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Abstract. Selective laser melting enables the production of cavities as well as
internal structures and thus opens up new lightweight potentials for mechanically
loaded components. This paper describes a design method for weight-
optimization by applying internal structures in an extended design space com-
pared to conventional models. Based on a pedal crank as a demonstrator, the
objective is a maximum weight reduction with predefined stresses and a homo-
geneous stress distribution. The basic dimensioning of the design space is limited
by assembly and application restrictions. By using computer aided design tools
and topology optimization in an iterative procedure, a stepwise confinement of the
design space takes place. Concerning the same interfaces and functions as the
conventional pedal crank, newmodel generations with the advantage of force flow
adapted structures are built up. Using Finite Element Method, a continuous
evaluation of the impact from a change of design towards the weight/stress ratio is
performed. The created models are evaluated regarding their weight reduction in
order to select themost efficient one. The final model has a large-volume geometry
with the simultaneous integration of internal structures and cavities. A validation
compared to the initial model as well as to a model with conventional design space
and selective areas with internal structures quantifies the optimization result.
Based on the acquired knowledge from this comparison, an estimation of the
weight reduction potential concerning the design method is given.

1 Introduction

Additive Manufacturing is used for the production of prototypes and tools. Also direct
manufacturing, and thus the additive fabrication of end products to use or assemble
directly, becomes increasingly more important [1, 2]. Due to the mechanical properties
of the final components, especially selective laser melting serves as a continuous
substitute as well as a supplement to conventional manufacturing processes [3, 4].

A major benefit in designing structural components using selective laser melting is
the potential of light weight constructions [5, 6]. Here, the layer-wise and selective
solidification permits new lightweight designs, such as manufacturing freeform
geometries, undercuts or cavities [7–9]. To enlarge the weight-saving potential, internal
structures can be implemented. These are defined as “repeatable elements for the
substitution of solid volumes with the objective to vary the material arrangement on a
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macroscopic level without affecting the material properties” [10]. The challenge is the
integration of load optimized internal structures in order to reduce the component
weight without a significant increase of stresses, so that the life expectancy is not
influenced [11, 12]. Here, computer-aided tools can be used to predict the component
failure and to provide a force flow adapted orientation of internal structures [13, 14].
Previous studies have shown that the weight of a component can be reduced by around
30% using internal structures in conventional shapes [15, 16]. Based on these inves-
tigations, the present paper describes an analysis to increase weight saving by moving
away from the conventional shapes and utilizing an extended design space.

2 Design Method

A computer-aided design method to implement internal structures in mechanically
loaded components is described. It is distinguished into five sequentially arranged
sections, which are characterized by an iterative procedure, shown in Fig. 1.

To clarify the requirements (1), information about force application points, amount
of load vectors as well as the stress state of the component has to be figured out. This
information can be calculated or recirculated from life cycle data. Furthermore, a
design space (2) has to be defined, which is limited by effective areas as well as
assembly and application restrictions. Based on information about the mechanical
behavior of internal structures and requirements of the component, suitable structures
have to be selected and transferred into the design space (3) selectively. The structures
and transition areas are optimized regarding stress reduction and a homogeneous stress
distribution (4). The new model generation is finally validated regarding manufac-
turability (5) by considering design guidelines for detailing.

2.1 Design Guidelines for Internal Structures

To fulfill requirements of the manufacturing process in the early development stages,
design guidelines have to be considered [17, 18]. In form of knowledge storages, such
as checklists or design catalogues, these guideline provides standard values to ensure
manufacturability [19]. For example, boundary conditions for minimal wall thickness
or diameter, depending on the building direction of a component, are defined [20, 21].

Fig. 1. Integrated design method using computer-aided modeling and simulation tools
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Design guidelines are partially available for different parameter sets, which describe a
specific machine and material. Furthermore, general statements are available, which
define optimal orientation, arrangement or positioning of components in the process
chamber or the necessity for cleaning openings [18]. As shown in Fig. 2, using the
example of a honeycomb, minimum wall thicknesses, realizable overhangs and 45°
angles to avoid support structures have to be considered. Furthermore, the element
size b is limited by a minimal diameter.

2.2 Simulation Environment

A material database to specify the anisotropic behavior of a selective laser melting
component is defined. Using this database during computer-aided modeling and sim-
ulation, the consideration of building directions is possible. Analogous to conven-
tionally processed materials, powder alloys for selective laser melting differ in
mechanical properties depending on the post-process. Thus, the properties after the
building process and a post-heat treatment are different. In practice, selective laser
melting components are predominantly used after heat treatment, because internal
stresses are reduced and the material properties are homogenized. Based on the
example of AlSi10Mg alloy - which is used in this paper for validation - material
characteristics after heat treatment (300 °C for 2 h) are shown in Fig. 3 [22, 23].
Besides the static properties, the stress-cycle (S-N) curve for calculating the fatigue
properties is set [15].

Fig. 2. Relevant design guidelines concerning the example of honeycomb structures

Fig. 3. Properties and S-N curve for AlSi10Mg after heat treatment [24–28]
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3 Adaption of a Demonstrator

To validate the design method, a pedal crank is used as a demonstrator. The objective is
a maximal weight reduction with constant internal (von Mises) stresses compared to
conventional models (respectively material characteristics). Except considering rele-
vant interfaces, the component dimensions are freely selectable.

3.1 Clarification of Requirements

The initial model is conventionally manufactured with AlSi10Mg alloy and has a
weight of m = 217.45 g. Two interfaces for fixing the bottom bracket and the pedals
define the length l = 170 mm, as depicted in Fig. 4-a. According to Sullivan und Chris,
different load cases occur during the lifecycle. In assumption of an idealized model, in
which torsional forces are neglected (due to the external force introduction), the critical
load case is pure bending [16, 29]. In combination with the load vector Fmax =
2.250 N, which represents the maximum occurring forces with an additional safety
factor, the bending load is used for further optimization [29].

3.2 Definition of Design Space

As shown in Fig. 4-b, the design space is limited by assembly and application
restrictions as well as the size of the process chamber (machine Eosint M280). This
rough estimation is used as an input for topology optimization (using material char-
acteristics shown in Fig. 3) in order to narrow down the design space. Figure 4-c shows
the optimization results as an iterative elimination of the volume elements with the
lowest stresses (Ansys Workbench 17.0). It can be seen that an asymmetric topology
occurs. For the following potential analysis and selection of an internal structure, the
optimization result is rebuilt as shown in Fig. 4-d.

Fig. 4. Definition of design space (a) Relevant load case of the initial model (b) Assembly and
application restrictions (c) Result of topology optimization (d) Extended design space
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In order to identify a suitable internal structure to be integrated in the design space,
the asymmetrical shape is neglected in the first iteration. The results are considered
again while dimensioning for stress reduction. Hence, the topology is iteratively
adapted to the asymmetric shape.

3.3 Potential Analysis and Application

Preliminary investigations at the institute describe the modeling and simulation of
digital specimens with internal structures [9]. In addition to the application of
computer-aided tools, the results are validated by analyzing physical specimens with a
static test bench. The acquired knowledge is summarized in a design catalog, which
allows the selection of a load optimized structure, when the load case is predefined. The
essential criterion to select a suitable structure is low weight with high stiffness. Based
on the findings summarized in the design catalog, suitable structures for bending loads
are selected. Using CAD, these structures are modeled within the design space (e.g. see
Fig. 5 - right) as separate concept models and are simulated by applying a structural
mechanical analysis. The results are shown in Fig. 5 as a relation between (von Mises)
stress and weight. Local stress peaks occurring on non-optimized transition regions
(structure is unfavorably cut) are neglected. Furthermore, the stress/weight ratio of the
initial model, the allowable stress rall of AlSi10Mg as well as an objective area are
depicted.

Due to the high material effort, the concept model ‘truss structure’ (1) shows a
higher component weight compared to the initial model. ‘Honeycombs’ and ‘cuboids’
show improved weight savings. However, the stresses partly increase significantly
(rmax >> rallowable).

The concept model ‘bamboo’ already shows a synthesis between maximum stresses
and component weight and thus is selected for the further optimization.

Fig. 5. Stress/weight ratio for concept models with different internal structures in the extended
design space
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3.4 Dimensioning for Stress Reduction

To define a preliminary design, the topology of the concept model ‘bamboo’ undergoes
a rough adaption to the asymmetrical shape originating from the topology optimization
(see Fig. 6-a). It can be seen that high stresses occur in the area of the bearing
(r � 280 N/mm2), which exceed the allowable value rallowable � 245 N/mm2. Fur-
thermore, low stresses occur along the neutral axis.

In a first step, the areas with low stresses are optimized by removing material
according to the optimization results (see Fig. 6-b). Starting from the concept model
with a constant cross-sectional area (A:A), various preliminary designs are examined.
As a result, a hollow profile with 45°-surfaces is provided in the outer areas. The less
stressed area is substituted by a thin layer without cavities. Due to this modification,
material can be saved and manufacturability can be improved by reducing overhangs.

After adapting both, the outer shape and the cross-section area, the stress distri-
bution of the preliminary design can be improved, as depicted in Fig. 7-a. However, the
maximum stress is still critical. Against this background, the areas near the bearing has
to be optimized. After evaluating different strategies for the material distribution, an
adapted “core” is built up, shown in Fig. 7-b. Holes are used for maximum weight
reduction. The optimization of the preliminary design results in a homogeneous stress
distribution with maximum stresses (r � 240 N/mm2) below the allowable values.

Fig. 6. Optimizing the topology for stress reduction (a) Adapting the outer shape (b) Adapting
the cross-sectional area

Fig. 7. Stress distribution while dimensioning (a) Adapted cross-sectional area (b) Stress-
optimized model
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3.5 Manufacturing Oriented Detailing

The preliminary design is finally evaluated in comparison to the design guidelines.
Therefore, the orientation and position of the model in the process chamber has to be
defined. After weighing the criteria for production time, accuracy, loading capacity due
to anisotropy, post-process effort and avoiding damage by the coater, the orientation
and position is set as depicted in Fig. 8.

Due to the horizontal positioning various areas result, which are limited by design
guidelines. For example, down skin surfaces - normal vector is negative in respect to z
direction - have to be investigated with regards to necessity of support structures.
Supports are unavoidable between the component and building platform, but can be
easily removed in post-process. In the components’ interior, supports are forbidden,
because removing them is impossible. Consequently, cavities as well as internal
structures are limited by maximum overhangs and angles. Considering this restriction,
all down-skin surfaces can be manufactured without lowering in negative z direction
during manufacturing.

Besides specific values, general guidelines for removing excess material have to be
considered. As depicted in Fig. 8, cleaning openings are provided on a slightly loaded
area of the surface. The sizing of the openings is limited by the minimum diameter in
z direction. Furthermore, the consideration of minimizing stress peaks and avoiding
supporting structures is necessary during designing.

4 Conclusion

The optimized model is manufactured with AlSi10Mg using an Eosint M280 machine.
As depicted in Fig. 9-a, the process parameters for core and skin exposure are set.
Figure 9-b shows the result from manufacturing process after thermal (300 °C for 2 h)
and mechanical post-processing (removing support structures and shot peening). The
outer shape shows a high accuracy corresponding to the CAD model. To evaluate the

Fig. 8. Relevant design guidelines for the optimized model of the pedal crank
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accuracy of the internal structure, a mechanically sliced model is shown in addition.
The estimation shows, that an accurate realization of the inner structures without
deformation took place.

Internal surfaces with a down-skin angle b > 45° have a good surface quality. As
expected, overhangs show an increased surface roughness. Compared to the weight of
the initial model (m � 217 g), a weight saving of about 55% is achieved. Due to its
complexity, the new optimized model (m � 88 g) cannot be manufactured using
conventional technologies. In comparison to previous investigations, in which the
shape of the initial model is maintained, further weight savings are achieved. The
maximum (von Mises) stresses increased marginally, but are located below the
allowable value rallowable.

A high optimization effort is necessary to achieve the obtained results. A rough
transfer of a structure as a concept model can be performed in a first iteration without
great effort. However, the stress- and manufacturing-oriented detailing of the prelim-
inary design increase this effort significantly.

In addition to influences during modeling and simulation, internal structures have
an effect on the in- and post-process. On one hand, the manufacturing time is affected.
On the other hand, the post-process is challenging. This concerns the quality control of
internal surfaces for comparison with the CAD geometry. Furthermore, internal
structures hinder conventional mechanical finishing, which is necessary to improve
mechanical behavior.

In the next step, the fatigue performance has to be simulated in order to calculate
life expectancy. In addition, physical models have to be analyzed by performing static
and fatigue tests. The acquired results are compared with the digital models. The
objective is to describe design guidelines for covering surface roughness and
mechanical properties in form of safety values during the design phase.

Fig. 9. Process parameters (Eos EoSint M280) and results from manufacturing process
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The challenge to implement the integrated design method is reproducibility and
automation. Stress- and manufacturing-oriented detailing is strongly component
specific and can only be generalized with difficulty. First approaches describe the
parameterized density variation based on the amount of internal stresses.
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