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Abstract: The development of additive manufacturing (AM) techniques has sparked interest in porous structures that can be customized
in terms of size, shape, and arrangement of pores. Porous lattice structure (LS, called also lattice struct) offer superior specific stiffness
and strength, making them ideal components for lightweight products with energy absorption and heat transfer capabilities. They find
applications in industries such as aerospace, aeronautics, automotive, and bone ingrowth applications. One of the main advantages
of additive manufacturing is the freedom of design, control over geometry and architecture, cost and time savings, waste reduction,
and product customization. However, the designation of appropriate struct/pore geometry to achieve the desired properties and structure
remains a challenge. In this part of the study, five lattice structs with various pore sizes, with two volume fractions for each, and shapes
(ellipsoidal, helical, X-shape, trapezoidal, and triangular) were designed and manufactured using selective laser sintering (SLS) additive
manufacturing technology. Mechanical properties were tested through uniaxial compression, and the apparent stress-strain curves
were analyzed. The results showed that the compression tests revealed both monotonic and non-monotonic stress-strain curves, indicating
different compression behaviors among the structures. The helical structure exhibited the highest resistance to compression,
while other structures showed similarities in their mechanical properties. In Part Il of this study provides a comprehensive analysis

of these findings, emphasizing the potential of purpose-designed porous structures for various engineering applications.
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1. INTRODUCTION

Development of additive manufacturing (AM) (also known as
3D printing) techniques stimulated interest in porous structures
which can be designed in terms of size, shape, and arrangement
of pores. Of special importance are porous structures composed
of repeating cellular units - typically generated by a periodic ar-
rangement of beams/struts forming a three-dimensional frame-
work. Superior specific stiffness and strength of lattice structures
(LS, called lattice struct) make them ideal components of light-
weight products, which may have the capacity for energy absorp-
tion and efficient heat transfer. They are thus widely used in in-
dustries such as aerospace, aeronautic and automotive. Their low
mass, tunable elastic modulus, and porous nature make them
suitable for bone ingrowth applications (1-3). Some of the key
advantages of these methods over standard techniques of fabrica-
tion of porous materials are design freedom, full control of geome-
try and architecture, time and cost saving, waste reduction, and
the possibility of product customization. Currently, available 3D
printing devices allow for the fabrication of products from materials
such as metal, ceramics, polymers, and composites. The chal-
lenge remains the selection of appropriate technology and pro-
cess parameters assuring the required properties and structure of
printed artifacts (4-7).

Selective laser sintering (SLS) is one of the common methods
of additive manufacturing. The most commonly employed material

in SLS printing technology offered by EOS is Polyamide (PA-
2200). The other materials include TPU 1301, PA-3200 GF
(blends polyamide with glass fiber), Alumide (based on PA12 with
aluminum), and PA 2210 FR. lts distinct characteristic is that
particles of powdered substrate are sintered by a laser beam with
no formation of liquid phase. This allows for the fabrication of
material-wise highly uniform structures of highly complex architec-
ture (8). Ultra-lightweight elements of controlled porosity can be
printed by SLS, which are the subject of the current paper, in
which we focus on attention on fine-tuning mechanical properties
of lattice-type porous structure by adjusting the size, shape, and
arrangement of pores.

Numerous studies have been conducted by researchers to
explore the design and fabrication of porous structures. Dong et al
(9) made a wide review to collect the affecting parameters on the
fabrication of LS. Mantachie et al (10) conducted a research study
focusing on the mechanical response of Selective Laser Melting
(SLM) lattice structs. Their work aimed to address the lack of an
overarching analysis of the mechanical properties of the particular
lattice structures. Through a comprehensive review of experi-
mental data, Mantachie provided valuable insights into the design,
fabrication, and performance of SLM lattice structs, encompassing
their mechanical, electrical, thermal, and acoustic properties. The
studies can be replicated with the various researches (11-14).
Some of these studies are focused on limitations (capacity) fabri-
cation of porous structures. Yuan et al. (15) prepared a review of
additive manufacturing of polymeric composites from material
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processing to structural design. It may be also a comprehensive
guide to the stakeholders who want to utilize or develop an AM
process for polymeric composites. Supporting this study, Hossain
et al. (16) addressed the limitations of typical periodic unit cells in
porous structures created through laser powder bed fusion (PBF)
additive manufacturing. They introduced modifications to create
isotropic stochastic porous structures, and identified a remaining
limitation in the standard deviation of the elastic modulus values.
While the structures showed an improved isotropy and potential
for lightweighting and biomaterial applications, further refinement
is needed to enhance consistency in their mechanical perfor-
mance. Both studies contribute valuable knowledge and fill exist-
ing gaps in the field. Efforts have been made by researchers to
overcome these limitations by refining the processing parameters
and improving the porous geometry as well as the mechanical
characteristics. This represents an improvement in the thermal
and mechanical characteristics of porous structures. To date,
several studies have been conducted in this area. Han et al. (17)
conducted a thorough review of LS, encompassing their proper-
ties, applications, and fabrication methods. They categorized
lattice structures as uniform and non-uniform and examine differ-
ent design approaches, including geometric unit cell-based, math-
ematical algorithm-generated, and topology optimization methods.
The authors also investigated gradient and topology optimization
techniques for non-uniform lattice structs and offer insights into
the future development of this field. Supporting this research,
several studies were conducted to optimize/characterize the
structures (18-23). In particular, the compressive behavior of the
|attice structs (24-26).

In this study, we designed lattice structures (LS) with two dif-
ferent pore sizes, 1.4 mm, and 1.9 mm, and incorporated five
different pore shapes; ellipsoidal, helix, x-shapes, trapezoid,
triangle in terms of unit cells. Subsequently, these designs were
fabricated using SLS printing technology. To elucidate the impact

ooo000OPOGOGOS
ooo0000OPOGPOOS
oo0o00O0OCOGOCOS
oo000OGVOGOOS
o000 0OOGOGOS
oo000OPOGOGOOS
oo0O0OOGOGIOGOOS
o000 0O0OOOOS
o000 OOGOOOOS
oo0000O0OCPOOCOS
(XXX XX XX XXX/

by B B o B o o 5

of pore shape on mechanical properties, compression tests were
conducted for each structure.

Initially, the density of the fabricated structures was computed.
Following this, a microscopic examination was conducted to iden-
tify any manufacturing anomalies. Subsequently, uniaxial com-
pression was applied to the structures. Notably, characteristic
features of the apparent stress-strain curves derived from the
compression tests were analyzed for each structure. Finally, the
applied load, in tandem with the resulting strains, was quantified
as a function of their relative density. The results were detailly
discussed.

2. MATERIALS AND METHODS
2.1. Modelling the Lattices

Five types of 3D lattices with different geometry of the pores
have been designed. SolidWorks was employed to create these
lattices structures. The types can be described as having cell units
based on and illustrated in Fig 1:

— ellipsoidal,
— helix,

— x-shape,
— trapezoid,
— triangle.

Each type specimens were printed in the form of cubes 30 x
30 x 30 mm. Two volume fractions for each structure were ob-
tained under conditions of constant size of the pores of 1.4 and
1.9 mm. The corresponding specimens for each structure type are
designated as HP (high porosity) and LP (low porosity), respec-
tively.
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Fig 1. Designed CAD models of lattice structs: (A-C) ellipsoidal , (D-F) helical, (G-I) X-shape, (J-L) trapezoidal, (M-O) triangular, LP (A, D, G, J, M), HP

(B, E, H, K, N), representative cross sections (C, F, I, L, O)
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A

Fig 2. Single cells of lattice structs: (A-B) ellipsoidal , (C-D) helical, (E-F) X-shape, (G-H) trapezoidal, (I-J) triangular, LP (A, C, E, G, 1), HP (B, D, F, H, J)

2.2. Fabrication

Laser Source

Lattice structs have been fabricated with SLS 3D printer EOS
P395 (EOS GmbH Electro Optical Systems, Germany). The struc-
tures were positioned with the same orientation on the bed. The
schematical illustration of the printing process is given in Fig 3.
Printing process parameters, given in Tab. 1, were kept constant.

Polyamide (PA 2200), used in the present study is one of the
most commonly employed material in Selective Laser Sintering

Current layer
(SLS) printing technology offered by EOS. This synthetic thermo- ¢
plastic polymer has a high biocompatibility, flexibility, hygroscopic- %
ity, good chemical resistance as well as high strength and hard- Coafer
ness. Selected mechanical properties of polyamide are listed in
Tab. 2.
Model
Tab. 1. Parameters of the printing process
Parameters Unit | Value
Proportions of the Virgin/recyded powder % 50/50 Flg 3. The schematic illustration of the printing process
Laser power w 30
Process temperature °C | 1755 2.3. Compression Test
Temperature of the working chamber °C 130
Layer thickness mm 0.12 The compression test was conducted utilizing 322 MTS Load
along the X axis 323 Unit testing machine, incorporating a video extensometer, Aramis
. 3D (4M), to capture strain localization precisely. The lattice struc-
along the Y axis 3.24 tures were positioned on the platform of the testing machine, and
Material shrinkage _ % deformation was initiated by imparting a motion of 0.05 mm/sec
along the Z axis (0) 2.85 along the -Y direction. A schematic illustration of the compression
test is presented in Fig. 4. Data acquisition during the test was
along the Z axis (600) 14 performed by the video extensometer, recording at a rate of 5

images per second to ensure accurate deformation measurement.

Tab. 2. Mechanical properties of PA 2200

Mechanical properties Value Unit ~ stmp
Density 930 kg/m?

Tensile strength 48 MPa i e i
Tensile Modulus 1650 MPa ;

St abeak L 2 el |

Melting temperature (20°C/min) 176 °C . L , ‘ , o
Fig. 4. Schematical illustration of the compression test and a view from
Shore D hardness 8 - the Aramis video extensometer.
Powder size 60 Hm
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3. RESULTS AND DISCUSSION

Surface quality of printed specimens was verified with digital
microscope (Tagarno Magnus Prestige FHD). Single, un-sintered
powder particles were observed between the lattice struts (indi-
cated with arrows in Fig. 5). Mathematical statistical tools were not
used due to their very small numbers. It has been assumed that
these rarely found printing flaws have negligible effect under
conditions of compression tests.The arithmetical value of 3 meas-
urements was taken as the tests results.

The mass of the printed structures, apparent density and po-
rosity are listed in Tab. 3 and shown in Fig. 6. The values of den-
sity and porosity of the manufactured samples in Tab.3 was based
on the Archimedes law. The highest density/lowest porosity fea-
tures X-shape LP - 1.03 g/mm3. The HP trapezoidal has the
lowest apparent density of 0.647g/ mm3.

As can be seen from Fig. 6, experimental porosity of the print-
ed specimens ranges from 50.46 to 82% and theoretical porosity
from 45 to 72%. Experimental porosities of the printed structures
have been compared with the theoretical values obtained from
CAD modelling - see Fig. 6. It can be concluded that experimental
values were higher than predicted from CAD data, apart from
helical. Higher than predicted porosity of print-outs can be ex-
plained in terms of the effect of struts surface roughness.

Forces applied in compression tests have been analyzed in
terms of apparent stress, defined as force divided by cube surface
area, as function of strain, defined as reduction in cube height.
The stress and strain curves for each structure were plotted in Fig.
7. The solid curves present for LP variants and the dashed for HP
ones.
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Fig. 5: Digital microscope images of manufactured structures: (A-B) ellipsoidal, (C-D) helical, (E-F) X-shape, (G-H) trapezoidal, (I-J) triangular, where: LP
(A, C,E, G, 1), HP (B, D, F, H, J); green arrows: single, un-sintered powder particles

Tab. 3. The average mass, density and porosity of the manufactured

samples
T St:ucture Mass [g] Density | Porosity
ype o . 3 .
structure Porosity [g/mm?] [%]
p | ML 0777 | s015
L 0.01
Ellipsoidal 9271
HP 014 0.750 62.90
| BUE N g0 | ee2s
. 0.68
Helical 12331
HP 0.22 0.879 66.71
LP 877+ 1 o819 | 5046
0.20
X-shape 8432
HP 0.06 0.799 51.57
) LP 6.4+0.22 0.675 73.32
Trapezoidal
HP 4.4 +0.07 0.647 82.82
P | 100%% 1 he8 | 6035
Triangular 0.56
HP 7(')3?0* 0704 | 6599
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Fig. 7. Stress-strain curves for the samples of the investigated structures

Two types of curves can be distinguished in Fig. 7: (a) mono-
tonic (arrows) and (b) non-monotonic (triangle). To elucidate
differences in the compression behavior of various structures,
analyses were carried out of apparent stresses at 5 and 15% of
apparent strain. The stress values were normalized by the density
of a given samples. The results are presented in Tab. 4 and

Tab. 5, for monotonic and non-monotonic curves.

It can be concluded that the tested structures show compara-
ble mechanical properties to previously tested structures with
similar parameters, however different unit cells made by using
SLS printing technology. Change in pore size and architecture
contributed to a decreasefincrease in the analyzed mechanical
values. The experimental Young's modulus of lattice structs in
previous studies ranged from 102.63 to 335.14 MPa. The yield
strength of lattice structs ranges from 2.07 to 13.73 MPa. The
structures examined in the article are characterized by a Young's
modulus of 47.54 -544.12 MPa and a yield strength of 0.935-9.95
MPa (27). Han et al. (28) developed a graded structure through.
They established a mathematical correlation between graded
porosity and compressive properties. By adjusting the graded
volume fraction, the elastic modulus and yield strength of the
structures can be customized within the range of 0.28-0.59 GPa
and 3.79-17.75 MPa, respectively.

Strain
X-Shape - 1.4 mm

- X-Shape - 1.9 mm

Trapezoidal - 1.4 mm

Triangular - 1.4 mm

— — — - Trapezoidal- 1.9 mm = — = - Triangular - 1.9 mm

Tab. 5. Normalized values of forces for non-monotonic parts

F1s%, .
Initial
Stru- Poro- ) Fk’;‘;" - Fk'l'\‘li" S ';i:,/ . k[N stiffness
cture sity tymms | g | G | gmm | 2]
] g/mm
Trape LP 422 1.79 3.32 2.00 633.66
zo-idal HP 2.55 0.87 2.22 1.07 496.31
Tab. 6. Values of forces for all tested structure
Young's Yield
Structure Porosity modulus strength
[MPa] [MPa]
LP 492,23 3,05
Ellipsoidal
HP 126,09 2,63
LP 352,92 9,09
Helical
HP 544,12 9,95
LP 306,42 2,422
X-shape
HP 70,176 1,57
, LP 56,247 2,066
Trapezoidal
HP 47,536 1,368
. LP 83,972 1,856
Triangular
HP 59,64 0,935

Tab. 4. Normalized values of forces for monotonic parts

Fen Fiss Young’s Initial
Structure | Porosity LA moGdPl:lIus stlf‘f?ess
gmm | g | o] | ]
s LP 9.27 12.32 0.72 1413.71
Ellipsoidal
HP 5.2 0.47 463.28
) LP 14.18 19.58 1.16 2395.3
Helical
HP 16.49 22.08 1.44 20251
LP 5.19 5.58 0.56 1109.86
X-shape
HP 2.75 317 0.23 299.73
) LP 3.31 5.21 0.25 339.44
Triangular
HP 2.83 4.08 0.38 235.56

The highest value of the force for 5% deformation was ob-
tained for the helical with LP porosity - 16.49 kN/(g/mm3). The
non-monotonic structure helical and trapezoidal have similar
values of the force Fmax. The highest values of the Fmax were
obtained for LP X-shape, equal to 6.77 kN/(g/mm3). Additionally,
for non-monotonic structures, the minimal force Fmin was calculat-
ed. HP trapezoidal has the highest value of this parameter, equal
to 0.87 kN/(g/mm3).

Structures ellipsoidal, X-shape, trapezoidal and triangular
were characterized by a high similarity of the obtained values of
the initial stiffness (see in Fig. 8). The highest values of the initial
stiffness were obtained for monotonic LP helical equal to 2395.3
(1/g/mm3). In all specimens the initial stiffness dropped with the
increasing porosity.

423



§ sciendo

Monika Bernacka, Mehmet Aladag, Adrian Dubicki, Izabela Zgfobicka

DOI 10.2478/ama-2024-0046

Effect of Pore Architecture of 3d Printed Open Porosity Cellular Structures on their Resistance to Mechanical Loading: Part | Experimental Studies

By analyzing the values of normalized forces obtained for 15%
deformation a high similarity of the obtained values for porous X-
shape and trapezoidal was observed. The highest value of the
force for 15% deformation was measured for LP helical, equal to
22.08 kN/(g/mm3) (see in Fig. 9). All obtained values of compres-

sion force under 15% of strain were plotted in Fig. 9. This plot
allows to notice distinct compression resistance of helical. Also, it
can be noted that unlike in the case of structures X-shape, trape-
zoidal, triangular, higher compression force has been measured
for HP case.
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Fig. 8. Initial stiffness for structure with size of the pore 1.4 and 1.9 mm; black arrows: increase/decrease in values
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Fig. 9. F for 15% strain for structure with size of the pore 1.4 and 1.9 mm; black arrows: increase/decrease in values

In Tab. 7 - 16, the strains as a result of deformation in both
direction , X and Y, are given for each structure. To measure
the displacement, the two points were selected in X and Y
direction and the distance between these points is given in Liy
and Lix columns for unloaded condition, Ly and Li for after
10% of deformation. For each structure, the displacement
values in both the Y and X directions and the corresponding
stresses give information about their mechanical behavior.
Under 0% strain, the measurements represent the initial
configurations of the structures and show no deformation. In
contrast, under 10% strain, the displacement values show the
response of the shapes to external forces and show the extent

424

of deformation, with strain values measuring this change. It
can be noted that all structures showcase a positive Poisson's
ratio in response to deformation. Under a 10% strain, the
strains in the X-direction remain uniform among the ellipsoidal,
X-shaped, trapezoidal, and triangular structures, each
registering a 1% strain. However, the helical structure differs
from other structures, showing a difference of 1% between LP
and HP configurations. Specifically, the LP helical structure
shows a 2% strain, while the HP exhibits a 3% strain. As
previously noted, in this comparative analysis table, the helical
structure carried a remarkable load of approximately 17 kN
compared to other structures.
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Tab. 7. Results of displacement measurements for ellipsoidal — 0% strain

Ellipsoidal | Force [N] Ly [ St:f"” L [mim] St;?'”
LP 1775 19.91
0 0 0
HP 1364 2059

Tab. 8. Results of displacement measurements for ellipsoidal - 10%

strain
Ellipsoidal Force [N] Ly, [mm] Strain Y L [mm] St;?'”
LP 8825.38 15.96 20.22
0.1 0.01
HP 463757 12.28 20.75

Tab. 9. Results of displacement measurements for helical — 0% strain

Helical | Force [N] Liy [mm] Strain Y Lix [mm] St;?m
P 18.21 17.69
P 0 14.76 0 1997 0

Tab. 10. Results of displacement measurements for helical — 10% strain

Helical F‘[’,(f]e Ly [mm] Strain Y Lo [mm] St;?'”
LP 17482.67 16.4 oA 18.01 0.02
HP 18034.79 13.25 ' 20.65 0.03
Tab. 11. Results of displacement measurements for X-shape — 0% strain
X-Shape Force [N] Liy [mm] Strain Y Lix [mm] St;?m
LP 17.85 14.02
HP 0 24.49 0 24.89 0

Tab. 12. Results of displacement measurements for X-shape — 10%

strain
X-Shape Force [N] Ly [mm] St:?m Lix [mm] St;?m
LP 5537.68 16.03 04 14.09 0.01
HP 2517.55 22.07 ) 25.24 )

Tab. 13. Results of displacement measurements for trapezoidal — 0%

strain
Trapezoidal F?'[Ee Liy [mm] Strain Y Lix [mm] St;?m
LP 27.22 26
HP 0 21.22 0 20.54 0
Tab. 14. Results of displacement measurements for trapezoidal — 10%
strain
Trapezoidal F?'[Ee Lty [mm] Strain Y Lix [mm] St;?m
LP 3931.84 24.49 272
HP 868.04 19.12 01 20.69 0.01

Tab. 15. Results of displacement measurements for triangular — 0%

strain
. Force . Strain
Triangular N Liy [mm] Strain Y Lix [mm] X
LP 18.44 20.77
HP 0 20.79 0 20.87 0

Tab. 16. Results of displacement measurements for triangular - 10%

strain
Triangular Force [N] Ly [mm] Strain Y Lix [mm] St;?m
LP 3661.37 16.59 21.01
HP 3560.75 18.71 01 21.15 001

4. CONCLUSION

Based on the obtained results for give types of lattice struc-
tures were designed with different pore shapes, with ellipsoidal, X-
shaped, helical, trapezoidal, and triangular cell units, the following
conclusions were drawn.

acta mechanica et automatica, vol.18 no.3 (2024)

— The surface quality of the printed lattice structures was
examined using a digital microscope, revealing the presence
of occasional un-sintered powder particles between the lattice
struts. These anomalies have a negligible impact on
compression test results.

— The tests revealed characteristic stress-strain curves, with
apparent porosities ranging from 50.46% to 82%, surpassing
the theoretical values obtained from CAD modeling, except for
the helical structure.

— The apparent density and porosity of the structures varied
across different designs, with the X-shape LP variant
exhibiting the highest density (1.03 g/mm?3) and the HP
trapezoidal variant having the lowest apparent density (0.647
g/mma).

— Detailed analyses of compression behavior involved
distinguishing between monotonic and non-monotonic stress-
strain curves. Apparent stress values at 5% and 15%
apparent strain were normalized by the density of each
sample. The helical structure, particularly in the LP variant,
exhibited the highest force for 5% deformation, 16.49
kN/(g/mm3), while X-shape LP demonstrated the highest force
for 15% deformation, 22.08 kN/(g/mm3).

— Initial stiffness values revealed a general decline with
increasing porosity across all specimens. Notably, the helical
LP variant displayed the highest initial stiffness (2395.3
1/g/mm?). Comparative analyses of normalized forces for 15%
deformation highlighted similarities between porous X-shape
and trapezoidal structures.

— It has been shown that porous structure consisting of cell units
with a helix structure has the most favorable mechanical
properties. From this end, geometry of the designed structures
is the main determinant of their mechanical properties in terms
of the resistance to compression force.

— Finally, helical structure is characterized by the highest
resistance to compression. To elucidate this, a comprehensive
numerical analysis of this finding is extensively investigated in
Part II.

As a summary of the study, it can be noted that the results
indicate a high potential for purpose-designed porous structures to
meet the requirements of certain applications in areas that require
low-weight, high-stiffness such as biomedical and aerospace.
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