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Abstract. The paper aims to present the possibility of performing engineering
calculations in domains of complex shapes expressed by mathematical descriptions.
We focus on calculations done with the use of the Finite Element Method. An
example of the compound structure is gyroid, which is a periodic structure
representing an area close to the porous structure. The presented gyroid structure
exhibits circular struts and a spherical core and spatially occupies a cube. The side
length of the cube is defined as unit cell size, and the volume percentage of the struts
inside the cube is referred to as volume fraction. The periodic cellular lattice
structures are generated by our own software module. One of the uses of such
structures is their employment in additive manufacturing (AM) of the so-called 3D
printing (layer-by-layer AM technique), where they can contribute reducing the
weight of an item and limiting the material consumption. It is important to answer the
question of what effect does an element with a gyroid structure have on the thermal
properties (e.g. the heat flow versus the volume fraction) compared to an element with
full structure. The paper will show the results of such a comparison.

Keywords: gyroid, volume fraction, complex shapes, heat flow, numerical modeling

1 Introduction

3D printing was invented in 20th century, but its industrial use was quite limited. It has
changed over the last years. Additive Manufacturing (AM) processes take information from
a computer-aided design (CAD) file that is later converted to a stereolithography (STL) file.
CAD systems are dedicated to the design of parts manufactured by traditional methods and
are not helpful to designers who want to exploit the extensive opportunities offered by AM
technology. For this process, the drawing made in CAD software is approximated by
discrete elements and sliced to contain the information of each layer that is going to be
printed. AM technologies build near-net shape components layer by layer using 3D model
data and so they are the direct descendants of the work in 3D printing are revolutionary to
many sectors of manufacturing insofar as they reduce part lead time, cost, material waste,
and energy usage [1]. Furthermore, AM has the potential to enable modern designing that
could not be manufactured using conventional methods and to extend the life of in-service
parts through innovative repair methodologies. Applications, where legacy components are
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still necessary for operation and fabricators, no longer manufactured, for instance aging
aircraft systems or older power stations, could use AM to create parts directly from a CAD
file. For industrial sectors, one of the most crucial values of additive manufacturing is the
ability to reduce weight while maintaining mechanical performance. The advantages are
conclusive since AM can result in lower material costs, significant reductions in production
time and increasing design flexibility [2]. AM is transforming approaches in medicine and
making work easier for architects. For consumer products, artistic and aesthetic designs can
be directly manufactured from a CAD file without concern for standard manufacturing
practice. Many of the traditional designs for traditional production principles can no longer
be applicable if parts with complex internal features have to be produced. AM technology is
used to create elements previously difficult or impossible to be manufactured with
traditional techniques [3].

One of the main advantages of AM methods is the ability to produce parts which have
very complex geometry and which are made by prevailing methods in a very complicated
way. For AM technology to be included in the industrial production of the real components,
that high mechanical properties of produced parts are achieve. Moreover, a geometrically
defined structure with complex shapes which allows weight reduction must have sufficient
toughness. The final properties of manufactured parts are strongly dependent on each laser
produced track and layer [4].

Gyroid structure is a complex structure which allows weight reduction and has circular
and smooth struts with a spherical core. The circular and smooth struts of the unit cell
continuously varying along the spherical core are presented in Fig. 1.
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Fig. 1. View through gyroid structures with a) one b) two c) four unit cells per one dimension

Additionally, the design of gyroid structures allows easy removal of the loose metal
powder trapped inside of these structures after the building process of a particular part is
completed. This inter-connected network of an open structure is well suited for unnecessary
material removal [5]. The concept of designed cellular lattice materials is motivated by the
desire to put material only where it is needed for a particular application. From a
mechanical engineering viewpoint, a key advantage offered by cellular materials is high
strength accompanied by a relatively low mass. These materials can provide excellent
energy absorption characteristics as well good thermal and acoustic insulation properties.
Designed cellular structures typically exhibit stronger structure strength per unit weight
than typical foam structures [6].

In the paper, we use gyroid structure which is a homogeneous, isotropic structure,
preserving the same mechanical properties in each direction. A team of researchers at MIT
has designed one of the strongest lightweight materials known and has made the
simulations with 3-D gyroid forms created from this matter. The results of tensile and
compression tests showed that the construction could be ten times as strong as steel but



much lighter. Their findings proved that the crucial aspect of performed tests has more to
do with the unusual geometrical configuration than with the material itself. The researchers
suggest that similar durable, lightweight materials could be made from a variety of matter
by creating similar geometric features [7]. Isotropy of that structures is very useful because
of there is no difference in the physical properties such as thermal expansion, heat
conduction, electrical conductivity, refractive index, etc. regardless of the direction in
which they are measured. In the paper, we consider heat flow. Results revealed that the type
of structure and volume fraction are the main factors influencing the heat flow pace.

2 Methods

When dealing with solid 3D objects, it is often convenient to only model the object's
boundaries using a mathematical representation of the surfaces. The choice of surface
representation is particularly important for the computational modeling of 3D objects as
each depiction has its advantages and disadvantages. These include the availability and
complexity of operations that can be used to manipulate the surface (e.g. smoothing,
Boolean operations) as well as the efficiency of the representation. Each formula also has
an impact on how models are visualized and ultimately realized (e.g. via AM). The most
common surface’s depiction can be classified as one of the following forms: explicit,
parametric or implicit.

The most common type of explicit surface representation is a mesh of polygons.
Typically, these are triangles or quadrilaterals although others can be used. These polygons
are often stored as an order list of vertex indices - the order being used to define the
direction the polygon is facing (i.e., the surface normal) [8].

Unlike explicit surfaces, parametric surfaces do not store points on a surface. Instead,
points on a parametric surface are expressed as a function of the parametric variables (u, v),
which can be generalized to lie on the unit square [0,1]%x[0,1]. Non-Uniform Rational B-
Spline (NURBS) surfaces are a form of parametric surface commonly used due to their
compact representation, smooth surfaces and easy of manipulation [9, 10].

Implicit surfaces are defined as an iso-surface of some function f. In 3D the surface is
defined by a set of points p€ER3 satisfying the equality:

fx.y,z) = 0. (1)

As with parametric forms, implicit surfaces provide a compact representation for
potentially complex surfaces. They also offer some advantages, notably their flexibility and
well-defined Boolean operations. However, unlike parametric forms they provide little
local shape control and manipulating them can be unintuitive. The implicit function
approach for the structure design being used has been proved to be very versatile, as it
allows geometries to be conceived just by pure mathematical expressions. This way,
different cellular structures can be easily defined and optimized [11]. In the paper, gyroid
lattice structures are mathematically defined, allowing precise control of volume fraction
(depends on 6 thickness) and unit cell size in the creation of an interconnected network:

cosxsiny + cosysinz + coszsinx = &, 2)

thickness is normalized and takes values from 0 to 1. In the paper, it takes value
6=0.8.

The design of gyroid structures is based on efficiently generated and implicitly defined
periodic structure and rapidly constructed finite element meshes. Finite element mesh for
the full cube was generated with Gmsh software. The used version of Gmsh did not have
the option of design NURBS surface, mesh for gyroid structure was generated with our own



software using CGAL library (it contains procedures for describing the division of an area
into finite elements). CGAL is a software project that provides easy access to efficient and
reliable geometric algorithms in the form of a C++ library. CGAL is used in various areas
which need geometric computation, such as geographic information systems, computer
aided design, molecular biology, medical imaging, computer graphics, and robotics [12].

Gyroid lattice structures are mathematically defined, allowing precise control of volume
fraction and unit cell size in the creation of an interconnected network. The volume fraction
is defined as the volume percentage of the solid material in the cellular lattice structure. The
gyroid surface was used to generate periodic lattice structures with the same unit cell sizes
u = 0.4 [m] and average volume fraction of y = 0.52. The designed models of the gyroid
with the finite element meshes (built in the cube presented in Fig. 2) generated for every
considered lattice structure are shown in Fig. 3, Fig. 4 and Fig. 5.

Fig. 2. Cube mesh Fig. 4. Gyroid mesh (two unit cells per one
dimension)

Fig. 3. Gyroid mesh (one unit cell per one Fig. 5. Gyroid mesh (four unit cells per one
dimension) dimension)



3 Numerical simulations

The article presents the results of the heat conduction simulations for a cube whose face has
0.04 [m] edge length and for the gyroid lattice structures inserted in the cube. The following
physical properties were used in simulations: A - heat transfer coefficient 260 [W/(m-K)], p
- density 2800 [kg/m’], ¢ - specific heat 1000 [J/(kg-K)]. Such material properties are
similar to those of aluminum alloys - material significant and often used in industry. The
boundary condition is a heat flux established on one surface with a fixed value of
10000 [W/m*] (Neumann boundary condition). Four simulations were made: one for the
full cube and three for the three different areas of the gyroid. For each simulation, 500-time
steps of 0.5 [s] were made. The initial temperature is 300 [K]. The temperature distributions
and their values are shown in Fig. 6, Fig. 7, Fig. 8 and Fig. 9 for the cube, the gyroid with
one unit cell per dimension (gyroid-1), the gyroid with two unit cells per dimension
(gyroid-2) and the gyroid with four unit cells per dimension (gyroid-4), respectively.
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Fig. 6. The temperature distribution after 500
time steps - cube

Fig. 8. The temperature distribution after 500
time steps - gyroid with two unit cells per one
dimension
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Fig. 7. The temperature distribution after 500
time steps - gyroid with one unit cell per one
dimension

Fig. 9. The temperature distribution after 500
time steps - gyroid with four unit cells per one
dimension



The gyroid meshes have much more finite elements than the cube since it was necessary
to use ones which are finer to accurately recreate all details of the geometry (see Table 1).

Table 1. Characteristics of domain decomposition

Structure | Number of nodes | Number of elements
Cube 44567 241939
Gyroid-1 289543 1195995
Gyroid-2 469847 1823180
Gyroid-4 814535 3044948

Table 2 summarizes the data refers to the time that was needed to achieve the minimum
temperature of 315 [K] (differences in calculated temperatures do not exceed 0.01 [K]). Of
course, this temperature was at the furthest possible distance from the wall on which the
boundary condition was set. The boundary condition was set only on one wall. The rest
have nothing to set, which in case of heat conduction means excellent insulation. There is
no air inside the gyroid structure or any heat exchange, just heat flows from the heated wall
through the entire volume of the structure to the opposite wall.

Table 2. Characteristics of values important in numerical simulations

Area Volume
Structure fraction fraction t [s]
€ Y
Cube 1 1 170.0
Gyroid-1 0.4336769 0.5215625 206.0
Gyroid-2 0.4203725 0.5223438 212.5
Gyroid-4 0.4265122 0.5228375 205.0

The presented data showcase that the gyroid structures heat up in almost the same time.
That time, however, is longer than the full cube heating time. This difference can be
explained by the fact that for an established boundary condition, the heat flux acting on the
surface unit depends on a surface occupied by, e.g. a gyroid on the selected wall. By
defining the area fraction ¢ as the ratio of the area held by a chosen structure a’ to the area
of the entire wall a:

!
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a

for the cube a maximum value &,,,, = 1 is obtained, while it is the smallest for the
gyroid-2 structure. It appears that the amount of heat that flowed into the cube was the
largest and thus the process of heating up was the fastest there, whereas for the structure of
gyroid-2 the amount of heat was the smallest, so the structure was heating up the slowest.
Using this property of gyroidal structures can be substantial for the industry in situations in
which a given product should not get heated too quickly during its use.

Conclusions

The research conducted in this paper concerned engineering calculations for complex
geometric domains. Gyroid structures are a good example of such domains. The use of
mathematical representations in an implicit formulation has been presented to be quite



straightforward and flexible for the generation of gyroid lattice structures. To recreate the
gyroidal structure, this is needed much more of finer finite elements. There were conducted
several numerical simulations with authorial software, and it was shown the achieved
results of the heat flow through the complex shape of a structure are physically correct. The
influence of area and volume fractions on heating up of chosen structure were settled - the
gyroidal structures accumulate heat slower than full cubes, which can be substantial for the
industry in situations in which a given product should not get heated too quickly during its
use.

In future work, the realization of research for the gyroid structure with different
geometry, various area and volume fractions, and different wall thickness is planned. Rapid
heating of materials preceding rapid solidification induces high thermal variations resulting
in residual stresses that can introduce cracks or undesired effects to the machine part. It is
also an important aspect of future considerations.
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