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INTRODUCTION

Lattices, lattice materials or lattice structures 
are types of artificially designed spatial configu-
rations that have gained a lot of interest in recent 
years due to their potential properties and fea-
tures, which can be broadly altered by the right 
selection of design parameters, manufacturing 
technology and material [1–4]. As an example, 
they can be used as a core for sandwich panels, as 
an infill for lightweighting structural parts, or as 
a core for heat exchangers [5–7]. The possibility 
of achieving a wide spectrum of properties and 
the necessity of tailoring parts for specific appli-
cations enforces extensive analytical, numerical, 
and experimental research on lattices.

In general, the main design parameters that 
describe the geometry are relative density, unit 
cell type, unit cell dimensions, number of unit 
cells, thickness of the struts/walls and material 
[1]. Those may change depending on the design 

process or some may depend on each other, for 
example, the relative density and thickness of the 
struts [8]. Among the parameters mentioned, the 
relative density is the most significant, as high-
lighted by Ashby et al. [9]. The impact of relative 
density has been extensively investigated through 
both direct and indirect approaches and power 
laws models also called Gibson-Ashby models, 
predicting mechanical properties based on rela-
tive density have been introduced [1, 10–12].

In addition to relative density, the mechanical 
response of lattice structures and foams is largely 
determined by their deformation mode, which 
is typically classified as bending-dominated or 
stretch-dominated behavior [13, 14]. Bending 
dominated structures tend to be less stiff than 
structures dominated by stretch but offer better 
energy absorption [13]. In order to determine the 
type of deformation, the Maxwell equation or 
Gibson-Ashby model can be used [12]. Maxwell 
equation is based on analytical analysis of static 
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and kinematic relations in strut based structures 
and can be roughly used to determine the type of 
deformation. If structure is statically indetermi-
nant, structure exhibits bending dominated behav-
ior. In other cases, structure is stretch dominated.

Fabrication of lattice structures is limited by 
their complex geometry, which in most cases pre-
vents the use of more established manufacturing 
techniques such as machining, moulding, casting, 
or forming. Although there are examples of using 
them for relatively simple lattices with limited 
complexity and dimensions, additive technolo-
gies are the main group of methods used for the 
fabrication of structures [1, 15–17]. The most 
widely used are fused filament fabrication (FFF) 
[18, 19], laser powder bed fusion - LPBF [20–22], 
and stereolithography (SLA) [10]. In the scope of 
this paper the most important is FFF technology, 
which will be used to prepare specimens. The 
main concerns which needed to be taken into ac-
count are the minimum feature size and the maxi-
mum overhang angle. Lattice structures, because 
of their complex geometries, tend to have features 
with an overhang angle greater than what most 
printers can offer. The potential solution to this 
issue is to design them via topology optimization 
with overhang constraints, which makes the lat-
tice structure self-supporting [23, 24]. The other 
solution is to select optimal printing parameters 
that would enable error-free material deposition 
or at least minimize the risk of failure.

Geometry of the lattice structure can be 
modified in various ways which effect final 
properties. An interesting approach is to modi-
fy the aspect ratio of the cell or add features to 
existing filling types. Fadeel et al.[25] studied 
the effect of vertical strut arrangements in four 
different structures based on the body centered 
cubic (BCC) lattice structure. They find that the 
presence of vertical struts increases the strength 
of the lattice. Similar conclusions were brought 
up by Ye et al.[26] where they studied the influ-
ence of the addition of vertical struts to classic 
lattices. They confirmed that lattices with ver-
tical struts exhibit higher stiffness and plateau 
stress than those without. Luo et al. [27] stud-
ied the anisotropy of elastic mechanical proper-
ties of triply periodic minimal surfaces (TPMS) 
lattice structures under different aspect ratios. 
Structures with increased aspect ratio in direc-
tion of loading can achieve great enhancement 
in terms of stiffness, peak stress and efficiency 
of energy absorption.

When comparing results from the previous 
references, it becomes evident that increasing 
the inclination angle of struts, up to the extreme 
case of vertical orientation, generally enhances 
the mechanical properties of lattice structures. In 
strut-based lattices, inclination angle is directly 
related to the aspect ratio of the unit cell. When 
the lattice type remains the same, increasing the 
aspect ratio in the loading direction alters the strut 
inclination accordingly. Surprisingly, few studies 
have focused directly on aspect ratio as a design 
parameter for BCC with most research focusing 
on TPMS structures [27]. 

Based on the above literature review, this 
study aims to address the identified gap by inves-
tigating how increasing the unit cell aspect ratio 
in the loading direction – while maintaining a 
constant relative density – affects the compres-
sive mechanical properties of BCC-based lattice 
structures, a topic not previously explored by 
other researchers. To investigate this, compres-
sion tests were performed on various lattice con-
figurations using digital image correlation (DIC). 
Additionally, to establish a baseline and better 
understand the relationship between material and 
lattice behavior, tensile and compression tests 
were conducted on the printed base material.

MATERIALS AND METHODS

Design of lattice structures

Lattice structures were created in Ntop [28] 
software by changing the aspect ratio of the BCC 
unit cell in the direction parallel to load. Aspect 
ratio is defined as follows:
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	 (1)

where:	h is the height measured parallel to the 
load direction and w is the length of one 
of the edges perpendicular to the load 
direction. 

The aspect ratio values were chosen so that 
the resultant number of cells in height is consecu-
tive integers. This approach ensures that each unit 
cell within the lattice maintains uniform dimen-
sions and remains fully defined. If alternative as-
pect ratio values were used, some unit cells would 
need to be cropped to fit within the design space, 
potentially influencing the mechanical behavior 
of the structure. Aspect ratio values cannot be 
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smaller than 1 because this would make manu-
facturing more difficult. The samples consisted of 
lattice part with dimensions of 50 × 50 × 50 mm 
and plates of 2 mm thick on top and bottom, total 
height of sample was 54 mm. An example of the 
resulting structure is shown in Figure 1a, where 
one of the complete lattices is displayed. Plates 
were added for an easier FFF fabrication process 
and a uniform load distribution during compres-
sion test. The relative density for each lattice was 
kept constant with a value of 20% so the thick-
ness of the struts needed to be adjusted. Plates 
were not taken into account for the calculation of 
the relative density. Relative density was calcu-
lated according to equation:
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where:	ρl and ρ are, respectively, the lattice den-
sity and the base material density. For 
structures which are built from one ma-
terial, relative density is equal to volume 
fraction. 

In Figure 1b each created unit cell is present-
ed. In nTop, the periodic lattice function was used 
to fill the designated volume with unit cells. A 
Boolean operation was then applied to merge the 
lattice with the top and bottom plates. In Table 1 
design parameters used for lattices are presented.

Material and fabrication of specimen

Material which was used to fabricate speci-
men was polylactic acid (PLA) (Prusament PLA 
Prusa Galaxy black). The material was delivered 
in the form of a 1.75 mm filament. Specimens 
were fabricated using Prusa XL FFF printer with 
0.4 mm nozzle. The printing parameters for every 
type of specimen were the same, some are pro-
vided in the Table 2. The main issue during speci-
men printing was features with angles grater then 
45°. To address this problem, the speed of print-
ing was reduced compared to the default PLA pa-
rameters provided by Prusa company.

Mechanical characterization

To study the compressive behavior of FFF-
printed PLA, compression tests were performed 
on both the base material and the lattice struc-
tures using a Shimadzu AGX-V300 universal 
testing machine. To determine the mechanical 

properties of the material, samples were pre-
pared according to the ASTM D695-15 stan-
dard, with a diameter of 12.7 mm, a height of 
25.4 mm, and an infill density of 100%. Five of 
them were printed and tested to obtain statisti-
cally valid results. The crosshead speed was set 
at 1.3 mm/min and the test was carried out until 
a strain of 45% was reached.

Figure 1. Designed lattice structures
a) example of lattice with AR = 1
b) studied unit cells, from top left

AR = 2.5, 1.67, 1.25, 1
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The lattice structures were tested using the same 
setup, with the addition of a two dimensional DIC 
system and a crosshead speed of 2.6 mm/min. Three 
samples per type of lattice, 12 in total were com-
pressed. A monochrome 16 MP camera was used 
to capture the images with 2.5 frames per second. 
Image postprocessing was performed using Alpha 
software, provided by XSight company. The com-
plete experimental setup is shown in the Figure 2a. 
After testing, data from both the base material and 

lattice specimens were analyzed using MATLAB 
to determine Young’s modulus, yield stress, peak 
stress, and energy absorption. Initial area to calcu-
late stress was based on the surface area of lower 
plate. Initial height for strain calculation was taken 
as the height of the specimen (54 mm).

Tensile tests were conducted on the same 
machine as the compression tests, following the 
ASTM D638 standard with Type I specimen di-
mensions. Five specimens were printed in the flat-
wise orientation and tested. The infill pattern of the 
tensile samples was inclined at 45° to the loading 
direction and rotated 90° between successive lay-
ers. During the experiment, an extensometer with 
the gauge length of 50 mm was used to accurate-
ly measure strain for the calculation of Young’s 
modulus and was retracted when the strain reached 
0.035. The crosshead speed was set to 2 mm/
min. Test data were analyzed using custom made 

Table 1. Design parameters for lattice structure
Id Aspect ratio [-] Number of cells in z [-] Thickness [mm]

1 2.50 2 2.630

2 1.67 3 2.456

3 1.25 4 2.286

4 1 5 2.133

Table 2. Printing parameters
Parameter Value

Perimeters printing speed [mm/s] 85

Infill printing speed [mm/s] 100

Layer height [mm] 0.2

Nozzle temperature [°C] 225

Heatbed temperature [°C] 60

Figure 2. Experimental setup a) compression test, b) tensile test
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MATLAB code. Young’s modulus was calculat-
ed based on stress values between 2.5 MPa and 
15 MPa. Yield stress was determined at 0.2% plas-
tic strain, and energy absorption was computed as 
the area under the tensile curve up to the point of 
failure using MATLAB’s trapz function. Experi-
mental setup is shown in the Figure 2b.

RESULTS AND DISCUSSION

Mechanical properties of base material

Figure 3 presents the stress–strain plots for 
both the tensile and compression tests of the base 
material. The mechanical response is consistent 
across both tests, indicating high material and 
process stability. Table 3 shows the mechanical 
properties extracted from these curves. It is im-
portant to note that due to the strain rate depen-
dent nature of PLA [29] and the anisotropy of 
FFF prints, accurately determining the exact me-
chanical properties of the load bearing material 
in the lattice structures is challenging. The base 
material tests provide a general reference point 
for evaluating the compressive behavior of the 
lattice structures but cannot be directly compared 
to them. This is primarily due to the complex ge-
ometry of the lattices, which leads to non-uniform 
deformation, complex stress states in struts and 
local variations in strain rate.

Mechanical properties of lattice structure

In Figure 4 the strain-stress response of each 
lattice structure is presented. Each curve consists 

of an elastic region and a plateau stress region, 
separated by a drop in stress. It can be observed 
that geometrical changes related to the aspect ra-
tio have a significant influence on both regions. 
By increasing the aspect ratio, stiffness of the en-
tire lattice structure also increases but also leads 
to a more sudden stress drop after achieving peak 
stress. This can be explained by the fact that the 
mechanism of the deformation is changing from 
bending dominated to stretch dominated. This can 
be further described using Figure 5. Force acting 
on the unit cell in downward direction is a vec-
tor consisting of two components, shear and nor-
mal. Shear force is causing bending in the strut 
while normal force is responsible for compres-
sion. Value of each component is determined by α 
angle following the Equation 3 and Equation 4. In 
analyzed case, when unit cells are extended in the 
direction of loading, the α angle decreases which 
increases share of normal force. Strut is stiffer for 
loads acting parallel to its axis than for bending. 
The result of this is a more rigid behavior of the 
unit cell which makes the whole lattice more re-
sistant to deformation.
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It is important to note that to maintain a con-
stant relative density, the thickness of the struts 
must be increased. As a result, the cross-sectional 
area increases, effectively reducing stress and al-
lowing the structure to carry more load without 
loss of geometric stability. Increasing the aspect 
ratio reduces the number of cells, which in turn 

Figure 3. Experimental strain-stress curves of base material a) tensile, b) compression



60

Advances in Science and Technology Research Journal 2025, 19(10), 55–64

decreases the total number of struts in the struc-
ture. A smaller number of thicker struts leads to 
a greater accumulation of energy within each 
strut. This have impact on strut failure mechanism 
which is very complex. It is mainly influenced by 
the dominating force component and the proper-
ties of the anisotropic material. When the stress 
in a strut exceeds a critical threshold, it undergoes 
fracture between layers which are introduced by 
fabrication method, often leading to abrupt sepa-
ration due to fast release of accumulated energy. 
For lattices with smaller aspect ratios, the strain re-
quired to reach the stress level that causes fracture 

is higher than for those with larger aspect ratios. 
This is clearly observed in the structures with as-
pect ratios of 2.5 and 1. In the former, sharp stress 
drops begin to occur at a strain of approximately 
0.1, while in the latter, they occur around 0.3. 
Because of bending-dominated behavior, lattices 
with smaller AR are not able to carry high loads, 
but they do not lose their load carrying capabil-
ity throughout the deformation of the specimen. 
After one layer experienced failure, others could 
carry the load, which can be seen as characteristic 
waves on the stress-strain curve.

Table 4 presents the experimentally obtained 
values of Young’s modulus, yield stress, peak 
stress, and energy absorption for the tested lattice 
structures. Figure 6 shows the same mechanical 
properties which are plotted against aspect ratio 
together with error bars indicating ±3 standard 
deviations. For Young’s modulus, yield stress, 
and peak stress, linear fit models were created and 
included in the plots. Due to its nonlinear nature, 
energy absorption is shown separately with indi-
vidual data points, mean values, and ±3 standard 
deviation error bars.

The results indicate that the mechanical prop-
erties of the lattices scale approximately linearly 
with the aspect ratio. This trend can be attribut-
ed to the combined effect of the previously dis-
cussed mechanisms influencing the mechanical 
behavior of the structures. The high values of co-
efficients of determination (R2 values close to 1) 
for all linear fits suggest that the lattice response 
during the initial stages of compression is highly 
reproducible. Based on these findings, it can be 
concluded that the aspect ratio is a suitable de-
sign parameter for tuning mechanical properties 
at a constant relative density particularly during 
initial stages of deformation.

Among measured parameters, energy absorp-
tion does not follow a linear trend and exhibits 
greater variability. This is because energy absorp-
tion is influenced not only by the load carrying 
capacity of the structure but also by its behavior 
during deformation. Failure in lattice structures 
is a stochastic process, when and how it occurs 
depends on various factors, including geometric 

Table 3. Base material tensile and compression mechanical properties
Test type E ± std [GPa] σy ± std [MPa] σpeak± std [MPa] Energy absorption [MJ/m3]

Compression 2.73 ± 0.02 72.30 ± 0.52 77.79 ± 0.63 31.14 ± 0.10

Tensile 2.94 ± 0.04 36.41 ± 0.43 43.51 ± 0.28 1.56 ± 0.24

Figure 4. Experimental strain-stress curves
of lattice structures

Figure 5. Angles and force in the unit cell
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imperfections and material defects to name a few. 
From the perspective of energy absorption, the lat-
tice with an aspect ratio of 1.25 performs the best. 
It is capable of sustaining higher loads than the lat-
tice with an aspect ratio of 1, while also maintain-
ing structural integrity over a larger strain range 
compared to the AR 2.5 structure without experi-
encing a sudden loss of load bearing capacity.

Figure 7 presents post processed results from 
the digital image correlation analysis, showing 
the strain map (E1), values are only for com-
parison. In Figure 7b, a characteristic X-shaped 

strain pattern is visible, similar patterns are ob-
served in forging processes of cylindrical billet. 
This region indicates where the initial localiza-
tion of the strut failure will take place. Several 
struts undergoing bending can be observed, and 
in some cases, especially near the edges, layer 
separation occurs. Figure 7c shows the final stage 
of strut collapse within this same region. Struts 
outside of this area are still able to carry the load. 
Finally, Figure 7d illustrates the result of abrupt 
strut separation, energy accumulated in the strut 
is released, causing part of the lattice structure 

Table 4. Lattice structure compressive properties
AR [-] E ± std [MPa] σ ± std [MPa] σpeak ± std [MPa] Energy absorption ± std [MJ/m3]

1 36.78 ± 0.72 1.01 ± 0.01 1.36 ± 0.02 0.505 ± 0.046

1.25 63.38 ± 1.14 1.51 ± 0.03 1.91 ± 0.02 0.636 ± 0.011

1.67 121.59 ± 3.18 2.43 ± 0.04 2.98 ± 0.01 0.581 ± 0.051

2.5 224.33 ± 3.43 3.45 ± 0.04 4.38 ± 0.02 0.475 ± 0.051

Figure 6. Mechanical properties of lattice structures relative to the aspect ratio a) Young’s modulus,
b) Yield stress, c) Peak stress, d) Energy absorption
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to be ejected. DIC results are shown only for the 
lattice structure for which AR is 1, as similar be-
havior was observed in other configurations, or 
they failed earlier, before reaching this collapse 
stage, as was the case for the lattice with an as-
pect ratio of 2.5.

The body centered cubic lattice structure is an 
example of a strut-based lattice, so it is likely that 
the results of this study are transferable to other 
lattices of the same type. However, without fur-
ther research, it is difficult to conclude whether 
the AR is a universally relevant design param-
eter across all lattice geometries. Differences in 
node connectivity, spatial configuration, strut 

orientation, and strut thickness may cause the 
response to aspect ratio changes to deviate from 
linear trends observed in this study. 

CONCLUSIONS

This study investigates the effect of varying 
the unit cell aspect ratio in the loading direction 
on the compressive mechanical properties of lat-
tice structures. The main findings are as follows:
1.	Mechanical properties can be significantly 

altered via changing the aspect ratio value. 
Higher values of AR results in higher stiffness 

Figure 7. Digital image correlation, strain of lattice AR = 2.5 a) Initial state, b) characteristic strain localization, 
c) lattice after initial collapse, d) effect of sudden fracture



63

Advances in Science and Technology Research Journal 2025, 19(10) 55–64

and strength. Changing the AR from 1 to 2.5 
results in Young’s modulus increase by a factor 
of 6.23, yield stress by 3.42, and peak stress 
by 3.22.

2.	Aspect ratio can serve as a precise design pa-
rameter for tuning Young’s modulus, yield 
stress, and peak stress of BCC based lattice 
structures at constant relative density. It was 
shown that these mechanical properties are 
changing linearly with AR.

3.	Energy absorption does not exhibit a direct 
correlation with aspect ratio, as it depends on 
both the load bearing capacity and the defor-
mation behavior of the lattice. When the aspect 
ratio is altered, these two factors are affected 
in opposing ways, an increase in one results 
in a decrease in the other. The highest energy 
absorption was observed in the lattice with an 
aspect ratio of 1.25, which represents a 25.9% 
increase compared to the lattice with an aspect 
ratio of 1.
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