 0.10 20.70 0.10 15.30
7 0.17 23.04 0.12 20.82 0.12 15.35
8 0.20 23.07 0.15 2091 0.15 15.38
9 0.22 23.10 0.17 20.96 0.17 15.40
10 0.25 23.12 0.20 21.00 0.20 15.43

Table 7

Points of the damage curves of PETG used in the MPD
constitutive model

Point no. Eff. plastic strain [%] Damage [-]
1 0.00 0.00
2 4.00 0.20
3 60.0 1.00

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. 155047, 2025

In Fig. 7, the true stress vs. true strain obtained based on the
experimental tests and FEA are presented. The selected mate-
rial provided an excellent correspondence with the laboratory
data curves in both elastic and plastic ranges, indicating the cor-
rectness of the adopted material parameters for the model. It
should be noted that the failure simulated using erosion was not
considered in the model.

60

50

a0 - Ry
= ’ ra 1 Experiment
E S | (this paper) (Colmenero et al.)
E' 30 - p | —FExp. T1 —Exp. C1
o 7 Exp. T2 —Exp. C2
i ; —Exp. T3 —Fxp. C3
S22t y v
2 p FEA
4 (this paper) (Colmenero et al.)
-~ -FEA_MPD_T1 ---FEA_MPD_C1
10 - --~FEA_MPD_T2 ---FEA_MPD_C2

---FEA_MPD_T3 ---FEA_MPD_C3

0 . ' . . , : .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
True strain [mm/mm]

Fig. 7. Correlation in the constitutive model based on true stress-true
strain obtained from experiment and FEA

4. UNIAXIAL COMPRESSION TESTS OF BCC 3D
PRINTED TOPOLOGIES

4.1. Experimental set-up

To properly evaluate the material response and structural be-
havior, the uniaxial compression tests of the BCC lattice struc-
tures and cubical specimens were conducted with three loading
velocities: 0.17 mm/s, 1.0 mm/s, and 10.0 mm/s on the MTS
Criterion Model 45 strength machine (Fig. 8). It was decided to
compress the structures until they reached 70% of their height.
After this point, the densification was observed to occur with
a sudden increase in force on the force-displacement plot. The
Canon EOS R camera with AF Micro-Nikkor 200 mm /4D
IF-ED lens was used to record the deformation process.

Fig. 8. Universal strength machine with recording system and closeup
view of the tested BBC structures and one of the cubical specimens
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4.2. Numerical modeling

The correlated constitutive model of PETG material allowed
us to perform the compression test of the BCC lattice struc-
ture using computer simulations. The validation of the model
based on the experimental tests described earlier was followed
by a comparison of the EA capabilities of three different strut
cross sections: hexagonal, round, and square. Two types of ele-
ments were used to represent the structures: 1D beam elements
(Hughes-Liu with cross section integration) and 3D hexagonal
elements with eight nodes and one integration point. Further-
more, for a square cross section, mesh sensitivity studies were
conducted to assess the influence of the mesh on the outcomes
(Fig. 12). Two rigid surfaces were used to compress the BCC lat-
tice structure: one was fixed, while for the second, a prescribed
velocity was adopted based on the formula [8]

T Smax n
R |
where Smax — final displacement of the rigid plate.

For each contact pair, i.e., rigid surface-lattice structure and
self-contact of the lattice structure, a penalty-based contact with
the Coulomb formulation was used. The friction was determined
based on the trial-and-error approach, and the literature data with
the value of FS = 0.4 resulted in the best correlation with the
experimental data. To reduce the model and save computation
time, two symmetrical surfaces were adopted in the model, with
ultimately a 1/4 of the model used in the simulations. A rep-
resentative numerical model with appropriate initial boundary
conditions is presented in Fig. 9.

Prescribed velocity

/

Defined contact

Symmetry planes

A

K77 K7/ s L

F4
Y
X

Fig. 9. Numerical model of lattice structure with highlighted
initial-boundary conditions

S

Fixed rigid wall

5. RESULTS AND DISCUSSION
5.1. Experimental results of the BCC compression tests

In Fig. 10, the deformation force plots are presented for all
tested loading conditions. For each velocity, three specimens
were used, and nine force vs. displacement curves are shown and

compared in the end. Even though different compression veloc-
ities were used, the initial slopes of the curves are nearly identi-
cal. For the two smaller velocities (0.17 mm/s and 1.0 mm/s), a
plateau region was observed without any significant fluctuations
in the deformation force plot. In contrast, a compression velocity
of 10.0 mm/s resulted in a different characteristic compared to
the other two cases. An instant drop in the force after the first
peak was obtained, followed by visible drops and an increase
in the force. This indicated that the failure mechanism changed
from plastic deformation to brittle (Fig. 11), which demonstrates
a strong strain-rate dependency on the printed PETG material.
It should be noted that the present paper is mainly focused
on quasi-static compression, and no simulations regarding dy-
namic loading were considered. Moreover, the authors did not
conduct uniaxial tensile and/or compression tests for the mate-
rial specimen at various deformation velocities. However, this
issue needs to be considered while simulating the dynamic be-
havior of the PETG material, which has been previously demon-
strated [20,41,42,46].

10

= =V=0.17 mm/s

‘‘‘‘‘‘ V=1.0 mm/s

0.8 -
— —V=10.0
muils,/

Force [kN]
o
o

e
IS

02+

0.0

Displacement [mm]

Fig. 10. Force vs. displacement from the experiment test

AL=20 mm

AL=40 mm AL=60 mm

0.17 mm/s

V=

1.0mm/s

V=

10.0 mm/s

V=

Fig. 11. Deformation process of the BCC lattice structures for three
velocities and four selected time frames
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Fig. 12. Discrete BCC structure unit cell models using 1D and 3D types of finite elements

5.2. Mesh sensitivity study

The first stage of numerical simulations was related to mesh
sensitivity studies for a square beam cross section. Elements
of the 1D beam (Hughes-Liu with cross section integration)
and 3D hexagonal with eight nodes and one integration point
were used. For each type of element, five different mesh sizes
were prepared to select the optimal density and type of element
(Table 8). Based on the results, absorbed energy, specific en-
ergy absorption (SEA), average force, and simulation time were
compared. In this stage, the MPD model with the MPD_C1
data was used. The numerical model was prepared according
to Fig. 9. In Fig. 13 and Fig. 14, the deformation force vs.
displacement plots are presented for brick and beam elements,
respectively. The use of one 3D FE on a single strut thickness

Table 8
Different element types and sizes in FEA approach for a square cross
section
Brick Beam
Element size | No. of elements | Element size | No. of elements

[mm] [-] [mm] ]

1.16 3250 1.47 2500

0.80 19 000 1.13 3250

0.70 56 250 0.92 4000

0.54 124 000 0.77 4750

0.46 231250 0.67 5500

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. 155047, 2025

of 1.16 mm significantly reduces the stiffness of the structure,
whereas for the model with two elements through strut thick-
ness (FE size equal to 0.80 mm), a slightly smaller stiffness was
obtained compared to the other three cases. For these remain-
ing element sizes, the obtained curves are remarkably similar.
In the case of 1D element modeling, regardless of the number
of elements used on the strut thickness (from 10 to 22), the
obtained results were almost identical (Fig. 14). In both cases,
the obtained curves were compared with the experimental mea-
surement. The most comparable results in terms of the overall
shape of the force characteristics compared to the experiment
were obtained for 3D brick FEs. On the contrary, for the models
discretized using 1D beam elements, an ascending character of

1.5 1
Brick 1.16 mm '
Brick 0.80 mm /
—— Brick 0.70 mm !
1.2 4
Brick 0.54 mm I
Brick 0.46 mm )
== =Experiment
= 09 4
= — % -
) - ~ - .-
Q ” -
H 4
06 4 /’
4
0.3 4
0.0 T T T T T
0 10 20 30 40 50 60

Displacement [mm]

Fig. 13. Deformation force vs. displacement curves for the square cross
section of the BCC lattice modeled using brick elements
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the curve was observed without a visible plateau region seen
both in experimental and numerical results using 3D elements.
For both modeling approaches, the deformation force values
are greatly overestimated, which resulted from the 3D printing
method (detailed discussion is included in Section 5.3).

20

Beam 1.47 mm

Beam 1.13 mm

Beam 0.92 mm

1.5 4

Beam 0.77 mm ” ,

Beam 0.67 mm

= =Experiment

1.0 )

Force [kN]

0.5 -

0.0

T T T T T
(o] 10 20 30 40 50 60
Displacement [mm]

Fig. 14. Deformation force vs. displacement curves for the square cross
section of the BCC lattice modeled using beam elements

For a more detailed analysis, the results of the mesh paramet-
ric study are collated in Table 9. All simulations were conducted
using a 48-core computational cluster and an explicit MPP LS-
Dyna code. For the final simulations presented in Section 5.3, the
numerical model with three 3D elements across the strut thick-

5.3. Numerical results of the BCC and cubic specimen
compression tests

The uniaxial compression test of the BCC structure was sim-
ulated using the 3D brick elements with a size of 0.70 mm,
which was selected based on the conducted mesh parametric
study. Moreover, the hexagonal cross section according to the
scheme shown in Fig. 9 was used, corresponding to the actual
BCC structure.

In Fig. 15, the numerical deformation force histories are com-
pared with experimental results. The numerical data are shown
for the MPD model with parameters determined for three 3D
printing directions, both in compression and tension (see Sec-
tion 3.2). The FEA curves obtained for the MPD model with pa-
rameters determined from uniaxial tensile tests greatly overesti-
mated the experimental outcome. The average value of the force
from the FEA is 1.41 kN for MPD_T1, 1.47 kN for MPD_T2,
and 1.20 kN for MPD_T3, respectively, which is higher than
the experimental value. On the other hand, the numerical model
reproduced very well the experimental results for the consti-
tutive parameters, which were based on the compression data
from [31]. The best agreement between experiment and FEA
was obtained for the MPD model with MPD_C2 data. A strong
anisotropy of the 3D printed PETG is clearly visible, and these
findings are similar to previous papers [31,48,49]. The obtained
results for the simulations and experiment using SEA, average
force, and relative error are collated in Table 10. The presented

== =Experiment | ‘
ness (size of 0.70 mm) was used. It should be mentioned that 20 - ;
authors dealing with the subject of numerical modeling of BCC
structures usually use 3D tetrahedral finite elements [25, 47]. 15 |
The use of tetrahedral finite elements may be associated with _
larger numerical errors, especially when complex deformation %
exists, which is why the authors decided to use hexahedral ele- § 1.0 4
ments in this study.
0.5 +
Table 9 ’
Comparison of the two implemented methods of modeling
0.0 T T T T T
Element Average Simulation 0 10 20 30 40 50 60
size ]E‘J? ?J];:A] fOI‘CGg time Displacement [mm]
(mm] £ [kN] [min] Fig. 15. Deformation force vs. displacement curves from experimental
Brick elements test and simulations
1.16 30.50 0.63 0.44 0.27
Table 10
0.80 >1.00 1.05 0.88 112 Result of the compression test for BCC topology
0.70 52.50 1.08 0.82 3.73
MPD SEA Error Average Relative
0.54 5320 | 110 0.81 11.40 /el [%] | force [kN] | error [%]
0.46 250 | 108 0.77 2820 MPD_TI | 133 54.65 1.41 85.53
Beam elements MPD_T2 | 189 119.77 1.47 93.42
1.47 5770 | 119 0.92 075 MPD_T3 1.47 70.93 1.20 57.89
1.13 57.60 1.19 0.93 1.17 MPD_C1 1.05 22.09 0.87 14.47
0.92 55.90 L.15 0.92 L.75 MPD_C2 0.80 6.98 0.67 11.84
0.77 57.10 1.18 0.93 2.47 MPD_C3 0.64 25.58 0.52 31.58
0.67 57.30 1.18 0.93 3.62 EXP. 0.86 - 0.76 -

10
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results clearly indicate the need to consider a strong anisotropy
and printing orientation while simulating the structures manu-
factured via the FFF method and using PETG filament.

The deformation patterns of BCC topology obtained from
FEA were compared with real-world observations presented in
Fig. 16, where the selected stages of the BCC compression
process with corresponding screenshots from the camera are
shown. Additionally, to analyze the influence of different strut
cross-sections, additional numerical studies were conducted
with round and square cross-sections, while maintaining the
same relative density (about 0.07). The boundary conditions of
the model were the same in all cases (Fig. 9). Excellent reproduc-
tion of the structure deformation characteristics was observed
for all types of cross-sections. Moreover, the typical behavior of
BCC is visible: starting from the AL =20 mm, the deformation
pattern formed an X-shape and the shearing plane passed from
the specimen corners in the vicinity of the rigid wall towards
the center of the specimen, until the full densification. These
observations are in agreement with the other papers [2, 3].

AL=20 mm

Al=40mm Al=60mm

Fig. 16. Comparison of the BCC lattice structure deformation process:
a) experimental tests and FEA with three different crosssections for the
struts: b) hexagonal, ¢) round, and d) square

The deformation force plots obtained for the BCC model with
the three types of cross-sections are compared with the experi-
mental data in Fig. 17. For all three cases, the MPD_C2 model
was used; however, slight differences were observed for the ini-
tial slope of the curves. Furthermore, the model with a hexagonal
cross section has the largest deformation force values, whereas
the smallest were obtained for the square cross-section. This was
reflected in the value of the absorbed energy: a summary of the
results with different cross-sections is shown in Table 11.

To analyze more deeply the anisotropy properties of the
PETG, additional tests were conducted based on the smaller cu-
bical specimens described in Sections 2.1 and 2.3. In Fig. 18 and
Fig. 19, deformation force vs. displacement curves are shown

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. 155047, 2025
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Fig. 17. Deformation force vs. displacement curves for the three
cross-sections of the BCC lattice

Table 11
Comparison of the three cross-sections of the strut
. SEA Error Average Relative
Cross-section force error
[J/g] [070] [kN] [%o]

Hexagonal* 0.80 6.98 0.67 11.84
Round 0.78 9.30 0.66 13.16
Square 0.73 15.12 0.62 18.42

Experiment 0.86 0.00 0.76 -

* Identical to experimental tests

for the BCCs and SQ specimens, respectively. These two types
of specimens were 3D printed separately, with both compressed
in two different directions to investigate the influence of the FFF
building direction on the material response. Different values of
deformation forces were obtained for both samples depending
on the direction of compression loading. However, larger differ-
ences were observed for the SQ topology, in which struts were
perpendicularly arranged to each other and the 3D printed lay-
ers were parallelly placed on each strut. This demonstrated the
influence of the 3D printing process on the obtained material

0.20
—FEA
Compression YZ-plane average

0.15 - Compression XY-plane average
= /‘ R’
o 010
2
o
o

0.05

0.00

0 5 10 15 20
Displacement [mm]

Fig. 18. Deformation force vs. displacement curves for elementary cells
of BCC lattice structure
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properties. Moreover, the deformation force histories obtained
for FEA using the MPD model with tensile properties are also
significantly higher compared to the experimental outcomes. On
the contrary, a strong correlation between the results can be seen
for the MPD model with compression data. This indicates that
even in the case of testing the specimens made of single ele-
mentary cells, a strong influence of the printing direction was
obtained.

A very good reproduction of the BCC topology with the mod-
ified MPD constitutive model was also confirmed in the BCC_S
and SQ specimens deformations presented in Fig. 20. In both

0.8
- - -Compression YZ-plane average
Compression XY-plane average
06 h ——FEA
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i
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z /NN
= oo
o 04 L [ !
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Fig. 19. Deformation force vs. displacement curves for SQ lattice
structure
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Fig. 20. Deformation comparison of: a) SQ, b) BCC_s specimens
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cases, the numerical model reflects the behavior of specimens
satisfactorily; however, the influence of 3D printing and load-
ing direction is noticeable. In FEA, an isotropic constitutive
model was adopted, whereas the anisotropic properties of the
PETG material had a pronounced effect on the specimen behav-
ior demonstrated in the given outcomes.

6. CONCLUSIONS

In the paper, the numerical and experimental results of the lattice
BCC structures deformation process were presented. Based on
the results, the following conclusions were drawn:

o The results obtained from the quasi-static tensile and com-
pression tests proved a strong PETG anisotropy and the in-
fluence of the building direction on the material properties
(Table 3 and Table 4).

e A strong strain-rate sensitivity was observed for the 3D
printed PETG material while increasing the velocity dur-
ing the test of uniaxial compression of BCC: the larger the
velocity, the more brittle the fracture was (Fig. 11).

e The choice of the type of finite element and its size affects
the results obtained and the calculation time (Table 9). In the
case of brick elements, increasing the number of elements
per strut thickness resulted in a change in the stiffness of the
structure with a simultaneous increase in the computation
time. The brick elements with a mesh size of 0.7 mm were
found to be most optimal, considering the simulation time
and accuracy.

o There are no available constitutive models in the LS-Dyna
library that account for printing direction and anisotropy;
therefore, the elasto-viscoplastic model was selected, and
properties were determined based on the uniaxial tensile
tests for the specimens printed in three directions. Addition-
ally, compressive data from the literature were added, and
the constitutive properties were also determined. Eventu-
ally, the best agreement with the experimental results was
obtained for the curve from the uniaxial compression test
MPD_C2 (Fig. 15)

e Changing the type of strut cross section while maintaining
the same relative density affects the EA properties of the
BCC structure. In the analyzed case, the best absorption
properties were obtained for the BCC modelled using struts
with the hexagonal cross section (Fig. 17 and Table 11).

In future studies, other cellular and lattice structures will be
studied, which will be manufactured using a metallic powder.
Additionally, blast and ballistic tests will be simulated to assess
the efficiency of such structures in extreme loading conditions.
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