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Mechanical characterization and finite
element modeling of polylactic acid
BCC-Z cellular lattice structures
fabricated by fused deposition modeling
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Abstract

In recent years, cellular lattice structures are of interest due to their high strength in combination with low weight. They

may be used in various areas such as aerospace and automotive industries. Accordingly, assessment of their manufac-

turability, repeatability and mechanical properties is very important. In this paper, these issues are investigated for

Polylactic Acid cellular lattice structures fabricated by fused deposition modeling. To do so, some benchmarks are

designed and fabricated to find suitable processing parameters as well as the structural dimensions. In addition, to

evaluate the mechanical properties of the lattice’s material, a number of tension and compression specimens are

fabricated and tested. The material’s stress–strain curves reveal non-linear behaviors. These curves are not coincided

in tension and compression which shows an asymmetric material behavior. To characterize the fabricated cellular lattices,

they are tested in compression, and the deformation mechanisms of the structures are analyzed. To investigate

the correlation between the bulk material and the material of the ligaments, a solid finite element model is developed

to predict the stress–strain response of the lattice. The obtained result shows a reasonably good correlation between

the model and experiments.
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Introduction

Additive manufacturing processes (AM) allow gain-
ing innovative parts with complex geometry directly
from three-dimensional computer aided design (CAD)
models.1–3 In addition, some of these techniques are
capable of fabricating not only prototypes but also
end-use parts with good mechanical properties as
well as geometric agreements with original CAD
models.2–4 Moreover, these techniques make the abil-
ity of fabricating lightweight, strong parts with inter-
nal pores to save expensive functional materials in a
reasonable time.2,3,5

Since lightweight parts have significant benefits,
cellular lattice structures (CLS) have been receiving
considerable attention in the past few decades.6

These constructions have an internal porous structure
that may be either stochastic (e.g. closed or open
foams) or periodic. Periodic architectures are con-
sidered by a unit cell that can be repeated in two
or three directions to create a desired part.6,7

Nowadays, CLSs are widely used in various engineer-
ing and medical applications including energy absor-
bers, packaging devices, automotive parts, scaffolds in
tissue engineering, heat exchangers, and sound and
thermal insulators.3,6–9

Regarding metallic lattice truss structures, several
approaches have been used to fabricate and to char-
acterize them. For instance, they can be made by per-
forating a metal sheet with a periodic pattern followed
by folding at node rows to create a plate of 3D inter-
connected trusses.9 Kooistra10 fabricated lattice struc-
tures by using perforated aluminum sheets and carried
out a number of experimental compression tests on
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the products. Since the initial sheet that was used to
make lattice structure was inefficiently utilized, a new
method was introduced by Kooistra and Wadley9 to
efficiently use the sheets. Several researchers have used
the AM processes to fabricate the cellular lattice
structures. Among the proposed methods, selective
laser melting (SLM), as a powder-bed fusion (PBF)
process for the direct fabrication of functional metal-
lic parts,11 is of more importance. Bael et al.12 fabri-
cated a number of Ti6Al4V scaffolds through SLM.
They also performed mechanical and geometrical tests
to examine repeatability of the process. Hollow truss
structures were investigated by Wadley and
Queheillalt7 not only to use their high mechanical
strength but also to increase efficiency in heat transfer
capability of these structures. Tsopanos et al.13 fabri-
cated BCC microstructure lattice using SLM to assess
the influence of processing parameters on their mech-
anical properties. They also reported the stress–strain
curve of the micro struts and calibrated these curves
using finite element simulations. Labeas and Sunaric14

fabricated three different cellular core types and devel-
oped a methodology to predict mechanical properties
and deformation behavior of the structure using finite
element method. Their obtained results were com-
pared with the experimental measurements.13 Yan
et al.3 investigated the possibility of manufacturing
lattice structures with different unit cell sizes using
SLM process. They also assessed the mechanical
properties of each part. Correlation between yield
strength and relative density of parts fabricated by
selective laser sintering (SLS) process was assessed
by Ceradi et al.2 Through static compression tests,
Gumruk and Mines6 investigated the mechanical
behavior of stainless steel lattice structures fabricated
by SLM process.

Manufacturability is a very important issue when
designing a CLS. For instance, in some cases, the part
cannot be built with a specific process or the quality of
fabricated part would not be acceptable. In addition,
lattice structures have a very complex internal struc-
ture so that supportive structures might be used to
prevent part’s overhanging and deformation. These
supports are often not acceptable because not only
they would be difficult to be removed from the main
structure, but also they cause waste of the material
and time.3 Accordingly, it is very important to inves-
tigate limitations of the process before designing and
fabricating parts.15

The main aim of the present study is to investigate
the manufacturability and repeatability of Polylactic
Acid BCC-Z CLS fabricated by fused deposition
modeling (FDM) using a laboratory inexpensive
FDM machine. To this end, a systematic approach
is implemented in which a number of benchmarks
are designed to obtain the minimum value of struts’
diameter, appropriate diagonal struts’ angles, and
fabrication speed. According to these benchmarks,
three BCC-Z CLSs with the porosity of about 92%

are fabricated and examined under mechanical com-
pression. The obtained mechanical properties of the
structures reveal a good repeatability. In addition, the
compressive load-carrying capacity of the fabricated
CLS’s is found to be about 150 kg at its ultimate point
while its weight is about 5.2 g. In addition, to evaluate
the mechanical properties of the lattice’s struts mater-
ial, a number of tension and compression specimens
are fabricated and tested. The stress–strain curves of
the bulk material in tension and compression illus-
trate asymmetric material properties. To evaluate
relationships between the bulk samples with the
CLSs’ struts, a solid finite element model is developed,
and the stress–strain response of the bulk material in
compression is attributed to the struts’ material.
The stress–strain response in elastic region shows a
very good agreement with the experimentally
obtained one.

The rest of the paper is organized as follows: the
following section describes the material and methods
containing fabrication of the cellular lattices, mechan-
ical characterization of the specimens, and the solid
finite modeling of the structure. In the Results and
discussion section, the results of both experimental
measurements and finite element model are presented
and discussed. Finally, the paper ends with conclu-
sions of the present study in the Conclusion section.

Materials and methods

This section starts with the procedure of the design
and fabrication of the studied CLSs in this study. In
the second part, the mechanical characterization of
cellular lattice structures as well as tension and com-
pression specimens is explained in detail. The last sub-
section is allotted to the finite element modeling
approach for predicting the mechanical stress–strain
response of the lattices.

Specimen design and fabrication

One of the main goals of the present study is to
evaluate the manufacturability of FDM process for
fabrication of Polylactic Acid CLS’s. It has been pre-
viously shown16,17 that ‘angle-ply’ lattices, whose
struts are oriented in 45�, offer nearly optimized con-
figurations under bending, compression, and shear
loadings. Accordingly, in this work, a BCC-Z top-
ology is used to develop the lattice structure. As
shown in Figure 1(a), the BCC-Z unit cell can be
described as a structure with 10 struts, eight of
which connects the center of a cube to its corners
and the other two connect the center of the cube to
the center of its upper as well as lower face. The
structure is generated through commercial FEM
software using a set of vertices and connections
among them. Figure 1(b) shows a 2D view of the
wire frame of the lattice structure. Notice that,
in this model, no diameter has been assigned to the
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struts. The appropriate diameter will be found in the
following steps.

The CLS can be fully defined using four param-
eters: the vertical struts distance (Ls), the angle of
diagonal struts (a), the whole structure height (H),
and diameter of the struts. All of these parameters,
except the diameter of the struts, are shown in
Figure 1(b). Among these parameters, strut distances,
diameter of the struts, and angle of diagonal struts
may affect the manufacturability of the process.

The modeled part is saved in STL format, and the
open-access slicing software AXON 2 is then used to
import the designed part to the fused deposition mod-
eling (FDM) system. This system is a laboratory extru-
sion-based AM apparatus, RAPMAN 3.2, containing
a polylactic acid polymera filament with the diameter
of 3mm as raw material for fabricating the parts. It
has been previously shown that decrease in the layer
thickness in FDM process decreases the surface rough-
ness18 while it increases the compressive strength19 and
the processing time.20 Since minimum surface rough-
ness and higher load-bearing capacity are of interest,
the minimum available value of layer thickness is

chosen in the present work. Accordingly, the process-
ing parameters used in this study are as follows: the
layer thickness is 0.125mm; the maximum extrusion
temperature for material is195 �C; and the laboratory
temperature is about 25 �C. Considering these param-
eters, three benchmarks are designed and fabricated.
Accordingly, proper geometric and fabrication param-
eters are obtained. Prior to conducting the foregoing
experiments, two geometric benchmarks are proposed,
designed and fabricated to evaluate the performance
of the FDM machine/process. The first benchmark is
designed to obtain suitable diameter of vertical struts
as shown in Figure 2(a). It contains six columns of
struts whose diameter in each column is 1.5, 2, 2.5,
and 3mm. It is worth mentioning that a row of
struts with the diameter of 1mm is also considered.
However, it is not possible to fabricate it due to the
limitations of the machine. Therefore, the diameter is
increased to those reported above. The second type of
benchmark is designed to find the achievable strut
diameter and the corresponding angle for diagonal
struts. As shown in Figure 2(b), four columns of
struts with the angles of 35, 40, 45, and 50� are fabri-
cated for each strut diameter obtained using the first
benchmark findings. Therefore, the proper angle and
diameter are resulted using these two benchmarks. It is

Figure 1. The cellular lattice structure designed in the commercial FEM software: (a) 3D view and (b) side view.

Figure 2. Three designed benchmarks to obtain (a) the minimum diameter, (b) the minimum angle of struts, and (c) the processing

parameters.

aPolylactic Acid is a thermoplastic aliphatic polyester derived from
renewable resources such as corn starch, tapioca roots, chips or
starch, or sugarcane.

Rezaei et al. 1997



realized that the minimum struts’ angle with an accept-
able quality is about 40�. Accordingly, this value is
utilized for the design of the lattice.

Due to inherent geometrical complexity in CLS,
the manufacturing process is associated with severe
vibrations caused by fast movement of the extruding
nozzle. Since the vertical and diagonal struts are near
each other in the CLS, this vibration may give rise to
some difficulties. Considering this issue, another type
of benchmark is designed to figure out the proper
methodology, which has to be applied to obtain the
desired CLS. This benchmark is comprised of two
unit cells as illustrated in Figure 2(c). In this bench-
mark, the diameter of the struts is 1.5mm and the
angle of 40� is selected for the diagonal struts. In
order to enhance the rigidity of the benchmark and
to deal with poor attachment between struts and the
base plate, a thin plate is designed under these bench-
marks as well as the CLS. Although fabrication of
struts with bigger angles is easier, fabrication time
decreases by decrease in the total height of the struc-
ture. Consequently, it is preferable to design the diag-
onal struts with the minimum achievable angle.
Notice that the angle of diagonal struts is in a direct
relationship to the whole structure’s height.

The dimensions of CLS are finalized based on the
results achieved through investigation of the bench-
marks. Figure 3 shows the final version of the struc-
ture with its dimensions. According to the obtained

dimensions, the porosity of the CLS is calculated to be
about 90.22% using the CAD model.

Mechanical behavior characterization

Since mechanical behavior is one of the most import-
ant characteristics that are expected from cellular
lattice structures, some relevant experimental meas-
urements are carried out. As the mechanical proper-
ties of the bulk material of a part can be affected by
the fabrication method, it is worthwhile to assess the
mechanical properties of the bulk material as well. To
achieve this goal, a number of tension and compres-
sion specimens are fabricated using the same process-
ing parameters as those applied to fabricate CLSs.
The tension and compression specimens are designed
according to ASTM D63821 and ASTM D695,22

respectively, which are suitable for rigid and semi-
rigid plastics. Tension and compression tests are car-
ried out using SANTAM, STM-50 tensile apparatus
depicted in Figure 4.

In the next stage, the static behavior of the CLS is
investigated using the compression test. The first cel-
lular lattice structure is examined with the strain rate
of about 10�4 S�1. As shown in Figure 5(a), the
deformation is localized near the moving platen illus-
trating that there is a dynamic loading on the struc-
ture. As a consequence, the velocity of the upper
platen should be decreased. For other specimens, the
strain rate is reduced to 10�5 S�1. Figure 5(b) shows
deformation of the structure during the test using the
strain rate of about 10�5 S�1. As is seen, a uniform
deformation occurs in the struts of the structure.

Finite element modeling

In this section, finite element method is used to simu-
late the stress–strain response of the cellular lattice
structure fabricated by FDM. To do so, a
PYTHON script is developed through ABAQUS
6.11-1 to construct the finite element model of the
lattice as shown in Figure 6. The diameter of the fab-
ricated lattices’ struts is measured in several points,

Figure 4. Illustration of (a) tension and (b) compression tests.

Figure 3. Side view of the final version of the cellular lattice

structure.
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and the average value is calculated to be about
1.482mm. It is supposed that the diameter of the
struts is constant along their length, and the calcu-
lated average value is assigned as the diameter of all
the struts.

The boundary conditions shown in Figure 7 are
applied to the model in order to resemble the experi-
ments. Since the friction between the loading platens
and the lattice is not negligible, all the translational
degrees of freedom perpendicular to the loading dir-
ection are constrained. In the loading direction,
the translational degree of freedom of the nodes on
the bottom plane of the model is fixed while those
of the upper plane are forced to move downward to
compress the lattice. The stress and strain are calcu-
lated using equations (1) and (2), respectively.

� ¼

P
Fi

A
ð1Þ

" ¼
�

H
ð2Þ

in which Fi is the reaction force of the i-th node in the
upper plane, A the projection of the lattice’s area on
the plane parallel to the loading plane, d the displace-
ment of the upper plane nodes, and H the height of
the lattice.

Referring to Figure 8, the model is meshed using
second-order accuracy tetrahedral continuum elem-
ents, denoted as C3D10M in ABAQUS, to be able
to capture the complex geometry of the struts (espe-
cially in conjunction of the struts) and to avoid
numerical problems.23

Results and discussion

Bulk material characterization

To simulate the mechanical response of CLSs, it is
necessary to know about both internal structure and
the mechanical properties of the bulk material of the
CLS in tension and compression. Therefore, in this

Figure 5. (a) Deformation localization in the struts with the use of the strain rate of about 10�4 S�1, and (b) uniform deformation by

using the strain rate of about 10�5 S�1.

Figure 6. The finite element model of the lattice.

Figure 7. Schematic of the boundary conditions applied to

the model.

Rezaei et al. 1999



section, the mechanical properties of the bulk material
of the CLS are presented.

As mentioned in the previous section, a number of
specimens are prepared for each of the bulk tension,
bulk compression, and that CLS compression tests.
Then, for each of these specimens, the average
stress-strain curve is reported. Both bulk tension
and compression tests are carried out at the strain
rate of 2� 10�4 S�1. Figure 9 shows the stress–strain
curve of tension specimens. It is observed that there is
a large variation in the slope of the curve in a certain
strain. This variation can be found in all tested speci-
mens but not at the same corresponding strains. In the
first region of the curve, called the toe region, the PLA
fibers begin to align in the direction of the stress that
is called un-crimping. Resultantly, a small stress can
cause a large strain in the first region. In the next
region, the fibers will be stretched so that individual
fibers begin to break in the failure region.24 For better
understanding of this phenomenon in the stress–strain
curve, a loading–unloading test is carried out. As illu-
strated in Figure 10, the slope of the curve in the

unloading cycle is not equal to that in the loading
cycle. This observation shows that some fibers experi-
ence plastic deformation which causes the nonlinear
curve with some unrecoverable deformation. Another
important point, which can be realized from this
figure, is that, similar to observation in the loading
cycle, the slope of the curve in the unloading cycle
varies significantly. According to Figure 10, the
slope varies at almost the same strain in loading and
unloading cycles. The stress–strain curve of collagen
fibers is similar to that of the PLA. The same curve
was reported for soft tissues as well.24 Lopatine
et al.25 reported a variation in the slope of the load–
displacement response under nano-indentation test of
hydroxyapatite thin films.

Figure 11 shows the stress–strain curve obtained in
the bulk compression tests. By comparing the pre-
sented results in Figures 9 and 11, it is observed that
the stress–strain curves in tension and compression do
not coincide. This reveals asymmetry in tension and
compression.

Since the obtained curves are nonlinear even in
small strains, the Hook’s law cannot be used to

Figure 8. The meshed model using C3D10M elements.

Figure 10. Stress–strain curve for loading–unloading

tensile test.

Figure 11. The average stress–strain curve for the bulk

compression tests.

Figure 9. The average stress–strain curve for tensile

specimens.
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calculate the CLS elastic modulus. Therefore, the
method presented in ASTM D695, which is suitable
for elastomeric foams with highly nonlinear stress–
strain curves, is used.26 In this method, a piecewise
polynomial is fitted to the stress–strain curves
(Figure 12(a)). Then the polynomial’s derivative is
plotted as a function of the strain (Figure 12(b)),
and its maximum value, corresponding to the max-
imum slope of the stress–strain curve, is assumed to
be the Young’s modulus. The calculated elastic
moduli in tension and compression are presented in
Table 1. This method is used for calculating the elastic
modulus of metallic foams.12

To calculate the Poisson’s ratio (n), the lateral
deformation is measured in several steps and in sev-
eral points at each step for tension specimens. Then,
the average value of each step is used for calculating
the Poisson’s ratio. Using this method, n¼ 0 is
obtained. The obtained Poisson’s ratio and the
stress–strain curve presented in Figure 9 show that
the polylactic acid material exhibits brittle behavior.

Characterization of cellular sandwich structure

The average dimensions of fabricated CLS samples
are measured as 37.87� 37.78� 30.51mm3 which
reveal deviations from the designed values.
Comparison of these numbers with the designed
dimensions of the model (that are 36� 36�
30.21mm3 as seen in Figure 3) indicates that the pro-
cess is more accurate in the fabrication direction than
the in-plane ones. It is worth mentioning that the
dimensional repeatability of the process is investi-
gated through measuring all dimensions of three pro-
duced CLS samples. In addition, the struts’ diameter
is measured in six points of each strut for each sample

and the average value is obtained. This value, which is
about 1.482mm, is then used for the finite element
analysis. The CLS’s porosity is measured using the
Archimedes principle.3 In this regard, each specimen
is tested three times and the average value of the por-
osity is obtained to be about 90.51%, which is around
99.68% of the porosity obtained from the CAD
model.

As discussed in the Mechanical behavior character-
ization section, the CLS specimens are compressed at
the strain rate of 10�5 S�1. The force–displacement
response of the structure (not presented here) shows
that the load carrying capacity of the structure is
about 150 kg. This value is impressing in combination
with the weight of the fabricated CLS which is about
5.2 g. Figure 14 shows the average stress–strain curves
of the CLSs. The stress is calculated through dividing
the applied force by the area parallel to the loading
direction, and the strain is calculated by dividing the
displacement of the upper platen by the CLS’s height.
The elastic modulus of the CLS, calculated using the
method presented in the previous section, is about
ECLS¼ 43.07� 0.13MPa. This number is about
0.50% and 2.55% of that of tensile and compressive
specimens, respectively.

Deformation mechanisms in the structure

The experimental observations show that fabricated
parts by additive manufacturing techniques may
suffer from structural imperfections. These imperfec-
tions can be classified into two categories: micro-
(nano-) pores and non-uniform diameter of the
struts. These imperfections can affect the deformed
configuration of the lattice because of stress concen-
tration around the defects. To be able to distinguish
the mechanisms of deformation in the lattice, three
CLSs are compressed until their fracture. The
deformed lattices show almost the same configuration
indicating that the same deformation mechanism is
responsible for fracture in all the samples. Figure 15
shows the deformed lattice at a compressive strain of
3.2%. The final configuration is associated with both
irregularities in the struts and plastic hinge formed

Figure 12. (a) The fitted curve to the experimental data. (b) Variations in the derivative of the stress–strain curve to calculate the

elastic modulus.

Table 1. Elastic moduli of the bulk tension and compression

specimens.

Sample Tensile Compressive

Elastic modulus (MPa) 8677� 224.43 1684.8� 144.7

Rezaei et al. 2001



near the vertexes after the vertical struts are buckled.
Since the diagonal struts in the shear band are broken
in the vertices, it is believed that formation of the
plastic hinge is more effective than the irregularities.
This plastic hinge is formed due to bending in the
diagonal struts and leads to the formation of the
shear band similar to what has been observed in cel-
lular lattices.15,27 It is also found that the initial failure
occurs locally in the vertical struts due to plastic

deformation and local buckling of the struts.
Deformation of the struts located in the edges of the
structure is more severe than that of the ones in the
middle of the structure. Wen-Yea Jang et al. reported
a similar observation in aluminum open-cell foams
both experimentally28 and numerically.29 They
found that deformation is more severe in the lower
one-third of the structure. The above-mentioned
results are in a good agreement with those reported
in the literatures6,14 for 316L BCC-Z cellular sand-
wich microstructures.

Finite element modeling

The geometrical details of the finite element model are
presented in the Materials and methods section. In
order to specify a suitable bulk material for the
struts, the compression stress–strain curve of the
bulk material (Figure 11) is attributed to the struts.
Since it is not possible to consider the toe region in the
model, the stress–strain curve should be modified to a
typical one.30 To do so, the continuation of the linear
region of the curve is intersected by the zero-stress
axis and the nonlinear region on the left side is
removed.31 This process, which is shown in
Figure 16, is performed on the stress–strain responses

Figure 13. Three cellular lattice structures fabricated by the FDM.

Figure 15. Shear band during loading.

Figure 16. The modified stress–strain curve of the uniaxial

compression sample for modeling purposes.

Figure 14. The average stress–strain curve of the CLSs.
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of the bulk compression sample and the CLS. The
latter is done so that the experimental results are com-
parable with the model’s predictions.

A mesh study is first performed to ensure of rea-
sonable accuracy of the finite element results. In this
regard, the size of the mesh is reduced until maximum
change in the stress–strain curve becomes negligible.
Using this method, the appropriate mesh size is
obtained to be 0.375.

Figure 17 shows the modified experimental stress–
strain curve of the lattice in comparison with the mod-
eling result. The elastic modulus and collapse stress of
the lattice are predicted to be about 6% and 23.9%
higher than the experimentally measured ones,
respectively. As a result, the elastic modulus is well
fitted to the experimental one, but the prediction of
collapse stress is not well accurate. To understand the
reason, it should be noted that deformation of the
lattice is small in the elastic region so that only the ver-
tical struts are deformed. Accordingly, the struts just
experience the compressive deformation mechanism.
By increasing the deformation, the diagonal struts are
bent which gives rise to the application of tension to
some regions of the struts. Therefore, using just the
stress–strain response of compression sample leads
to over prediction in the nonlinear region of the
response. Notice that the ultimate stress of the com-
pressive sample is about 80MPa, while this value is
about 50MPa for the tensile one. As another reason,
in small deformations, the effects of the struts’ imper-
fections are not vital. However, by increasing the level
of the deformation, these effects become more import-
ant. The existence of defects causes stress concentra-
tion in the defects’ site which causes reduction in the
amount of the required force to induce deformation.

Conclusion

In this study, the manufacturability and repeatability
of Polylactic Acid BCC-Z CLS fabricated by FDM
are investigated. To do so, some CLSs are fabricated
and examined in compression. In addition, some bulk
tensile and bulk compressive specimens are fabricated

to be able to characterize the bulk material of the
CLSs’ struts. The stress–strain responses of the bulk
material in tension and compression illustrate asym-
metric material properties. The results show that the
stress–strain response of both bulk and CLSs is non-
linear due to un-crimping of the PLA fibers. The elas-
tic modulus of the CLS is ECLS¼ 43.07� 0.13MPa,
which is about 0.50% and 2.55% of bulk tension and
compression ones, respectively. Furthermore, to
understand the failure of the struts, the deformation
mechanisms of CLS are investigated. The observa-
tions are shown to be in a good agreement with
those reported for 316L BCC-Z cellular lattice struc-
tures. As another consequence of the present study,
the load-carrying capacity of the manufactured CLS
is found to be about 150 kg, whereas its weight is
about 5.2 g. To study the bulk material of the struts,
a solid finite element model is developed, too, and the
stress–strain response of the compression sample is
attributed to the struts. The results show that the elas-
tic response is well predicted by the model. In the
plastic region, however, difference between model
and experiment is more pronounced because of the
effects of microstructural defects, which are not con-
sidered in the finite element model. The model pre-
dicts the elastic modulus and collapse stress of the
lattice to be about 6% and 23.9% higher than the
experimentally measured ones, respectively.
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