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Abstract: The objective of this study was to investigate pore shape effect on resistance to compression of open porosity lattice structures 
obtained with 3D printing. To this end, three distinct pore architectures were investigated: ellipsoidal, helical and X-shape. Open porosity  
of these structures was 54%, 50% and 60%, respectively. Their mechanical properties were evaluated through compression tests,  
and their behaviours were analysed using finite element modelling (FEM). The results indicated that the pore size has a significant effect 
on the stiffness of cellular structures. It was observed that the helical structure exhibited superior properties among the structures tested 
due to homogenous stress distribution. It was also found that ellipsoidal and x-shape structures are much more sensitive to localisation  
of the deformation. 
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1. INTRODUCTION 

The recent development of 3D printing methods has opened 
new opportunities for the fabrication of open porosity lattice struc-
tures (OPLSs). Such structures generally are characterised by a 
low weight and find applications in a number of products ranging 
from tissue engineering to motor parts (1). 

Generally, the strength of OPLSs depends on the properties 
of printing materials and total porosity (2). Architected porous 
materials, developed to meet strength, stiffness, and toughness 
needs, offer improved mechanical properties, saving on weight 
and costs without compromising structural integrity in various 
engineering domains (3). However, as it is already common 
knowledge for composite materials, OPLSs can be viewed as 
pore-interpenetrated composites; also size, shape and spatial 
arrangement of pores influence their mechanical properties. 
Thirunavukkarasu et al. (4) demonstrated that manipulating topol-
ogy unit cell designs with consistent aspect ratios can enhance 
mechanical performance, resulting in increased critical load toler-
ance, optimised buckling resistance and improved energy dissipa-
tion rates for versatile applications. The influence of pore 
size/shape/distribution, in short, pore architecture, can be ana-
lysed directly by considering the size/shape connectivity of struts, 
which are counterparts to pores in OPLSs. Indirectly, the strength 
of OPLSs can be approached with stereological parameters such 
as the volume fraction of pores, Vv, and their specific surface Sv 
(5). Both approaches are adopted in the present study to infer the 
effect of pore shape on the mechanical properties of OPLSs.  

Analysis of the effect of pore architecture on properties of 
OPLSs presented here is stimulated by results recently reported 
by Bernacka et al.  (6). In part one, five different lattice structures 

with various pore sizes and shapes, with two volume fractions for 
each, and shapes (ellipsoidal, helical, X-shape, trapezoidal and 
triangular) were designed and fabricated using the selective laser 
sintering (SLS) additive manufacturing (AM) method. Mechanical 
properties were tested through uniaxial compression, and the 
apparent stress-strain curves were analysed. In part two, we 
selected three lattice structures, ellipsoidal, helical and X-shape, 
that show outstanding compressive strength properties in the 
compression test. From this end, we include in the analysis as 
reference structures the ones discussed in Ref. (7) and take into 
account the results presented in Refs (8–10). Mechanical proper-
ties we analyse using finite element analysis (FEA) are presented 
in Ref. (11–15). 

2. EXPERIMENTAL MODELING 

In order to investigate the effect of pore size on the properties 
of OPLSs, we studied the properties of three structures with po-
rosity in the range of 50%–60%, as shown in Fig. 1. These struc-
tures have been printed by the SLS method with polyamide (PA-
2200) polymer and tested in compression tests. Results of the 
compression tests have been analysed by finite element model-
ling (FEM), which is nearly routinely used in analyses of mechani-
cal properties of OPLSs  – see for example Refs (15–31). 

The SLS method used here for printing OPLSs is one of AM 
technologies (33,34) Its distinct characteristic is that particles of 
powdered substrate are sintered by a laser beam with no for-
mation of liquid phase. This allows for the fabrication of uniform 
structures of highly complex architecture. Ultra-light weight ele-
ments can be printed of controlled porosity by SLS, which is of 
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prime importance for the investigations carried out in the present 
study. 

2.1. Material 

Polyamide (PA-2200), used in the present study, is one of the 
most commonly employed materials in SLS printing technology 
offered by EOS. This synthetic thermoplastic polymer has high 
biocompatibility, flexibility, hygroscopicity, good chemical re-
sistance as well as high strength and hardness. Selected mechan-
ical properties of PA 2200 are listed in Tab. 1. 

Tab. 1. Selected mechanical properties of PA 2200 (35) 

Mechanical properties Value Unit 

Density 930 kg/m3 

Tensile strength 48 MPa 

Tensile modulus 1,650 MPa 

Strain at break 18 % 

Melting temperature (20℃/min) 176 C 

Shore D hardness 75 — 

Powder size 60 µm 

2.2. Stereological parameters of designed structures 

Three 3D lattice structures with distinctly different shapes of 
pores and degree of symmetry have been designed using CAD 
software SolidWorks. The size of the porosities was 1.9 mm for 
each lattice. The geometry of the designed lattices is depicted in 
Fig. 1.  

 
Fig. 1.   Lattice structures investigated in this study and pore pathways 

along compression direction 

Based on the shape of pores, one can be describe the struc-
tures presented in Fig. 1 as having cell units of:  

 ellipsoidal,  

 helical, 

 X-shape. 
Visually recognisable differences in the geometry of the three 

cell structures shown in Fig. 1 can quantified using principles of 
stereology – see for example Ref. (5). For cell structures like the 
ones analysed here, it is rational to focus attention on the pores, 
which account for more than 50% of their volume. Since pores are 
3-dimensional features, their geometry can be quantified in terms 
of volume fraction, VV, size (e.g., equivalent diameter) and shape 
(using any of shape factors described in the literature). It should 

be noted, however, that unlike in the case of close pores, size of 
pores in OPLSs from stereological point of view is an ill-defined 
parameter. This is because in OPLS there is one pore percolating 
throughout the structure of interest, and geometrical dimension of 
such pores depends on the size of structure. In this situation, pore 
surface to pore volume, SV, is used, the value of which does not 
depend on the physical dimensions of the open porosity structure 
of interest. It does not depend on the size of the structure. Its 
value increases with the decreasing distance in between the struts 
forming the lattice structure.  

Stereological considerations show that parameter SV has can 
also be used to calculate a mean intercept length of porosity, i.e. 
average length of randomly oriented and positioned secants 

drawn across porosity in a given structure, l,̅ using the following 
stereological relationship: 

𝑙 ̅ = 2/𝑆𝑉 

Regarding shape of open porosity pores, it can be described 
by tortuosity; it is defined as the ratio of actual flow path length to 
the straight distance between the ends of the flow path. Taking 
into account symmetry of the structures of interest, we defined 
tortuosity in the way as shown in Fig. 1, i.e., by the ratio of actual 
vertical channel length to edge length. 

The designed lattice structures were printed into cubes of di-

mensions 30 mm  30 mm  30 mm with similar porosity. In the 
analyses of their resistance to compression, applied force and 
average stress were normalised by porosity to set a stage for 
extracting a possible pore size effect. Values of the above-
described stereological parameters for the designed structures 
are listed in Tab. 2. 

Tab. 2. Stereological parameters of designed lattice structures 

Structure 
Porosity 

[%] 
Sv [1/mm] 𝒍̅ [mm] L/L0 

Ellipsoidal 54 3.62 7.24 1 

Helical 50 2.22 4.44 1.2 

X-shape 60 2.44 4.88 1.4 

It can be noted from Tab. 1 that all the structures differ in 
pores volume fraction, which is highest for X-Shape, pore size, 
which is lowest for helical structure and shape/tortuosity, which is 
highest for ellipsoidal. 

2.3. Compression tests and FEM 

Compression tests of the lattice structures were carried out 
using the SHIMADZU 322 MTS Load Unit with a deflection rate of 
1 mm/min, and the video extensometer ARAMIS 3D 4M was used 
to investigate the deformation. The recorded data were imple-
mented by GOM Correlate software. Compression force-
displacement curves were normalised to compression stress-
compression strain ones. To this end, applied force was divided 

by surface of cube (30 mm  30 mm) and induced displacement 
by cube edge length. Further experimental details can be found in 
a paper by M. Bernacka (6). 

The compression behaviours of the printed lattice structures 
were analysed using Marc Mentat FEA software (36). Schematic 
explanation of modelling is given in Fig. 2. A tetrahedron element 
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type was utilised to generate the mesh of the lattice structures. 
The average number of elements was 250,000 for each structure. 
Compression of the structures was modelled by applying up to 
20% reduction of height induced with rigid plates. FEM results 
were analysed in terms of macroscopic stress-strain relationships 
for three geometries of interest. 

a    b 

Fig. 2.  Schematic explanation of: (a) compression test FEA model, (b) 

mesh view of each structures. FEA, finite element analysis 

Nonlinear elastic-plastic properties evaluated of the printed 
structure were established through the curve a fitting method. The 
experimental results obtained in tensile tests of bulk coupled with 
PA 2200 as reported in Ref. (37). Results of this curve fitting 
exercise are shown in Fig. 3. A fully satisfactory agreement be-
tween experimental and modelled tensile curves was obtained, 
which rationalized the use of the numerical approximation of 
elastic-plastic properties obtained in further computations. 

In FEA, we used 10 mm  10 mm  10 mm cells representa-
tive for lattice structures of interest. In modelling compression 
tests, these cells were placed between two rigid stamps. 

 
Fig. 3.   Experimental and FEM tensile test curves. FEM, finite element 

modelling, Exp, experimental test 

3. RESULTS 

The stress-strain curves obtained in compression tests for the 
three structures investigated here are shown in Fig. 4 together 
with FEM modelling. 

The results shown in Fig. 4 indicate that the helical lattice 

structure exhibits significantly higher resistance to compression 

than the other two structures. The compressive strength and 

stress were normalised by dividing the density of the lattice struc-

ture. Therefore, specific strength and specific stress were ob-

tained (see Tab. 3). Based on the calculation, the helical structure 

has outstanding properties, in terms of specific stress 33,850 

MPa/g/mm3 and specific strength 3,386 kN/g/mm3, compared with 

ellipsoidal and X-shape (see in Fig. 5). 

 
Fig. 4.   Experimental compression stress-strain curves – solid lines, 

broken lines show results of FEA. FEA, finite element analysis 

and, EXP, experimental analysis 

Tab. 3.  Compressive stress, at 2% of deformation and volume of lattice  
structures 
Structure 

property 
Ellipsoidal Helical X-Shape 

Volume 

(mm3) 
408.161 495.531 390.222 

Compressive stress at the 

strain 2% 

(MPa) 

8.2 11.0 4.1 

Compressive force at the 

strain 2% 

(kN) 

0.8 1.1 0.4 

Density of structures 

(gr/cm3) 
0.38 0.46 0.36 

  
a 

 
b 

Fig. 5. (a) Specific stress and (b) specific strength of OPLSs. 
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An interesting observation can be made when analysing data 
in Fig. 4 that there is a major difference as far as agreement 
between the experimental values and the one obtained with FEM 
is concerned. FEM of compression of helical structure agrees well 
with experimental stress-strain curve. On the other hand, in the 
case of the other two structures, FEM grossly overestimated 
experimentally measured compression stress. Since FEM is an 
established tool for modelling deformation of composite materials, 
we consider the disagreement of numerical and experimental data 
for two OPLSs studied here as having background in physical 
properties and not as numerical error. In the following section, we 
provide explanation of these disparities. 

4. DISSCUSION 

One can discuss results presented here in terms of a relation-
ship between stereological parameters of the investigated struc-
tures and their resistance to compression. Although with three 
structures differing in volume fraction, size and shape of pores, it 
is not possible to precisely determine character and parameters of 
the relationship governing their properties; there is a clear indica-
tion of the effect of pore size on the compression test. As can be 
noted, the ellipsoidal structure with the largest size of pores shows 
the lowest resistance to the compression stress. 

 To elucidate the effect of pore size on compression of the 
structures of interest, normalized compression stress for 20% 

deformation (σ’) is plotted in Fig. 6 against 1/√l, Fig. 6a, and 1/𝑙 
Fig. 6b. These two plots are expected to linearise relationship 
between l and compression stress under two possible approach-
es. First, one can expect flow stress – size of pore relationship – 
as predicted by Hall-Petch who derived dependence of flow stress 
on the size of grains in metals. The other possible approach is 
based on mechanics of composites, under assumption that the 
struts of cellular structures can be as consisting of near surface 
layer of some physically defined thickness and the core. If this is 

the case, 1/l̅ = 𝑆𝑉 and determines the relative content of near 
surface zone. 

It can be noted from the plot in Fig. 6 that both model relation-
ships give reasonable agreement with experimental data. Obvi-
ously, with only three data points, it is difficult to draw conclusions; 
however, we suggest that the composite approach as shown in 
Fig. 6b gives a better agreement. 

In the further discussion of the results presented in Fig. 4, we 
concentrate attention on two issues: (1) experimentally measured 
lower compression stress of elliptical and X-shape structures and 
(2) disparity between experimental and numerical results. 

To explain differences in resistance to compression and the 
reasons for disagreement between experimental and modelled 
response to compression in the case of elliptical and X-shape 
OPLSs, we have analysed stress and strain distributions in the 
OPLS of interest and re-visited experimental detail of their com-
pression tests. 

Stress and strain distributions in the ellipsoid, helical and X-
shaped structures computed with finite element method are 
shown in Fig. 7 and 8, respectively, for strain of 20%, (a reduction 
in height of the compressed cube). In analysing both stress and 
strain, we focused attention of homogeneity of their spatial distri-
bution over the struts forming lattice structures.  

  

 

Fig. 6.   Normalised stress with respect to average intercept length  

of porosity: (a) 1/√𝒍 and (b) 1/𝒍̅ 

 

Fig. 7. Equivalent stress distributions for 20% of deformation 

 
Fig. 8.  Stress distribution by the value of equivalent stress exceeding  

 the average equivalent by 10%, 20% and 50% 
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 Graphical illustration (mapping) of equivalent stresses shown 
in Fig. 7 allows us to conclude that in the case of helical struc-
tures, stresses generated by compression are more uniformly 
distributed over the polymeric material forming the respective 
lattices. Helical type of cells increased the absolute stiffness and 
strength against the applied load ( ). One should also note that the 
stress concentrations are particularly high in the part of the struc-
tures in direct contact with load applying rigid stamps (see  
in Fig. 7 ). 

In Fig. 8, the equivalent stress distribution on the OPLSs ex-
ceeding by 10%, 20% and 50% values of average stress and 
volume of the lattice elements carrying stress exceeding average 
value were calculated accordingly. The grey regions remained 
below the threshold stress values, and these regions were not 
included in the volume calculation.  

These qualitative observations can be quantified by providing 
relative volume of the material with equivalent stress, exceeding 
the average equivalent stress by 10%, 20% and 50% values 
which are also listed in Fig. 9. 

Based on the calculation of the volume that has the range of 
specified stress percentage, the concentrated stress per volume 
was plotted in Fig. 9. As can be seen from the data in the figure, 
elliptical and X-shape structures are characterised by significantly 
lower load carrying contribution of various parts of the structures.  

The results of FEM of equivalent strain distribution are shown 
in Fig. 10. Generally, the same conclusions can be drawn with 
regard to load distribution over the materials of OPLSs analysed 
here. Visibly, strains are less uniform in ellipsoidal and X-shape 
structures, both in terms of inter-pore “bridges” being more 
strained and strain concentrations in the near-stamp zone. 

Fig. 10 shows also images captured by Aramis video exten-
someter system during compression tests. These are images 
recorded for side-walls. As a result, in the case of elliptical struc-
ture, pores are clearly visible, unlike in the case the helical and X-
shape ones. Thus, it was possible to investigate shape of some of 
the pores, e.g. the two indicated with arrows in the lower row in 
Fig. 10. One can clearly see that the pore next to the upper stamp 

is much more elongated (deformed) in comparison with the other 
one. An important conclusion can be drawn that plastic defor-
mation in elliptical structure is non-uniform and higher in the near-
stamp zone. Other ARAMIS images confirm that the same applies 
to X-shape one, while in the case of helical structure, no localisa-
tion in near-surface zone was observed. This uniformity of strain 
distribution in the helical structure against strain localisation near 
to the compressed surface in the other two is the reason for the 
disparity between FEM modelling and experimental stress-strain 
curves shown in Fig. 4. 

In explaining the disparity between experimental stress-strain 
curves and the ones obtained numerically, it should be noted that, 
experimental results obtained with ARAMIS indicate much higher 
strain localisation than estimated from FEM modelling. Thus, it 
concluded that within modelling carried out in the present paper, 
we can provide rational for propensity of elliptical and X-shape 
structures to strain localisation in the near to the compression 
stamp zone. However, we were not able fully capture in our mod-
els strain localization intensity. 

FEM modelling was also used to discern details of stress dis-
tributions in the respective lattice structures under compression. 
The results presented in Fig. 11 and 12 concern stress vectors 
and flow lines, respectively. The stress vector distributions in Fig. 
11 reveal that in the case of ellipsoidal and X-shaped structures, 
the stress vectors form a less regular pattern compared to that of 
the helical structure. Specifically, in the ellipsoidal structure, the 
stress vectors are concentrated in vertically oriented struts, lead-
ing to their buckling. In contrast, in the helical structure, the stress 
vectors are concentrated in horizontally oriented struts, with the 
concentration being perpendicular to the applied load. As a result 
of the pore shape in this structure, it can be noted that significant 
distortion or buckling-induced deformation does not occur, and 
stress concentrations are also minimised. In the X-shaped struc-
ture, the vectors are primarily perpendicular to the outer surface, 
with the highest concentration of stress vectors occurring at the 
point of highest strain, as seen in Fig. 11. 

  
Fig. 9. The exceeding stress (exceeding average equivalent stress by 10%, 20% and 50%) per volume fraction
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Fig. 10. Plastic strains distribution for 20% compression 

 
Fig. 11. Stress vectors, their direction and magnitudes of the structures 

The material deformation flow patterns, depicted in Fig. 12, 
reveal that flow lines in helical and X-shape geometries are pre-
dominantly vertical, running from the top to the bottom of the 
structure. In the case of ellipsoidal structure, a distinct flow pattern 
is formed, with the pores altering the flow direction during loading. 
This deviation in the flow pattern may result in inhomogeneous 
deformation across the structure and may also lead to a change in 
the direction of loading, resulting in unsymmetrical deformation 
and a decrease in stiffness. 

 

Fig. 12. Material flowlines during deformation 

Results presented in Fig. 12 show similarity in flowline pat-
terns in helical and X-shape structures. However, other analyses 
clearly indicate that X-shape differs from helical structures in 
terms of stress/strain and stress vector distribution. 

5. CONCLUSIONS 

The results obtained can be concluded in the following points, 
which are categorised into one based on stereological and micro-
mechanical considerations.  

Within the stereological approach to predicting properties of 
OPLSs, it has been demonstrated that: 

 pore size has an important effect on compression stress of 
OPLSs  

 outstanding stiffness of helical structures can also be attribut-
ed to the shape of pores  
Within the micromechanics approach, the outstanding stiff-

ness of helical OPLSs stems from much more uniform stress and 
strain distribution over the material of struts forming the respective 
structures. One may also note that in helical structures, stress 
vectors are well aligned and predominantly normal to the com-
pression axis; hence, the presence of a helical structure amplified 
the overall stiffness and strength in response to applied loads. 

An attempt to explain the disagreement between results of 
FEM modelling and experimental data brought attention to the 
phenomenon of strain localisation in the zone near to compres-
sion stamp, in fact captured with Aramis video extensometer 
system for monitoring progress in deformation in compression 
tests. Susceptibility of OPLS structure to localisation of strain is 
subject of a separate paper. 

Results of the present study highlight importance of pore 
shape on the properties of high porosity structures. They also 
provide an insight into deformation of OPLSs and limitations in 
deformation modelling with FEM. 
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