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Abstract

In recent years, Additive Manufacturing has experienced significant growth, yet its full potential is constrained by the lack
of clear and easily replicable Design for Additive Manufacturing (DfAM) methodologies. Focusing on the product design
stage, the current design approach for topology optimized parts involves an iterative re-design process to identify and reduce
stress concentrations based on NURBS modelling, which is hardly replicable and heavily influenced by the designer’s expe-
rience. This work aims to define two new workflows for DfFAM that are easily replicable, highly automated, and based on
numerical optimization tools. Leveraging the optimization tools available in 3DExperience integrated CAD platform, after
topology optimization, the first workflow involves generating the skeletonization of the resulting geometry and reconstruct-
ing it with parametric surfaces, reducing maximum stresses via parametric optimization. The second workflow reconstructs
the resulting optimized geometry as a non-parametric B-Rep surface, optimizing maximum stresses through automatic
shape optimization. Validation through a case study compares results with the current state-of-the-art approach, evaluat-
ing mechanical performance and development lead time, while highlighting designer working time and the pros, cons, and
limitations of the proposed methods.

Keywords Design for Additive Manufacturing - Additive Manufacturing - Topology optimization - Shape optimization -

Parametric optimization - Design method - Design optimization - 3DExperience

1 Introduction

Additive Manufacturing (AM) is a relatively new material
joining process, whereby a product can be directly fabricated
from its 3D model [1, 2] (ASTM 2012; ISO 52900). Origi-
nating in 1986 with Charles Hull’s development of stereo-
lithography, AM initially served for rapid and cost-effective
prototyping of aesthetic and functional models. Over time,
AM has evolved to encompass a broader spectrum of materi-
als and processes, expanding its application beyond proto-
typing [3-5] (Gao et al. 2015; Tofail et al. 2017; Ngo et al.,
2018). Due to the peculiarity of the layer-by-layer build
approach [6] (Pham et al., 1998), AM has multiple advan-
tages over traditional or subtractive manufacturing technolo-
gies: It does not require tools; it manages to manufacture
complex external shapes without a substantial increase
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in costs and time [3, 4]. The idea below the outstanding
design freedom is that a bi-dimensional shape is easy to
create independently from the geometrical complexity of a
tridimensional part. Of particular interest is the potential to
leverage these characteristics to produce topologically opti-
mized structures, yielding lightweight components and thus
attracting interest from sectors such as the aerospace [7-9]
(Gu et al., 2020; Zhu et al., 2021; Blakey-Milner et al., 2021)
and the automotive [10, 11] (Gray et al., 2020; Sarzynski
et al., 2024). Hereafter, topology optimization techniques,
their implementation in design strategies, as well as the
related limitations, are synthesized.

1.1 Topology optimization

Topology Optimization (TO) is a technique that generates a
new design proposal within the concept phase. The aim of
TO is to calculate an optimized material distribution within
a specified Design Space, under consideration of boundary
conditions (i.e., optimization constraints, structural/thermal/
fluid boundary conditions and loads). The most popular
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mathematical method for topology optimization is the Solid
Isotropic Material with Penalization method (SIMP), ini-
tially proposed by (Bendsoe and Kikuchi, 1988) [12] and
(Rozvany et al. 1992) [13]. The SIMP method predicts an
optimal material distribution within a given design space,
working on finite elements’ densities, for given load cases,
boundary conditions, manufacturing constraints, and perfor-
mance requirements.

TO allows for the design of functional and lightweight
parts without compromising strength. It can help produce
parts with enhanced performance and mechanical properties.
This technique optimizes the geometry of an object using
mathematical calculations, offering advantages that are not
bound by a designer's experience, thus overcoming tradi-
tional design limitations. By using TO software, designers
can optimize material distribution in specific areas, as the
software solves the physical equations for the elements of
the discretized domain and removes any unnecessary mate-
rial from the design. In other words, TO helps create the best
possible structure for a given part [14] (Prathyusha et al.,
2022). Additive Manufacturing (AM) technologies have ena-
bled the construction of complex and intricate structures,
unlocking the full potential of TO [8, 14, 15] (Zhu et al.,
2021; Prathyusha et al., 2022; Ibhadode, 2023).

1.2 DfAM of topology optimized parts

Many designers encounter significant obstacles in fully uti-
lizing the unique advantages offered by AM. To overcome
these obstacles, it is essential to develop specialized design
methodologies that align with the distinct capabilities of AM
technologies. These methodologies should not only enhance
the manufacturability of AM-produced products but also opti-
mize their functional performance by leveraging the specific
strengths of AM techniques. The concept of Design for Addi-
tive Manufacturing (DfAM) has emerged as a critical approach
to address these needs. DfAM is defined as a set of design
strategies that optimize functional performance and other key
product lifecycle considerations — such as manufacturability,
reliability, and cost — within the constraints and possibilities
of AM technologies [16] (Tang & Zhao, 2016). The idea of
DfAM first gained attention around 2009, when Bourell advo-
cated for the creation of new design methods tailored to AM,
drawing inspiration from established principles like Design for
Manufacturing (DfM) and Design for Assembly (DfA) [17]
(Bourell et al., 2009). Since then, the understanding of DfAM
has evolved, with various definitions and frameworks being
proposed. Recent efforts have focused on classifying DfFAM
approaches, often using systematic design principles like VDI
2221 [18] (Kumke et al., 2016) or dividing the design process
into sequential design and manufacturing stages [19] (Pradel
et al., 2018). According to the latest approaches, DfAM should
be structured along three main phases: task design (system
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design level — or suitability exploration), product design, and
process design [20, 21] (Wiberg et al., 2019; Vaneker et al.,
2020) (Fig. 1). These efforts aim to provide a robust frame-
work for designers to fully leverage the potential of AM in
developing innovative and efficient products.

The current and consolidated workflow for the design
of topology-optimized parts, as also depicted in the latest
reviews [14, 15, 22] (Sotomayor, 2021; Prathyusha, 2022;
Ibhadode, 2023), is now synthesized. The workflow begins
with the initial 3D CAD model. This model represents
the original, non-optimized design, which is subjected to
structural analysis to evaluate its physical behavior (e.g.,
stress distribution) under loading conditions. Based on this
analysis, areas of the part that experience minimal stress are
identified as candidates for material removal. The next stage,
known as Pre-Processing or Geometry Preparation, involves
defining the design space, or rather the volume within which
TO will occur. This includes setting up both the Design
Space, where material distribution is flexible, and the Non-
Design Space, which defines regions that must remain intact
for functional reasons. Once the geometry is prepared, the
Optimization Setting follows, where the 3D model is dis-
cretized into a finite element mesh, and appropriate loads,
restraints, and optimization targets are applied. The TO
process then iteratively removes material to achieve a light-
weight and structurally efficient design. As schematized in
Fig. 2, the resulting optimized geometry undergoes Post-
Processing, including re-design (Geometry Interpretation),
which is then iteratively refined to meet specific functional,
aesthetic, or manufacturability requirements, such as those
dictated by DfAM principles. This may involve validating
the optimized design through numerical (e.g., Finite Ele-
ment Analysis (FEA)) or analytical methods, and if neces-
sary, re-running the optimization with adjusted parameters.
Such workflows have been widely adopted in various DFAM
studies, from early aeronautical [23] (Gebisa Lemu, 2017),
aerospace [24] (Orme et al., 2018), and automotive [25, 26]
(Reddy, 2016; Walton, 2017) applications. Without any sub-
stantial improvements, it has also been used for more recent
and complex designs, ranging from structural parts (e.g.,
steering uprights [27] (Mantovani et al., 2021), suspension
rockers, or brake pedals [28] (Barbieri et al., 2022)) and
functionally optimized parts (e.g., brake calipers [29, 30]
(Ugemuge et al., 2020; Tyflopoulos et al., 2021)) to vari-
ous other applications [14, 15] (Prathyusha, 2022; Ibhadode
et al., 2023).

1.3 Research gap
1.3.1 Context

Throughout the literature, there is a recurring theme that
the realization of AM's full potential heavily depends on
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Fig.1 Schematic of the additive manufacturing process, from task design to finished part

the development and adoption of robust DFAM method-
ologies. The deficiency in a comprehensive understanding
and implementation of DFAM impedes Additive Manufac-
turing's market penetration and restricts its utilization by
designers [16, 19, 31-34]. The lack of structured knowledge
of DfAM approaches has been identified as one of the bar-
riers holding back further adoption of AM in the industry
[21] (Vaneker et al., 2020). The studies conclude that, to
optimize the workflows, not only systematic knowledge but
also increased integration and automation are needed [20,
21] (Wiberg et al., 2019; Vaneker et al., 2020). This paper
develops and validates practical approaches to streamline the
design of topology-optimized parts.

1.3.2 Issues

This work focuses on the Product Design phase (Fig. 2), for
which attempts to improve the described workflow through
systematic approaches have been proposed [35, 36] (Dal-
padulo et al., 2021, 2024) and have also been adopted in
more recent works, such as by [37] (Holub et al., 2023).

In particular, our focus is on the TO post-processing, high-
lighted by the dotted line in Fig. 2. In fact, a critical step in
the design based on topology optimization is the Geometry
Interpretation and subsequent refinement. Translating topo-
logical results into tangible models often necessitates man-
ual intervention, such as reconstruction using Non-Uniform
Rational B-Splines (NURBs). Therefore, following topology
optimization, an iterative re-design process based on Geom-
etry Interpretation [22, 38] (Sotomayor, 2021; Fuchs, 2022)
and a manual redesign phase occurs to further reduce stress
concentrations, a process which is repeated until the desired
result is achieved. This process is difficult to replicate and is
heavily influenced by the designer’s experience.

1.3.3 Hypotheses and related works

To address these issues, we explore the utilization of numeri-
cal optimization techniques to automatically refine topol-
ogy-optimized designs, aiming to produce ready-to-print
geometries with minimal user intervention. In the literature,
researchers aim to streamline the design of 'ready-to-print'
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parts through various design approaches. Xiao et al. first
assessed the possibility of performing a redesign followed by
numerical shape optimization [39] (Xiao et al., 2017). This
approach improves post-processing efficiency, but manual
geometry interpretation is still required. Tyflopoulos et al.
analyzed and compared TO with a numerical parametric
optimization technique, concluding that specific methods
to properly combine these tools should be developed [40]
(Tyflopoulos and Steinert, 2020). Other approaches are
based on the skeletonization of the TO result, followed by
specific CAD boundary-representation (B-rep) generation
and subsequent refinement steps. Biedermann et al. devel-
oped an approach based on skeletonization and loft-based
geometry creation for the specific design of hydraulic mani-
folds [41] (Biedermann et al., 2021). A similar approach was
used by Amroune et al., who developed an effective redesign
strategy based on skeletonization and loft-based reconstruc-
tion for different beam-like structural parts [42] (Amroune
et al., 2022). Mayer et al. developed an almost fully auto-
mated approach for the reconstruction of non-beam-like
geometries and B-rep generation [43] (Mayer et al., 2022).
Nevertheless, further design refinement (e.g., by FEA)
remains challenging. In fact, besides improving and dem-
onstrating the method with many possible geometries, they
concluded that results could be enhanced through a numeri-
cal parametric optimization task [44] (Mayer et al., 2023).
Finally, Sedlacek et al. utilized convergent-model generation
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instead of remodelling the TO result [45] (Sedlacek et al.,
2023), which proves to be an efficient post-processing stage;
however, it still doesn't eliminate the possible need for itera-
tions between TO and FEA.

1.4 Research goal

The AM process can be divided into several stages (Fig. 1).
This work focuses on the Product Design phase, which con-
stitutes the core of the DFAM workflow. Among the available
design strategies—such as generative design, lattice struc-
tures, hollow geometries, and topology optimization—this
research focuses on TO. The approaches proposed in this
study retain the early stages of the traditional TO workflow
but introduce numerical methods—specifically Parametric
Optimization and Shape Optimization —to reduce manual
intervention in the post-processing phase. The research oper-
ational perimeter is delimited by the dotted line in Fig. 2.
The goal is to automate and enhance the refinement of TO
results, improving design efficiency and reliability. Once the
optimized geometry is finalized, the subsequent AM work-
flow steps can be performed using conventional practices
(Fig. 1). The methods introduced are technology-independ-
ent, ensuring applicability across different AM processes.
In this research, metal Laser Powder Bed Fusion (L-PBF) is
adopted as a representative case study.
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1.4.1 Paper structure

The paper is organized as follows: Sect. 2 analyzes the
selected numerical techniques and related tools and
describes the investigation approach; Sect. 3 develops and
introduces the novel design methods, while Sect. 4 imple-
ments the proposed workflows in the design of a topology-
optimized automotive case. Section 5 compares the novel
design methods with respect to the workflow consolidated
in the state of the art. Finally, Sect. 6 presents the conclud-
ing remarks.

2 Material and methods

To reduce the need for iterative design loops between model-
ling and simulation stages, two numerical optimization tech-
niques are selected as the object of investigation. In fact,
parametric and shape optimization tools may be adopted to
achieve ‘ready to print’ parts while minimizing the design-
er’s intervention. Hereafter, the fundamentals of the tech-
niques are introduced, as well as the related software tools
and their preliminary study is synthesized.

2.1 Theory

The first step in understanding the operation of optimization
tools is to focus on the underlying mathematical principles
that guide their functionality.

Localized stress concentrations can reduce the lifespan
of parts, leading to sudden failures under static, dynamic,
or fatigue loads. Therefore, it is crucial to analyze stress
concentrations in the independent segments of the product.
Reducing local stresses and further mass can be achieved
through optimization techniques such as parametric or shape
optimization.

2.1.1 Parametric optimization

Parametric optimization adjusts input parameters to drive
the output (objective) in a desired direction, such as mini-
mizing or maximizing mass. Design constraints, like peak
stress, can be set within a prescribed range. The process
iterates based on previous results, ending after a set num-
ber of iterations or time limit. Objectives and design con-
straints include parameters like mass and volume, while
design parameters cover geometry and analysis variables.
Unlike single-objective non-parametric optimization, which
requires separate optimizations for each parameter value,
parametric optimization provides optimal solutions as func-
tions of parameters within feasible ranges. Multiparametric
optimization addresses problems with unknown parameters
during optimization.

Below is the general formulation of a parametric optimi-
zation problem:

Z(1) = minf(x, 1) )
Subject to:

gi(x,t)go, i=1,2,...,m (2)

hx,t)y=0, j=12,...n 3)

xeXC RP (4)

tex@ CcR? (5)

Xp <X <Xy, 6)

where x is a vector of design variables, t is a vector of
parameters, X is a set of feasible designs, ® is a set of param-
eters, Rp and Rq are vector spaces of dimensions p and q
respectively. Additionally, fix, £) is a parametric objective
function, gi(x, f) are parametric inequality constraints and
hj(x, t) are parametric equality constraints, and m and n are
the number of inequality and equality constraints, respec-
tively. Finally, xIb and xub are lower and upper bounds,
respectively, for the design variables [46] (Ravichandran
et al., 2019).

2.1.2 Shape optimization

The finite element-based shape optimization problem can
be defined as follows:

minf(x, u(x)) )
Subject to:

K(x)u(x) = f(x) )

x = x(d) (10)

where f denotes the objective function to minimize; gj
denotes the constraint functions; d € Rm denotes the
m-dimensional design variable vector; x € Rr denotes the
n-dimensional finite element node coordinate vector; u
denotes the nodal displacement vector; K denotes the global
stiffness matrix; f denotes the nodal force vector; and X
Rm — Rn denotes the mapping from d to x.
Shape optimization uses a filter on objective function
sensitivities, constraint sensitivities, and design variables
to achieve smooth results. The optimization algorithm
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calculates a displacement vector for each design node, which
represents the direction of optimization, corresponding to
the outer surface unit normal. These vectors are updated
in each design cycle based on changes in structure shape,
constraints, and mesh quality. This method is based on the
independent node movement approach so that.

x=xd) =d 11
According to this approach the filtered sensitivity,

y_I

od ~ ox a2

are processed by the optimizer to compute the search direc-
tion s, which is used to update the design,

d*' =d' +as (13)

where a> 0 is the step length. However, before proceeding
with the one-dimensional search, s is smoothed. Akin to the
natural design variable method, the search direction s serves
as the load in a fictitious shape change analysis of the current
design. The resulting fictitious displacement u induced by
this load s is returned to the optimizer in lieu of the original
search direction s so that.

d*' =d' +au. (14)

dI +1=dI + om. In this way the design update is smooth [47]
(Le etal., 2011).

2.2 Tools

Central to this investigation is the use of Integrated CAD
Platforms, which eliminate the need for repeated exporting
and importing of data between software tools, along with
the selection of commercial software to facilitate imple-
mentations and practical applications. In most cases, vari-
ous specialized software tools are employed to carry out
different tasks within DFAM workflows, which can lead to
workflow issues, particularly concerning data management
and exchange [22, 38, 48] (Reiher, 2017; Sotomayor, 2021;
Fuchs, 2022). Integrated CAD platforms, on the other hand,
offer a solution to these workflow issues by maintaining
parametricity and associativity between different CAD-
based environments. A previous work assessed the use of
integrated CAD platforms to support conventional DfAM
methodologies [35] (Dalpadulo, 2022). The tools adopted in
this investigation are those provided by Dassault Syste¢mes'
integrated CAD platform, 3DExperience. Of particular rel-
evance to this study are the Parametric Optimization and
Shape Optimization tools embedded within the Structural
Generative Design application. These tools are subject to
investigation to assess their potential integration into novel
design workflows following Topology Optimization. The
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intent is to replace the manual redesign phase with auto-
mated approaches. We remark that developing design meth-
ods integrating modelling, simulation and optimization tasks
within a unified CAD/CAE environment, which are based on
leveraging commercial software tools, would allow effective
implementation in industrial applications.

2.3 Investigation approach

To achieve the research objectives, the Parametric Optimi-
zation and Shape Optimization tools are examined. Their
advantages, disadvantages, constraints, limitations, and opti-
mal parameter settings are assessed.

To conduct this analysis, two significant geometries rep-
resenting typical structures found in topology-optimized
designs are identified and represented through a paramet-
ric model (Sect. 3.1). A preliminary study was based on (i)
Finite Element Analyses (FEAs) on the optimized compo-
nents, performing also mesh sensitivity analyses to define
settings balancing effectiveness, and (ii) the assessment of
structural Key Performance Indicators (KPIs) (sections. 3.2,
3.3). Also, the functionality of the shape optimization tool
on a non-parametric B-Rep surface automatically generated
by TO was assessed, as well as the feasibility of generating
a skeletonized version of the TO and systematically recon-
structing it using parametric surfaces was explored. The pre-
liminary study can be found in [49] (Dalpadulo, 2025) and
the results are synthesized in Sects. 3.13.3-3.3. Based on
these initial findings, two novel workflows will be defined.

Basically, the design workflows, which are developed,
described, and implemented in Sects. 4-5, can be schemati-
cally represented from a conceptual point of view, as shown
in (Fig. 3).

Once the workflows are delineated, a case study is
selected to validate them. The results obtained using these
new approaches are compared with those achieved through
the current state-of-the-art workflow in DfAM (Sect. 1.2).
Several Key Performance Indicators (KPIs) are selected to
support an accurate assessment. For assessing mechanical
performance, the safety factor, maximum displacement, and
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mass are evaluated. To assess the extent to which the pro-
cess depends on the designer's input versus being executed
by numerical optimization tools, the total design time and
the time spent by the designer are considered. Finally, con-
clusions are drawn, discussing the positive results, high-
lighting limitations, and exploring the potential for future
developments.

3 Novel design methods

To explore the tools of shape optimization and parametric
optimization, it is necessary to select a simple but repre-
sentative geometry to obtain meaningful results.

3.1 Representative geometries for testing

Since both optimizations are integrated into the design
workflow following a topology optimization step (Fig. 3),
it is logical to select a geometry for testing that reflects the
characteristics of a topology-optimized structure. Upon
examining such structures, it becomes evident that they pre-
dominantly consist of branched tubular geometries, which
either connect to other branches or interface with non-design
regions, such as holes, bolt attachments, or supports. Con-
sequently, two representative test geometries are modelled:
the first simulates the intersection of two distinct branches
(referred to as a Node-Arc Topology — A, Fig. 4a), while
the second represents the connection between a branch
and a non-design region (referred to as a Node-to-Polygon
Topology — B, Fig. 4c). These two configurations capture
the recurring morphological features observed in topology-
optimized structures. Figure 4b illustrates an automotive
component alongside the simplified geometries abstracted
from the topology-optimized structure’s morphology.

The models (Fig. 4a, c) were tested under two load
cases —compression and tension—with 1000 N forces
applied parallel to the vertical branch axis to simulate
real-world mechanical stress conditions (Fig. 5a). A was
constrained at the vertical faces, while B included a vir-
tual bolt constraint to restrict radial degrees of freedom at
the connection point. A FEA approach was used to meas-
ure stress distribution, displacement, and mass efficiency

Fig.4 Topology-optimized

before and after optimization. Mass preservation and max-
imum stress reduction were therefore explored. Additional
details can be found in [49] (Dalpadulo, 2025).

3.2 Parametric optimization study

The study on parametric optimization focused on refin-
ing topology-optimized structures by adjusting geometric
parameters while maintaining the overall topology. Key
parameters, such as the branch diameters and the fillet
radius between them, were selected as design variables
for the optimizer. Each parameter was allowed to vary
within +20% of its nominal value, with an iterative step
equal to 10% of this range, while respecting predefined
bounds. The objective of the optimization was to mini-
mize stress concentrations while preserving the overall
mass of the component. Figure 5c and e shows examples of
geometries obtained through parametric optimization that
achieve stress reduction while maintaining constant mass.

A mesh sensitivity study was performed to evaluate the
influence of mesh size during the parametric optimization
phase. Quadratic meshes with element sizes of 1.582 mm,
3.164 mm, and 6.328 mm were tested, along with a linear
mesh of 3.164 mm. These varying resolutions produced
distinct optimized geometries. To isolate the effect of mesh
resolution, all resulting geometries were analyzed using
the same quadratic mesh with an element size of 1.582
mm. The findings indicate that employing a finer quadratic
mesh during optimization leads to a more accurate and
effective process. Lower maximum stress values in both
models A (Fig. 5e) and B (Fig. 5¢) were achieved with a
20% stress reduction compared to the initial design. Addi-
tionally, the use of partitions around constrained areas,
such as bolt holes, improved the optimization process by
providing a more uniform stress distribution. More, two
additional steps are needed for the implementation, i.e.
(i) the skeleton wireframe manipulation (e.g., parametric
cross-sections creation) and (ii) the multi-section B-rep
construction. Despite its advantages in automated design
exploration, parametric optimization was found to be sen-
sitive to initial conditions and required careful parameter
selection for effective results.

structure (b) and simplified
representative geometries:
Node-Arc Topology.— A (a)
and Node-to-Polygon Topology

—B (0 Q
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B (b); stress analysis for the geometries obtained after parametric

3.3 Shape optimization study

The shape optimization study explored modifying struc-
tural boundaries to improve performance while preserving
topology. Unlike parametric optimization, which adjusts
parameters within fixed geometry, shape optimization allows
free-form deformation of the structure’s surface to minimize
stress concentrations and enhance mechanical properties.
The study then compared both manually redesigned
(NURBS) and automatically generated (B-Rep) and surfaces
(Fig. 6a). A mesh sensitivity analysis was also carried out for
the study of the shape optimization tool, following the same
procedure described in Sect. 3.1. However, unlike paramet-
ric optimization, where finer quadratic meshes consistently
improved the results, shape optimization proved to be less
sensitive to mesh size variations. No direct correlation was
observed between reducing the mesh element size during the
optimization phase and a decrease in the maximum stress
of the optimized geometries. Figure 6¢ and e depicts exam-
ples of stress reduction while maintaining constant mass
provided by shape optimization of a NURBS model. The
results showed that automatic B-Rep models derived directly
from topology optimization could be refined without manual
intervention, but NURBS-based surfaces performed better in
reducing stress (Fig. 6f). Optimization of the models yields
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excellent results with maximum stress reduced by 20%—
60%. While shape optimization provided greater flexibility
in improving performance, it required pre-processing steps,
such as geometry disconnection and reconstruction, which
added complexity.

3.4 Workflows definition

Both techniques demonstrated significant stress reductions,
but shape optimization generally outperformed parametric
optimization in terms of maximum stress reduction—63%
improvement in some cases. However, parametric optimiza-
tion offered a structured and repeatable workflow, making
it more accessible for direct CAD integration. Based on the
results obtained from the preliminary study [49] (Dalpadulo,
2025), it is now feasible to proceed with defining two inno-
vative workflows for additive manufacturing design, lever-
aging the numerical tools described earlier. After TO, these
approaches (conceptualized in Sect. 2.3), aim to achieve a
highly automated design process that is easily repeatable
and less reliant on the skills and expertise of the designer.

¢ Skeleton-Based Parametric Optimization (SPO)
Method. It is based on generating the skeleton of the
topologically optimized geometry. Subsequently, the
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geometry is reconstructed using parametric surfaces and
subjected to parametric optimization to reduce maximum
stresses.

e Auto B-Rep Shape Optimization (ABSQO) Method. It is
based on the use of the shape optimization tool to directly
optimize the non-parametric surface generated as a result
of topology optimization.

Both methods will be illustrated in the next section
through a case study.

4 Results: validation

To validate the effectiveness of the innovative design work-
flows, Skeleton-Based Parametric Optimization (SPO) and
Auto B-Rep Shape Optimization (ABSO), the brake pedal
installed on the Formula Student car of the MoRe Mod-
ena Racing (MMR) Driverless team is selected for analy-
sis (Fig. 7a). The results obtained will then be compared
with those achieved using the current state-of-the-art (SOA)
method.

As a critical component of the vehicle's braking sys-
tem, the brake pedal is essential for controlling speed and
maintaining stability during braking maneuvers. It enables

Maximum Principal Stress (N/m?)

Maximum Principal Stress (N/m?)

Maximum Principal Stress (N/m?)

1.16e+7 1.16e+7
1.02e+7 1.02e+7
8.88e+6 8.88e+6
751e+6 751e+6
6.15e+6 6.15e+6
4.79%+6 4.79e+6
3.42e+6 3.42e+6
2.06e+6 2.06e+6
6.93e+5 6.93e+5
-6.71e+5 6.71e+5

20de+6  (C) -2.04e+6

Maximum Principal Stress (N/m?)

1.83e+8 6.7e+7
1.64e+8 6.02e+7
1.46e+8 5.34e+7
1.28e+8 467e+7
1.09e+8 3.9%+7
9.12e+7 331e+7
7.28e+7 2.63e+7
5.45e+7 1.96e+7
3.62e+7 1.28e+7
1.7%e+7 6.01e+6

4s8e+s (@) 77045

tion for A (e) and B (c); Von Mises stress comparison between the
initial and optimized geometries for B, considering both a redesign
using NURBS surfaces and an optimization performed directly on the
B-Rep surface (f)

the driver to modulate braking force through foot pressure
while also accommodating autonomous braking in driver-
less scenarios. To comply with regulations, the pedal must
withstand a load of at least 2000 N.

Accordingly, two load cases are analyzed, each applying
a force of 2000 N. The first case represents braking initiated
by the driver’s foot (Fx(A), Fig. 7b), while the second con-
siders the intervention of the autonomous braking system
(Fx(B), Fig. 7b).

The initial steps of model preparation and topology opti-
mization are identical for both the innovative workflows
proposed in this paper (SPO, ABSO) and the state-of-the-
art (SOA) approach. These steps, which are detailed below,
can be performed with a conventional SIMP-based TO,
and ensure a consistent starting point before the workflows
diverge.

4.1 Model preparation

An assembly analysis is performed to derive the largest pos-
sible Design Space (Fig. 7c), allowing greater flexibility for
the optimization tool, while simultaneously ensuring the
proper assembly and functionality of the component.

Once the Design Space is modelled, it is necessary to
proceed with its partitioning before conducting Topology
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Fig. 7 Brake pedal of the MMR Diriverless car (a), load cases (b), and design space (c)

Optimization. Partitioning defines the areas that should not
be altered during the optimization process. In this case, the
zones to be preserved include the hole through which the
connection between the structure and the brake pedal occurs,
the hole facilitating the connection between the pedal and
the braking system, the hole connected to the autonomous
braking system, and the pad enabling the drivers to apply
pressure with its foot to brake (Fig. 7c).

The selection of a suitable material is now underway. It
is essential to opt for a material with excellent mechani-
cal properties while also enabling the creation of a light-
weight component compatible with the production tech-
nology. Therefore, the choice falls on the aluminium alloy
AlSi10Mg, available in powder form for manufacturing parts
using the Laser Powder Bed Fusion additive manufacturing
technology.

The goal of this redesign is to enhance the component's
mechanical performance while reducing its weight. The
results of the redesigned component are compared with
those from the state-of-the-art (SOA) approach. To ensure
an objective evaluation, several key performance indicators
(KPIs) are selected, including the safety coefficient, maxi-
mum displacement (mm), and mass (kg), providing a com-
prehensive assessment of mechanical performance.

Furthermore, to gauge the impact of human intervention
versus numerical optimization tools, the total design time

Fig.8 Key Performance Indica-
tors (KPIs) for evaluating the
redesigned component

+ Safety Factor

* Max Displacement [mm]

* Mass [kg]

Mechanical Performance KPIs

[min] and the designer's working time [min] are consid-
ered (Fig. 8).

4.2 Topology optimization

Proceeding with Topological Optimization, the previously
partitioned design space (Fig. 7c) is selected as the optimi-
zation region. The two load cases (Fig. 7b) are considered
for the analysis. A preliminary analysis of the design space
is conducted using a 2.141 mm mesh size, to identify areas
where material should be added or removed.

Next, the Topology Optimization tool is configured.
A mesh size of 3.3 mm is chosen for the optimization
case, with the objective of maximizing stiffness for a given
mass, commonly employed with a SIMP-based method.
Assuming a weight reduction of approximately 20 percent
compared to the initial component weight of 0.497 kg, an
absolute mass target of 0.280 kg is set to allow greater
flexibility in fine-tuning the final shape by adjusting the
cutting value. To ensure symmetry, a geometric constraint
is applied. Additionally, a Minimum Thickness constraint
of 10 mm, which is equivalent to three times the mesh
size, is imposed.

Design Process KPIs

» Total Design Time [min]

» Designer's Working Time [min]
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4.3 SPO method redesign

Once the common steps across the different methods are
completed, the first redesign is performed using the SPO
workflow (Fig. 9).

4.3.1 Skeleton wire generation

Once the topological optimization process is completed, the
Concept Generation is performed, selecting the Skeleton
Wire as the output. The Cutting Value selected is set to 57
to achieve a mass similar to the target mass and to maintain
consistency with the other methods. The obtained result
is then modified with surface design tools to facilitate the
surface reconstruction process. Subsequently, spline adjust-
ments are made to ensure that intersections between different
wires occur between no more than two of them. Addition-
ally, new spline points are placed at the center of non-design
zones to ensure seamless integration with the surfaces to
be reconstructed. It is crucial during this process to avoid
alterations that may significantly deviate the skeleton from
its topologically optimized form.

4.3.2 Surface reconstruction

Orthogonal planes are added along the splines passing
through the extremal points. Elongated holes with dimen-
sions comparable to the structures obtained from topologi-
cal optimization are then sketched on these planes. Next,

Non-Design zones are initially modelled using surfaces.
Subsequently, Multi-section surfaces are generated, with
elongated holes serving as sections and splines as guides.
This results in a distinct surface for each branch. Trim opera-
tions are subsequently executed between the different sur-
faces until a unified closed surface is achieved. Fillets are
introduced at intersections, both between different branches
and between branches and non-design zones. At the end of
this process, a single parametric surface representing the
topologically optimized geometry is obtained.

4.3.3 Solid body transformation

After achieving a single closed surface, the subsequent step
involves constructing a solid body with identical geometry.
This is accomplished by executing a split operation between
the surface and a solid cubic body, sized to entirely enclose
the previously obtained surface. Once the solid body is
obtained, partitions around the holes are extracted with a
3 mm offset. The geometry is manually adjusted to ensure
compliance with the spatial constraints set by the Design
Space. This manual modification guarantees the functional-
ity and assembly of the component.

4.3.4 Parameters selection
The parameters to be adjusted for optimization are carefully

selected. For each section, two parameters are chosen: the
horizontal and vertical dimensions. Additionally, the fillet

[ Model Preparation ] [ Topology Optimization ]

[ Skeleton Wire Generation Surface Reconstructlon

[ Parameters Modification ] [ Parametric Dptlmlzatlon

[ Parameters Selection ] [ Solid Body Transformation ]

Fig.9 Schematic of the redesign process using the SPO workflow
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radii are included as parameters for optimization. Meaning-
ful names are assigned to each parameter to facilitate their
identification. Each parameter is assigned a variation range
of +30% relative to its initial value, with iteration steps set
to 1/10 of this interval. In total, 32 parameters are selected
for optimization.

4.3.5 Parametric optimization

The Parametric Optimization tool is configured to achieve
the objective of Minimizing Maximum Stress. Furthermore,
a constraint is applied to the mass, defining an acceptable
range spanning from 70 to 80% of the weight of the non-
optimized component. The selected mesh size for optimiza-
tion is 2.141 mm. Sampling is set to Guided, with the maxi-
mum possible number of calculation points defined as 32. In
9 out of the 32 calculation points, there is a failure in recon-
structing the geometry or the mass constraint is violated.
The optimal result is found at calculation point number 29.

4.3.6 Manual parameter modification

After completing the optimization process and obtaining
the optimal parameter values, manual modification of these
parameters on the model is required. With meaningful names
assigned, this operation becomes more straightforward.
Upon completing the parameter adjustments, the final opti-
mized geometry is achieved.

o

4.4 ABSO method redesign

Similarly, the redesign is conducted following the ABSO
workflow (Fig. 10).

4.4.1 Concept generation

Once the topological optimization process is completed, the
Concept Generation proceeds using the Subdivision Surface
method. The Cutting Value selected is set to 57 to achieve
a mass similar to the target mass. In this case, the generated
geometry has a mass of 0.446 kg. The generated geometry
is analyzed using a mesh size of 2.141 mm.

4.4.2 Geometry disconnection

Prior to initiating the shape optimization, it is essential to
isolate the portion of the geometry intended for optimization
by disconnecting it. This disconnection is carried out on the
topologically optimized geometry, specifically excluding the
brake pad from the optimization process.

4.4.3 Shape Optimization
The Shape Optimization proceeds by selecting the recently
disconnected geometry for optimization. Optimization is

set with the objective to minimize maximum stress while
keeping the mass constant. A mesh size automatically

=

Topology Optimization

Concept Generation

Manual Refinement

Shape Optimization

Geometry Disconnection

Fig. 10 Schematic of the redesign process using the ABSO workflow
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recommended by the tool, which is 6.877 mm, is selected for
optimization. Once the optimization is completed, the opti-
mized geometry is generated by selecting the iteration index
corresponding to the result with the lowest peak stress value.

4.4.4 Manual refinement

To finalize the redesign process, manual modifications are
necessary to ensure that the geometry complies with the
limits imposed by the Design Space and guarantees func-
tionality during use. In this case, cuts have been made on the
lateral surfaces to ensure assembly onto the structure. Addi-
tionally, the Non-Design Space is reconstructed to ensure
component functionality, and holes are made on the pad to
further lighten the component.

4.5 SOA method redesign

Finally, the redesign is performed using the approach that
currently represents the state of the art (Fig. 11).

4.5.1 Design refinement

After the topology optimization is computed, a concept
geometry is generated with the Cutting Value set to 57 to
achieve a mass similar to the target mass.

Next, the manual redesign process takes place using
NURBS surfaces with freeform design tools. During this
process, elliptical-section tubular surfaces are drawn to faith-
fully represent the geometry obtained from the topological
optimization. These tubular segments are connected using
a merging function, and then the control points are adjusted
manually to refine the geometry further. Once the desired
surface is obtained, the next step involves creating a solid
model by performing a split operation between the surface
and a solid body and then adding the non-design areas. Once
the geometry formed by NURBS surfaces is obtained, the
iterative manual optimization process can begin. Firstly, a
physical simulation of the component is conducted, applying

&

[ Topology Optimization ]

[ Model Preparation ]

Design Refinement

(-]
ElIS

Physical Simulation

Fig. 11 Schematic of the redesign process using the SOA workflow

loads and constraints as described earlier. Analyzing the
simulation results helps identify areas with higher stress
concentrations, prompting adjustments to the geometry by
manipulating the control points of the NURBS surface to
improve the mechanical performance of the part. Subse-
quently, another physical simulation of the modified geom-
etry is conducted, repeating these two processes iteratively
until an optimal stress state is achieved.

4.5.2 Final design

Once the manual redesign process is completed, final adjust-
ments are made to the geometry to ensure that the design
space limits are respected, and that assembly and functional-
ity of the component are guaranteed.

5 Discussion

Physical simulations of the obtained geometries, qualita-
tively displayed in (Fig. 12), are then performed.

The results obtained from the analyses are examined, and
the previously selected Key Performance Indicators (KPIs)
are compared to evaluate and contrast the outcomes achieved
using different workflows (Fig. 13).

5.1 Safety factor

Regarding the safety factor (Fig. 13a), it can be observed that
the initial condition has been improved through the rede-
signs carried out using the ABSO and SOA methods. On the
other hand, the redesign performed using the SPO method
results in a reduction of the safety factor, although it remains
at an acceptable level. It is also important to highlight that
the safety factor of the optimized geometries is influenced by
the material used for Additive Manufacturing applications,
which exhibits inferior mechanical properties compared to
the material used for the initial geometry.

5.2 Max displacement

All redesign methods show a significant improvement in
maximum displacement values (Fig. 13b) compared to the
initial condition, with the new methods achieving results
comparable to the SOA method. Specifically, the ABSO
method reduces maximum displacement by 51.6%, while
the SPO method achieves a reduction of 49.6%.

5.3 Mass
Mass reduction (Fig. 13c) compared to the initial geom-

etry is observed in all configurations, with the ABSO
method achieving the most significant reduction at 20.1%,
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comparable to the results obtained with the SOA method.
The SPO method achieves a reduction of 10.5% relative to
the initial geometry.

5.4 Design time

The ABSO method achieves a 52.5% reduction in total
design time and an 82.3% decrease in designer working
time (Fig. 14a) compared to the SOA method. In contrast,
the SPO method results in a 26.1% increase in total design
time (Fig. 14a). However, it significantly reduces designer
working time by 59.7%.

Figure 14b compares and synthesizes the KPIs’ scores for
the three design workflows.

Fig. 12 Geometries obtained
from the redesigns, showing
the stress distribution for each
model

Safety Factor (a)
4 35 35 18
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5 18
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Fig. 13 Mechanical performance key performance indicators
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6 Conclusions

This paper aims to meet the need for increased integration
and automation of DfAM systematic methodologies. The
conventional design based on TO requires a time-consuming
post-processing stage, and the results are heavily influenced
by the designer’s experience. The novelty of this work is
to define approaches (i.e., ABSO and SPO) which prop-
erly exploit numerical tools to streamline the design based
on TO, with the aim to produce ready-to-print geometries
with minimal user intervention. The approaches make use
of commercial software tools, allowing for practical imple-
mentation in industrial applications. Two approaches
have been developed and compared to the state-of-the-art

ABSO Method

SOA Method

Mass [kg] (c)

0.4
. N .
03

¥ Initial Geometry W SPO Method m ABSO Method  SOA Method

Siety Factor Dlsp:::mem Haxs ma1‘1::‘gn w?r:::'l’:'lrf:e
SOA + + ++ 0 o
ABSO 3 + ++ & L
PO - + i ) *

Fig. 14 KPIs comparing design and working time for human intervention and numerical optimization (a) and comparison table of KPIs across

different workflows (b)
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(SOA) workflow with a case study, by selecting KPIs of the
mechanical performance and the design process.

The analysis of the results confirms that both the Auto
B-Rep Shape Optimization (ABSO) method and the Skel-
eton-Based Parametric Optimization (SPO) method have
successfully met the objectives outlined in this study. These
newly developed workflows have enabled the redesign of
the MMR Driverless Pedal by leveraging the advantages
of additive manufacturing to improve mechanical perfor-
mance while reducing component weight. Additionally, both
approaches eliminate the manual redesign loops inherent in
the current state-of-the-art workflow, resulting in a signifi-
cant reduction in designer working time. Also, compared to
related works, both approaches remove the need of design
refinement iterations based on FEA, and the ABSO method
even removes any manual geometry interpretation modelling
step. This outcome highlights the potential for automating
the design process, minimizing reliance on designer exper-
tise while achieving optimal results.

Notably, the ABSO method has achieved a design with
mechanical performance and weight comparable to those
obtained using the SOA method. In contrast, while the SPO
method improves upon the initial geometry, its enhance-
ments are less pronounced than those of the ABSO method.
In terms of design time, the ABSO method clearly outper-
forms both methods, demonstrating lower total design time
and reduced designer working time. However, despite its
lower performance, the SPO method generates the final
geometry as a parametric model, allowing for easy modifica-
tions and seamless replication. In certain scenarios (e.g., the
optimization for conventional manufacturing processes), this
flexibility may represent a significant advantage, making the
SPO method the preferred choice. It is important to note that
using more advanced computational resources, the optimiza-
tion times of the newly defined workflows could be further
reduced. However, manual redesign times in the previously
used approach would remain unchanged, further widening
the performance gap in favor of the new workflows pro-
posed in this study. Embracing these new approaches could
broaden the market acceptance of additive manufacturing,
particularly among those who have previously hesitated due
to the perceived complexity of the design process.

However, it is important to emphasize that the workflows
discussed in this section heavily rely on numerical optimi-
zation tools, which play a crucial role in their execution.
Currently, these tools have certain limitations that impact
their effectiveness in practical applications. In the case of
the ABSO method, excellent performance was observed
with simpler test geometries, and no significant issues were
encountered. However, when dealing with more complex
geometries, challenges arose during the Concept Generation
phase after calculating the optimal geometry. Reconstructing
the optimized geometry proved to be difficult, often due to

disconnections made in the geometry during the optimiza-
tion process. Similarly, the SPO method faces limitations,
such as the maximum number of calculation points, which
is currently set at 32. Increasing the number of points would
undoubtedly improve the optimization result, but it would
also extend the computation time. Additionally, manually
adjusting parameter values after optimization is another lim-
itation, which could be addressed by automating this process
within the software. Moreover, even if the geometry inter-
pretation is not needed, the generation of the Skeleton Wire
geometry resulting from topological optimization would
greatly benefit from an automated feature within the soft-
ware that generates sections aligned with the dimensions of
the calculated geometry structures. This automation would
eliminate the manual intervention required in this study,
enhancing the workflow’s robustness and replicability.

As computational tools continue to evolve, there will be
opportunities to improve both performance and efficiency.
With more powerful computing resources, computation
times can be significantly reduced, allowing for finer mesh
selections and more comprehensive optimization algorithms.
Looking ahead, future developments could focus on creat-
ing a highly automated Design for Additive Manufacturing
process that integrates both design and production phases.
This approach would involve multi-objective optimization,
considering various process parameters, with the goal of
achieving an optimal balance between mechanical perfor-
mance, material usage, production costs, and build time.
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