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Over the past decades, additive manufacturing technology has replaced the conventional methods of pro-
duction of lattice structures such as investment casting, expanded metal sheet and metallic wire assem-
bly. However, this technology still requires more development in order to enable the application of lattice
structures in lightweight load bearing structures. The main challenge lies in the structural integrity of
additively manufactured lattice structures which holds back exploiting their lightweight potential.
While recent research focuses on the influence of process parameters on the mechanical behaviour of lat-
tice structures, less attention is given to geometrical notches issued from sharp edges induced by the
structural design. This contribution handles the effect of geometrically induced notches in truss lattice
structures. The static mechanical properties of truss-like unit cells are compared to, on the one hand,
the common design solution which consists in implementing a fillet radius and, on the other hand,
two notch stress optimization methods inspired from existing methods for two-dimensional notches.
The comparison encompasses the analytical development of the aforementioned methods as well as their
numerical verification and experimental validation for additively manufactured lattices made of
AlSi10Mg. Resulting recommendations on design guidelines for improved mechanical properties of truss
lattice structures are then discussed.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Porous and cellular structures of the most varied types and
forms can be found almost everywhere in nature. Their lightweight
potential has been recognized as one of the most promising engi-
neering features to design load-bearing structures thanks to their
advantageous specific mechanical properties [1,2]. With its recent
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development and expansion, additive manufacturing and the
related promises towards the given design freedom enable mim-
icking nature’s structures at different scales. At the meso-scale,
and compared to porous structures, lattice structures offer the tai-
loring of mechanical property through their topology and are
therefore predestined for the additive manufacturing technology
[3].

Over the past years, research concentrates on the lightweight
potential of lattice structures. Their mechanical behaviour towards
compression loading has been identified as one the most promising
features for lightweight industrial use [4]. Recent research focuses
on the reliable manufacturing of lattice structures, as non-optimal
process parameters lead to defects that have detrimental impact
on the mechanical behaviour of lattice structures. Local texturing
[5–7], porosity [8,9] and geometric deviations, such as strut diam-
eter variation including surface roughness, strut waviness or offset
of the lattice junction centre [10–13] can be listed among the
defects creating notches responsible for local stress concentration.
It is therefore of utmost importance to reduce their influence to
improve the load-bearing capacity of lattice structures and exploit
the lightweight potential of lattice structures to its greatest extent.
However, difficulties can be encountered at the early stage of lat-
tice design and modeling [16]. Nowadays, lattice structures are
computed with the help of established commercial software or
newer software specialized in the creation of parts for additive
manufacturing with specific features for lattice structures. Open-
source software with its own lattice library and coding are focus
of current research [14,15]. Despite its apparent simplicity, the
conception of lattice structures is time-consuming and prone to
errors for detailed features such as the transition between unit
cells. Specific mathematical approaches have been developed to
tackle this issue, in particular regard of graded structures, but at
the cost of generality [17,18]. One common solution to employ
the developed formulations is the use of B-splines [19,20].

The junction centre of lattice struts, in the following denoted as
nodal area, has been identified as the most critical area in terms of
design induced notches by investigating the initial design via finite
element analysis [21–24] and are even present after using lattice
optimization routines [25–27]. Avoiding design notches is by defi-
nition a form optimization task, since general construction guide-
lines allowing complex shapes drawing near structures as
observed in nature [28] are not available in the case of lattice struc-
tures. In order to avoid these notches in the truss lattice design, the
literature offers mainly the single universal solution of a form or
shape optimization by means of circular fillet radius [23,24,29–
33] whereas other promising redesign tasks are meant to be load
case specific [34,35]. According to the authors’ best knowledge, a
comparison between the influences of design notches and printing
imperfection is not available as far as thin walled structures are
concerned.

While the chosen circular fillet radius solution inarguably offers
to deepen the lightweight potential of truss lattice structures, the
available literature for notch optimization tends to show that it
may not be the best universal solution for avoiding local peak
stresses. In the case of flexural hinge shapes, Zelenika has demon-
strated that the circular fillet shape is far less compliant than other
alternative designs such as the prismatic and elliptical shapes or
other historic approaches for stress concentration reduction in
prismatic and wedge shaped elements such as the Grodzinski shape,
a graphical approach of a parabolic shape [36], the Baud shape, a
mathematical shape inspired from fluid dynamic [37], or the
Thum-Bautz shape, an empirical shape developed for cases where
the Baud fillet is not effective [38]. Zelenika has highlighted, among
others, that the circular shape is subjected to 26 % more stresses
than the Thum-Bautz shape [39]. In the case of a shaft shoulder
under tensile loading, Mattheck, Scherrer and Sörensen have devel-
2

oped two methods: The Pocket Calculator Method, a shape based on
mechanical considerations, and the Tensile Triangle Method,
another graphical method aiming to reproduce similar results to
the Pocket Calculator Method. These two methods were compared
to other designs including the circular fillet shape and shape opti-
mization results, successfully validated in experiment and con-
fronted to shapes available in the nature such as trees or bones
with bluffing similarities as results [40–43]. The obtained stress
concentration reduction was verified by Castro in a similar analysis
by considering a circular fillet shape, the Grodzinski shape, the Baud
shape and the shape obtained from the Tensile Triangle Method,
where the obtained stress concentration factors were lower than
the circular fillet by 30 %, 38 % and 33 % respectively [44]. Similarly,
Taylor has assessed the stress concentration factor for his Load Cur-
vature Method and obtained theoretically better results than Mat-
theck, however without experimental validation [45]. These
examples demonstrate the higher potential of other design solu-
tions than the classical fillet radius, which, if correctly imple-
mented into their structural design, could drastically improve the
load-bearing behaviour of lattice structures.

The aim of the present paper is, on the one hand, to highlight
the importance of geometrically induced notches in truss lattice
structures by offering a first insight in the relevance of design
notches when compared with manufacturing defects, and, on the
other hand, in order to reduce their influence, to propose alterna-
tive use-case design solutions to the commonly used fillet radius.
These alternative solutions are meant to avoid specific solutions
derived from optimization or mathematical descriptions by
proposing a simple and generic approach that could offer practi-
tioners and researchers straightforward guidelines specific to lat-
tice structures in order to rapidly design robust lightweight
structures without requiring any specific background knowledge
[41]. To do so, the static performance of the original configurations
of two representative unit cells (RUCs) of truss lattice structures,
being representative of both bending- and stretching-dominated
behaviours of truss lattice structures, are compared numerically
and experimentally to three notch reduction methods selected by
the authors. While the first selected method considers the standard
solution of a circular fillet radius that will be further called the Fil-
let Radius Method (FRM), the other selected methods are directly
inspired from the aforementioned two-dimensional shape opti-
mization verified approaches for notch reduction. These two meth-
ods were extended to the three-dimensional space for the
application on the considered truss lattice structures. The Pocket
Calculator Method (PCM) was selected based on mechanical consid-
eration. The Tensile Triangle Method (TTM) offers itself as a natural
contender since it is comparable to the PCM while being easier to
develop and implement due to its graphical nature. Furthermore,
both methods are comparable to shapes observable in the nature
[42] and applicable to lattice structures. This contribution is
divided into various parts. Design methodology and verification
through finite element methods are the main part, since they shall
lead to recommendation for potential design guidelines geared
towards improved mechanical properties of truss lattice struc-
tures. The second part deals with the numerical investigation of
the chosen design approaches in order to discuss the stress concen-
tration factors [46] assessed for each configuration under static
compression loading. In order to account for the supplementary
mass involved by these design measures, the lightweight grade is
introduced. The last part of this paper covers the experimental val-
idation of additively manufactured AlSi10Mg lattices for one par-
ticular diameter as a proof of concept while identifying the
challenges of accurately manufacturing such proposed shapes on
a small scale. Finally, further design solutions to reduce notch
stresses are discussed.
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2. Material & methods

2.1. Lattice structure design

2.1.1. Selected unit cells
As this study focuses on the investigation of the applicability of

alternative design solutions to geometrically induced notches in
lattice structures and in order to limit the scope of the study, only
two RUCs are investigated. The selected two RUCs in this work are
the body-centred cubic (bcc, Fig. 1 a) and the double-face-centred
with vertical struts (f2ccz, Fig. 1 b) cubic unit cells, which are rep-
resentative of bending-dominated and stretching-dominated truss
lattice structures respectively. According to published works about
finite element analyses of additively manufactured cubic lattice
structures using lCT data, the highest nodal stress concentration
has been assessed for the bcc unit cell [10]. It is therefore expected
that reducing these notch stresses would lead to the highest rela-
tive increase of the effective mechanical properties among truss
lattices unit cells. The f2ccz unit cell has been selected because
of its good performance in terms of stability, specific energy
absorption and build time compared to other cubic truss lattice
structures [47,48]. Thus, a further improvement on its mechanical
properties by applying effective notch stress reduction methods is
also of interest. In order to ensure the manufacturability of the two
RUCs, the unit cells are modelled in a way that only nodes are pre-
sent on the boundary of the specimen so that no half or quarter of
struts need to be manufactured (Fig. 1).

2.1.2. Fillet radius method (FRM)
This method consists in implementing the well-established fil-

let radius onto the unit cell tangent to the strut edges in order to
avoid notches. A schematic example of the FRM with a constant
radius is provided in Fig. 2.

2.1.3. Pocket Calculator method (PCM)
The PCM was developed in frame of the notch stress reduction

in a stepped bar of diameter Di subject to tensional loading. The
principle of this method lies in the compensation of the lateral
force FQ , which is responsible for notch stresses, by the tangential
force FT issued from local nominal stress by optimizing the cross-
sectional area of the shaft [40]. The principle is depicted in Fig. 3
(a). The angle ai describes the angle between the first path of the
multi-linearized PCM curve at its starting inflexion point. Each
sharp angle determines an inflexion point. Depending on an empir-
ically determined start angle a1 and support angle a0 ¼ 0

�
, the tan-

gential force Fi
T and the lateral force Fi

Q can be calculated. The rate
of change of a and the subsequent amount of segments s can thus
be assessed to achieve an optimal stress distribution. The two-
dimensional shape of the PCM curve is determined using the Eq.
(1) and Eq. (2), issued from [40].
Fig. 1. Selected lattice structure unit cells – bcc (a) & f2ccz (b).
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2.1.4. Tensile Triangle method (TTM)
This graphical method inspired from shapes observed in nature

such as tree or bones was developed to reduce the computational
time of computer aided shape optimization and leads to shapes
comparable to the PCM [42]. The sharp corner of a part is succes-
sively bridged with isosceles triangles (see Fig. 3 (b)) until a
smooth transition is achieved. The optimal trade-off between mass
increase and stress reduction is achieved for three triangles [43].

2.1.5. Application to lattice structure design
All CAD models were computed with the CAD software Siemens

NX 11. The lattice unit cells were constructed manually and the
relevant geometrical features that are cell size a, strut diameter d
and curvature radius ri (Fig. 7) were parametrized in order to facil-
itate generating any required configuration. It has to be noted that,
although existing functionalities in CAD programs allow the direct
implementation of the FRM on lattice structures using the built-in
‘‘fillet” function, a manual construction that bypasses the size lim-
itation of the fillet radius, which is due to the complex geometry at
nodal areas, was implemented for this method too.

The 2D curves of each aforementioned notch stress reduction
methods are applied onto the nodal area of the unit cell. Depending
on the unit cell configuration, the angle u between each neigh-
bouring strut varies. For the bcc unit cell, curves are constructed
for the 109� and 70.53� angles while the f2ccz unit cell needs
curves for the 45�, 60�, 90� and 120� angles as depicted in Fig. 4.

In order to be able to apply both PCM and TTM to the investi-
gated unit cells, the bisection method as introduced by Mattheck
is used [42]. This method, initially developed for the TTM, consists
in halving the considered u angle and applying twice the notch
stress reduction method starting from the angle bisector. The
bisection method is applied for the PCM curve too by considering
a maximum angle amax ¼ 90

� �u=2, so that no inflection point is
present at the intersection point of the PCM curve and the angle
bisector. The PCM segment creation of both bcc and f2ccz cells is
initiated at one of the curve’s edges with a starting angle a1 ¼ 3

�
,

an angle identified due to its wide applicability [40]. Both TTM
and PCM curves are then smoothed using cubic spline. A construc-
tion example for u ¼ 70:53

�
is shown in Fig. 5 for all considered

methods, with construction lines represented as dashed curves
and the points A and B being the starting and ending points of
the curves generated by PCM and TTM, respectively.

The transformation from the 2D curves into 3D is realized by
constructing continuous surfaces using the curves and the unit
cells themselves as boundary conditions. The surfaces are then
sewn together with the struts to form a single solid RUC (Fig. 6).

For clarity purposes, all the described methods will be further
assigned a constant curvature radius. In the case of PCM/TTM,
the equivalent curvature radius corresponds to a constant radius
at the angle bisector deployed by the FRM. This enables a compar-
ison between the selected notch reduction methods. The bcc unit
cell is described by one curvature radius r1, whereas the f2ccz con-
figuration is described by two curvature radii r1 and r2. The equiv-
alent curvature radii have been parameterized depending on the



Fig. 2. Example of the Fillet Radius Method (FRM) in lattice structures.

Fig. 3. Pocket Calculator Method (PCM) applied to a stepped bar with rotational symmetry under uniaxial tensile load (a) and Tensile Triangle Method (TTM) applied to a
rectangular notch with 3 tensile triangles (b). Based on and recompiled from [40] and [42].

Fig. 4. Angle Selection for Curve Generation – bcc (a) & f2ccz (b).
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modelled strut diameter d. To do so, the curvature factors c and #

are introduced. Fig. 7 displays exemplarily both bcc and f2ccz unit
cells for the PCM while both Eq. (3) and Eq. (4) show the curvature
radius parametrization that will be further used in this paper.

r1 ¼ c � d ð3Þ

r2 ¼ h � d ð4Þ
4

2.2. Numerical analysis

2.2.1. Finite element model
The numerical software ABAQUS was employed for the numer-

ical investigation of the lattice structures. The finite element model
consists of a single RUC under compression loading applied as
homogeneous unitary displacement at its upper cross section
while its lower cross section has been clamped as depicted in
Fig. 8 and Fig. 9 in the respective cases of bcc and f2ccz. The mod-
elled lattice structures were meshed using solid tetrahedron ele-
ments with 10-nodes and quadratic interpolation with local and
global seed sizes respectively assigned to the nodal area and the
lattice struts. The local seed size of both modelled unit cells yields
0.02 mm while the global seed size of the bcc unit cell (0.05 mm)
differs from the one of the f2ccz unit cell (0.03 mm). The material
properties used in this model are based on the values of the addi-
tively printed AlSi10Mg solid material that can be found in the lit-
erature: density qS ¼ 2:67g=cm3 [49], Young’s modulus in vertical
directions ES ¼ 70GPa [49] and Poisson’s ratio t ¼ 0:35 [50].



Fig. 5. Bisection of u angle – Example for u = 70.53� for FRM (a), PCM (b) & TTM (c).

Fig. 6. Nodal Area Construction for Notch Stress Optimization Methods – from splines of (a) bcc& (c) f2ccz to RUC volumes (b) of bcc & (d) f2ccz.

Fig. 7. CAD Models of the considered RUCs with exemplarily PCM applied – bcc (a)
& f2ccz (b).
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2.2.2. Notch stresses assessment
Notch stresses can be identified by means of stress concentra-

tion factors based on the stress distribution within the unit cell
along a given path and can be expressed in the form given by Eq.
(5), where rmax is the peak stress and rmean the mean stress of an
undisturbed area [46] while x ¼ 0 and x ¼ k correspond to both
extremity of the stress path.

Kt ¼ rmax

rmean
¼ max r xð Þð Þ

rmean
; x� 0; k½ � ð5Þ

Although rmax can be described by the maximum von-Mises
stress experienced by the unit cell in both cases, the different stress
distributions inherent to the different loading states lead to sepa-
rate assessments of rmean. On the one hand, the bending-
dominated bcc unit cell yields a homogeneous stress distribution
within its struts under compression loading [10]. Hence, for bcc,
5

rmean is considered as the minimum mean von-Mises stress of
the unit cell and rmax is assessed along a load path starting and
ending at two strut halves respectively located at the upper and
lower halves of the unit cell (Fig. 10 (a)). On the other hand, the
stretching-dominated f2ccz cell sees its vertical strut, if aligned
to the loading direction, carrying almost exclusively the complete
load [10], leaving inclined struts not involved into the structural
load bearing behaviour. Thus, rmean is extracted from the minimum
mean von-Mises stress of the vertical strut and the considered load
path starts from the strut half of an inclined strut and ends at the
middle point of the vertical strut of the unit cell (Fig. 10 (b)).

In order to allow a quantitative comparison between the meth-
ods for similar equivalent curvature radius, the lightweight grade
L� (Eq. (6)) is introduced. It is the inverse of the specific stress con-

centration factor and the relative density q
�
of the considered unit

cell. Therefore, the optimal configuration describes an improve-
ment of the mechanical properties that outgrows the disadvantage
brought by the additional mass due to a given curvature.

L� ¼ Kt � q
�� ��1

ð6Þ
2.3. Experimental setup

2.3.1. Sample manufacturing
The specimens were manufactured on an EOS M290 laser pow-

der bed fusion system. Based on the established process window
for the reliable manufacturing of AlSi10Mg lattice structures below



Fig. 8. Modelling example for the bcc cell (PCM): isometric view (a), top view (b), side view (c), nodal area (d).

Fig. 9. Modelling example for the f2ccz cell (PCM): isometric view (a), top view (b), side view (c), nodal area (d).
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400 lm published by Großmann that enables investigating high
aspect ratios for reasonable sample size [9], a constant parameter
set was selected in order to prevent from a potential influence of
the manufacturing parameters on the mechanical properties of
the investigated specimen. The sample geometry is made of
10x10x10 unit cells based on a 3 mm cell size a (Fig. 7), while
the strut diameter d depends on process parameters and had to
be measured after specimen manufacturing. All the relevant data
are listed in Table 1.
6

2.3.2. Microscopic analysis
Before conducting compressive strength tests, the specimens

were analysed microscopically with a ZEISS Axioskop A1 HAL
100 microscope with 50 � magnification. Contrary to [9], the strut
diameters were directly measured on the specimen to be tested. To
do so, each strut of a selected unit cell within the sample was mea-
sured separately (Fig. 11 (a)) and the strut thickness was obtained
after averaging all the measurements. Furthermore, one supple-
mentary sample of each specimen was ground in order to observe



Fig. 10. Load Path for Stress Concentration Factor Assessment – bcc (a) & f2ccz (b).

Table 1
Sample manufacturing data.

Process parameter Value Unit

Cell size a 3 mm
Unit cells per direction 10x10x10 –
Base CAD diameter d 100 lm
Scanning strategy Contour exposure –
Laser power P 250 W
Laser scan speed vS 2500 mm/s
Laser beam diameter dL 80 lm
Layer thickness lS 30 lm
Build platform temperature 125 �C
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the nodal area (Fig. 11 (b)). Pictures of the cross section at half strut
depth were obtained by grinding the lattice directly; i.e. without
epoxy resin embedment; by means of tools especially manufac-
tured for this purpose (Fig. 11 (c)).

2.3.3. Density measurement
Archimedean density measurements were carried out based on

the on the German engineering norm DIN 3369:2010 [51] with an
assumed solid density qS ¼ 2:67g=cm3 [49] in order to identify
potential increased porosity in the nodal area and, therefore, to
establish a relationship between the fillet curvature and the mate-
rial density of the manufactured specimens.

2.3.4. Compression tests
Uniaxial static compression tests were conducted in accordance

with the German engineering norm DIN EN 50134:2008-10 [52]
using a Zwick/Roell Z100 testing machine. Through the experi-
ment, the effective Young’s modulus E� and the specific energy

absorption E
0
V until compressive failure of each specimen were

assessed in order to establish a potential influence of the notch
reduction methods on the relationship between the strength and
Fig. 11. Microscopic Analysis – strut measurement exampl

7

the ductility of the investigated lattice structures. It is important
to note that, similarly to Großmann and Weidmann [9,53], the
determination of the plateau stress deviated from the standard.
This consideration is due to the brittleness of the AlSi10Mg alloy,
which yields a stochastic mechanical behaviour after reaching
the compressive failure strain. Therefore, on the one hand, the cal-
culation of the plateau stress Rplt , which was assessed through a
preliminary test, was based on the first maximum compressive
strength ReH corresponding to the first local maximum in the
stress–strain curve, as shown in Eq. (7) and, on the other hand,
the specific energy absorption is calculated until the compressive
failure strain.

Rplt ¼ 1
2
ReH ð7Þ

For the preliminary test, a constant strain rate of 2� 10�3 s�1

was used. During the main compression test, a constant strain rate
of 10�3 s�1 was used until the first maximum compressive
strength and, after the first specimen failure, a constant strain rate
of 10�2 s�1 was used until 40 % of the total strain was reached. The
stiffness of the machine was considered by correcting the mea-
sured displacement of the crosshead.

3. Results

In the framework of this investigation, the focus has been pur-
posely set on elastic properties in order to obtain a material inde-
pendent influence of the introduced methods on the load path
distribution within the chosen lattice unit cells. To do so, relative
deviations of stress concentrations observed during FE simulations
and the relative Young’s modulus calculated from experiments
have been considered. Deviations between numerical investigation
and experiment are discussed accounting for manufacturing qual-
ity. Information gained from the plastic range were reported too
e (a), grinded sample example (b) & grinding tools (c).



Fig. 12. Numerical results – bcc – Lightweight grade as function of the curvature
radius.

Table 2
Numerical results – bcc – optimal configuration (R2).

d [lm] FRM PCM TTM

c L� c L� c L�

100 0.8 1.71 1.1 2.00 0.9 1.78
370 0.8 3.22 0.9 3.00 0.9 2.92
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for completeness and can be considered as additional data which
could be useful for other researchers.

3.1. Numerical results

3.1.1. bcc
Fig. 12 shows the results obtained for the numerical analysis of

bcc cells of 100 lm and 370 lm diameter. It can be noticed that for
the 100 lm diameter cells, the optimal lightweight grade was
obtained for PCM and outperforms FRM and TTM by 17 % and
12 % respectively, whereas FRM outperforms PCM and TTM by
Fig. 13. Numerical results – bcc – St

8

7 % and 10 % respectively at 370 lm. The corresponding curvature
radii and corresponding lightweight grades are reported in Table 2.

Fig. 13 displays the stress concentration variation for the
selected notch reduction approaches exemplarily for d ¼ 375lm.
Different values of the maximum stress concentration factor Kt

are plotted along the selected load path (Fig. 10). The initial config-
uration is compared to, on the one hand, a minimal equivalent cur-
vature radius R1 (c ¼ 0:135) and, on the other hand, the optimal
equivalent curvature radius identified in Table 2 above. It can be
noticed that the peak stress occurs for x=k ¼ 0:5, which can be
expected since the nodal area is located in the middle of the nor-
malized selected path. A decrease of the peak stress is already
observed for the small curvature radius R1, while R2 offers a more
drastic stress reduction with a smooth load redistribution (Fig. 14).
3.1.2. f2ccz
In the case of the f2ccz unit cell, two radii have to be varied

(Fig. 7). During the numerical investigation, it has been noticed
that the stress concentration is redistributed to diagonal struts
for low values of h. Fig. 15 demonstrates that the stress peak at
the junction of diagonal struts increases drastically as c gets larger,
leading to a plateau of Kt at c ¼ 0:3 or above. Fig. 16 illustrates this
load redistribution with examples for h ¼ 0:135 and h ¼ 0:5. The
origin of the plateau lies in the fact that the selected load path does
not cover the junction between diagonal struts (Fig. 10).

To prevent the effect of stress redistribution, h ¼ 0:5 is kept con-
stant for further investigations. This value may not lead to an opti-
mal stress concentration at the junction of diagonal struts but it
offers a sufficient load reduction so that the nominal stress is
hardly affected by different values of h. The maximum difference
in nominal stress among the different models at c ¼ 0:5 is 0.6 %.
Thus, it can be ensured that the stress concentration always occurs
at junctions involving vertical struts.

Fig. 17 shows the results obtained for the numerical analysis of
bcc cells of 100 lm and 370 lm diameter. It can be noticed that
PCM outperforms FRM and TTM for both strut diameters, reducing
specific notch stresses by about 16 % for both approaches at
100 lm, and being better by 20 % and 10 %, respectively, at
370 lm. The corresponding curvature radii and corresponding
lightweight grades are reported in Table 3.

Fig. 18 displays the stress concentration variation for the
selected notch reduction approaches exemplarily for d ¼ 375lm.
ress concentration distribution.



Fig. 14. Numerical results – bcc – Stress plots for initial (left) and optimal configuration (right).

Fig. 15. Numerical results – f2ccz – Stress concentration variation.

Fig. 16. Numerical results – f2ccz – St
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The maximum stress concentration factor Kt for optimal configura-
tion is shown in Table 3 above . Contrary to the bcc unit cell, only
the optimal equivalent curvature radius is plotted for better read-
ability. The initial f2ccz peak stress is located at

x=k ¼ 1
2 � arccos 45

�� �
due to the selected load path (Fig. 10). It

can be noticed that the stress concentration is not only reduced
but the peak stress is redistributed into two separate smaller peak
stresses (Fig. 19).
3.2. Experimental results

In the frame of the experimental investigation, 5 samples of
each considered configuration were investigated. As for the numer-
ical part, the initial unit cell configurations are compared to, on the
one hand, a minimum equivalent curvature radius R1 (c ¼ 0:135)
and, on the other hand, the identified optimal equivalent curvature
radius R2 (Table 2, Table 3). The value h ¼ 0:5 is considered for the
investigation of f2ccz unit cell as well. Due to manufacturing con-
straints, only strut diameters of 370 lm were investigated. During
a preliminary investigation, the employed manufacturing parame-
ters described in Table 1 lead to an average as-built strut diameter
ress redistribution for h variation.



Fig. 19. Numerical results – f2ccz – Stress plots for initial (top) and optimal
configuration (bottom).

Fig. 17. Numerical results – f2ccz – Lightweight grade as function of the curvature
radius.

Table 3
Numerical results – f2ccz – optimal configuration (R2).

d [lm] FRM PCM TTM

c L� c L� c L�

100 1.0 1.89 0.5 2.19 0.6 1.89
370 0.6 1.84 0.5 2.21 0.3 2.01
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of 370	 13lm for 4 printed samples of the 14 investigated
configurations.

3.2.1. bcc
Fig. 20 depicts the stress–strain curves while Fig. 21 and Fig. 22

show the results obtained in the framework of the experimental
investigation of the bcc unit cell. The brittle behaviour of as-built
AlSi10Mg can be identified by the absence of a plateau stress and
the consecutive stress peaks standing for sequential load redistri-
bution and consecutive failure. An overall increase in effective
Young’s moduli estimated by means of hysteresis at R2 compared
to R1 can be identified. Whereas R1 do not show significant
Fig. 18. Numerical results – f2ccz – S
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improvement compared to the initial configuration. A similar trend
is observed from both first maximum compressive strength and
energy absorption per unit volume until compressive failure. How-
ever, the values for FRM at R2 are slightly lower than what could be
expected. As far as the linear elastic range is concerned, these
observations demonstrate a good correlation with numerical
results. A trend between the relative material density of the spec-
imens and the size of the fillet curvature cannot be established.

3.2.2. f2ccz
Fig. 23 depicts the stress–strain curves while Fig. 24 and Fig. 25

show the results obtained in the framework of the experimental
investigation of the f2ccz unit cell. Similar to the bcc structures,
a brittle behaviour can be observed for f2ccz cells too. Unlike the
numerical results for bcc, no significant trend for increasing equiv-
alent curvature radius can be identified. Only slight improvements
from the original configuration in terms of effective stiffness and
energy absorption can be noticed. Compared to bcc specimens,
the f2ccz samples have a lower relative material density.

3.2.3. Manufacturing quality
In order to provide more arguments for discussion, Fig. 26 and

Fig. 27 offer an insight into the manufacturing quality of the bcc
tress concentration distribution.



Fig. 20. Experimental results – bcc – stress strain curve.

Fig. 21. Experimental results – bcc – density (left) & Young modulus (right).

Fig. 22. Experimental results – bcc – first maximum compressive strength (left) & energy absorption (right).
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Fig. 23. Experimental results – f2ccz – stress strain curve.

Fig. 24. Experimental results – f2ccz – density (left) & Young modulus (right).

Fig. 25. Experimental results – f2ccz – first maximum compressive strength (left) & energy absorption (right).
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Fig. 26. Insight in manufacturing quality – bcc – initial configuration (left), FRM at R1 (centre) and PCM at R2 (right).

Fig. 27. Insight in manufacturing quality – f2ccz – initial configuration (left), FRM at R1 (centre) and PCM at R2 (right).
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and f2ccz lattices, respectively. Overall, it can be observed that lat-
eral fillets were better built than those at both up- and down-skin
areas. A significant change in shape is only noticeable for bcc at R2,
with a visible increase in the fillet curvature size. Apart from an
apparent slightly smoother transition at the up-skin area of R2,
clear differences between f2ccz unit cells are not distinguishable.
Compared to the bcc samples, a lateral bottlenecking of the nodal
area of f2ccz cells can be identified.

3.3. Discussion

The results demonstrate the potential of the selected notch
reduction methods. As the stress is more homogenously dis-
tributed for increased sizes of fillet curvature, the ability of the
specimen to resist deformation is increased too.

The theoretically better performance of PCM and TTM methods
compared to FRM for f2ccz and bcc at small scale can be explained
through the approach they follow. PCM and TTM were developed
based on the notch stress appeared on a stepped bar [43]. TTM
being a simplified graphical approach of PCM, it will always result
in at most equivalent stress concentration reduction and therefore
lead to at best similar mechanical gain in performance. This notch
reduction method is particularly effective for lattice structures
with extremely thin struts (d ¼ 100lm) since they can be idealized
as perfect truss structures with reduced nodal areas. Moreover, this
method can be expected to be valid for f2ccz lattice structures with
higher strut thickness since the vertical strut of the unit cell can be
interpreted as a bar with a sharp edge which leads to the notch
stress in the vicinity of the loading direction. FRM delivers better
results for bcc structures at higher strut thickness due to, the more
complex loading in the nodal area since the struts are not aligned
with the load direction. Additionally, the better design combina-
13
tion of a constant curvature radius and the symmetry of the bcc
unit cell offers a smoother and better load stress reduction. There-
fore, for constant strut thickness within a given lattice structure,
FRM is recommended for bcc unit cells and PCM is recommended
for f2ccz structures. In the case of f2ccz, TTM could be a robust
design alternative if the CAD implementation of PCM reveals itself
to be complicated. Furthermore, it has to be mentioned that the fil-
let curvature shall not be indefinitely increased for the following
two reasons: Firstly, the stress reduction shall be weighed (or
‘‘lightweighed”) with the additional mass involved by a radius. Sec-
ondly, newly formed sharp edges may occur after load redistribu-
tion on the fillet perpendicular to the notches increase stress
concentration (Fig. 19). These new stress concentrations could
eventually outgrow intended notch stress reduction at the fillet
and render the new design obsolete.

As far as the bcc specimens are concerned, the experimental
results confirm the numerical trends. Despite potential manufac-
turing defects, the notch reduction concepts can be validated.
The stress concentration occurs in the inner lateral part of the strut
junction (Fig. 10 (a), Fig. 14), which is the most reliably manufac-
tured nodal feature of the bcc structures. However, the manufac-
turing defects seem to have a significantly higher influence on
the mechanical properties of the f2ccz structures, which is in line
with the observations made by Leary [10]. However, similar to Dal-
lago [54], applying notch reduction methods to f2ccz structures do
help, just in a restricted manner. The reason for the limited impact
of notch reduction methods is the lack of visible geometric differ-
ence. This is mostly due to the staircase effect [55] that hinders the
differentiation of the already subtly different fillet shapes at the
small scale. In the framework of this study, the relationship
between the design space occupied by the implemented curvature
radius (about 100 lm) is equivalent to some layers of printed
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material only (Table 1). This results in difficulties for precise and
accurate reproduction of the CAD geometries. The effect of differ-
ent layer thicknesses on the dimensional accuracy of the fillet cur-
vature shape is, however, not further investigated in the
framework of this contribution. Another potential contributor to
inaccuracies is the instable melt pool behaviour in the nodal area.
This instability is due to, on the one hand, the high of number of
struts joining together in this area (e.g. up to 10 for f2ccz) and,
on the other hand, the contour strategy used for manufacturing
[9]. This is in good agreement with the fact that bcc specimens
have higher relative material density compared to the f2ccz ones
since they have less struts joining at the nodal area. However, no
noticeable influence of curvature radius on porosity was identified,
which means that it does not have a direct influence on the melt
pool for the selected manufacturing parameters.

Conclusively, it can be stated that the size of the fillet curvature
plays a more significant role in determining the mechanical prop-
erties of the specimen compared to the influence of different notch
optimization methods used at such small scale. The experimental
result of bcc FRM at R1 do not demonstrate the theoretical advan-
tage over PCM or TTMwhich is explained by the geometric similar-
ities due to manufacturing constraints. At larger scale, where the
reliable manufacturability of fillet curvatures shall be ensured,
the proposed design rules should follow the presented numerical
results and considerably increase the mechanical properties as
well [54].
4. Summary and conclusions

In the framework of this study, notch reduction methods were
applied to bcc and f2ccz lattice structures that were additively
manufactured with AlSi10Mg. The commonly used fillet radius
was confronted to 2D notch stress optimization approaches that
can be found in the literature. For this purpose, parametrized
CAD-models were developed, and the 2D notch stress optimization
methods are implemented into 3D lattice structures. Promising
numerical results leading to basic design rules, that were partially
validated by experimental investigations despite the influence of
the staircase effect that prevents from faithfully retrieving the
designed curvatures at small scale. In case of bcc structures, the
FRM is recommended whereas the PCM or even the TTM are more
advantageous for f2ccz lattice cells. It was demonstrated that, at
small scale, the size of the equivalent curvature radius plays a pre-
ponderant role. Furthermore, it was proved that increasing the
radius indefinitely may lead to potentially dangerous redistributed
stress peaks. It is shown that the structural lightweight grade is of
utmost importance for the increase of specific properties of lattice
structures.

Future work will investigate on the applicability of these
approaches to all further strut-based lattice structures of different
cell sizes and diameters. So far, lattice structures with an overall
constant strut thickness were investigated. In the framework of
the implementation of lattice structures, these approaches will
be considered for graded lattice structures as well. In case of
promising results, a benchmark analysis considering other
approaches found in literature is of highest relevance. Another rel-
evant field of investigation is the application of the described
approaches to other materials other than AlSi10Mg in as-built
state. This would enable a deeper investigation of the influence
of the proposed notch reduction methods in the plastic range. It
could be of further interest to investigate the performance of such
approaches for different load cases such as tension, shear or bend-
ing. Another potential field of area would be the systematic inte-
gration of these approaches into a CAD software. Modelling
difficulties are expected by the author in the case of more complex
14
structures. With the reliable implementation and manufacturing of
notch reduction methods, improved mechanical properties of lat-
tice structures such as fatigue or energy absorption may drastically
increase the lightweight potential of these already promising cellu-
lar structures.
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