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A B S T R A C T

Triply periodic minimal surface (TPMS) structures excel in various research fields, ranging from bone support
structures to heat exchangers. By implementing measures for shape alteration, the mechanical properties
of the structure can be improved under certain load conditions. While interface-based methods such as
the phase-field method have established themselves as powerful simulation techniques for the analysis of
microstructure evolution and morphologically complex dynamic processes, they are not yet very well known
and widely used for the application of shape optimization in mechanically loaded complex structures. In this
study, an experimental procedure to validate shape-optimized samples is presented and applied to validate
three computationally derived optimal candidates for sheet-based TPMS structures (Diamond, Gyroid, and
Primitive) proposed by applying a mathematical model for shape optimization formulated in terms of the phase-
field approach combined with linear elastic continuum mechanics and subject to the constraints of volume
conservation. The present experimental study aims to validate recently obtained theoretical research results
predict three different TPMS structures were shape-optimized under mechanical stress, using the phase-field
method. In the following, the previous theoretical study is validated experimentally. The validation procedure
creates a rare intersection between shape optimization phase-field simulations and experimental samples. The
measurements show that the shape-optimized structures have a higher average stiffness, which leads to a shift
in the plastic deformation range and thus confirms the computationally determined shape optimization.
1. Introduction

Nature-inspired structures are widely considered designs in research
and application [1,2]. Cellular structures are an example particularly
indispensable for lightweight construction [2]. These structures are
often characterized by their high rigidity and low weight [3]. The
possibility of computer-aided simulations now makes it possible to de-
velop new, load-appropriate geometries and materials. In this context,
the application-specific optimization of porous structures represents a
promising domain. Particularly in tissue engineering, cellular structures
are employed as bone implants to facilitate bone growth in the cor-
responding damaged regions. Optimal mechanical properties, which
align with those of the implantation site, are crucial. For example, high
porosity is essential to support adequate nutrient transport and cell
growth [4]. Furthermore, investigations have shown that the effective

∗ Corresponding author at: Institute of Materials and Processes, Karlsruhe University of Applied Sciences, Moltkestraße 30, 76133 Karlsruhe, Germany.

Young modulus plays a crucial role in regulating bone growth [5]. A
promising structure for stimulating bone growth is inspired by natural
structures from the triply periodic minimal surface (TPMS) family.
TPMS structures are naturally occurring, mathematically generable
structures characterized by a minimal surface area with zero mean
curvature at any point [6]. The resulting smooth, curved surface with
a high surface-to-volume ratio and high porosity provides favorable
cell adhesion, migration, and proliferation for bone cells [7]. Thanks to
the ongoing development of manufacturing techniques such as additive
manufacturing or 3D printing, producing complex porous structures
is often no longer a challenge [8,9]. Al-Ketan et al. [8] provide
an overview of the many possible applications of TPMS-based lattice
structures. In Fig. 1, the top three structures (a, b, c) represent different
sheet-based TPMS unit cells (Diamond, Gyroid, and Primitive).
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Fig. 1. Unitcell sheet-based TPMS structures before (top) and after (bottom) shape optimization, based on diamond (a, d), gyroid (b, e), and primitive (c, f) structures.
t
o
p
c
b
o
A
f
s
s
d
r
t
t
u
t
t
c
s
t
o
r
c
u
i
r
a
o
t
r

𝑦
b
o
m
F

To ensure both high porosity and high stiffness, TPMS structures
have been shape-optimized in various studies. Since the simulation
and optimization of complex structures remains a challenge, manual
optimization approaches are often chosen, such as heuristically chang-
ing the porosity of the structure, the cell size or both, depending on
the application or loading conditions [10–14]. For instance, in [12],
a gradient was applied to the cell size in TPMS structures to replicate
a lattice structure for bone. This manual shape optimization has been
demonstrated to increase the stiffness. An alternative approach, rarely
used for TPMS until now, involves the application of explicit opti-
mization methods within a given domain of finite elements [15]. The
application-specific optimization of microstructures leads to a material-
independent structural improvement, which promises a significant im-
pact on various areas of engineering. The motivation for the optimiza-
tion varies depending on the application: For example, it may involve
improving the thermal [16], flow-based [17,18] or mechanical [19,20]
roperties. Apart from the element-based methods, there are also meth-
ds based on boundary variation, for example the phase-field method.
he phase-field method is a flexible simulation technique that provides
ccurate results for research problems such as fracture. In this field, the
alidation between experimental and simulation data has already been
emonstrated in various studies. Pech et al. [21] showed agreement in
imulations of fracture mechanics with wood. Similarly, [22] conducted
n experimental investigation of phase separation with the theoretical
hase-field model, using the Cahn-Hilliard equation. Pham [23] com-
ared the analysis results of the phase-field model with experimental
ata and showed agreement between the model and the experimental
bservations. Although the phase-field method has already been val-
dated experimentally in various fields, this validation is still largely
issing in the field of shape and topology optimization [19,24,25].

n [19], it was shown that using the volume-conserving Allen-Cahn
pproach could reduce the high computational costs associated with
he Cahn-Hilliard approach in structural topology optimization. This
tudy aims to experimentally validate TPMS structures that have been
hape-optimized for specific loads, using the phase-field method. To
he best of the authors knowledge, such an investigation has not been
onducted before. This work is a continuation of a previously published
 r
heoretical study [26], in which three different sheet-based triply peri-
dic minimal surface unit cells (Diamond, Gyroid and Primitive) with a
orosity of approximately 85% were shape-optimized under mechanical
ompressive loading, using a recently formulated phase-field method
ased on the volume-preserving Allen-Cahn model, combined with
bjectify functions for algorithmically computed shape optimization.
t 14.8%, the single-cell diamond structure had the highest volume

raction of the three structures considered, followed by the gyroid
tructure with 14.6% and the primitive structure with 14.3%. For the
imulation, the material properties of an isotropic material with a mass
ensity of 2680 kg∕mm3, a Young modulus of 59GPa, and a Poisson
atio of 0.35 were homogenized. Homogenization enables the results
o be transferred from the micro to the macro level. Accordingly,
he corresponding analysis values, such as the effective Young mod-
lus, were converted to dimensionless values. The driving force of
he phase-field method is coupled to the elastic strain energy, using
he Allen-Cahn approach. In addition, volume preservation improved
omparability with the optimized structures. To preserve the original
hape of the TPMS structures, the simulation was terminated as soon as
he topology of the initial structure changed. Moreover, the periodicity
f the structures in the x- and 𝑧-directions was maintained. In the first
ow, Fig. 1 shows the initial TPMS structures for the individual unit
ells. For application-specific shape optimization, the structures were
nidirectionally subjected to a constant compressive load of 400MPa
n the 𝑦-direction. During the shape optimization process, material
edistribution occurred. Material is added adjacent to heavily stressed
reas and removed in less stressed areas. As a result, a volume shift is
bserved in the upper region of the shape-optimized structures, where
he structure is subjected to a compressive load in the 𝑦-direction. The
esulting unit cells are shown in the second row of Fig. 1.

While the initial structure was retained, the periodicity in the
-direction was interrupted by the load-specific shape optimization. Ta-
le 1 shows that the method maintains the approximate solids volume
f 15%, while increasing the surface-to-volume ratio during shape opti-
ization for the primitive structure, compared to the original structure.

or the diamond and gyroid structures, the surface-to-volume ratio

emains constant throughout the optimization process. This aspect is
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Table 1
Structural and mechanical properties of the initial and shape-optimized structures.
Structure: Diamond Gyroid Primitive

Volume
fraction

Surface/
volume
ratio

Young’s
modulus
(dim.less)

Volume
fraction

Surface/
volume
ratio

Young’s
modulus
(dim.less)

Volume
fraction

Surface/
volume
ratio

Young’s
modulus
(dim.less)

Initial 0.148 0.258 2.186 0.146 0.211 1.748 0.143 0.164 0.989
Optimized 0.148 0.258 3.403 0.146 0.213 2.444 0.143 0.167 1.190
significant for applications where a high surface-to-volume ratio plays a
crucial role. For instance, studies have demonstrated the advantageous
use of TPMS structures for bone implants, due to their high surface-to-
volume ratio [27]. Another application is the heat exchanger, where a
high surface-to-volume ratio is essential for effective heat transfer [28].

The table also shows that the dimensionless effective modulus of
elasticity (Young’s modulus) changes between the initial and the shape-
optimized structure. The volume redistribution led to a visible increase
in the effective modulus of elasticity for all structures.

The diamond structure showed an improvement of up to 55%, the
yroid structure an improvement of up to 40%, and the primitive struc-
ure an improvement of around 20%. Furthermore, it can be observed
hat regardless of the optimization, the diamond structure, followed
y the gyroid structure, has the highest Young modulus. This order
s maintained after optimization, after which the gyroid structure has

higher Young modulus than the non-optimized diamond structure.
allat et al. [26] describe the layer-wise volume redistribution of

he optimized structures in the 𝑦-direction, compared to the initial
tructures and the resulting reduction in elastic strain energy in more
etail.

This pursues two objectives: the experimental validation of the
hase-field-optimized structures and the comparison of the results with
hose of the simulations. The following sections will explain the manu-
acture of the structures and the testing procedure. Finally, the results
rom the experimental setup will be discussed. This work will show that
he shape-optimized structures can withstand higher loads on average
nd that the sequence of experimental data agrees with the simulated
esults. This knowledge offers new possibilities for the design and
pplication-specific adaptation of complex structures.

. Experimental validation

The experimental validation of the phase-field-based shape opti-
ization will be performed according to the ASTM D1621 standard,

‘Standard Test Method for Compressive Properties of Rigid Cellular
lastics’’ [29]. The test specimen dimensions, the test procedure, and
he subsequent evaluation of the results are adapted to this standard.

.1. Manufacture of structures

The initial and optimized structures were produced using the stere-
lithography (SLA) 3D printer ELEGOO MARS 2. Quan et al. give a
ood overview of the difficulties and challenges of photo-curing 3D
rinting technologies such as SLA [9]. The printing material used was
he Standard Photopolymer Resin (Elegoo Inc) in white color. The single-
ell structures were duplicated with a cell size of 30mm in the x- and
-directions. Each specimen has dimensions of 60mm×30mm×60mm (in
he x, y, and z directions). Five samples were tested for each specimen.
ig. 2 illustrates a representative candidate of each type of the printed
tructures.

The theoretically calculated weight for the printed diamond struc-
ure with a density of 1.2 g∕cm3, as specified in Table 1, is 19.18 g.

Accordingly, the weights of the gyroid and primitive structure are
18.92 g and 18.53 g, respectively. The average values (𝑚) of the printed
samples and their standard deviations (𝑚̃) are listed in Table 2. A break-
down of the weights of individual samples can be found in Appendix
Table 6.
Overall, the mean value for each sample deviates from the theoret-
ically calculated sample weight by less than 1%. As can be seen from
the standard deviation, the samples show only minimal variations. It
can be observed that the primitive samples show the smallest devia-
tions in both the optimized and non-optimized cases. In contrast, the
optimized diamond structure has the highest variation at 0.47 g. One
possible reason for these weight fluctuations could be the presence of
excess material residues that remained attached to the surface of the
samples, despite subsequent acetone treatment. Since the diamond and
gyroid structures have the highest surface-to-volume ratios, as shown
in Table 1, this could explain why the primitive structure has the least
weight variation among the structures.

2.2. Mechanical testing and evaluation

For the experiments, the inspekt 200 machine from Hegewald &
Peschke is used. The compression is initiated with a pressure of 0.03 kPa,
and the testing speed is set to 2.95mm∕min. The test is terminated as
soon as approximately 13% of the original thickness is reached. For
subsequent evaluations, the values are zeroed from a force load of
10N. Fig. 3 uses the example of the diamond structure to illustrate the
development of the initial state and the linear-elastic and plastic ranges.
At the beginning of the structural collapse, i.e., the failure in the plastic
range, the data were truncated for better comparability.

The determination of the effective modulus of elasticity is based on
the ASTM D1621 standard. The modulus of elasticity was calculated as
follows:

𝐸 = 𝑊𝐻
𝐴𝐷

, (1)

with the load 𝑊 [N], the initial specimen height 𝐻 [m], the initial
horizontal cross-sectional area in 𝐴 [m2], and the deformation 𝐷 [m].
For the determination of 𝐷 and 𝑊 , two localized areas of the sample
from the linear-elastic range were chosen. However, it should be noted
that there are no specific guidelines for the selection of these locations.
To determine the value D, the local area of each sample in which the
strain is 0.1% was selected. To obtain a consistent determination of
the quantity W, the respective values at which the strain is 30% of the
difference between the strain at 0.1% and the strain at the maximum
stress were considered. Furthermore, it must be emphasized that for the
horizontal cross-sectional area in 𝐴, [m2], the area of the samples was
treated as if it were a solid material.

3. Results and discussion

The following section compares the simulation-based data with the
experimental results, followed by an examination in the plastic regime.
Volume conservation during the optimization process ensures that the
volume of the initial and optimized structures remains the same, which
guarantees a better comparability of the structures. Overall, the ex-
perimental validation of the phase-field-based shape-optimized TPMS
structures demonstrates that the optimization has improved the linear-
elastic range and change in the plastic regime. In Fig. 4, the load–
displacement curves are recorded, and for each cell type (‘‘Type = D’’:
Diamond; ‘‘Type = G’’: Gyroid; ‘‘Type = P’’: Primitive), the respective
samples have been averaged. Additionally, their standard deviation is

shown in the diagram, where the orange line represents the optimized
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Fig. 2. Printed structures: Top: The original TPMS-structures; bottom: The optimized TPMS structures.
Fig. 3. The diamond structure (top) and the shape-optimized diamond structure (bottom): Representation of the initial structure, as well as the structure in the linear-elastic and
plastic range during the compression test.
Table 2
Average weight (𝑚) and standard deviation (𝑚̃) of the printed structures.

Diamond Gyroid Primitive

Initial Optimized Initial Optimized Initial Optimized

𝑚 [g] 19.281 19.018 18.9178 18.8896 18.572 18.5302
𝑚̃ [g] 0.108 0.420 0.056 0.123 0.085 0.016
a
m
s
t

shape, and the blue line represents the original shape. In the three dia-
grams, the 𝑦-axis has the same scaling to allow a comparison between
the three structures. It can be seen that the initial diamond structure
(blue line, first diagram ‘‘Type = D’’) can absorb the highest load in the
load–displacement curve, followed by the gyroid and then the primitive
structure. The complete evaluation and interpretation of the results
from the diagrams can be found in Section 3.

3.1. Validation of the phase-field shape optimization model

Purely linear-elastic behavior cannot be achieved in porous struc-
tures [30–33]. However, Fig. 4 clearly visualizes the quasi-elastic range.
In [33], CuCrMo structures with gyroid, diamond-shaped and primitive
topology and different volume fractions (ranging from 0.2 to 0.4) show
lastic behavior at low strain followed by a sudden collapse. The

iamond structures exhibit the highest load-bearing capacity, followed
by the gyroid structures, and, finally, the primitive structures [33]. Our
shape-optimized structures reveal improvements in the linear-elastic
nd plastic ranges, compared to the original structures. The shape opti-
ization reduces stress concentrations, which leads to a more uniform

tress distribution in the component and prevents material failure. For
he experiments, the average modulus of elasticity 𝐸 and the standard

derivative 𝐸 can be found in the top two rows of Table 3. These
values were determined from the experimental results using Eq. (1),
described in Section 2.2. The values for each sample can be obtained
from Table 8 in the appendix. When considering the standard deviation,
the optimized diamond structures have the highest variance, while the
optimized primitive structures have the lowest variance.

With 57.377%, the optimization of the diamond structure achieves
the highest increase in the effective modulus of elasticity in the linear
elastic range, followed by the gyroid structure with 23.04%. For the
primitive structure, this increase averages 13.37%. To establish com-
parability between the simulation-based dimensionless modulus (𝐸 )
Sim
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Table 3
Comparison of the effective modulus of elasticity from the experiments (mean: 𝐸, standard deviation: 𝐸)
and simulations (dimensionless: 𝐸Sim, dimensionalized: 𝐸SimDim).

Diamond Gyroid Primitive

Initial Optimized Initial Optimized Initial Optimized

𝐸 [MPa] 33.369 52.515 27.491 33.826 14.470 16.404
𝐸 [MPa] 4.664 7.142 4.753 4.881 2.531 1.710

𝐸Sim [–] 2.186 3.403 1.748 2.444 0.989 1.190
𝐸SimDim [MPa] 31.314 48.748 25.040 35.010 14.164 17.047
Fig. 4. Load–displacement curve: Average values of the compression test for diamond (D), gyroid (G), and primitive (P). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
and the experimental data, the dimensionless modulus is converted into
a corresponding dimensional modulus 𝐸SimDim [MPa], by calculating
the effective unit stress for each sample. The density of the material
[kg∕m3] and the cross-sectional area [m2] of each sample are physically
predetermined. Consequently, the time [s] represents the adjustable
characteristic parameter to be determined based on the experimental
data. In the present case, the characteristic time is about 0.915 s, which
yields a unit stress of 14.32MPa. The bottom rows of Table 3 compare
he dimensionless moduli of elasticity 𝐸Sim and the dimensionalized
oduli of elasticity 𝐸SimDim with the average experimental moduli of

lasticity for each topology and optimization state.
For better comparability, the determined values of Young’s modu-

us, belonging to the respective samples from the experimental assess-
ent, are presented in a box plot, and the dimensionalized simulated
ata are marked in red within the respective box plots (see Figs. 5–7).
he arithmetic mean of the experimental data is indicated by a black
old cross, while the outliers of the samples are marked by a black
ircle. It is evident that there is at least one outlier in the experimental
ata. The whiskers represent the standard deviation from the mean
alue. The dimensionalized simulated data are represented by a red
ashed line in each box plot. The box plots show that the simulated
alues lie within the standard deviation of the experimental values.
n some cases, this value is also within the quartiles and close to the
ean value (black cross) of the experimental data. The dimensionalized
oung modulus of the optimized diamond structure is farthest from
he mean value of the experimental data, while that of the primitive
tructure is almost the same. The box plots show that scaling establishes
clear correlation between the simulation and the experimental data.

The ability to convert dimensionless data into dimensional data is
rucial for future research. It is also important to emphasize that the
onversion can be applied even if the simulation data relate to differ-
nt material properties and cell dimensions (see Section 1 and [26]).
his underlines that a load-specific shape optimization of complex cell
tructures is possible by using dimensionless data with the phase-field
ethod. In the field of linear elasticity, shape optimization leads to a

tructure that is independent of material properties and dimensions.
his can also be confirmed if a different base material is used for the
imensionalization. For example, this investigation considered poly-
actide (PLA) under equal load conditions. Table 4 lists the simulated

effective modulus of PLA which can also be scaled to the experimental
Fig. 5. Diamond structure: Comparison of the experimental data with the dimension-
alized (red dashed line) simulated data. Representation of the experimental data in a
box plot: with upper and lower quantile and median, whereby the standard deviation
is marked by the whiskers. The mean value of the experimental data is indicated by a
cross and the outliers by circles.

modulus by a constant material-specific factor. Furthermore, a com-
parison of the two dimensionless parameters (modulus calculated from
the aluminum alloy and modulus based on PLA) is also possible. These
parameters can be converted into each other, with a factor of 0.1. This
indicates that the simulation in this case is independent of the material.
This observation is consistent with previous results of 2D studies.

Overall, it is demonstrated that shape optimization in the linear-
elastic range is accompanied by an increase in the effective modulus of
elasticity (Young’s modulus) and, consequently, an increase in stiffness.
This result has been presented with convincing agreement in both
simulations and experiments.
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Table 4
Comparison of the originally simulated effective modulus of elasticity (𝐸𝑆𝑖𝑚) and the experimentally
determined modulus of elasticity (𝐸) with modified simulative material properties (𝐸𝑆𝑖𝑚 𝑃𝐿𝐴).

Diamond Gyroid Primitive

Initial Optimized Initial Optimized Initial Optimized

𝐸𝑆𝑖𝑚 𝑃𝐿𝐴 [MPa] 0.315 0.521 0.255 0.380 0.147 0.188
𝐸𝑆𝑖𝑚 𝑃𝐿𝐴∕𝐸𝑆𝑖𝑚 [–] 0.01 0.01 0.01 0.01 0.01 0.01
𝐸∕𝐸𝑆𝑖𝑚 𝑃𝐿𝐴 [–] 105.93 100.797 107.808 89.016 98.435 87.255
Fig. 6. Gyroid structure: Comparison of the experimental data with the dimensionalized
red dashed line) simulated data. Representation of the experimental data in a box plot:
ith upper and lower quantile and median, whereby the standard deviation is marked
y the whiskers. The mean value of the experimental data is indicated by a cross and
he outliers by circles.

Fig. 7. Primitive structure: Comparison of the experimental data with the dimension-
alized (red dashed line) simulated data. Representation of the experimental data in a
box plot: with upper and lower quantile and median, whereby the standard deviation
is marked by the whiskers. The mean value of the experimental data is indicated by a
cross and the outliers by circles.

3.2. Influence on plastic deformation

Apart from the linear-elastic range, the plastic range is considered.
In addition to the increase in the effective elastic modulus of elasticity,
a change in the plastic deformation range can be observed. This aspect
becomes apparent from the analysis of the load–displacement curves
(Fig. 4) and the average maximum stress values (𝜇𝑠𝑡𝑟𝑒𝑠𝑠[𝑀𝑃𝑎]) in
Table 5. An increase in the effective modulus of elasticity consequently
leads to a shift in the plastic deformation range.

It can be observed that the optimization of the primitive structure
in the linear-elastic range has the greatest effect on the maximum
stress by about 16.40%, despite the smallest increase in the effective
modulus of elasticity by 13.37%. While the increase in the effective
modulus of elasticity has a direct effect on the overall stiffness of the
structures, changes in the maximum stress can be attributed to the
volume redistribution during the shape optimization process. Similar
to the standard deviation of the effective Young modulus from Table 3,
the standard deviation of the maximum stress has the highest value for
the diamond structure, while the standard deviation of the optimized
primitive structure shows the lowest variation between the samples.
Furthermore, the individual shape-optimized structures exhibit fewer
sudden failure patterns than the non-optimized structures. In conjunc-
tion with the shift in the plastic deformation range, this results in a
higher energy absorption capacity of the optimized structure, making it
more suitable for additional applications such as crash structures. The
improved mechanical performance of the optimized structures makes
them particularly promising for deployment in various engineering
applications where energy absorption and resistance to plastic defor-
mation are crucial factors. The values for each pattern can be found in
Table 7 in the appendix.

4. Conclusion and outlook

This paper has focused on the experimental validation of load-
specific shape-optimized TPMS unit cells. In previous work, TPMS
unit cells were shape optimized under unilateral compression, inte-
grating a novel phase field method with a shape optimization scheme.
The present experimental validation shows a correlation between the
simulation and the experimental data. To achieve this, the original
and optimized individual TPMS unit cell structures were replicated
in the x- and 𝑧-directions and manufactured using SLA 3D printing.
Compression tests showed that the simulation results agree well with
the order of magnitude of the experimental data. As a result, shape
optimization leads to an increase in the effective modulus of elasticity,
on average, compared to the original structure. For better compara-
bility, the dimensionless data were scaled between simulation-based
dimensionless data and the experimental data. This scaling leads to
an agreement between the simulated scaled effective modulus and the
calculated modulus, with a maximum deviation of 6%. Furthermore,
it is discussed that optimization in the linear elastic regime shifts the
plastic range. Despite the smallest increase in the effective modulus of
elasticity, observed when optimizing the primitive structure, this type
of structure exhibits the highest percentage increase in maximum stress.
In addition, the load–displacement curves illustrate that the shape-
optimized structures collapse less abruptly, which leads to a longer
plateau in the plastic range and thus to a greater energy absorption
capacity. In summary, the comparison between experimental and sim-
ulated data confirms that the computational shape optimization based
on a phase-field approach is a valuable and reliable tool for optimizing
the morphology of porous structures under mechanical loading. This
provides a resource-efficient method for virtual material design with a



Table 5
Average maximum stress (𝜎max) and standard deviation (𝜎max) of TPMS structures in MPa.

Diamond Gyroid Primitive

Initial Optimized Initial Optimized Initial Optimized

𝜎max [MPa] 12.732 13.488 11.38 12.326 5.636 6.558
𝜎max [MPa] 0.779 1.264 0.492 0.846 0.412 0.226
p  
 
 
 
 
 

versatile and extensive application potential. Despite the use of dimen-
sionless data for the simulation with different material parameters and
structure sizes, the subsequent scaling reveals a correlation between
the experimental and simulation-based data. The use of dimensionless
data in a single-phase material simulation leads to a material- and
dimension-independent load-specific shape optimization, while main-
taining the volume. These results underline the potential of the phase
field method as a promising tool for the load-specific optimization of
complex porous structures. The optimization of multicellular structures
or under different load conditions is also possible. This novel design
approach is important in various fields, such as bone scaffold design,
where shape optimization maintains a high surface-to-volume ratio and
a curved surface that is favorable for bone growth, while introducing
load-specific gradients that improve mechanical properties. Further-
more, various studies have already demonstrated that TPMS (based)
structures show promise for crash applications [31,34]. For instance,
in [34], it was shown that the TPMS-based structures investigated there
exhibit higher energy absorption capacity, leading to increased crash
safety. Similarly, in the case of the shape-optimized structures studied
here, the plastic plateau has been extended, resulting in higher energy
absorption capacity of the structures. For this reason, these structures
could be suggested for areas of application in which a high impact load
occurs and material is to be used sparingly.

At this point, it should be emphasized that tests have been con-
ducted only on a total of six different structures (3 original structures
and 3 shape-optimized structures). A correlation with the simulated
data could be established for all structures. The presented study can
be expanded to other porous structures in order to experimentally
validate digitally determined shape optimizations as a result of the
phase field method in a similar procedure. In future research work
will investigate whether the results of the determined mean values can
also be transferred to other sample size of the respective structure type
and show the same behavior. In addition, further investigations into
phase-field-based topology optimization are a future complementary
research direction. In addition, the optimization of the shape and
topology of porous structures with reduced volume fractions would be
important for lightweight construction applications. Furthermore, the
shape optimization of structures under different load conditions, the
extension to multiphase materials, and manufacturing restrictions are
topics for future research work.
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