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Optimization of the Cantilever Beam with TPMS Lattice Structure
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Abstract: The topology optimization has been presented in the example of a gyroid cantilever beam with a rectangular cross-section by using the software nTopology. The
accuracy of the numerical model was checked by analytical solution, and by measuring strain in the printed beam. The direct integration method has been used to calculate
deflection with the variation of the moment of inertia along the beam's axial axis. The corresponding stress and strain values were also calculated and compared with the
numerical ones. The values are much lower since the effect of stress concentration has not been considered in analytical solutions. Experimental analysis by measuring
strain with strain gauges on a 3D-printed beam was made to confirm the results. In the next step it was determined that the diamond type fits best according to the results
of maximum deflection from the chosen three TPMS lattice structures. To optimize the topology of the beam, the thickness of the diamond cell was used as a parameter.
The goal was to strengthen the structure by increasing the wall thickness of cells in the places where the beam has higher elastic stress values to get better stress distribution.

The mass was additionally reduced by 16.35%.
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1 INTRODUCTION

The great interest of the public, and especially of
scientists from various fields, enabled the significant
development of 3D printing technology. Accordingly,
ideas about printing different materials were developed,
which, among other things, resulted in a wide range of
different types of 3D printers (depending on the applied
technology and material) and a wide range of applications.
Simple manufacturing of structures with complex
geometry offers the possibility of using porous, i.e., hollow
structures of precisely determined, controlled geometry.
Therefore, additive manufacturing enables the production
of solid, light constructions made of complex lattice
structures, the geometry that cannot be achieved by
conventional production methods [1].

There are different categorizations of lattice structures,
but the essential division for this article is the one that
divides porous structures into lattice structures consisting
of supports (Strut-based lattice structures) and lattice
structures consisting of triply periodic minimal surfaces
(TPMS) [2]. Strut-based lattice structures consist of
supports interconnected in nodes, whose thickness, length,
and orientation can be changed. The most common
examples are body-centered cubic (BCC) and
face-centered cubic (FCC) [3]. The second group of lattice
structures is the triply periodic minimal surfaces, porous
structures with zero mean curvature of the surface. TPMS
are generated by algorithms and can be represented by
mathematical Eq. (2).

The combination of lattice structure and additive
manufacturing certainly represents a great discovery not
only in the field of construction but also in the field of
industrial product design. Many researchers are
investigating properties and calculation approaches for
such structures for their application. Since the porous
structures produced by additive manufacturing have
anisotropic elastic properties, there were investigations of
the effect of pore distribution. According to
Kowalczyk-Gajewska et al. [4], there is a non-negligible
influence of morphological features on the developed
anisotropy degree of the effective elastic stiffness of a
porous material even if the solid phase is isotropic and

pores are spherical. According to Marco et al. [5], each
type of lattice cell has different mechanical properties, so
there were investigations of several lattice and porous
structures on what type to select based on their mechanical
behaviour under different conditions and configurations
using finite element models. Numerical models have been
validated and compared with experiments extracted from
literature, leading to accurate results. On the other hand,
according to Carraturo et al. [6], a not negligible error
occurs between as-built numerical and experimental
results, possibly due to the non-homogeneous material
distribution within lattice trusses.

The main emphasis of using lattice structures is to
achieve a high strength-to-weight ratio by reducing the
mass as much as possible. Therefore, lattice structures are
used to optimize various kinds of structures. According to
Liu et al. [7], topology optimization of functionally graded
lattice structure considering structure buckling can greatly
improve both the stability and stiffness of the optimal
structure.

In most cases the stress and strain of the construction
are not equally distributed, so to achieve an optimal
structure, there is an approach to model the variable
cellular structure according to Fryazinov et al. [8].
Therefore, in the places where the stress is minimal, there
can be bigger cells, and in the places, where the stress is
maximal, smaller cells. Based on that approach, the stress
distribution in the construction will be more constant and
the mass will be reduced.

Lattice structures are applied to various industries
where mass is the main design objective in calculation. In
the aerospace and automotive fields such design can lead
to less fuel consumption and higher performance at the
same time which is the main reason why the lattice
structures have been adopted [9]. According to Mesicek et
al. [10], the topological optimisation of the Formula
Student bell crank was applied in order to accomplish
weight reduction, and due to that, reduction of fuel
consumption. Considering the possibilities of metallic 3D
printing, they suggest that in the next research, they will
apply the lattice structure to a design of bell crank to
accomplish even higher mass decreasing. According to
Hussain et al. [11], they investigated the utilization of octet

1596

Technical Gazette 31, 5(2024), 1596-1605



Janko MOROSAVLJEVIC et al.: Optimization of the Cantilever Beam with TPMS Lattice Structure

truss lattice structures in gas turbine blades to achieve
weight reduction and improvement in vibration
characteristics. Moreover, they concluded that such
structure can be utilized in turbine blades to significantly
reduce weight, stress level, and deformation along with an
increasing first natural frequency.

By the cited literature, this article will analyze how
lattice structures react to bending. The best practical
example would be a cantilever beam with a rectangular
cross-section because of its simplicity.

2 A POROUS BEAM DESIGN AND 3D PRINTING

The total analyzed beam length was 130 mm, and the
height and width of the rectangular cross-section of the
beam were 6 mm and 10 mm. One of the reasons for
defining these dimensions is the dimension of the 3D
printer's working area. Due to the experimental test, two
holes were modelled at one of the ends of the beam, which
was used to clamp the beam with the screws, while the
other side was loaded with a transverse force. The screw
holes have a diameter of 3 mm at a distance of 7 mm, while
the distance between the first hole and the front of the beam
is 3.5 mm. Given the size of the screw head, a 7 mm gap
between the holes is sufficient to avoid overlap and secure
fastening.

The beam is made of a porous structure consisting of
Gyroid cells. The exceptions are the part with screw holes,
the part where the strain gauge is intended to be placed, and
the surface where the force is intended (3 X 3 x 1 mm). In
order to achieve proper glue adhesion, the surface where
the strain gauge is placed is filled with a 1 mm thick layer
of full imprint material. A quadrilateral grid with the origin
at the central axis of the console was chosen for the
disposition of Gyroid cells. The thickness of each Gyroid
cell is 1.8 mm. Frame with the gyroid cells was intersected
with the initial model by the Boolean operator to get
exactly the wanted dimension of the lattice structure. The
initial model of the beam was created in the program
package SolidWorks 2018 and then imported as the .stl file
into the program package nTopology where the lattice
structure was created. The quadrilateral grid with the origin
at the central axis of the designed lattice cantilever beam is
shown in Fig. 1.

Figure 1 Quadrilateral grid with the origin at the central axis of the designed
lattice cantilever beam

The mass of the porous model is 23.07% lighter than
the mass of the solid model. The mass, in addition to the
dimensions of the beam and the characteristics of the
material, is directly affected by the type of cell, the
thickness of the cell walls, the density of the arrangement

of cells, and their size. If the stress and deformation results
are within the permissible limits, it is possible to reduce the
mass even more by changing the specified parameters of
the cell, which is the goal of the construction optimization
process.

To perform the experimental analysis, with the aim of
comparing the results obtained by analytical and numerical
calculation, it was necessary to 3D print the specified
porous beam. The used 3D printer to create the specimens
was ENDER 3 PRO, and the chosen material was PLA. To
calibrate the measuring instrument and, therefore, ensure
valid measurement results, it was necessary to print a solid
beam which was used for the calibration procedure of the
tensometry instrument. The model, previously created in
the nTopology, was exported in .stl format, which is a
suitable format for importing into the Ultimaker Cura
program package. In the software, the model was
positioned on the working area of the 3D printer and the
parameters of printing were defined. The printing
parameters for both beams were set the same to ensure the
same experimental conditions, and G code was generated
with the same post-processor settings. Tab. 1 shows 3D
printing parameters.

Table 1 3D printing parameters

Parameters Unit Value
Bed temperature °C 60
Print speed mm/s 50
Nozzle diameter mm 0.4
Nozzle temperature °C 200
Layer height mm 0.12
Infill pattern - Grid
Infill % 100
Wall thickness mm 0.8
Filament diameter mm 1.75
Wall line count - 3

After printing the beams, it was necessary to make a
base that would be rigid enough to ensure that base
deformations would not interfere with the measuring
accuracy. Printed beams are shown in Fig. 2.

Figure 2 3D-printed beams attached to a rigid base

3 ANALYTICAL, NUMERICAL AND EXPERIMENTAL
ANALYSIS OF 3D PRINTED LATTICE CANTILEVER
BEAM

3.1 Analytical Calculation of the Strength of a Beam with a
Variable Value of the Moment of Inertia

For the defined shape and dimensions of the beam, an
analytical calculation of the strength was made. The beam
is loaded for bending in such a way that one end of the
beam is clamped and the other one is loaded with force.
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The stress during the bending of the structure can be
determined for each cross-section of the structure while
knowing the values of the bending moment and the
moment of inertia of the cross-section.

Unlike a beam with a solid cross-section, for which the
value of the moment of inertia is constant over the entire
length, with a porous beam it is possible to change the
density of the structure and thereby directly influence the
values of the moment of inertia, and consequently also
influence the stress values respectively. Moreover, it is
possible to control the stress values in order to achieve a
more even stress distribution which results in the reduced
mass of the part and the final price of the used material
which is an integral part of almost all requirements lists.

Parameters required for the calculation are force,
length of the cantilever beam, modulus of elasticity, and
moment of inertia of the cross-section. The parameters for
the calculation are shown in Tab. 2.

Table 2 Parameters for the calculation

Parameters Unit Value
Loading force, F' N 0.98
Young's modulus of elasticity, £ [12] MPa 1757
Length of section AB, L, mm 15
Length of section AC, L mm 115

The boundary condition and loading of the beam with
the diagram of transverse forces and moments are shown
in Fig. 3 [13].

\
/
MA/ A /3 &
RS
\ ----- Tt L L L L L G L L L L L L N L N B L N L W N N N N NN
=15

Foopt 1 i

z

0,98 N 098 N

® I

@)

Figure 3 Clamped and loaded cantilever beam with diagram of transverse
forces and moments
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Considering that the structure is porous and
ununiform, the moment of inertia is not the same across the
entire length of the beam, therefore it changes in
accordance with the porosity/length function. Defining a
function and solving differential equations with such a
function would be overly complex and difficult. Therefore,
to simplify, the moments of inertia are determined for
every cross-section with the step of 0.1 mm along the
length of the beam separately. The arrangement of the
Gyroid cells within the cantilever volume is uniform which
means that the moment of inertia values will be repeated
after a certain distance.

The cantilever beam was divided according to the
values of the moment of inertia into two parts: a part of the
beam with a length of 15 mm covered with a 1 mm thick
layer filled with the material on the top and bottom side,
and a second entirely porous part of the beam. For this
reason, the values of the moment of inertia are shown in
two diagrams. The first diagram for values from point A to

point B is shown in Fig. 4, and the second for values from
point B to point C is shown in Fig. 5.
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Figure 4 Moment of inertia diagram for section AB of a porous cantilever beam
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The direct integration analytical method was used to
calculate the deflection and the slope of the beam [14]. The
initial formula from which the slopes and deflections were
obtained is:

2
d_vzvz_ M, (1)
& B,

To solve the differential equation, it was necessary to
determine a function of the bending moment rate change
through the entire length of the beam [13].

M,=-F-L+F-x )

By integrating Eq. (1), the slope and the deflection
functions were obtained for two parts of the beam, one
from point A to point B, and the second from point B to
point C.

2
m_7F~L-)c— 2 +C )
dx E-1p

2
dW2_7F~L~x— 5 +C; W
dx E-1pc
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It was also necessary to determine the expressions for
the integration constants in order to include the boundary
conditions. The following expressions represent the
integration constants for the first part of the beam from
point A to point B.

dw, F-x*
CIZE'E'])}AB—F'L'X' (7)
F-L-x> F-x°
C=w -E-dg——F+ 6 -Gy 3

From the condition of continuity of the elastic line at
point B, the value of slope and deflection on the left side is
equal to values on the right side, so the integration
constants Cs and C; for part BC could be calculated.

2

F.L.x_F. > £
Cy =Lpe—— 2 4 S Flx 9)
yAB
2 3
X X
F L2 _F.> 5 3
F-LxX* F-
Cy =l 2 6 T X 7T cox (10)

s 2

A calculation was made for every 0.1 mm of beam
length with new moment of inertia values. For every
0.1 mm of beam length, the calculated slope and deflection
results from the previous step were set as a new boundary
condition until the end of the beam was calculated.
Therefore, each equation had different integration
constants C and D, and the boundary conditions for the
beginning of the calculation were defined in a way that in
the clamping point, the deflection and slope are equal to
Zero.

To simplify and automate the analytical solution Excel
MS was used. Eq. (3) to Eq. (10), and initial boundary
conditions for x = 0 mm, w(0) = 0 and dw/dx (0) = 0 were
included in the calculation. It was also necessary to include
the input parameters, the total length of the beam, the
modulus of elasticity, and the force.

The deflection results are shown in Fig. 6. The
maximum deflection value of 2.49 mm is in point C, which
is expected for the cantilever beam. With regard to the
positive direction of the z-axis from Fig. 3, the values of
deflection in the diagram are shown as negative.
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Deflection, -w (mm)

~
wn

Length of the beam, / (mm)
Figure 6 The deflection line of the beam

To calculate the normal strain of the beam, the
following equation was used which represents the
dependence of the deflection of the beam on the normal
strain for a uniaxial stress state.

6-E-1, w—6-C-x—6-D .
g E L (11)
3.2 % 2-E-I,

The calculation of the strain was made for every 0.1
mm of the length of the beam as in the previous calculation
of deflection. The normal strain of the beam in dependence
on its length is shown in Fig. 7.

0.0018
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0.0014
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Length of the beam, [ (mm)
Figure 7 Normal strain of the beam in dependence on its length

The normal stress in this case, since it is a uniaxial state
of stress, was calculated according to the calculated values
of normal strain of the beam using the following
expression:

o=E-¢ (12)

Normal stress in the dependence on the length of a
beam is shown in Fig. 8.

During the analytical calculation of deflection, normal
stress, and strain, the stress concentrations expected at the
edges of the Gyroid cells were not taken into account, and
for this reason, deviation from the results obtained by
numerical calculation is expected. Furthermore, to confirm
the assumption of possible deviation, a numerical
calculation had to be carried out.
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Figure 8 Normal stress in the dependence on the length of a beam

3.2 Numerical Analysis of the Strength of a Beam in
nTopology

In addition to modelling lattice structures, the
nTopology software has the possibility of creating
numerical calculations for given problems. The software
utilizes the finite element method, which is one of the
numerical methods based on the physical discretization of
the continuum by dividing it into a grid of finite elements
[15]. To optimize geometries with complex structures in
traditional CAD software, such as lattice structures, the
computer must have a lot of processing power to do so in
some reasonable time. nTopology works with a different
logic, and transforms the model into the implicit model,
and makes it much easier for the computer to calculate.

For solving a problem, a mesh of tetrahedral elements
with quadratic geometric order was used. The mesh
consists of 1731750 elements and 2638355 nodes. The
meshed model is shown in Fig. 9.

Figure 9 Meshed model

The material was defined with the same Young's
modulus of elasticity as in analytical calculation, except it
was needed to include Poisson's ratio with the value of 0.42

and density of the material of 0.00124 g-mm3 [16].

The force that loads the beam acts downwards (—Y
vertical axis direction) and amounts to 0.98 N. Considering
the dimensions and material of the beam, the selected
amount of force ensures that it remains in the elastic area
of the sigma-epsilon diagram, and it is the same value as in
the analytical calculation. Due to the clamping of the beam,
on the surfaces inside the bore and on the surface that
touches the rigid base for experimental measurement,
immovable supports are placed, which, in addition to
preventing movements in the direction of all three axes,
also prevent rotations around them. Defined boundary
conditions and loads are shown in Fig. 10.

Figure 10 Boundary conditions and loading

Processor Intel Core i9-13900K was used for the
simulation and roughly the computing time of the
simulation was 3 minutes. The results of normal stress are
shown in Fig. 11 and Fig. 12 and the results of total
deformation of the modeled beam are shown in Fig. 13.

Figure 11 Normal stress results

Figure 12 Detailed view of normal stress results

mFig.lJreh13 '.I'otgl. defdr;ﬁation ngﬁlts -

The differences between the results in analytical and
numerical calculation for the force of 0.98 N and
immovable support placed on the end of the beam are
shown in Tab. 3.

Table 3 Analytical and numerical calculation results

Analytical calculation Numerical calculation

Maximum deflection, w / mm

2.49 \ 4.65

Maximum normal stress, 0 /MPa

2.97 [ 18.08

Maximum normal strain, €/ -

0.0017 \ 0.0084
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Comparing the obtained numerical and analytical
results, there are substantial differences in the values of
maximum deflection, maximum normal stress, and
maximum normal strain. Therefore, the analytical
calculation that was made is declared unsuitable for
modeling such a complex structure. It is possible that the
differences occurred because a stress concentration was not
used in consideration within an analytical calculation since
there is no viable method for such a complex structure.

3.3 Experimental Analysis of 3D Printed Lattice Cantilever
Beam

Experimental analysis was needed to confirm the
numerical results and it was carried out by measuring the
strain using a strain gauge. To measure the strain, a device
with a strain gauge, Arduino microcontroller, and AD
converter were used [17, 18]. A strain gauge was glued to
measure the strain on the length of 7 mm from the fixed
support. Deforming a specimen results in a change of the
gauge resistance and, therefore, the read voltage on the AD
converter. AD converter converts the read change values
into digital form. Obtained digital data by the AD converter
is processed by the microcontroller and sent to the
computer. The computer processes the data according to
the written code and displays the measurement results. The
measuring device is shown in Fig. 14.

Figure 14 Measuring device

For calibration, it was necessary to make an analytical
calculation of the strain on the point where the strain gauge
is glued (L, = 7 mm). Calibration of the device was carried
out on the 3D-printed cantilever beam with a full solid
rectangular cross-section because it is possible to obtain an
accurate analytical calculation as a calibration reference.
The dependence of suspended weight on the beam and
strain is shown in the following expression.

&p =6L122~m (13)
E-a-b

The values a and b are the width and height of the full

cross-section of the beam. The results of analytical

calculation for different suspended weights on the beam are

shown in Tab. 4.

Once the strain values were known for different
suspended weights, values of each load were read and
recorded, respectively. The average of the read values by
the program for each load case was equated with the
analytically calculated strain value. For the six load cases
listed in Tab. 4, and for the case when the sample is

unloaded, the measurement results are shown
diagrammatically in Fig. 15.

Table 4 Analytical calculation for different suspended weights on the full solid
rectangular cross-section beam

Strain, €/ - Mass, m/ g
0.0005164 82.3
0.0006714 107
0.001188 189.3
0.001380 220
0.002052 327
0.002568 409.3
w
E~ 0.003
g
ig y = 2E-09 + 0.0037 ; o025
m 0.002
E
S
E 3 0.0015
:5 0.001
8
> 0.0005
3
% 2000000 —ISOUC:OO -1600000 -1400000 -1200000 -1000000 -800000 -600000 -400000 -200000 ’ 0
2 -0.0005

Values read by the program
Figure 15 Values read by the program and analytically calculated values of
strains

A linear function of the strain in relation to the given
loads was obtained, which confirms that the beam is in the
elastic region. The determined function was written in the
program code. The measurement of strain of a porous beam
is shown in Fig. 16.

Figure 16 The measurement of strain of a porous beam
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Figure 17 Measured strain, ¢
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In order to ensure valid results, a measurement
procedure was carried out twice with a mass of 100 g. The
obtained results are shown in Fig. 17.

Since strain is entirely within the elastic region
because of the magnitude of the applied load, the stress
curve was obtained with Eq. (12). The -calculated
equivalent stress curve based on the strain results is shown
in Fig. 18.

ot
i

—_
a 2
e b
o]
w 1
w
g
a 0.5
0 b ;
0 50 100 150 200 250

Number of reads
Figure 18 Equivalent stress, o

The measured strain average is ¢ = 0.0013 and the
average equivalent stress is ¢ = 2.27 MPa. The value of
maximum deflection was obtained by a vernier caliper. The
measured maximum deflection is 4.4 mm. The difference
between results from the numerical calculation and
experimental analysis is shown in Tab. 4.

Table 4 Numerical and experimental results
Experimental analysis Numerical calculation
Maximum deflection, w / mm
4.4 | 4.65
Calculated equivalent stress based on measured strain and numerical
result at the same point of the beam, g / MPa
227 | 2.00
Measured strain and numerical result at the same point of the beam, € /

0.0013 | 0.0012

The obtained numerical results appear to be correct
because experimental results are nearly identical.
Insignificant deviations in obtained results are possibly due
to imprecise positioning of the strain gauge and deviations
in the mass of the weight. Also, there can be minor
differences in the resistance of the Wheatstone bridge built
in the device, but for this purpose, it is enough close to
confirm numerical results. Stress concentrations on a
lattice structure significantly affect the error of the
analytical method, therefore further research is required to
propose a modified method that would include correction
factors to be considered for each type of the lattice structure
or stress concentration calculation procedure.

4 OPTIMIZATION OF THE CANTILEVER BEAM WITH
nTOPOLOGY SOFTWARE
4.1 Lattice Type of Cell as a Parameter for Optimization

Since the Gyroid belongs to the TPMS (Triply Periodic
Minimal Surfaces) lattice structure type, for a better
comparison of the results, Schwarz and Diamond types
were selected for optimization since they also fall into that
category. Hence, those three types were taken as a
parameter in the calculation.

To make all the calculations for different structures of
the beam, nTopology offers the possibility to make custom

blocks in another file which are imported to the main
working file. Later, in imported custom blocks it is possible
to place the scalar list of values for the chosen variable and
make the automated calculation for all of them at once.

It was required to create more geometries with diverse
types of cells. The optimization parameter that enables to
change in the porosity of the defined geometries was the
wall thickness. The custom block was made which can
generate automatically as many structures as needed by
defining the inputs and outputs of the function. The scalar
list with the values of the approximate thickness of the wall
is imported and the geometries are automatically
generated. The geometries with the Gyroid, Diamond, and
Schwarz type of lattice are shown in Fig. 19, Fig. 20, and
Fig. 21.

Figure 21 Geometries with Schwarz type of lattice

After generating all the geometries, FEM analysis was
used for each generated geometry, respectively. The
custom block was made as a tool to calculate all geometries
at once. Boundary conditions, mesh configurations, and the
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material were the same as previously described in
numerical calculation.

As a result of the made custom block, for each
previously shown structure of every type of the cell, the
results of equivalent stress and deflection of the beam were
calculated. Each result can be found, singled out, and
analyzed in the properties section in the list element
function. To keep the calculation automated, the custom
blocks for the stress probe and deflection probe were
created to obtain results comparison for each type of the
cell graphically and numerically, respectively. The probe
point for equivalent stress for each structure is defined on
the place where the strain gauge is glued. The probe point
for maximum deflection is defined as the scalar value of
the vector on the y-axis at the end of the beam.

To define the porosity of each beam, nTopology has
the Preprogrammed block "Weight savings" which
calculates how much weight compared to the full body of
the beam is reduced (shown in percentage). The volume
ratio Vr is opposite to weight savings, so it is described as
100% minus weight savings. The comparison of
lattice-type structures based on the calculated equivalent
stress is shown in Fig. 22.

8
8

D1
20.00

15.00

10.00

3.00

0.00 .2
5% 35% 45%  55%
Optimum Optimum

Diamond Gyroid

Maximum displacement of the beam, w (mm)

Diamond Gyroid
point=w. thickness of generated structure
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The Diamond structure has the optimal value with
lower values of Vr than Gyroid and Schwarz and later
lower values of maximum deflection with higher V7. This
is why Diamond would be the best choice to choose for the
lattice type in this case.

4.2 Functional Graded Topology Optimization

The cantilever beam created with a Diamond structure
with constant cell thickness between 0.5 mm and 1 mm
gives the best results for deflection, but this solution makes
sense for the structures where the uniform unit cell order is
needed. However, in some cases, like for implants
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Figure 23 The comparison of lattice-type structures based on the calculated maximum deflection
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Figure 22 The comparison of lattice-type structures based on the calculated

equivalent stress

Since the values of the equivalent stress (Von Mises)
are low, there is not a noticeable difference between each
type of used cell. For lower Vr, Diamond, and Schwarz
have also slightly lower equivalent stress, which means
that they are a better choice in the view of equivalent stress
than Gyroid. The comparison of lattice-type structures
based on the calculated maximum deflection is shown in
Fig. 23.

10.000
5.000
2.000 —e— Gyroid_Displacement
7.000 —a— Dizamond_Displacement
6.000 —
‘E'E —a— Schwarz_Displacement
5000 &
o
4.000 Gyro_mass
3.000
Diamond_mass
2.000
Schwarz_mass
1.000
0.000

95% Full model

produced from biocompatible materials the mass could be
even more reduced with better stress distribution along the
length of the beam by changing the thickness of the cells in
some range according to the stress field distribution.

For this example, to analyse how changing the wall
thickness of the cells along the length of the beam can
affect the results, the same frame for lattice cells and the
same size of the unit cell were kept. Therefore, the
parameter of optimization was the changeable thickness of
Diamond cells along the length of the beam depending on
the equivalent stress distribution results for a full cross-
section of the beam.
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To determine the scalar field with values of equivalent
stress for the cantilever beam with a full rectangle cross-
section as the input for optimization, the static analysis was
made with the same boundaries as previously determined
for the calculated gyroid lattice beam.

Figure 24 Distribution of equivalent stress as input for optimization

According to the distribution of equivalent stress along
the beam shown in Fig. 24, a structure was strengthened
with the higher values of thickness of cells in the places
where the beam has higher values of equivalent stress.
With regard to the literature [12], the maximum tensile
strength of the 3D printed PLA for this case is 62.4 MPa.
For the optimization boundaries of the equivalent stress,
the value around 5% of the maximum value of tensile stress
was taken to keep the similar maximum deflection of the
beam from previous calculations, and the equivalent stress
is kept in the elastic field. The determined values of the
thickness of diamond cells for the optimization boundaries
were a minimum value of 1 mm and a maximum value of
4 mm. The optimized geometry of the beam is shown in
Fig. 25.

Figure 25 The optimized geometry of the beam

As a result of functionally graded topology
optimization, the geometry has changeable values of
thickness of the cells along the beam from the values of 1
mm to 4 mm according to the distribution of equivalent
stress for full body beam. The results of equivalent stress
according to the Von Mises criterion are shown in Fig. 26
and Fig. 27.

Figure 26 Equivalent stress for the optimized geometry

Figure 27 Cross-section of the beam with equivalent stress results

According to the results of equivalent stress, it was
concluded that it was within the defined boundaries and
that it was optimized evenly along the length of the beam.

By comparing the values of the maximum deflection
of the beam for the case before optimization (2.12 mm) and
after (2.19 mm), it was concluded that the deflection results
are nearly identical. Since the mass was reduced by an
additional 16.35% and equivalent stress is within defined
boundaries, the optimization was considered successful.

5 CONCLUSION

Comparing the obtained results, it can be concluded
that the numerical and experimental results are nearly
identical with insignificant deviation and analytical results
are significantly different. Therefore, the analytical
calculation that was made is declared unsuitable for
modeling such a complex structure. In analytical
calculation, a stress concentration was not used in
consideration since there is no viable method to include it
for such a complex structure. A possible solution to include
stress concentrations in the analytical calculation would be
to approximate the geometry with a value of the moment
of inertia to a full body beam with a circular cross-section
where the diameter is taken as a parameter. Then, it is
possible to define the concentration factor from the
literature for the transition of the diameter value.

If just one parameter is taken for optimization of lattice
structures, it could make noticeable savings in the mass and
much better stress distribution in the part. To generate and
produce the lattice structure, it is particularly important to
perform the optimization. The type of lattice cells should
not be chosen solely by its appearance. Each type of lattice
cell offers diverse kinds of mechanical properties that
could be utilized depending on chosen boundary conditions
and loading. To determine the type of cell that is the best
for the application, it is necessary to conduct the
optimization, as previously shown in this article, since it
was concluded that the results can greatly vary.

As a result of functionally graded topology
optimization, the optimized geometry has a 28.32% lighter
mass in comparison to the initial model. Moreover, the
mass was reduced by an additional 16.35% compared to
the model with the constant wall thickness of 1.8 mm.
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