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Abstract

In the following, a detailed investigation of two phase-field based variants for optimizing unidirectionally loaded gyroid
unit cells is presented. The optimization is conducted within the linear-elastic range, aiming to maximize the stiffness of
the structure while preserving its periodicity. In the first approach, a gyroid unit cell with an initial porosity of approxi-
mately 75% is volumetrically reduced by 5%. This volume reduction in the less stressed regions results in a topological
modification of the structure. In the second approach, a gyroid unit cell with an initial porosity of approximately 80%
is also volumetrically reduced by 5%. Subsequently, the volume is increased by 5% through a phase-field based shape
optimization process, resulting in a final porosity of 80%. Both modified structures are compared to a reference struc-
ture-an unmodified gyroid structure with a porosity of 80%. The results indicate that the modified structures exhibit an
approximately 32% higher effective Young’s modulus. Furthermore, a correlation between the simulation results and
experimental data is established.
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1 Introduction

Cellular structures are found in various forms in nature, with the honeycomb being a well-known example [1, 2]. These
structures are often characterized by their high strength combined with low weight, making them highly attractive for a
wide range of applications, including aerospace, medical engineering, and energy absorption systems [3, 4]. For example,
in [4], spider web lattice structures were used to develop vibration dampers in small electric aircraft motors. Advances
in additive manufacturing technologies, particularly electron beam melting, fused deposition modeling (FDM), and
stereolithography (SL), now enable the fabrication of far more complex structures that were previously unattainable
with conventional manufacturing methods. One example of such structures is triply periodic minimal surfaces (TPMS),
which are distinguished by their smooth, curved surfaces and periodicity in all spatial directions [5]. As an example, Fig. 1
illustrates a TPMS unit cell of the sheet-based gyroid structure with a porosity of 80%. These cellular structures can be
generated through a mathematical approximation [6, 71.
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The potential applications for these structures are diverse, ranging from tissue-engineering [8] to crash structures [9].
In many studies, the focus is on mechanical properties. For example, mechanical stability is crucial in the use of bone
scaffolds, where sufficient stability must be provided to support the scaffold while matching the mechanical properties
of the surrounding bone to avoid stress shielding [10, 11]. In [8], three different TPMS microarchitectures (Diamond,
Gyroid, and Primitive) were investigated as potential scaffolds for bone tissue engineering in regenerative medicine.
The results showed that the Diamond and Gyroid structures exhibited higher compressive strength compared to the
Primitive structure. This observation has been corroborated by other studies, which found that the Primitive structure
demonstrated the lowest strength, followed by the Gyroid, with the Diamond structure showing the highest strength
[12]. Furthermore, the Diamond- and Gyroid-based scaffolds exhibited the highest bone growth and bone-to-implant
contact in vivo.

Al-Ketan [13] investigated the mechanical properties of both sheet- and strut-based TPMS structures and demon-
strated that sheet-based structures exhibit superior mechanical properties regardless of their porosity.

Due to the wide range of research and application areas for TPMS structures and the possibility of fabricating arbitrary
geometrical structures by additive manufacturing, various optimization approaches have been developed to further
improve specific properties of these structures. As the review paper [14] illustrates, most optimization approaches aim at
improving effective mechanical properties like stiffness or yield strength. For example, in [15], the mechanical properties
of a heat exchanger for the aerospace industry were optimized. This was achieved by adjusting parameters such as cell
size, wall thickness, and periodic length. Most optimization methods are based on shape optimization, which, unlike
topology optimization, does not alter the initial topology of the structure [16].

One approach for shape optimization involves the introduction of porosity or cell gradients [17-19]. These gradients,
for example, vary the porosity within the structure, which can lead to changes in the heat transfer coefficient, drag resist-
ance [19], or effective stiffness [17].

Another popular optimization method which can be found in the literature is the density-based solid isotropic material
with penalization (SIMP) approach [20-22], which can also be applied to TPMS cells. For example, TPMS lattice structures
were shape optimized for different loading conditions in [22] using the SIMP-approach.

A less explored optimization approach for complex porous structures is based on the phase-field method. A key
advantage of this method is its ability to accommodate complex geometrical changes without the need to adjust the
numerical discretization [23], enabling the generation of novel, organic structures that can better meet functional require-
ments than conventional designs [24]. This distinguishes PFM based methods from others like the SIMP approach, where
geometry-fitted meshes are required. Optimization methods based on introducing porosity gradients limits the degree of
freedom for geometry adjustment to the gradient distribution function. While this leads to high computation efficiency,
it limits the optimization potential compared to PFM-based optimization, where the complete mass distribution in the
domain, by means of the phase-field, can freely vary. Furthermore, gradient-based methods tend to disrupt characteristic
properties such as the periodicity of the structure [17]. In contrast, by applying appropriate boundary conditions in the
phase-field method, it is possible to optimize a single unit cell while preserving its periodicity. This allows the optimized
structure to be repeated in all spatial directions and adapted to the specific application.

In [25], unit-cell TPMS structures (Diamond, Primitive, and Gyroid) were shape optimized using the phase-field method
under uniaxial loading, with volume preservation. While this optimization led to an increase in the effective elastic
modulus, it also disrupted the periodicity, one of the characteristic features of these structures. Subsequent experimental

Fig. 1 Sheet-based gyroid
unit-cell with a porosity of
80%
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validations revealed a correlation between simulation and experimental data [12]. In another publication [26], sheet-
based Gyroid structures with varying porosities (75%, 80%, and 85%) were shape optimized under uniaxial and multi-
axial loading while maintaining their periodicity. The experimental validation of the uniaxially optimized structures also
showed good agreement with the simulation results.

While these previous works already show the feasibility of PFM-based optimization to improve TPMS structures, they
are limited to shape optimization without topological changes. PFM-based topology optimization is also possible, but so
far mainly focuses on two-dimensional setups [27-29]. The novelty of the present work lies in extending the optimization
of three-dimensional TPMS-structures by combining topology and shape optimization. The optimization is applied on a
gyroid structure and aims at increasing the stiffness while preserving its periodicity. Two different PFM-based approaches
for combined topology and shape optimization are introduced, applied, and compared. Furthermore, the initial gyroid
structure and the resulting optimized structures are fabricated using additive manufacturing and experimentally tested
under mechanical load to confirm the improvements.

Two different optimization approaches are pursued: In the first approach, a gyroid structure with an initial volume of
25%, corresponding to a porosity of 75%, is examined. Through a load-specific volume reduction, the volume is decreased
by 5%, leading to a topological modification of the structure.

In the second approach, a gyroid structure with an initial porosity of 80% is also reduced by approximately 5%. Subse-
quently, this structure undergoes shape optimization using a phase-field based approach. Since no volume-preserving
method was applied, the volume increases during the optimization process. Once the original porosity of 80% is reached
again, the optimization loop is stopped. As a comparison for these two modified structures, an unaltered sheet-based
gyroid structure with a porosity of 80% is used. In addition to simulation-based evaluations, the structures are also
experimentally validated.

1.1 Approach and method

In this section, the two different optimization approaches applied in the present work are introduced.

In the first approach, a sheet-based gyroid structure with an initial porosity of 75% is topologically modified under
unidirectional loading in the linear-elastic range through the hole nucleation process, as described in the following
chapter 1.1.2. This modification is load-specific, resulting in a final porosity of 80%.

In the second method, the comparison structure with a porosity of 80% is directly reduced in volume by approximately
5% through the topology modification process under unidirectional loading. Subsequently, a phase-field based shape
optimization is carried out while maintaining the periodicity of the structure. Since no volume-preserving approach is
applied during the shape optimization process, the volume increases. The optimization is terminated once the initial
volume of the structure is restored. For the mathematical derivation of the phase-field based shape optimization, please
refer to [26]. These two approaches to load-specific structural modification are summarized in Fig. 2.

Subsequently, experimental validation is conducted. The fabrication of the structures, testing, and evaluation are
orientated according to the ASTM D1621 standard.

1.1.1 Simulation and used software

For the simulations conducted and the creation of the gyroid unit cell, the in-house simulation software “Parallel Algo-
rithms for Crystal Evolution in 3D” (Pace3D) is used [30]. This tool allows the generation of other TPMS structures and the
integration of features such as porosity gradients, furthermore, it supports structural-mechanical simulations based on
the phase-field approach for various loading scenarios.

For the topological modification and optimization, a modified phase-field approach is employed, which is based on
the Allen-Cahn method [31]. The evolution of the phase-field is derived from the minimization of a Ginzburg-Landau free
energy density functional, which depends on the phase-field tuple and the corresponding gradients [32]. Subsequently,
the mathematical model formulation for phase-field based shape optimization is briefly introduced. For more details, it
is referred to [12] and [26], where the same shape optimization approach is employed.

Objective function The structures examined in this study are specifically optimized with respect to their effective stiff-
ness to enhance their mechanical performance under the given uni-axial loading. As demonstrated in previous studies
[12, 26], two different kind of boundary conditions can be applied prescribing either effective stress & or effective strain €.
As objective function, the strain energy density f,,is considered which is calculated as
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Fig.2 lllustration of the . _ .
two load-specific structural Gyroid-structures || Mech. loading Modified structures
modification approaches: 1. ; -
Topological modification of a
gyroid structure with an initial
porosity of 75%; 2. Topologi-
cal modification followed by
shape optimization of a
gyroid structure with an initial

porosity of 80% Porosity: 80 %

Topological > Porosity: 85 % Porosity: 80 %
modification

Porosity: 75 % Porosity: 80 %
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for a linear elastic material with the effective stiffness and compliance tensors C, and S, respectively. In the first case of
prescribing the effective stress &, an increase in the effective stiffness is achieved by minimizing the strain energy min(f,,)
as the structure is designed to undergo minimal deformation under a given load. In case of a prescribed effective strainég,
increasing the effective stiffness corresponds to maximizing the strain energy. In the present study, the first case of a
prescribed effective stress is considered.

Phase-field evolution equation and model parameters The phase-field evolution equation can be derived based
on the Allen-Cahn approach in order minimize a free energy functional comprising interfacial and the strain energy
density as bulk term. In the present work, an obstacle potential as well as a correction term that eliminates the curvature-
minimizing dynamics of the Allen-Cahn equation is employed. For the gyroid structure, where the volume is preserved
during optimization, an additional volume-conserving parameter is considered. For a more detailed mathematical deri-
vation, we refer to [12] and [26].

Accordingly, the set of partial differential equations considered in the optimization process are the stationary momen-
tum and Allen-Cahn equation given by

V-(6)=0, \ %2;
9s _M 2ye(Ag, — [|V|IV - n) — ﬂ(< spanclass =' convertEndash’ > 1 —2 < /span > ¢,) — A, + Mfe,] .3
ot € nle 0,
Here, M denotes the mobility coefficient, y represents the surface tension, and € is a parameter that determines the
width of the diffuse interface employed within the phase-field method. Volume preservation is ensured by the Lagrange
multiplier A, (cf. [33]). Furthermore, the term |[V¢,|V - n with n := V¢, /| V| eliminates the curvature-minimizing
dynamics of the Allen-Cahn equation (3) (see [34, 35]). As a result, the interface terms proportional to y only contribute
to a relaxation towards the phase-field equilibrium profile, while preserving the actual geometry, which can be identi-
fied by the iso-surface at ¢p, = 0.5.

The gyroidal unit cells considered in this work are embedded in a three-dimensional domain €, which contains 200cells
in each spatial direction. For the structural optimization, the following parameters are employed to solve the differential
equation 3: The parameter ¢ = 0.015L is chosen. This corresponds to an interface width of approximately 0.0375L within a
domain of edge length L = 1 m. Additionally, the diffuse interface is resolved using 7 cells. Furthermore, a mobility param-
eter of M = 1.0m2 s kg™ and a time step size of At = 1.75 x 10* sand a surface tension of y = 0.02 kg s~2are specified. To
solve the system of differential equations, the software package Pace3D [30] is used, a software framework for simulating
microstructure evolution based on the phase-field method. The phase-field evolution equation (3) is discretized using a
finite-difference method with explicit time-step integration on a Cartesian grid. In each time step, the stationary momentum
balance (2) is solved using a linear finite element discretization. Further details on the solution procedure and coupling of
the phase-field equation with the momentum balance may be found in [12] and [36].
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Boundary condition A two-phase problem is considered, with a solid phase (¢,) and a porous phase (¢,), which
exhibits no stiffness. For the mechanical analysis, an average stress & is used, which, in addition to periodicity, must
satisfy the following condition:

=1 / o (b u(y) AV, @
Q

where 6 denotes the average stress, ¢, is the solid phase and u corresponds to the displacement field in a three-dimen-
sional domain Q.

The approach consists of generating the average stress by selecting the average strain through displacement bound-
ary conditions in an iterative procedure, so that the elastic free energy contribution F,is chosen as the driving force:

Fa(@s, U(gy), €(hs)) = / %C(dk)[e(ﬁ(d)s)) + &)1 - [e(@(gy) + &gy dV, (5)
Q

with the fourth order stiffness tensor C. Furthermore, it and € decomposed the displacement field u. This introduces an
additional dependency of the functional on € with respect to ¢,, i.e., F (¢, U(d,), E(¢;)). Accordingly, for a given strain
€™ in the iteration step n, the elastic equilibrium is solved and then updated for the next iteration step (n + 1).

gD = ™ 1 T (g,) - <5. _1 / o(py, u™") dV> (6)
QJo

with the fourth order averaged stiffness tensor C = [ C,¢,dV. The initial strain €© = (C(¢,))~"5 is used.

To obtain the macroscopic elastic behavior of a structure under a specific loading, a homogenization method is
required to determine effective properties using the field information from the full-field simulation. From the obtained
field information 6 and €, the effective Young's modulus can be determined according to the approach from [37].

In the following, a stress of ¢ = —7 is applied in unidirectional loading in y—direction.

0 —¢0
OloadCase =|—0 0 0 (7)
0O 0O

For topology modification, material is removed from the structure in less stressed areas according to the considered
loading criteria. The process of volume reduction is described as Hole Nucleation in Chapter 1.1.2.

Comparison of Simulation and Experimental Data All simulations are conducted using a small deformation frame-
work with a linear elastic material law. Therefore, due to the linearity, the simulation results independent of the stiffness
of the solid material the structures are made of. Following [37], the subsequent simulation results are presented in a
normalized form, where the effective elastic modulus is normalized by the elastic modulus of the solid material E.. A com-
parison of the simulation and experimental data confirms a similar increase in the stiffness of the optimized structures.

1.1.2 Hole nucleation

The Hole Nucleation process is used for a stress-specific volume reduction based on the von Mises stress, o, By specify-
ing a certain percentage value py,., material is removed from less stressed regions, resulting in a topological modification.

For the initial determination of the von Mises stress across the simulation domain, the considered gyroid unit cell is
discretized using a Cartesian grid. Simulations are then performed until mechanical equilibrium under the given load-
ing conditions is reached. The maximum value of the von Mises stress, max(o,,,), together with the previously defined
percentage value (py,.), serves as the threshold for nucleation. The hole nucleation occurs when following equation is
satisfied:

Ovm < PNuc max(avM) (8)

In the cells of the computational grid where the von Mises stress falls below the threshold py,. max(s,,,), a hard phase
assignment is applied. Values initially assigned to the porous phase, ¢, = 0, are now given the phase field value ¢, = 1.
This results in a stress-specific volume reduction, accompanied by a topological modification.
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The percentage value py for each of the considered gyroid structures is determined individually, ensuring that the
resulting structure undergoes an approximate volume reduction of 5%.

2 Results and discussion

Two gyroidal, topologically modified unit cells with a porosity of approximately 80%, as shown in Fig. 2, are compared
both numerically and experimentally with an initial gyroid structure, which also has a porosity of around 80%. All three
structures are subjected to a stress in y—direction.

2.1 Topology modified and optimized structures

The gyroidal modified unit cells differ in their creation process. The first structure, referred to as Gyroid75,,,. (Fig. 3(a)), is
based on a gyroidal unit cell with an initial porosity of approximately 75%. Through the previously described hole nuclea-
tion process, the volume is reduced by 5% under unidirectional loading in the y-direction, resulting in a final porosity of
80% after the modification. The second modified unit cell, Gyroid80y shqpe (Fig. 3(b)), originates from a gyroidal reference
structure with an initial porosity of approximately 80%. Similar to the first structure, the volume is initially reduced by 5%
through the hole nucleation process. Subsequently, the volume-reduced structure undergoes shape optimization under
load in the y-direction. Since no volume-preserving method is applied during this shape optimization, the process leads
to an increase in volume. The optimization is concluded once the initial porosity of around 80% is restored.

Fig. 3 represents the two resulting modified structures.

Although two different topology-modification approaches were used, both structures exhibit remarkable similarities
in the final outcome. Since the differences between the modified gyroid structures are barely noticeable, the volume
fraction along the x-axis is plotted for a clearer representation of the structural modifications. Figure 4 compares the
Gyroid7 5y, and Gyroid80y,cspqpe Structures with the unmodified gyroid unit cell.

In the diagram, the solid black line represents the gyroid unit cell with a porosity of 80%, while the blue dashed line
corresponds to the Gyroid75y, structure, and the green dotted line represents the Gyroid80yy,cspqp. Structure. Upon ana-
lyzing the topologically modified structures, it becomes evident that the volume reduction in both structures primarily
occurs in the layers positioned along the x-axis at approximately 50 and 150, which correspond to the locations of the
crossbars. This reduction in the crossbars is clearly observed in Fig. 3. For better visualization, the areas where material
was removed from the initial gyroid unit cell are highlighted in Fig. 5.

Additionally, the volume distribution in Fig. 3 shows that the vertical columns, loaded in the y-direction, remain intact
in the Gyroid75y, structure and are reinforced in the Gyroid80y,csqpe Structure during the shape optimization process.

Fig.3 Representation of the
modified structures with
initial porosities of a 75% and
b 80%

(a) GyroidT5nyc (b) Gyroid80NycShape
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Fig.4 Volume redistri-
bution of the structure-
modified Gyroid75,,,. and 0,25
Gyroia80yycsnape COMpared
to the gyroid unit cell (black
solid line)

o
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o
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= Gyroid 75y

= Gyroid80xucshape
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0 50 100 150 200

Layer [x-direction]

Fig. 5 Highlighted areas of

a gyroid structure with 80%
porosity where material was
removed during the topology
modification process

Table 1 Representation of
the surface area and volume
fraction of the respective
structures

Gyroid80 Gyroid75y,, Gyroid80y,cshape

Volume fraction 0.192 0.207 0.197
Surface area 6.193 5.151 5.101

Despite the similarities in the volume distribution of both structures, slight differences in characteristic features are
identified.

As shown in Table 1, the structures exhibit a volume fraction of approximately 20%, corresponding to a porosity of
around 80%. This consistent porosity allows for a better comparison between the structures.

In the comparative analysis of surface areas, it becomes evident that the initial gyroid unit cell exhibits the largest
surface area, followed by the modified structure Gyroid75,,,.. This indicates that the phase-field based, load-specific
optimization leads to a reduction in surface area.

Despite these differences in surface reduction, a similar increase in the effective elastic modulus in the corresponding
loading direction (Eyy) is achieved, as shown in Table 2. For independent and improved comparability, the simulation
results are presented in a non-dimensionalized form. The modulus of elasticity is given in dimensionless form by E/E..
In Table 2, the modulus of elasticity in the main load direction is marked in bold. This highlights the efficiency of phase-
field based optimization in enhancing mechanical properties, particularly the elastic modulus, even across different
topological structures.

By topologically modifying the gyroid unit cell with an original porosity of 75% (Gyroid75,,,.), an increase in the effec-
tive modulus of elasticity in the load direction (Eyy) of about 35% is achieved compared to the unmodified gyroid unit cell
of the same porosity. For the structure Gyroid80y,spqpe Which initially undergoes a volume reduction of 5% due to the
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Table2 Comparison of the . ; ]
non-dimensionalized effective Gyroid8o Gyroid7Syuc Gyroid80hucshape
modulus of elasticity in the E,/E. 0.067 0.023 0.022
X=y=andz-directions E, /E, 0.067 0.091 0.089
E,/E, 0.067 0.022 0.020

nucleation process and then a further volume increase of 5% due to the shape optimization, the increase in the effective
modulus of elasticity of 32% is in a similar range to the structure Gyroid80y,csnape-

However, it is observed that the optimisation process in the non-loaded directions results in a significant reduction in
the effective modulus of elasticity, which is more than half of the original value. This reduction is due to the previously
described reduction of the transverse beams in the non-loaded directions, which leads to a pronounced anisotropic
behaviour of the cell. In comparison, the original gyroidal unit cell exhibits almost isotropic behaviour, with the effective
modulus of elasticity being in a similar range in all load directions.

The next step is to validate the simulatively generated structures and data experimentally.

2.2 Experimental validation

For the experimental validation of the topologically modified unit cells described above, they are multiplied four times
in the respective spatial directions and printed out. The unmodified gyroid structure with a porosity of 80% is used as
the reference structure. As a result, all three structures have a volume fraction of approximate 20%.

The production of the samples and their subsequent testing are based on the ASTM D1621 standard “Standard Test
Method for Compressive Properties Of Rigid Cellular Plastics” [38].

2.2.1 Structure manufacturing

The previously considered unit cells are multiplied 4 times in each spatial direction for the experimental validation, so
that the test specimens have a required minimum side length of 25.4mm.

For each sample type, 5 samples are printed using the steriolithography (SL) process. The SL printer from Elegoo Mars
2 and the white standard photopolymer from Elegoo are used for this purpose.

In Fig. 6, one sample type is shown as a representative of the other samples.

Similar to the topology-modified unit cells shown, the difference between the multiplied and printed Gyroid75,,,,
and Gyroid80y,cshape IS barely recognizable. The planar xy—direction shows the previously described reduction of the
crossbars due to the modification process.

The weight of the respective test specimens, their average weight and the theoretically calculated weight g with the
volume fractions determined from Table 1 are listed in Table 3.

The table shows that the test specimens exhibit slight weight fluctuations. When comparing the average values (Av)
with the theoretically calculated weight values (g), it becomes clear that they are in a similar range.

Fig.6 Planar representation
of a the unmodified gyroid
structure of porosity 80%, the
modified structures with the
initial porosity of b 75% and
¢ 80%

(a) Gyroid80 (b) GyroidT75 nyc (C) GyTOid80NucShape
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Table 3 Weight of the printed 1 5 53 s4 S5 Av g
samples, their average value
(A\I/) alnd the ther?mtilca”y Gyroid80 31312 31616 32019 31771 3083 315108  31.09
calculated weight value g Gyroid75y,, 33.201 33.299 32515 33384 33074 330946 3352

Gyroid80y,cshape 30.869 31.847 31.915 31.807 31.994 31.6864 31.90

2.2.2 Mechanical testing condition

The Inspekt 200 machine from Hegewald & Peschke is used to carry out the compression tests for the experimental
validation of the unidirectional topology-modified gyroid structures and their reference structure. The initial pressure
load starts at 0.03kPa and is applied at a test rate of 2.95mm/min. When about 13% of the original thickness is reached,
which corresponds to a distance of about 6.60mm, the test is terminated. For standardized data evaluation, the values
are zeroed from a force load of 10N. For the compression tests, the respective test specimens were centrally positioned
on the machine’s compression plates, as illustrated in Fig. 7 within the red-marked area. Since the specimens exhibit
brittle behavior and tend to fracture in multiple directions, a plexiglass shield was placed in front of the machine as a
safety precaution.

The calculation of the effective modulus of elasticity (E) from the experimental data is also based on the ASTM D1621
standard, which is calculated as follows:

WH
E= D’ (9)

where W[N]is the load, H[m]is the height of the undeformed sample, and D[m]is the deformation. A[m?] denotes the
horizontal cross-sectional area. Since the samples are porous, the horizontal cross-sectional area in A[m?], i.e. the area
of the samples, is treated as if it were a solid material. The points D and W indicate two points from the linear-elastic
range. Since the guideline does not provide specific details on the selection of the points, the local area of each sample
is selected where the strain is 0.1%. To determine the value W, the point at 30% of the maximum stress is selected.

2.2.3 Experimental result

The load-displacement curves of the five different samples per specimen type resulting from the compression tests are
shown side by side in Fig. 8.

Each sample type is represented by one line type: Gyroid80NucShape (black solid line), Gyroid75Nuc (blue dashed line)
and Gyroid80NucShape (green dotted line) structure. For better comparability, the curves of the individual samples are
overlaid. It can be seen from the diagrams that the comparative structure (black solid line) shows the smallest increase in
the linear elastic range compared to the optimized structures, which is reflected accordingly in the effective modulus of
elasticity. It is also recognizable that the maximum load is also lower on average. However, the curve after the load peak

Fig. 7 Testing of the struc-
tures: Central positioning of
the structures on the com-
pression plate
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Fig.8 Load-displacement 8000 T
curves for the five tested sam-
ples of the unmodified gyroid
structure with a porosity of
80% (black solid line) com-
pared to the modified struc-
tures with the initial porosity
of 75% (blue dashed line) and
80% (green dotted line)

6000

Load [N]

2000

—— Gyroid80
--- Gyroid75yyc
Gyroid80xucshape

Displacement [mm]

is flat and more controlled. For the structure Gyroid75Nuc, on the other hand, the topology change leads to a rapid drop
in some cases. This rapid drop can only be observed in one sample of the structure Gyroid80NucShape. From this observa-
tion it can be assumed that the subsequent shape optimisation after the topology modification leads to a more uniform
failure in the plastic range. For applications where energy absorption plays an important role, this finding is significant.

Table 4 presents the mean value of the effective E-moduli (E) of the tested samples calculated according to Equation 9
and standard deviation (o). The value of the individual five samples (E1 to E5) tested can be found in the Table 5 in the
appendix.

The increase in the load—displacement curves of the modified structures (Fig. 8), compared to the unmodified gyroid
structure, already indicates a higher average modulus of elasticity (E). This is further confirmed by the calculation of the
effective modulus of elasticity in Table 4, where the average modulus for the modified gyroid structures is approximately
20MPa higher than that of the unmodified structure. Additionally, the two modified structures exhibit similar modu-
lus values, but the table also reveals that the modified structures have higher standard deviation. The reasons for the
increased standard deviation of the samples must be further validated in future investigations.

The following chapter compares the experimental and simulative data.

2.3 Experimental and simulative comparison

The previous simulative (E,, in Table 2) and experimental (E inTable 4) investigations of the effective modulus of elasticity
show that a phase-field based topology change and optimization in the linear-elastic range leads to an increase in the
effective modulus of elasticity. Consequently, the moduli of elasticity for the structures Gyroid75y,,. and Gyroid80y,cshape
are, on average, higher than that of the reference structure Gyroid80. Furthermore, the experimental results also con-
firmed the previous simulation observation that the effective modulus of elasticity of the structure Gyroid75,,, is, on
average, slightly higher compared to Gyroid80y, shape-

To facilitate a better comparison between the experimentally and numerically determined effective moduli of elastic-
ity, the data for each sample type are presented in a boxplot Fig. 9. In the boxplot, the cross marks the mean value, and
the round dots indicate the outliers of the respective sample series. Additionally, the whiskers represent the standard
deviation. The red bar indicates the dimensionally simulated modulus of elasticity.

Accordingly, the dimensionalized moduli of elasticity from the simulation (red bar) and the experimental data are
in a similar range. However, it should be noted that the lowest scatter is observed in the comparative structure, as can
also be seen from the standard deviation (¢) in Table 4. Consequently, no outliers are present in the box plot in Fig. 9a.

Table 4 Calculated mean . : ]
Gyroid80 [MP. Gyroid75 MP. Gyroid80
value of the effective moduli yroid80 [MPa] yroid75y, [MPa] [ !\)/I/rlfal] NucShape

of elasticity (F) and standard
deviation (c) of the specimes

47.950 67.695 66.809
c 6.929 9.673 12.937

mi
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Fig.9 Comparison of the simulatively (red bar) and experimentally (box plot) determined effective moduli of elasticity of a unmodified
gyroid structure with a porosity of 80%, the modified structures with the initial porosity of b 75% and ¢ 80%

'rl;?z:jeju scsllzlf;ttiegtf,fiicttﬁ\;e Gyroid80 [MPa] Gyroid75y,. [MPa] f,\,;rptz]d 80nucshape
specimes

E1 49.612 66.485 56.986

E2 39.777 52.850 79.024

E3 54.370 74.870 81.043

E4 54.370 77.683 52.054

E5 41.620 66.584 64.935

Additionally, the determined data range for Gyroid80 aligns with the simulated effective modulus of elasticity calculated
by another study [26] for the gyroid structure with a porosity of 80%.

Overall, it is demonstrated that optimization in the linear elastic range results in noticeable changes in both, the lin-
ear elastic and plastic ranges. A pure topology change leads to an increase in the modulus of elasticity, which has been
confirmed both numerically and experimentally.

3 Conclusion

In this study, two gyroid structures with a final porosity of 80%, were topology-modified and topolgy-shape-modified by
simulations based on the phase-field method. Results of the effective modulus of elasticity compare well with the experi-
mental measurements. An unmodified gyroid structure with a porosity of 80% also served as a comparative structure.

In the first method, a gyroid structure with an initial porosity of 75% was reduced by approx. 5% through targeted
volume reduction. In the second method, the gyroid structure has an initial porosity of 80%, after a volume reduction of
also approx.5%, a phase-field based shape optimization was then carried out until the initial porosity of 80% was reached.

It could be shown both simulatively and experimentally that the structural modification in both variants leads to an
increase in the effective modulus by 32%.

The experimental validation confirmed that the optimization in the linear elastic range led on average to an increase
in the maximum load, and it was observed that the structures exhibited a change in the plastic range. While the only
topologically modified structures predominantly exhibited a rapid drop in the load-displacement curve, the curves in
the plastic range were flatter in the specimens with subsequent shape optimization. However, this observation that
subsequent shape optimization leads to a flattened displacement curve in the plastic range still needs to be validated
experimentally in further studies. This observation would be important for applications in which the energy absorption
capacity is the center of attention.

Overall, the phase field method has proven to be a promising optimization method for complex porous three-dimen-
sional structures. The study highlights the significant impact of topology modification and optimization on the mechani-
cal properties of gyroid structures. The observed increase in the modulus of elasticity due the structural modifications
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proposed by phase-field modelling underscores the potential of this approach for developing advanced materials with
tailored properties. Furthermore, phase-field based shape and topology optimization can be extended to other cellular
structures, enabling load-specific design optimizations for a diverse range of applications, from heat exchangers in
aerospace to crash-resistant structures in civil engineering. The phase field method offers more intensive investigation
and expansion options for optimization. As a future research perspective, the phase-field based optimization process
can be adapted to additive manufacturing processes.
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