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Investigation of the potential of topology optimization
in additive manufacturing using the example of
components subject to bending stress

Untersuchung des Potenzials der Topologieoptimierung in der
additiven Fertigung am Beispiel von biegebeanspruchten

Bauteilen

D.R. Jantos' @, A. Roéttger?, P. Junker'

In this application-oriented work, we examine the performance of topology-opti-
mized structures as compared to the reference I-beam. We make use of the ther-
modynamic topology optimization based on a linear elastic compliance mini-
mization, i.e. minimization of the elastic strain energy of the whole structure. We
investigate, how the optimization of the rather theoretical strain energy influences
the efficiency of more practical measurements, i.e. the force-displacement re-
sponse at the loading points and the maximum tolerable force. For this purpose,
starting from a cuboid design space with the boundary conditions of a 3-point and
4-point bending stress, the geometry with constant volume was optimized. The
topology-optimized bending beams were subsequently produced by stereo-
lithography and mechanically tested with respect to the previously defined boun-
dary conditions. In order to avoid a falsification of results due to internal sample
defects, all samples were previously examined with the aid of computer tomog-
raphy with regard to the defects in the volume. As a general result, the topology-
optimized bending beams can bear a higher load in the experiment, which shows
the usefulness of the coupling of additive manufacturing and topology optimization
methods without any special constraints or enhancements regarding the manu-

facturing process within the optimization.

Keywords: Topology optimization / additive manufacturing / stereolithography

Schliisselwérter: Topologieoptimierung / Additive Fertigung / Stereolithographie

1 Introduction

The efficient use of resources, i.e. energy and pro-
duction materials, becomes more and more im-
portant. For structural engineering, the topology op-
timization became an important tool over the last
decades to reduce material usage and weight of
components without sacrificing mechanical per-
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formance. Many approaches were developed and
can be found in literature. For an overview over
topology optimization methods we refer to the re-
view papers [1-3].

Although common topology optimization meth-
ods yield distinct optimized geometries, i.e. either
full material or absence of material within each
point of a given design space, those geometries are
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often difficult to produce with conventional pro-
duction techniques like subtractive processes or
casting. Within the last years, different additive
manufacturing processes were developed and sub-
stantially improved. Established techniques are for
example laser powder bed fusion (L-PBF), directly
energy deposition (DED), stereolithography (SLA),
jetting techniques, and fused deposition modeling
(FDM). Overviews over the different techniques
and their properties can be found in [4-6]. Depend-
ing on the additive manufacturing process, metals,
ceramics, polymers, or biological tissue can be used
for production of solids, so that additive manu-
facturing becomes interesting for various industrial
fields. Besides the material variety, additive manu-
facturing processes are based on the layer-by-layer
production of solid geometries, which allows for an
extreme design freedom compared to conventional
manufacturing. Especially, the production effort
only increases slightly with increased complexity of
the geometries, which makes additive manufactur-
ing suitable for the production of topology opti-
mization results possession complex and often fine
structures. Works regarding the additive manu-
facturing of optimized structures and also discus-
sing enhancements of topology optimization meth-
ods to accommodate additive manufacturing and
vice versa are reviewed in [7-9].

The aim of this work is the fundamental inves-
tigation of the performance of topology-optimized
structures as compared to reference structures sub-
ject to bending by applying a compliance mini-
mization topology optimization with isotropic and
linear elastic material and prosumer level additive
manufacturing-equipment. The topology opti-
mization in terms of a compliance minimization,
i.e. minimizing the strain energy in the whole
body, was carried out for a 3-point and 4-point
bending boundary value problem. The reference
structure was the I-beam. For the topology opti-
mization, we applied the thermodynamic topology
optimization [10]. The thermodynamic optimization
already proved benificial for different enhance-
ments regarding anisotropic (fiber) materials and
tensile and compression affine materials (steel-con-
crete) [11, 12]. Nevertheless, most results regarding
the thermodynamic optimization were only exam-
ined in silico but not produced and tested in situ.
Thus, topology-optimized bending beams were sub-
sequently converted into an STL file-format and
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samples for mechanical testing were manufactured
using stereolithography. Hereby, no constraints or
enhancements regarding additive manufacturing are
applied within the optimization to examine the per-
formance of basic topology optimization schemes
with linear elastic material without stress constraint
or failure criterion. Nevertheless, it is examined if
the optimization improves the component strength,
1.e. the maximum tolerable forces, and the force-
displacement response at the loading point.

Tensile tests were set up both vertically and hori-
zontally to the direction of construction in order to il-
lustrate the influence of the direction of construction
on the material properties. Internal defects of the test
specimens were examined using micro computed to-
mography. These microtomography examinations
provide information about the effect of internal de-
fects on the premature failure of the manufactured
specimen under bending stress. With this procedure,
the effect of topology optimization can be clearly
quantified without the disruptive influence of sample
defects.

The method used for topology optimization will
be briefly discussed in section 2 below. It is fol-
lowed by the experimental implementation of the
result validation in section 3 and the presentation
and discussion of the results in section 4.

2 Thermodynamic topology optimization

2.1 Brief introduction to thermodynamic topology
optimization

We used the thermodynamic topology optimization
for the compliance minimization under volume
(material amount) constraint of an isotropic linear
elastic material [10]. For a detailed explanation and
derivations, we refer to the original publication.

The thermodynamic optimization is based on the
Hamilton principle and reads for a given design
space 2

0,G(u,x) =0V ou (1)
8,60, 1) + / _az;gx) 8y dV +6,C(x)
/4
Q (2)

+0,R(Vy) =0V oy
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where 6,G and 0,G describe the Gateaux de-
rivatives, i.e. “total variational derivative”. Those
variables and therefore the unknowns of the prob-
lems are the displacements u(x)Vx € £ and the
design variable y which represents the continuous
density y(x) € [0, 1]Vx € Q defining the top-
ology with

0 for void
X = { (3)

1 for full material

The Gibbs energy reads

g:/'l/dV—/b-udV—/t-udV )
Q Q

0Q

where 02 denotes the boundary of the design
space. The body forces b and traction forces ¢ are
given as constant, i.e. they are neither a function of
the displacements u nor the density y. The variation
of the Gibbs energy G(u, x) with the Helmholtz
free energy

Y(u,y) = %e(u) cE(y): €(u) (5)

yields the mechanical equilibrium, i.e. principle of
virtual work, with the strain denoted by & and the
elastic material tensor ore material stiffness tensor
denoted by E. The formulation G(a, x) with

V(o) =0 EQ) ™ 0 ©

describes the objective function of the optimization,
i.e. compliance minimization, with the stress de-
noted by . We apply the power-law material inter-
polation used in solid isotropic material with penal-
ization (SIMP) approaches [13]

E(y) = [1 — )y’ +«] E, 7)

with the manufacturing material E, to penalize and
suppress intermediate densities y € [0,1] from the
resulting topology. Herein, k = 10~ is a small but
non-zero numerical value to prevent singularities
within the finite element method, which is used to
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solve the mechanical equilibrium (1) within each
optimization step.

The dissipation function D = % n)%* enables the
derivation of the so-called evolution equation: a
partial differential equation whose (iterative) sol-
ution yields the optimal design. Herein, 7 describes
the viscosity, which accounts for numerical damp-
ing and has no direct physical meaning. The vol-
ume constraint

/de: Qy )

Q

with the prescribed structure volume () and the in-
terval constraint y € [0, 1] is given by the func-
tional C. The required Lagrange multiplier 4 for the
volume constraint and the Karush-Kuhn-Tucker pa-
rameters y for the enforcement of the admissible
interval for y are determined by a bisection algo-
rithm within each iteration step.

The functional R = [,,38%|V|?dV with the Na-
bla-Operator V describes a gradient-enhanced regu-
larization to suppress checkerboarding, grants mesh
independent results, controls the minimum member
size of the structure, i.e. the minimum radius of
trusses within the topology, which is given by the
parameter 7,,;, = v/ with

Jox(I=x)dv ©
The variation of the Hamilton principle with re-

spect to the design variable, i.e. the density y, giv-
en in Eq. (2) yields the driving forces (sensitivities)

B=p

JR— 1 . 8E .

'L'X = §€ : a_X o & (10)
1

=5 (B(1—x)y*)E, : ¢

and the evolution equation

1=5(t,—-A—y+BV -Vy) VxeQ (11)

|

including the Neumann boundary conditions

Vy-n=0Vx € 0Q (12)
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The optimal design is determined by an iterative
process consisting of an alternating finite element
analysis to solve the mechanical equilibrium (1) for
the displacements #' with a given design %' and a
design update by evaluating the evolution equa-
tion (11) with an explicit time discretization

K=+ Ay y) (13)

wherein the time steps i become the iteration steps
of the optimization process and the time increment
At and viscosity 7 account for numerical damping.
The Laplace-operator V - Vy' within the evolution
equation is calculated via the method introduced in
[10].

2.2 Numerical results and reference geometry

The free design space' is enclosed by two base
walls, which are not part of the optimization and
are predefined as full material with y = 1, Fig-
ures 1, 2. The geometric dimensions are given in
(normalized) dimensionless length and volume
units. The manufactured specimens are scaled by a
factor of 62 mm resulting in an over-all length of
80 mm for the specimen. The supports at the base
walls correspond to a solid surface on which the
specimen is placed and the forces are applied in a
line along the whole width of the free design space,
Figure 2 (in view direction).

A (dimensionless) structure volume £2,=0.132
including the base walls and 2,=0.05 without the
base walls is prescribed for the topology opti-
mization (about 40 % of the free design space is fil-
led with material). We compare the results of the
topology optimization with a reference model given
by an I-beam, Figure 3. The beam is also enclosed
in base walls and its volume is chosen to be identi-
cal to the prescribed structure volume within the
topology optimization. Thus, the thickness for the
beam cross section area has to be t = 0.052.

The minimum member size for the topology op-
timization is chosen to be r,,;, = 0.035. Thus, with
the scaling for production of 62 mm, the chosen

'Per definition, the design space £ includes all
structural members and therefore the free design
space and the base walls.
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Figure 1. Finite element mesh and dimensions of the des-
ign space for the topology optimization.

free design space

Ll
H
E
i
AL
H
E
1T
H
A
1

base walls

_035

Ll
H
ﬁ
i:
1AL
H
E
1T
i
AL
1=

Figure 2. Boundary conditions for the three-point bending
and the four-point bending.

minimum member size will yield designs with fea-
tures not smaller than about 2.17 mm in diameter.
Although the stereolithography-printer is capable of
printing smaller features, trusses and walls with di-
ameter or thickness less than2.17 mm are vulner-
able to warping or breakage during the post-proc-
essing of the print, i.e. during the cleaning in
alcohol or while removing the supports.
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Figure 3. Cross section of the reference |-beam.

The model is discretized by 15 x 15 x 40 finite
elements for the free design space and 21 x 21 x 6
finite elements for each base wall. The element-size
of the regular mesh is & = 0.0125 (dimensionless
length), which is smaller than the chosen minimum
member size r,,;, so that no numerical instabilities

Figure 4. Results of the topology optimization for: a) the
three-point bending, b) the four-point bending, and c) the re-
ference |-beam.
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as checkerboarding or mesh dependence will occur,
but the calculation effort is reduced, Figure 4. Finer
meshes would yield the same results for the top-
ology for the given value of the minimum member
size [10]. However, the optimization model is also
suitable for finer meshes and structures, i.e. smaller
minimum member sizes, although those structures
were not produced to due to the manufacturing lim-
itations mentioned above, Figure 5.

For the linear elastic material, we apply a Pois-
son’s ratio of 0.3, whereas the value of Young’s
modulus does not influence the resulting topology
due to the linear theory and can be chosen arbitra-
rily.

In a post-processing step, the element-wise dis-
cretized density” y is linearly extrapolated to the
nodes of the finite element mesh and the final top-
ology is represented by the (triangulated) iso-sur-
face with a threshold value of 0.5 for the ex-
trapolated density. Thus, 3D-models with smooth
surfaces rather than voxel-based representations are
generated for the visual representation and the pro-
duction models for additive manufacturing. The re-
sulting 3D-models are saved as STL-files and can
be scaled within the respective slicer software cor-
responding to the used 3D-printers.

3 Experimental investigation
3.1 Materials and sample preparation

In this work, standard photopolymer resins FLGP04
from the company Formlabs were used which only dif-
fer in their color. This resin is a photo-polymer that
does not require a special post-curing process. Sig-
nificant properties of the photo-polymer were taken
from the manufacturer’s instructions and are listed, 7a-
ble 1. Samples were manufactured using the Form2
stereolithography printer from the company Formlabs.
The samples were manufactured with a 250 mW diode
laser (405 nm) and a layer thickness of 50 um taking
into account a z-compression correction of 0.75 mm.

2Used software is ParaView. The iso-surface is
generated with the Cell Data to Point Data, Iso-
Volume, and ExtractSurface filters. The triangula-
ted surface is subsequently saved in the STL-file
format for production of specimens with a SLA-
printer.
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Figure 5. a) the three-point bending, b) the four-point ben-
ding. Results of the topology optimization with finer mesh

(30 x 30 x 80 elements for the free design space) and smal-
ler minimum member size be r,,;,, = 0.0175 (about 1 mm for a
80 mm wide specimen). Those models were not produced
and tested.

Table 1. Material properties according to the manu-
facturer Formlabs.

Material Tensile mo-  Tensile Elongation at
properties dulus [GPa] stress [MPa] break [%]
green 1.6 38 12
post-cured 2.8 65 6.2

The assembly accuracy in the x and y direction is
specified by the manufacturer as 25 um. The sample
production took place with the automatic creation of
the support structures using the printer’s slicer (soft-
ware) PreForm 3.0.1. For statistical reasons, five ten-
sile specimens in the vertical and horizontal directions
to determine the material properties and eight 3-point,
eight 4-point specimens, and eight [-beam structures
were fabricated on the same machine (four with clear
and four with black resin each). Built specimens were
cleaned with a 99 % isopropanol alcohol and further
hardened for 15 minutes in a light curing device (Tech-
notray Powder, Heraeus Kulzer) with wavelengths of
450 nm to 475 nm at around 60 °C.

3.2 Microtomography investigation

Defects in the volume of the stereolithography-
manufactured specimens were examined with the
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aid of micro computed tomography. The aim of
these investigations was to describe the influence of
these volume defects on the bearable load, so that
the positive influence of the topology optimization
can be quantified without the influence of defects.
For this purpose, all samples were examined for in-
ternal defects using the micro-computer tomog-
raphy before mechanical testing. EasyTom
160 uCT from RX Solution was used, equipped
with a tungsten filament and a tungsten target. The
parameters set for the x-ray source were a tube cur-
rent of 37.4 uA, a target current of 30 uA and a
working voltage of 90 kV. The microtomograph is
equipped with a flat panel imager detector 238 mm
%190 mm. This detector possesses a resolution of
1920 pixels x 1536 pixels. The maximum resolution
of internal defects results from the geometric con-
ditions between the sample size and the minimum
distance between the x-ray source, sample and de-
tector. The voxel size resolution of the 3- and 4-
point bending samples is about 32 um to 32.5 um
and 44 um to 44.5 um for the I-beam structures.
For the evaluation of volume images, five images
were taken with a gray value resolution of 16 bits
(corresponds to 65536 gray levels) per slice, from
which an average image was generated. The mean
value images were subsequently read into the Xact
(RX Solution) program for image construction. The
reconstruction was carried out on the basis of the y-
slices with an automatic OffsetX correction. The
evaluation of defects and the image generation was
carried out with the program VG-Studio MAX
(volume graphics).

3.3 Mechanical testing

For the determination of selected material proper-
ties, tensile tests according to DIN EN 10002 were
carried out. For this purpose, the Z100-Roell univer-
sal strain-compression test machine Z100 was used.
During the tensile test, the force was determined
with a 100 kN load cell and the sample extension
was gathered by the traverse path. The samples
were preloaded with a compression force of 15 N
and tested to failure with a crosshead travel speed of
0.5 mm per minute. The 3-point and 4-point bend-
ing tests were carried out with the samples based on
the standard DIN EN ISO 14125, Figure 6. Con-
trary to the standard, the sample supports were
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Figure 6. Representation of the sample geometry, the support

surface and the position of the cylindrical support points via

which the bending force was introduced into the sample; a) I-beam reference sample in a 3-point bending test, b) I-beam
reference sample in a 4-point bending test, c) Topology-optimized sample in a 3-point bending test, and d) Topology-optimi-

zed sample in a 4-point bending test.

placed on a planar surface. In the three-point bend-
ing test, the force was applied selectively by means
of a cylindrical support. Two cylindrical supports
were used in the 4-point bending test. The I-beam
specimens were tested under 3-point as well as un-
der 4-point bending stress, analogous to the top-
ology-optimized samples. All tests were carried out
on the tensile-compression universal testing ma-
chine Z100 (Zwick Roell) analogous to the tensile
tests presented previously. Due to the complex ge-
ometry, technical drawings are not shown and refer-
ence is made to the STL data in the appendix A.

4 Results and discussion
4.1 Materials properties of the investigated resin

The bending tests induce complex stress states in
the structures: tensile stresses are present below the
neutral fiber and compressive stresses above the
neutral fiber in the I-beam. Furthermore, distinct
shear stresses take place due to the ratio of length
to height. Analogously to the stress distribution in
an I-beam, tensile stresses are also acting at the
bottom of the topology-optimized specimens. These

acting tensile forces are transmitted via cross struts
between the two lower sample supports in both the
3- and the 4-point test samples. The more complex
shape of the optimized structures amplifies the lo-
cal presence of shear stresses, particularly at the in-
tersection points of the individual trusses. Contrary
to the pressure force transmission in an I-beam, the
pressure force transmission inside the topology-op-
timized samples are in-line with the cross struts.
From this consideration, it can be concluded that
for the topology-optimized samples, the pressure
forces are also transferred across the whole sample
volume, which is not the case by the I-beam sam-
ples. Due to the different force transmission as a re-
sult of the varying sample geometry, the material
properties were also determined by means of a ten-
sile test depending on the direction of construction
of the resin used.

If the tensile strength is the same in both the
vertical and horizontal loading directions, the elon-
gation at break of vertically loaded samples is more
than half as small as in the horizontal loading direc-
tion. In addition, the material properties mentioned
by the manufacturer in the “green” state could not
be achieved either with regard to the material
strength or the elongation at break. Researcher
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were also unable to reproduce the manufacturer’s
material strength but concluded that the mechanical
properties of the material are isotropic [14]. With
this knowledge, the topology optimization is done
with an isotropic material, but the topology-opti-
mized samples were manufactured in such a way
that the critical tension struts were set up horizon-
tally with respect to the later acting tensile stresses
(maximum strength and elongation at break).
However, most other additive manufacturing
techniques besides stereolithography are known to
produce anisotropic material properties: Structures
produced with fused deposition modeling (FDM)
inherent orthotropic properties depending on the
print direction with the lowest stiffness and strength
between layers [15, 16]. Regarding the additive
manufacturing of metals, reports lower material
properties of additively manufactured samples in
the vertical loading direction compared to the hori-
zontal loading direction [17]. For example, there
are reports that the material properties of laser pow-
der bed fusion processed 316L-steels specimens
tested horizontally to the build-up direction are
characterized by higher strengths and elongation
values than specimens tested vertically to the build-
up direction [18]. The reason for this can be attrib-
uted to the higher probability of a connection error
between two successively compacted layers. The
formation of connection errors in the laser powder
bed fusion process can be attributed to an in-
homogeneous or defective powder layer (9 in-
adequate fluidity of the powder, unsuitable particle
size distribution) or due to inadequate sample com-

Figure 7. Defects within a 3-point test sample.
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pression (flue gas formation and inadequate energy
coupling, etc.). Applied to the topology-optimized
structure, this means that the sample position and
the associated direction of construction should take
into account the later load during operation (here
bending testing).

4.2 Defects density and morphology in
stereolithography-processed bending samples

Defects varying in size and density could be recog-
nized by the stereolithography-manufactured top-
ology-optimized bending samples, Figures 7, 8.
These defects were apparently on the sample sur-
face. Statements regarding the defect morphology
in the sample volume could be quantified in shape
and size with the help of microtomography inves-
tigations. In order to make statements about the de-
fect density and to map the effect of these defects
on the component properties, all samples were ex-
amined before the mechanical test with regard to
the defect size and the number of defects. Because
of the size of the sample, a white distance between
the x-ray source, sample and detector had to be
maintained due to the geometry, so that the small-
est resolving defect size is approximately 30 um to
40 um. Statements on the effects of defects with a
size smaller than 30 um to 40 um cannot be pro-
vided here due to the limited resolution.

Although all samples were produced with the
same stereolithography system, the 4-point bending
samples possess more defects than the 3-point bend-
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Figure 8. Defects within a 4-point test sample.

ing samples. While out of seven 3-point samples were
free of defects, there was only one defect-free sample
for the 4-point bending samples among the seven
samples produced. The 3-point and 4-point bending
samples were produced in two successive assembly
jobs, whereby the 3-point bending samples were pro-
duced at first. It is assumed that the higher defect den-
sity in the 4-point bending samples is due to the fact
that these were generated after the 3-point bending
samples from the previously used resin, build plat-
form and resin tank. Especially the transparent win-
dow at the bottom of the resin tank, through which
the laser passes during the printing process, becomes
locally “cloudy” with each layer printed impairing the
print quality.

Three different types of defects can be detected
in the stereolithography manufactured specimens.
There are volume defects that have a spherical to
channel-like structure, Figures 7, 8. The formation
of the spherical defects can be attributed to the for-
mation of gas pores that were formed or transported
between the translucent vat bottom and the sample
surface. In addition, channel-like defects can be ob-
served, which are preferably formed at an angle of
20° — 30° at an angle to the building normal in the
cross struts of the topology-optimized samples.
During the formation of this defect, either there
could have been a locally inadequate wetting of the
sample surface with the resin, inhomogeneities
within the bottom of the resin tank through which
the polymerization laser passes, or a gas pore was

© 2022 The Authors. Materialwissenschaft und Werkstofftechnik published by Wiley-VCH GmbH
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displaced laterally during the construction in the z
direction as a result of the process sequence during
the manufacturing process. In addition, near-sur-
face defects can be registered, which increase the
sample roughness, Figures 7, 8.

4.3 Mechanical properties of topology-optimized
test specimens

The tolerable maximum bending force of the top-
ology-optimized samples compared to the reference
samples of the I-beam is shown in Table 3. The
comparison of the average maximum force in the 3-
point bending test between the I-beam sample (3-
point) and the topology-optimized 3-point bending
sample shows that the topology-optimized samples
(defect free) on average endured an 8.36 % higher
force until failure occurred. A similar result can
also be assigned to the comparison of the maximum
tolerable load of the I-beam sample and the top-
ology-optimized samples (defect free) in the 4-
point bending test. The topology-optimized 4-point
samples were able to bear a load that was 10.44 %
higher compared to the I-beam reference sample
until failure took place.

For the 3-point bending tests the higher compo-
nent stiffness of the topology-optimized samples
can be seen from a higher slope in the course of the
force-deflection curve compared to the I-beam ref-
erence samples, Figure 9. Another difference can
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Table 2. Material properties determined in the tensile test for the used resin including the properties according to the

manufacturer also given in Table 1.

Direction of loading

Tensile stress [MPa]

Elongation at break [%]

perpendicular 35.00+1.58
horizontal 35.00+0.0
manufacturer information 38-65

3.88+1.76
9.26+1.09
6.2-12

Table 3. Comparison of the measurement results from the 3-point and 4-point bending tests of the I-beam and the

topology-optimized specimen.

Sample I-beam, 3-point I-beam, 4-point optimized, 3-point optimized, 4-point
load with defects [N] 3798+108 44924103 4145+193 50154535

load without defects [N] 3848+90 4526 +67 4178 +173 5430+ 286
reduction of load due to

defects [%)] 1.28 0.76 0.78 7.63

Increase of load due to — — 8.36 10.44

topology optimization [%]
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Figure 9. Representative force-compression diagram of the test specimens tested in a 3-point and 4-point bending test.

be seen from the higher tolerable loads of approx-
imately 220 N of the topology-optimized samples
in contrast to the reference I-beam specimens.
However, the bending force of the topology-opti-
mized samples drops in the direction of higher tra-
verse path. Exceeding a traverse path of 4 mm to
5 mm, all force-compression diagrams show a jag-
ged curve, which can be attributed to a partial fail-
ure of the samples. Catastrophic sample failure,
characterized by a drastic drop in bending force,
can only be registered if the traverse path is larger
than 7 mm. In comparison, no catastrophic failure
was observed in the I-beams. The abrupt failure of

© 2022 The Authors. Materialwissenschaft und Werkstofftechnik published by Wiley-VCH GmbH

the optimized structure can be explained by geo-
metric aspects: the optimized structures are com-
posed, primary by plate-like segments and some
truss-like elements for the 3-point bending. The ap-
plied load is large enough to provoke finite de-
formations. Then, during increased loading, the
structures start to strongly deform such severe
stress rearrangements are present. For the large de-
formation and fractured state, of course, the opti-
mization model cannot predict the correct solution
since it is formulated for in terms of the linearized
theory. Furthermore, for some prescribed deforma-
tion, the primary compression load states in the
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plates exceeds a limit value and buckling initi-
alizes. This, of course, is accompanied by a sudden
failure in stiffness contribution of the plates. Con-
sequently, the entire structure fails in a catastrophic
way. This gives raise to a future investigation when
topology optimization for finite deformations is
employed to answer the question whether opti-
mization for the deformed state could prevent the
sudden failure and additionally increase the struc-
tural stiffness further.

Although the I-beam samples took up a lower
maximum bending force, they remained at a con-
stant level in the crosshead travel considered up to
12 mm. For example, the I-beam sample only sag-
ged due to the applied force, without failing. A
similar behavior can also be assigned to the I-beam
reference samples in the 4-point bending test. No
catastrophic sample failure was observed in this test
either. In comparison, catastrophic failure occurred
in the topology-optimized samples, but with a high-
er bending force. The two curves also have a sim-
ilar slope, so that the topology-optimized 4-point
bending samples cannot be assigned a higher com-
ponent stiffness compared to the I-beam reference
samples, Figure 9b.

The topology-optimized samples were frag-
mented into small pieces in split seconds, pref-
erably in struts, which are subjected to tension dur-
ing bending testing, Figure 10. A rearrangement of
the fractured pieces was not possible for most
specimen. The course of the damage can also be
described in such a way that the transverse struts on
the underside of the specimen initially fail due to
tensile stresses in the which failure was directly fol-

Materialwiss. Werkstofftech. 2022, 53, 1298—1310

lowed by a failure of the cross struts as a result of
the shear forces. Such a behavior indicates a more
homogenous stress distribution and higher degree
of material utilization: the optimized design has no
unused structure features. This result is reasonable
for homogenous minimization of the compliance
energy over the whole body. However, such a high
degree of material utilization results in fatal struc-
ture failure for the brittle material used here.

In addition, the influence of defects on the toler-
able bending force was examined. To calculate the
mean bending force (as load in N without defects),
only the defect-free samples from the seven sam-
ples were taken into account, Table 2. The micro-
tomography examinations carried out before the
bending tests were used to identify the defect. The
influence of the defects in the 3-point bending sam-
ples is small and the maximum tolerable bending
force is reduced by only 0.76 % to 1.28 % in com-
parison to the defect-free mean force values. An-
other behavior can be assigned to the 4-point bend-
ing samples. Whereas the maximum bending force
that can be achieved by the I-beam reference sam-
ples only drops by approximately 0.78 % in the 4-
point bending test for the specimens with defects as
compared to the mean values of the defect-free
samples, the topology-optimized samples show a
different behavior: here, the defects reduce the
maximum bending force to be borne by 10.44 %
compared to the defect-free reference samples. The
higher drop in the maximum tolerable force due to
the defects can be attributed to the much more
complex geometry and the higher defect density
(see section 4.2) in the 4-point bending test for the

4-point-bending

3-point-bending

2 mm

—

)

Lk
el

Figure 10. Comparison of selected samples before and after the bending test. The topology-optimized samples are cha-
racterized by catastrophic failure in the bending test with severe fragmentation.
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topology-optimized samples. Without consideration
of manufacturing defects, the topology optimization
increases the maximum bearable forces by 8 % to
10 %, although no stress constraints or material
failure is included in the optimization model with
linear elastic material.

5 Conclusions and outlook

In this work, we examined the effect of topology

optimization based on strain energy minimization

(compliance minimization) that undergo bending

loading in 3- and 4-point test devices. The follow-

ing statements can be made:

e By optimizing the topology regarding the strain
energy without additional stress constraints, the
tolerable maximum forces in the 3-point bending
test could be increased by 8.36 % and in the 4-
point bending test by 10.44 % as compared to the
reference samples of simple I-beams.

¢ The increase of structural stiffness, i.e. the force-
displacement response at the loading point, was
less prominent in the 3-point bending example
and nearly negligible for the 4-point bending.

e Microtomography examinations confirm the
presence of defects on the component surface
and in the component volume.

¢ The defects reduce the maximum tolerable bend-
ing forces and lead to premature sample failure.

e The failure of the topology-optimized samples
was characterized by severe fragmentation in-
dicating a more homogenous stress distribution
within the structure.

Although a linear elastic material with com-
pliance minimization optimization and no con-
straints for maximum stress were considered, ex-
periments with additively manufactured specimens
showed significantly increased strength, although
only minor improvement in structural stiffness, i.e.
force-displacement response. The structural stiff-
ness could only be increased for the 3-point bend-
ing compared to the reference design (I-beam). The
negligible improvement in structural stiffness for
the 4-point bending could result from the I-beam
beam being already nearly optimal for this case.
However, the compliance minimization opti-
mization actually minimizes the strain energy of the
whole body, not only the force-displacement re-
sponse at the loading point. The characteristics of
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the homogenous optimization regarding the mini-
mization of the strain energy over the whole struc-
ture is therefore clearly noticeable in the ex-
perimental results: the structural stiffness is
increased slightly, but the stress is distributed more
equally throughout the structure resulting in the
characteristic failure of the structures, i.e. severe
fragmentation at higher maximum forces.

Material defects and other production pending
effects were analyzed and their influence was mini-
mized for the final results. An over-all increased
performance of basic structures over standard geo-
metries (i.e. I-beam) could be performed by apply-
ing a topology optimization for linear elastic mate-
rial without specific manufacturing constraints and
production via prosumer level additive manufactur-
ing-equipment.

The material produced with stereolithography
was assumed to be isotropic regarding the opti-
mization. Anisotropic structures resulting from
most other additive manufacturing techniques could
be modeled with the thermodynamic optimization
[11]. Future research could also consider special
cases of anisotropy, 1.€. an optimization of the print
plane and direction. Optimization with regard to
material defects and/or uncertainty would improve
the results in situ, which would require a more so-
phisticated optimization model as well as further
experimental investigations on the specific additive
manufacturing process itself.
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