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Abstract

In many applications, itis crucial to design load-bearing elements that meet strength and stiffness requirements while minimizing material
usage. Using additive manufacturing (AM), these goals can be achieved. With 3D printing technology is possible to create an internal
structure — referred to as infill or lattice structure — generated by a dedicated algorithm. A special place is occupied by functionally
graded lattice structures (FGLS), which are generated with tunable properties. which is the focus of this article. The primary objective of
this algorithm is to create an internal parametric structure with variable thickness for any given cross-sectional shape. Secondary, the

algorithm can calculate its cross-sectional characteristics. To evaluate its functionality and effectives, a series of 9 virtual models of cross-

sections with 2 varying parameters were generated and subsequently compared with numerical models.
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1 Introduction

Nowadays, science is rapidly pushing the boundaries of pos-
sibilities thanks to the development of robotics and machine
learning. This area also includes additive manufacturing,
which also includes 3D printing.

3D printing capabilities have grown tremendously in the
last decade, and its influence can be found in almost every
industry. The ability to produce an object based on a created
or generated model has found practical application in every
industry [1], e.g. design [2], construction [3], engineering,
space [4], medicine [5, 6], and fashion [7]. At the same
time, it is possible to work with different types of materials
(plastic, metal, ceramics, tissue). There are many types of
printers, but most of them are trying to achieve the highest
efficient printing with different emphasis either on speed,
strength, price, and weight.

A possible application in civil engineering is, for exam-
ple, the creation of formwork for concrete structures that
would otherwise be extremely difficult to manufacture [8].
A steel footbridge in Amsterdam was even built using a
similar principle of technology [9], which works with shape
optimization and organic design. Another use and potential
benefit of 3D printing plastics is as reinforcement for con-
crete elements [10].

A separate and relatively widespread industry is 3D con-
crete printing (3DCP), which uses a similar principle to FFF/
FDM technology (filament deposition modeling), but carries
with it different challenges and tasks [11]. This area is not
covered in the present article.

Every 3D-printed object consists of two parts, namely the
outer cover (perimeter) and the infill. This inner structure is
represented by a geometric pattern with open spaces. Thus,
creates strong and lightweight support structure for a printed
object. Currently, there are many geometric patterns (Fig. 1),
which excel either in good-looking design, strength, or speed
of 3D printing. Various articles were dedicated to investigate
their effect on the resulting strength characteristics [12—17].

To optimize 3D printed elements with the aim of having
a stronger and lighter element, two approaches can be used.

One works with the object's infill itself by changing its
density. It is rather an intuitive procedure. For example, it
is possible to increase the density only in some parts of
the object or make it gradually towards the most stressed
areas. This method is called gradient infill (see Fig. 2) [18],
although it is not a smooth change of the infill density,
which is created in individual sections, and it is a relatively
lengthy manual process.
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Fig. 1 Several examples of infill patterns in cross-section of
3D printed object
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Fig. 2 Illustration of a cross-section with various density of infill

Another approach is to influence the extrusion of the
material during printing. On the standard infill, the informa-
tion about the material flow rate is changed in the generated
gecode file containing instructions for the 3D printer. This is
done using an algorithm [19, 20]. The result is a local rein-
forcement of the infill, which is created gradually, i.e. in a
gradient infill (see Fig. 3). It is limited by the capabilities of
the printing machine and the nozzle used. In this case, how-
ever, it is impossible to have a 3D object generated for eval-
uation by a numerical model.

The second approach uses computational software work-
ing with a numerical model, where supports and loads (its
direction, type and magnitude) are defined. The result of such
amodel is a simulation with the plotting of areas of maximum
stress curves. These areas are separated and a spatial model
is subsequently created from them. This creates an optimized
shape that can be produced using 3D printing [21, 22].

Perimeter

Gradient infill

Original infill

Fig. 3 Schematic representation of a cross-section with applied

extrusion modification of infill

A special place is occupied by functionally graded lattice
structures (FGLS), which work with the filling as an internal
structure that can change its parameters such as size, pat-
tern, thickness and many other parameters that can change
smoothly from one area of the defined domain of the object
to another. In simple terms, their basic principle is to gen-
erate a structure in a given domain (the overall shape of the
object) based on a repeating part of the pattern, whether in
3D space or in a plane. Many software tools and procedures
are available today to create FGLS, as well as a list of possi-
ble approaches to generating the resulting structure with the
possibility of parameterization [23,24].

The internal structures created in this way gain addi-
tional variable properties in 3D printing. Because they form
a separate 3D object, albeit inside the main 3D object, they
again create the standard composition of perimeter and
infill (see Fig. 4).

This article describes a custom designed algorithm that
generates a planar cross-section with an internal gradient
structure in any given shape. Subsequently, the algorithm
calculates its cross-sectional characteristics.

This is a case study of working with the algorithm, a
description of its creation, and a demonstration of a series of
generated samples compared with a numerical model.

Perimeter

———Inner Structure
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Fig. 4 Schematic representation of the gradient structure as an object
with its infill



2 Methodology
The specific steps for creating the algorithm and its assess-

ment were as follows:

Create a parametric algorithm for generating a 2D
internal structure;

Create an algorithm for calculating the cross-sec-
tional characteristics of the generated model;
Generate a set of 9 cross-sections with two variable
parameters for which the ratio between the area (i.e.
the amount of material) and the elastic modulus will
be calculated;

Generate numerical models subjected to bending
stress with a plot of von Mises stress;

Overall evaluation of the effectiveness of the algorithm.

The parametric Rhino software [25] with the Grasshopper

add-on was used to create the algorithm and a virtual model

for further use in structural analysis software ANSY'S [26].

The main principles of the procedure for creating a gra-

dient structure in the final 2D cross-section are described in

the following diagram (Fig. 5). The procedure can be sum-

marized as follows:

’I Any cross-sectional shape 2 Add its thickness and determine

4

* Minimum and percentage

-

the size and rotation of the mesh
for the future gradient structure

Round its corners

Set the parameters

maximum width of the
structure

percentage)

Create a gradient structure
* (here with different max
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. Shape definition or import;
. Definition of border thicknesses (including the radius

of curvature around possible corners) and creation
of rectangular grid of axes. The grid dimensions and
rotation angle must be set;

. The setting of distance gradient parameters is defined

as a distance from the border to the point where the
constant (minimal) starts. That is, the gradient is
defined as a linear function. These parameters are set
independently for both directions of the grid;

. The setting of minimum thickness Then the basic

(minimal) thickness of the internal structure and the
maximum thickness are determined. The maximum
thickness is set as a percentage of volume density,
which depends on the distance between the axes;

. The actual computation to create the gradient struc-

ture is created along the axes with the use of the
abovementioned parameters;

. A merge of all surfaces to create a single cross-sec-

tional surface is created. It is also possible to round
sharp corners in the internal structure.

Determine the distance
* to which the gradient will occur
Applies to each axis separately

6 Merging all surfaces
* the possibility of
sharp edges

Fig. 5 Schematic representation of the basic principle of creating gradient structures
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The implementation of the algorithm uses CAD functions
of the Rhino software which are controlled by the user-de-
fined program in Grasshopper (Fig. 6).

One of the advantages of the algorithm is that it can work
with any cross-sectional shape, even imported from another
program. Added functions allow for further modifications
(see Fig. 6):

 Ifan axis of the grid enters the gradient formation zone,
the thickness of the resulting structure changes depend-
ing on the distance from the boundary of this zone;

e It is possible to add a point or curve modifier to
locally increase the thickness of the structure.
It works on the same principle as the already
described function (with its setting of the domain of
influence and target thickness).

» Itisalso possible to deal with pre-defined (imported)
openings or holes. Around these openings, it is possi-
ble to define the change in thickness of the structure
and the thickness of the wall around the opening.

* The last feature is the ability to change the linear
function depending on the distance from the edge of
the inner wall for creating gradient thickness of the
structure. This is achieved by adding curve direc-
tions at regional points. This softens the sharp tran-
sitions in the shapes.

Works with any cross-sectional shape
* The thickness of the structure adapts
along the entire length

Add holes of any shape
* * * With separate settings
of structure thickness

These are all functions of the algorithm that can be com-
bined in such a way that their influence adds up but does
not exceed a maximum limit, for example, exceeding the
maximum possible thickness.

A second part of the algorithm can be used to calculate
cross-sectional characteristics, which works independently
and can also be used for separately imported cross-sec-
tions. It works with any shape and added holes. It calculates
area and determine the center of gravity, moment of iner-
tia, deviating moment, section modulus, a radius of inertia,
and polar moment. These results are automatically saved
to a .txt file on your desktop. It is also possible to gener-
ate a beam by pulling out the cross-section, which can be
exported as a 3D object in various formats (see Fig. 7).

The principle of calculating the characteristics lies in
the fitting of more easily definable squares (with a clear
area and center of gravity). However, a problem arises
when the edges of these squares do not completely merge
with the shape of the cross-section, resulting in calcula-
tion inaccuracy. This accuracy can be greatly approved by
reducing the dimension of these squares, although at the
expense of computing power.

The overall program diagram of both algorithms is
shown in Scheme 1.

liﬁ'&l

Local thickening of the structure
* * Around a point or along a curve

linear increase

= iy =
gradual increase

Modifying the linear dependence of thickness
* on the distance by adding curve directions
With full control at each end

Fig. 6 Schematic representation of additional functions of the gradient structure algorithm
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Any cross-sectional shape Influence of arbitrary Optional calculation accuracy
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CROSS-SECTIONAL MODULUS
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POLAR MOMENT

Cross-section bar Export results

Fig. 7 The main features of the algorithm for calculating cross-section characteristics

Algorithm for generating parametric internal structure

Generating curved
lines defining the
shape of a future

structure according to
the cross section and
input data

Input data:
defining cross-section
and internal structure

properties

Cross-section
parameterization
and grid creation

Modifiers

Import holes Generating data for the
+ input parameters curvature of specific
parts of individual axes

Input data Generating data for the
curvature of specific
parts of individual axes

Finding edge points
+ creating a square
grid

Input data: Calculation of area and
defining cross-section center of gravity

Algorithm for calculating cross-sectional characteristics

Combining data and
reshaping according
to modifiers

Central moment of
inertia from partial
moments of inertia

Rendering of surfaces

and their unification S
Summary
Evaluation + calculation of results

of related characteristics

Scheme 1 The overall program diagram of both algorithms

3 Generating a series of cross-sections and their
numerical analysis

With the algorithm a series of 9 cross-sections were gener-
ated for numerical analysis. To make it simple, a rectangular
shape was chosen with dimensions 20 x 40 mm. There are
many combinations of possible factors to choose from, there-
fore, the 2 most affecting ones were selected (see Fig. 8):

* The extension factor of domain for change of

structure thickness given by the ratio of dis-
tances between the direction of the y-axis
(which does not change further) to the z-axis.
In three values: 1.0%, 1.5x%, 2.0x
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The extension factor of the ratio in the
direction of the y-axis to the

The percentage of the
maximum density (possible 1,‘:

maximum thickness) of the ©
structure on the edge

50
I

Fig. 8 The scheme of changing factors for generating the resulting
internal structure

» The percentage of the maximum density (possible
maximum thickness) of the structure on the edge of
the cross-section wall, which is the same for both axes.
In three values: 50%, 75%, 100%.

Resulting series of generated cross-sections with inter-
nal structure is depicted in Fig. 9 including values of area
size and cross-sectional modulus relative to the y-axis.
These generated cross-sections form a beam with a length of
220 mm, which was loaded according to Scheme 2 for four-
point bending. The loading was carried out within the frame-
work of the simulation of the numerical model in the ANSY'S
software [26]. This beam was loaded so that the upper sup-
ports were shifted 1 mm down, thus introducing stress into
the beam. The material properties were selected according to
the PC Blend filament used for 3D printing with FFF/FDM
technology, while for the purposes of the article, the mechan-
ical properties of the material such as the direction of the
printed fibers were not included. The material is homoge-
neous and isotropic with the following selected properties:
Young's modulus 1 900 MPa; tensile yield strength 63 MPa;
density 1.22e-09 t/mm?. A total of nine numerical models are
created, in which the resulting stress is evaluated after load-
ing and compared with the cross-sectional characteristics.

4 Evaluation of numerical models

All models were evaluated for equivalent stress according to
von Mises (see Fig. 10). The figure shows a cross-section
of each model at the location of the internal support, which
generates local stresses in the cross-section that propagate
further along the internal structure. Therefore, these stresses
are greater in the upper part of the cross-section. This loca-
tion was deliberately chosen because of the more pronounced
influence of the stress profile around the internal holes.
For comparison, the stress values were given at several places
along the height of the cross-section, where the transverse
structures generated by the algorithm also intersect.

The gradient extension factor in the z-axis to the y-axis

1.0x 1.5x 2.0x

50%

A =476.40 mm?
W =3726.90 mm’

A=1502.71 mm? A=516.79 mm?
W =3870.13 mm* W =3935.52 mm?

¥ y

A =557.24 mm?
W, =4229.00 mm’

A=511.54 mm? A=581.13 mm?

W =4343.98 mm’

W =3994.01 mm?

y

100%

Fill density percentage on the edge of the inner thickness edges
75%

A=606.72 mm?
W =4530.92 mm’

A = 544.66 mm?
y W =422552 mm’

A =637.90 mm?
W =4689.71 mm?

Fig. 9 The scheme of generated cross-sections with internal structure
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Scheme 2 Side view of a beam loaded with four-point bending

When comparing individual cross-sections, the influence
of density (50%, 75%, and 100%) on the resulting stress
values can be evaluated first. For the uppermost evaluated
point, an inverse relationship between pattern density and
stress is observed: increasing density leads to lower stress
values. This effect becomes even more pronounced when
combined with a higher gradient elongation factor. Based on
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Fig. 10 Results in the representation of the von Mises equivalent stress
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these results, it can be clearly stated that the cross-section
with 50% density and a gradient elongation factor of 1.0
exhibited the highest stress value (8.1 MPa), whereas the
cross-section with 100% density and a factor of 2.0 showed
the lowest stress value (6.2 MPa).

All stress values measured at the top side of the cross-sec-
tions are summarized in Table 1, together with the corre-
sponding cross-sectional area (4) and section modulus (Wy).
It follows that the first sample, despite exhibiting the highest
stress, has the smallest area and therefore the lowest material
consumption, but also the smallest section modulus. In con-
trast, the second sample shows the opposite trend, combining
a larger area and section modulus with reduced stress levels.

A similar trend can also be observed for the remain-
ing stress values along the height of the cross-section, with
slightly higher stresses consistently occurring at the narrow-
est part of the gradient transition. However, the magnitude
of this stress decreased with increasing gradient elongation
factor. This behavior can be explained by the greater dis-
tance from the upper edge of the entire cross-section, where
the stress values reach their maximum.

In summary, the gradient change in thickness primarily
influenced the stress distribution through the size of the
area over which the stress was dispersed—especially in the
widest part of the cross-section—and the extent of this dis-
tribution along the height.

The stress results in the lower part of the cross-section
exhibit a different trend, which can largely be attributed
to the fact that the section was evaluated beneath the load-
ing support.

At this stage, the generated cross-sections are not opti-
mized and should be understood as a demonstration of

Table 1 Comparison of the resulting numerical values of samples with a
gradient structure.

The best (green) and worst (orange) result in each section is always

highlighted.
Density (%) Exftae;zir‘)" A(mmd) W (mm)  o(MPa)
1.0x 476.40 3726.90 8.1
50 1.5 x 502.71 3870.71 8.0
2.0x 516.79 3935.52 7.7
1.0x 511.54 3994.01 7.9
75 1.5x 557.24 4229.00 7.5
2.0x 581.13 4343.98 74
1.0 x 544.66 4225.52 7.5
100 15x 606.72 4530.92 7.0
2.0x 637.90 4689.71 6.2

the application of the developed algorithm. The reported
stress values and the efficiency in terms of material sav-
ings (i.e., achieving a smaller cross-sectional area) were
strongly influenced by the increase in thickness of the
internal structure along the height of the cross-section,
particularly in regions closer to the edges. As a result,
these regions entered the domain of the gradient thickness
variation and, due to their parallel orientation to the side
walls, retained a constant thickness. Nevertheless, these
effects can be adjusted as needed depending on the loading
conditions and design requirements.

5 Conclusions
An algorithm was created to construct a gradient structure
within a defined external cross-sectional shape.

With the structure created in this way, it was then pos-
sible to calculate the cross-sectional characteristics via the
second algorithm created.

To assess the effectiveness of work with the cross-sec-
tion, a series of 9 samples was created focusing on 2 fac-
tors - the percentage density (from the possible thickness)
of the material at the inner edge of the cross-section and
the coefficient of the factor of the extension of the domain
for formation of linear thickening structure in the z-axis
compared to the y-axis.

The aim of the article and the algorithm created was
to explore another way of creating an internal paramet-
ric structure with variable thickness - its functionality and
impact on the effective distribution of mass in the cross-sec-
tion with an impact on the cross-sectional modulus and the
occurrence of stress concentration sites. Although this is
certainly not a clear shift in science, it is another way of
working with topological optimization. The use of topol-
ogy has applications, for example, in 3D printing in various
fields, including construction.

In the production of such samples, the possibilities of
additive manufacturing, namely 3D printing, would be
used. For example, it would be possible to use the most
common FFF/FDM technology in combination with a
stronger material such as PC (polycarbonate). This technol-
ogy is characterized by printing fibers in layers, where the
overall strength of the sample depends on the direction of
these fibers, which can be influenced.
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