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Abstract

This study addresses the critical need to enhance productivity in industrial automatic
systems by optimizing the mass of moving components. The primary challenge is deter-
mining the complex, dynamic loads on structural elements, a prerequisite for effective
redesign, without access to physical prototypes for experimental measurement. This paper
presents a solution through a case study of a load-bearing pylon in a fine blanking plant,
which is subject to inertial loads and shocks from pneumatic actuators and shock absorbers.
To overcome this challenge, a high-fidelity multibody simulation model is developed to
accurately estimate the dynamic loads on the pylon. This data is given as input to the
topology optimization (TO) process, following the Design for Additive Manufacturing
(DfAM) framework, to redesign the pylon for mass reduction using a Powder Bed Fusion-
Laser Beam (PBF-LB). Two materials, EOS Aluminum Al2139 AM and EOS Maraging Steel
MS]1, are evaluated. The findings demonstrate that the integrated simulation and redesign
approach is highly effective. The redesigned pylon’s performance is verified within the
same simulation environment, confirming the productivity gains before manufacturing. A
cost analysis revealed that the additively manufactured solution is more expensive than
traditional methods, and the final choice depends on the overall productivity increase. This
research validates a powerful methodology that integrates dynamic multibody analysis
with topology optimization for AM. This approach is recommended in the design phase of
complex industrial machinery to evaluate and quantify performance improvements and
make informed decisions on the cost-effectiveness of introducing AM components without
the need for physical prototyping.

Keywords: multibody modeling; DfAM; topology optimization; contact mechanics; PBF-LB

1. Introduction

Additive manufacturing (AM) technology is known as a flexible and versatile man-
ufacturing process that allows the designer to consider different solutions compared to
traditional manufacturing techniques. The technology has evolved over the years from
rapid prototyping applications for evaluating design functionality [1] to the creation of
highly specialized prosthetic elements in the biomedical industry [2]. As the technology
has evolved, AM techniques have been adopted in a variety of fields, from automotive
to aerospace, with solutions ranging from rapid prototyping to low-volume component
production [3]. AM is a mature manufacturing technique to produce market-ready metallic
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components [4]. Several metal AM technologies have been established as industrial pro-
cesses [5,6]. Among others, the Laser Powder Bed Fusion-Laser Beam (PBF-LB) process has
demonstrated its capability to produce components with low porosity [7] and high-quality
finishing [8]. To apply PBF-LB for the production of structural components, a heat treatment
process is usually necessary to improve the strength properties of the material [9,10].

The advantages offered by AM techniques concern the freedom in terms of the geome-
tries that can be realized, leading to the application of AM techniques for the production
of lightweight designs [11]. These characteristics have also led to the application of these
techniques in the industrial sector, where the ability to optimize load-bearing elements
is appreciated, leading to improved plant efficiency [12]. The optimization of structural
elements often involves the use of topological optimization (TO) techniques, which rely on
various optimization methods [13] and can be applied to a variety of systems [14,15]. In a
recent review [16] it is highlighted the interest in TO and AM in industrial applications. TO
potentiality is fully realized when coupled with AM and Design for Additive Manufactur-
ing (DfAM) [17]. The literature highlights a great interest in the DfAM topic [18,19]. In the
DfAM process, the designer performs a series of iterative operations [20]. The component
under study is analyzed by the finite element method (FEM), the geometry is optimized by
TO software, and the result is interpreted in CAD format, and finally verified by a second
FEM analysis. The product development process is shown in Figure 1 [20]. There are exam-
ples of the application of this workflow to load-bearing components used in industry [21].
In [22], the authors proposed a novel methodology of DfAM aimed at choosing the best
manufacturing process for a specific scenario, with special attention on the distinction
between AM and conventional processes. Using an aircraft structural bracket, authors
demonstrate that AM process are ideal for the production of small batches and highlight
the positive role that TO may fill.

Concept Design
phase phase
Requirements Justification
Manufacturing FEM set up
Constraints Result interpretation Model
Justification:

« Statics

* Dynamics
« Stability
Allowable values * Fatigue

Loads Manufacturing restrictions
Material Stiffness restrictions
Justificaion criteria

FEM analysis
AM design

|
|
|
|
|
|
I | Interfaces Lightweight construction
|
|
|
|
|
|

Figure 1. Redesign for additive manufacturing workflow [20].

The first phase of the DfAM process involves the definition of requirements: man-
ufacturing restrictions, interfaces, material(s), loads, and justification criteria [17]. For
load-bearing components, the justification criteria typically involve minimizing mass
and/or maximizing stiffness [23]. To perform the load analysis on a load-bearing com-
ponent for systems involving multiple contact interactions, it can be useful to employ
dedicated multibody simulation software [24]. In [25], the multibody modeling approach
is used in the mechatronic system of an automotive suspension to evaluate the forces
exchanged between wheels and the ground. In [26], the torques expressed at the joints of
a URS robotic manipulator are evaluated using the multibody approach, and validated
with experimental results. In systems where multiple contacts occur, it can be useful to use
dedicated multibody software. In [27], the model of a nut ball screw is built in the MSC
Adams environment to evaluate the effects of ball jamming in the recirculating channel.
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The literature analysis shows that multibody modelling is a mature technique that allow
designers to evaluate the behavior of complex multi-domain systems [28].

However, based on the literature review conducted, it was found that there is little
integration of dynamic analysis techniques for the study of components in AM, where
research often focuses more on TO [29,30] and process optimization aspects [31,32]. In [33],
the multibody modeling approach is applied to the TO of a flexible load-bearing element.
In [34] can be found an example of integration of dynamic analysis and DfAM applied to
a suspension knuckle redesigned to maximize the stiffness. However, there is a lack of
studies about this approach applied to industrial systems.

The primary objective of this research is to develop and test, on a case study, an inte-
grated methodology to analyze the opportunities offered by TO and DfAM to improve the
performance of a manufacturing plant and reduce the production cost. The methodology
combines high-fidelity multi-body dynamic simulation with DfAM and TO techniques.
This study addresses a critical gap where dynamic operational loads, essential for effective
optimization, are unknown, particularly for industrial systems not yet physically proto-
typed. The specific goals are to (1) accurately predict these dynamic loads on a structural
component, using a multi-body model, considering as a case study a fine blanking plant;
(2) use this data to redesign and minimize the component’s mass via TO for PBF-LB;
and (3) quantitatively evaluate the resulting improvements in system performance and
productivity before committing to manufacturing, thereby creating a closed-loop virtual
validation process. The developed model will also be used to verify a posteriori the actual
performance improvement as a result of the DEAM process, allowing a future evaluation of
the cost-effectiveness of introducing AM into the design process of this type of devices.

This paper is structured as follows: Section 2 describes the optimization methodology,
detailing the case study, the development of the pneumatic and multi-body models, and
the process for determining contact model parameters. Section 3 presents the topology
optimization process, from the initial results to the final DfAM solution, including valida-
tion through FE analysis. Section 4 provides a detailed cost analysis of the AM-produced
components. Finally, Section 5 discusses the conclusions of the study, summarizing the
findings and outlining the implications for industrial applications.

2. Optimization Methodology

For industrial mass production applications, one of the primary drivers for decisions is
cost-effectiveness, making plant productivity a critical parameter. In high-speed automated
systems, productivity is directly correlated with the dynamic behavior of its moving parts;
minimizing moving masses can decrease cycle time and thus increase output.

This work proposes a systematic methodology to achieve and verify this optimization
virtually, prior to manufacturing. The technical roadmap for this methodology is as follows:

1. Machine analysis: The components of a high-speed automated system under design
are analyzed to identify which components are most suitable for the proposed opti-
mization methodology. The analysis must focus on moving components that are most
massive and have structural purposes.

2. Dynamic Load Determination: a high-fidelity simulation model is developed. This
involves co-simulating a multi-body model of the mechanical system in Adams and
the model of the actuators in Matlab/Simulink to determine the precise, transient
loads acting on the mechanical parts suitable for optimization.

3.  Optimization: The load data obtained from the simulation are used as a direct input
for a Topology Optimization (TO) study. The TO results are then interpreted using
DfAM principles to create a manufacturable geometry for the Laser Powder Bed
Fusion (PBF-LB) process.
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4. Performance Verification: The novelty of this work lies in closing the optimization
loop. The final, optimized geometry is re-introduced into the multi-body model to
simulate the new system dynamics and quantitatively verify the improvement in
cycle time and productivity.

5. Cost Analysis: Finally, a detailed cost analysis is conducted to evaluate the economic
feasibility of the AM solution compared to traditional methods, providing a compre-
hensive assessment of its overall value.

This method is applied to the case study of a load-bearing pylon in a device used in a
fine blanking plant under design at the Util Industries group.

3. Case Study

The analyzed system is utilized in an industrial plant to remove fine blanket products
from the press area. Figure 2 displays the main components of the system. The movement
is kept translational by a pair of prismatic guides (c). Once the product (f) is ejected
from the die, it is gripped by the transfer plate (a) and evacuated outside the press area.
The movement is transmitted from two pneumatic actuators (e) to the plate by structural
pylons (b). To prevent collisions with the end stops, shock absorbers (d) dissipate the
system’s kinetic energy at the end of the stroke.

(e)

Figure 2. System description: (a) transfer plate, (b) load-bearing pylon, (c) prismatic rail guide,
(d) shock absorber, (e) pneumatic actuator, (f) product.

The operating cycle of the transfer device (Figure 2) begins when the fine blanking
press cycle reaches the point of die opening. The device travels twice, first to position
the transfer plate on the product, and then to evacuate the product by grasping it and
moving it outside the press area. For the operating cycle of the transfer device, two impacts
occur between the translating end stops and the shock absorbers: the first at the end of the
positioning phase and the second at the end of the product evacuation phase.

The time required for translation influences the cycle time and depends on the mass
of the translated components, including both the product and the transfer device, and on
the force applied by the actuator. To increase productivity, it is necessary to minimize the
cycle time and, hence, the mass of the elements of the transfer device.

Table 1 summarizes the mass of the most relevant components of the transfer device.
The most massive element is the transfer plate; however, its design and its material cannot
be changed significantly due to its functional purpose. The pylon is the second-most
massive component, serving only a structural purpose. The combined mass of the two
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pylons represents approximately 31% of the total mass of the device. Therefore, optimizing
the pylon’s mass can significantly reduce the mass of the device, resulting in increased
productivity. So the structural pylon was chosen as the case study for this work.

Table 1. Mass of the main components of the device.

Number of Components

Component Mass (Kg) Present in the Device
Transfer plate 6.096 1
Structural pylon 2.595 2
End stop 0.803 2
Total mass of the device 16.631

To minimize the mass of the pylon, TO techniques are applied. However, it is necessary
to know the loads acting on the components during the motion, which are dependent on
the behavior of the pneumatic actuators, dampers, and friction. Analytical closed-form
solutions for determining these forces are not possible due to the high dependence of
the device’s behavior on the transient of the pneumatic actuators. Therefore, this work
proposes a numerical model of the pneumatic actuators, and a multibody model of the
device to determine the forces exchanged between the system’s elements, specifically the
pylon and the transfer plate. The two models are used in co-simulation in order to evaluate
the forces.

4. System Modeling
4.1. Pneumatic Model

The Matlab/Simulink environment is used to build the pneumatic actuator model [35].
The model includes the valve model, which accounts for sonic-subsonic behavior. The
pneumatic line is modeled as a reservoir and restriction, while the pneumatic cylinder
model takes in the air flow between chambers and the actuator displacement as input.
The output includes the force generated by the actuator and the pressure in the chambers,
allowing for the dynamic behavior of the cylinder to be modeled. As the device is intended
to use two actuators, the model has been duplicated to include them both. The parameters
for the characteristics of the components included in the model come from the datasheet of
the transfer device components and are shown in Table 2.

Table 2. Pneumatic model parameters.

Valve Parameters Value
Conductance (Nm?/sPa) 449 x 1078
Critical ratio 0.19
Pneumatic Line Parameters Value
Source pressure (kPa) 700
Volume (m?) 3x107°
Conductance (Nm?/sPa) 1.68 x 1078
Critical ratio 04

The air used in the plant is at the pressure of 7 bar; the relief air is considered having
standard conditions.

In Figure 3 is represented the pneumatic model of the actuator in the Matlab/
Simulink environment.
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Figure 3. Model of the pneumatic actuator system.

4.2. Multibody Model

In a multibody model, rigid or flexible bodies are connected by kinetic and dy-
namic constraints. The model consists of two assemblies: one fixed to the ground and
one translating.

A joint is necessary to calculate the forces exchanged between two rigid bodies. A
decision must be made regarding the modeling of the rail guide system. The rails’ behavior
is described by applying a contact constraint between the moving rail and the fixed guide,
which allows a better modeling than using a simpler translational prismatic joint model [36].
Additionally, contact constraints are applied between the product and the fixed base, as well
as between the product and the transfer plate. The shock absorbers are modeled as spring-
damper systems, with their characteristics identified by their technical datasheet [37]. Shock
absorbers are implemented in the multibody model, as their behavior can be well described
using a contact constraint between the shock absorber and the translating reference.

4.3. Contact Model

Contact is modeled using a viscoelastic function defined by four coefficients, as de-
scribed in [38,39]. The contact force is calculated as:

Fc =k(q0—9)° — Cimaxq-STEP(q,90 — d,1,90,0) 1)

where:

e  k: Stiffness coefficient: the coefficient of the elastic component of the contact force; it
depends on both the material properties and the contact geometry.

e ¢ the exponent introduces the nonlinearity in the elastic component of the contact
force; it depends on the material hardness.

o Cyux: Damping coefficient: the coefficient associated with the viscous component of
the contact force; it has no theoretical computation but must be chosen in relation to
the stiffness coefficient.

e  g: Penetration depth: the penetration depth has no physical meaning but the purpose
is to keep the damping continuous during the onset of contact.

Additionally, the friction is included using a continuous friction model defined by a

STEP function with four parameters [38].

ey, Dynamic friction coefficient: specifies the coefficient of friction at the contact point
when the slip velocity is higher than V.
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e  us: Static friction coefficient: specifies the coefficient of friction at the contact point
when the slip velocity is lower than V.

e  V;: Dynamic transition velocity: The friction coefficient is gradually transitioned from
the ps to the y as the slip velocity at the contact point increases. When the slip velocity
is equal to the value specified for Vj, the effective coefficient of friction is set to .

e  V;: Static transition velocity: The friction coefficient is gradually transitioned from the
14 to us as the slip velocity at the contact point decreases. When the slip velocity is
equal to the value specified for V;, the effective coefficient of friction is set to y;.

It is important to note that the contact parameters depend on the materials of the
parts in contact and also on their geometries. This is because the contact reaction force is
determined using the centroid of the penetration volume.

A precise identification of these parameters usually requires an experimental setup,
which is not possible at the time of this study, and is not generally suitable in a design
phase. However, it is possible to estimate them through an influence analysis performed in
the multibody environment [40]. For the case study presented, an influence analysis of the
stiffness is performed, damping and exponent, while the influence of the penetration depth
parameter has not been investigated because its order of magnitude can be estimated from
the literature as 0.01 mm [39].

4.4. Contact Parameters Influence

A precise identification of the contact model parameters would typically require a
dedicated experimental setup. However, as this is often not feasible during the early
design phase, an efficient approach consists in performing a systematic influence analysis
within the multibody environment to determine appropriate and conservative values.
This approach, guided by established literature and software documentation, ensures the
selection of robust parameters by evaluating the sensitivity of the model’s key output, the
peak force on the pylon, to variations in each parameter.

Each parameter is evaluated at three different levels. The model output taken as a
reference is the peak force at the pylon-transfer plate joint, which is the main output of
the multibody model. The range of values varying of the parameters is defined through a
literature analysis of the most likely correct values indicated for the case of systems such
as the one studied [40]. First, the contact stiffness coefficient is evaluated, considering
10* N/mm, 10° N/mm, and 10° N/mm. The model results (Figure 4) show that the force
exchanged at the joint is not significantly affected by the value of the stiffness coefficient.
The contact stiffness is then chosen as 10° N/mm, which is the suggested value according
to the Adams 2020 software user’s guide [38].

pylon-transfer reaction force
T T T

8000 T T T T T T
k=1x10* N/mm
6000 - k=1x10°N/mm | |
= k =1x 10% N/mm
T 4000 [-
S
o
- 2000
0 —
1 | | | | | 1 | 1

0.35 0.352 0.354 0.356 0.358 0.36 0.362 0.364 0.366 0.368 0.37
Time(sec)

Figure 4. Influence of the stiffness coefficient on the pylon load.
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According to literature, the damping coefficient is suggested to be 10~ of the stiffness.
Values of 10 Ns/mm, 100 Ns/mm, and 1000 Ns/mm are considered for sensitivity analysis.
The results (Figure 5) show that, despite minor changes in behavior, the magnitude of
the force peak does not change substantially with the different values. Conservatively, a
contact damping value of 1000 Ns/mm is chosen, as it leads to the highest peak force.

pylon-transfer reaction force
T T

8000 T T T T T I T
¢ =10 Ns/mm
¢ =100 Ns/mm
6000 - ¢ = 1000 Ns/mm
z
o 4000 -
o
e
2000
0 =
1 | | 1 | | | 1 1

0.35 0.352 0.354 0.356 0.358 0.36 0.362 0.364 0.366 0.368 0.37
Time(sec)

Figure 5. Influence of the damping coefficient on the pylon load.

The force exponent is correlated with the material hardness. In this case, the device
is made of hardened tool steel, so the force exponent is expected to close to 2.2. Values
of 1.5,1.7, and 2.2 are considered for sensitivity analysis (Figure 6); it is found that that
the peak is higher for the lowest level of the exponent. However, it should be noted that
the variation in the peak force is lower than 10% of its value, and that a value of 1.5 is not
representative of the behavior of hardened steel contact. Therefore, the value of 2.2 was
chosen for further analysis.

pylon-transfer reaction force
8000 T T T T T

6000

Force(N)
N
o
8
T

2000

T

(=

| | | | | | | | |
0.35 0.352 0.354 0.356 0.358 0.36 0.362 0.364 0.366 0.368 0.37
Time(sec)

Figure 6. Influence of the contact function exponent on the pylon load.

4.5. Preliminary Results

The resulting model integrates the pneumatic system in Simulink with the multi-
body model in Adams. The model operates through co-simulation, led by the Matlab/
Simulink solver.

Simulations are performed considering the first command for valve commutation at
time t = 0 and a second commutation after 0.5 s. The transfer plate’s position is zero when
it is in the product evacuation position, and it is negative during translation.

The force exchanged between the transfer plate and structural pylon can be evaluated
using the results of the model simulation.

The pneumatic actuator force is shown in Figure 7.
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Figure 7. Actuator force.

In Figure 8, the force exchanged at the joint between the pylon and the transfer plate
exhibits two peaks that correspond to the impact of the translating end-stop with the
hydraulic shock absorber. The first peak is observed at the end of the product evacuation
phase, while the second peak is observed at the end of the product grasping phase. Al-
though the plant operates in a chronological sequence of phases, starting with the product
grasping phase followed by the product evacuation phase, for simulation purposes, the
two phases have been inverted. The reason for this choice is to observe the behavior of
the whole system with only one simulation, without significantly affecting the quality of
the results.

Transfer device travel
50 T T T T T T T T
0 -
—50 -
_—150 -
£
E -250 |
£
2 —350 —
3
—450 .
—550 | | | | | |
0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)
Pylon - Transfer plate exchanged force
107000 T T T T T T T T
5000 - —
g "
LE
—5000 |- —
—10 ’000 | | | | | | | |
0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)

Figure 8. Transfer plate travel and load on the pylon during the motion.

The peak forces obtained during the evacuation and grasping phases are 7170 N and
—6860 N, respectively.
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5. Optimization

A preliminary structural analysis on the pylon subjected to the impulsive forces of
the two load cases is carried out, to evaluate if there is the opportunity to apply the TO at
the component. In the current design status, the material chosen for the production of this
component is structural steel C45E; its mechanical properties are shown in Table 3.

Table 3. Mechanical properties of C45E.

Property Value
Density (kg/m?) 7850
Elastic modulus (GPa) 200
Poisson’s ratio 0.29
Yield strength (MPa) 450
Tensile strength (MPa) 585

The constraint conditions are set coherently with the functioning of the device. In the
FEM model are also included the end stop reference and the rail guide, in order to apply a
constraint condition similar to that of the real system. The resultant constraint conditions
and loads applied to the pylon are shown in Figure 9.

max

Fmin

(a) (b)

Figure 9. Constraint condition for the maximum force load case (a). Constraint condition for the
minimum force load case (b).

In Figure 10, the results of the FEM structural analysis highlight that the maximum
stress on the pylon is located at the interface between the pylon and the rail guide for both
of the load cases analyzed, with a maximum of 253 MPa for the worst case scenario of the
maximum force (end of evacuation phase), with a minimum safety factor of 1.77.

The results of the FE analysis also show that most of the pylon is lightly loaded, leaving
room to optimize the geometry with a mass minimization focus.

A two-iteration approach is adopted to first quickly assess the potential performance
gains and then to refine the design for practical manufacturing.

The goal of the first iteration is to rapidly evaluate the effectiveness of the proposed
simulation-optimization workflow. The raw STL result from the TO is converted into a
CAD file with only minor changes. This makes it possible to feed the optimized geom-
etry back into the multibody model immediately, allowing for a swift verification of the
potential reduction in cycle time without investing significant effort in CAD cleanup and
manufacturability refinement.

The second iteration is performed to create a practical, robust, and manufacturable
component based on the insights from the first attempt. To address the geometric issues
of the first iteration, the design space for the TO is simplified, particularly around bolt
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connection joints, to prevent the formation of critical geometries. The resulting raw TO
geometry is then carefully interpreted into a final CAD model using the polyNURBS
tool. This DfAM step involved smoothing surfaces, filleting sharp edges to reduce stress
concentrations, and ensuring continuous and appropriately thick sections to guarantee it
could be successfully produced via PBF-LB.

(a)

Von Mises Stress:

0 MPa

26 MPa

] I T I I m—
52MPa 78MPa 104MPa 130MPa 156MPa 182MPa 208MPa 234MPa 260 MPa

Figure 10. Von Mises equivalent stress for (a) max force load case and (b) min force load case.

5.1. Topology Optimization—First Iteration

With the knowledge of the load requirements and functionality of the pylon, the
element is now being redesigned applying the Design for Additive Manufacturing (DfAM)
approach as illustrated in Figure 1 [20].

The first steps of the DfAM process include defining the load cases, boundary condi-
tions, material properties, and the available design space. The load conditions are defined
by multibody simulation, and the remaining part of the process is carried out using the
Inspire-Optistruct software. The design space is defined taking into account the free space
available in the press area.

To accurately describe the constrained condition of the pylon, the prismatic rail guide
is also incorporated. The rail guide is rigidly connected to the pylon and is constrained
using a linear constraint. Furthermore, a constraint is added to simulate the interaction
between the end stop and the shock absorber. The shock absorber operates as a spring-
damper system during the dynamic operation of the device. However, in the TO process,
the shock absorber is modeled as a fixed element in the FEM static analysis. Figure 11 shows
the constrained system. The pylon experiences two load conditions during operation: one
at the end of the grasping phase and another at the end of the evacuation phase. The
Inspire software enables the setting of two load conditions. The first load has a force
level of F = —6860 N, while the second load has a force level of F = 7170 N. Although the
constraint condition changes between the two load conditions in terms of the direction
of the rail constraint associated with the shock absorber, the constraint type remains the
same. The contacts between the parts are set coherently with the real connection existing
between them.

The analysis considers two different material solutions for building the pylon. The ma-
terials considered are compatible with the DPBF 3D printing machine EOS M290, available
in the laboratories of the Department of Production Engineering (DIGEP) of Politecnico di
Torino. The chosen materials are listed in Table 4. The properties refer to the material after
the heat treatment.

The model in Figure 11 is used with the TO tool built into the Inspire 2022.2 software.
The topology optimizer is set with both the load cases and the maximum element size.
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The criterion for the TO analysis is mass minimization, applying a safety factor of 2 for
stress analysis.

Table 4. Mechanical properties of the chosen materials.

Parameter EOS AL2139 AM [41] EOS Maraging Steel MS1 (1.2709) [42]
Yield Strength (MPa) 460 2000
Tensile Strength (MPa) 520 2080
Elongation at Break (%) 6 4

(a) (b)

Figure 11. Design space of the pylon as input for the TO, constraint conditions, and load application.
(a) F=—6860 N, (b) F = 7170 N. The design space is represented in brown, the non-design space is
represented in grey.

To systematically redesign the component, a formal topology optimization problem is
defined and solved using the Inspire-Optistruct software.

The optimization problem is formulated to achieve the primary goal of improving the
device’s dynamic performance by reducing its moving mass. This is structured as follows:

- Objective Function: Minimize the mass of the component.

- Constraint: The maximum Von Mises stress within the component must not exceed
the material’s allowable stress. A safety factor of 2 is applied to the material’s yield
strength, ensuring the final design’s structural integrity and reliability under the
dynamic loads.

- Load Cases: The two peak load cases (grasping and evacuation phases) identified
in the multibody simulation are applied in the optimization setup to ensure that the
geometry is robust for all critical operating conditions.

The principle of topology optimization is to find the most efficient distribution of a
limited amount of material within a defined design space to sustain a given set of loads.
The solver quantifies this by using the gradient-based method, SIMP—Solid Isotropic
Material with Penalization—within the Optistruct suite, that iteratively removes material
from regions of low stress and retains it in regions of high stress. This process creates an
ideal load path, effectively maximizing stiffness for a given mass, or in this case, minimizing
mass while satisfying the stress constraint.

The underlying structural analyses are conducted using the Optistruct solver. The
design space is discretized using a 3D solid tetrahedral mesh. A linear static analysis
is performed for each of the two peak load cases. The software solves the fundamental
equations of static equilibrium to determine the displacement and stress fields throughout
the component for each load case. These stress results are then used by the optimizer in
each iteration to guide the material removal process.

The first-attempt STL results of the TO process for both the materials is converted into
a CAD file with minor changes. This is because the intention of the proposed method is to
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evaluate immediately the performance of the optimized geometry prior to the geometry
cleaning for the AM process needed for a production piece. This step allows the designer to
verify the effectiveness of the study without refining the CAD geometry, making it possible
to immediately evaluate each result in the redesign process.

The first results of the TO are shown in Figure 12. The resulting geometries have
some clear issues such as indentation, section striction and imperfections, due to the simple
transposition of the STL result in the parametric CAD file. However, the geometry is used
to evaluate the performances using the developed multibody model. If the results are
promising, a second iteration is carried out to define a geometry that could be produced.
The obtained masses of the pylon for the two results are 426 g for the EOS AL2139 AM and
1006 g for the EOS MS1, with a 16.4% reduction of the total mass of the transfer device.

() (b)
Figure 12. First-attempt TO results: (a) EOS MS1, (b) EOS AL2139.

The obtained TO geometries are introduced in the multibody model to verify the
performance of the improved system. The results are immediately available due the
integrated simulation process proposed.

In Figure 13, the product evacuation phase of the device is compared between the
original geometry and the TO geometry for both cases. The end of the evacuation phase,
which makes it possible to evaluate the improvement in terms of process cycle time with
the TO components, is detailed in Figure 14.

Product evacuation phase

50 T T T T T T T T T
0k
—50 - 4
—150 - -
’E\ — Original Geometry
£ 250 EOS AL2139 AM -
g e EOS MS1 1.2709
8 —350 1 -
—450 4
—550 | | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time(sec)

Figure 13. Impact of the optimized geometries on the performance of the device during the
evacuation phase.
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Product evacuation phase, detail
50 T T T
0 I
—50 | | -
—150 l ! .
/é\ | | | Original Geometry
£ -250 | | | s EOS AL2139 AM -
% | | [ e EOS MS1 1.2709
g 350 | | I i
I I I
—450 .
I I I
—550 I I |
0.25 0.278  0.286 0.302 0.35
Time(sec)
Figure 14. Detail of the end of the evacuation phase.

The increase in performance is larger in the grasping translation phase (Figure 15),
when the product is not involved in the movement and the device moves only its com-
ponents, with a minor total weight. The working cycle of the transfer device involves
the evacuation phase, a stop of 0.2 s, and the product grasping phase. The detail of the
translating time is shown in Figure 16.

The total improvement of performance using the TO parts is summarized in Table 5.
Table 5. Performance comparison, first attempt geometries.

Geometry Translation Phase Duration (s) Time Reduction (%)
C45E Geometry—Dbaseline 0.763 0%
EOS MS1 1.2709 Geometry 0.723 5.2%
EOS Al2139 AM Geometry 0.706 7.5%
Product grasping phase
50 [ [ I I
0 Original Geometry -
—50 EOS AL2139 AM .
EOS MS1 1.2709
—150 .
€
E 250 -
N =
2
@ —350 .
—450 .
—550 | | | | | . .
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Time(sec)

Figure 15. Impact of the optimized geometries on the performance
grasping phase.

of the device during the
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Product grasping phase, detail
50 T T T
0r I I I T
=200 | | | i
—150 ! ! ! -
g | | Original Geometry
£ —250 | s EOS AL2139 AM .
%, | — EOS MS1 1.2709
§ —350 | | | .
I I
—450 - | | | -
—550 | | |
0.65 0.706 0.723 0.763 0.8
Time(sec)

(a)

Figure 16. Detail of the performance improvement in terms of translation time of the product
grasping phase.
5.2. Topology Optimization—DfAM Solution

The second iteration started with another TO; a more simplified geometry for the
design space is used to avoid the critical geometries of the bolt connection joints. Figure 17a
shows the design space as input for the TO. TO results are shown in Figure 17b,c.

44

(b) (c)

Figure 17. Design space of the pylon for the second iteration TO study (a); TO results for the material
EOS MS1 1.2709 (b) and for the material EOS Al2139 AM (c).

Still, both the materials are considered for this second iteration. Figure 18 shows the
results of the TO of the pylon for both the materials, EOS MS1 1.2709 and EOS AL2139 AM.
The main problems, similar for both the results, are highlighted: The slenderness of some
structural parts and the uneven compliance between the optimized volume with the rest of
the component can be seen.

Both geometries are interpreted in CAD format using the polyNURBS tool built into
the Inspire software. The problems are corrected to obtain a continuous geometry that
can be produced. Sharp edges are filleted, as well as the junctions between TO parts and
the rest of the component. The final geometries are shown in Figure 18. The final mass of
the resulting parts is 1336 g for the EOS MS1 (Figure 18a) and 538 g for the EOS AL2139
(Figure 18b). The increase in mass is significant with respect to the first iteration, and this is
due to the definition of a geometry that can be efficiently manufactured.
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(a) ' (b)
Figure 18. Final pylon results: EOS MS1 material (a), EOS AL2139 material (b).

5.3. FE Analysis

The optimized geometries are verified through FE analysis. This is a key step in the
redesign for additive manufacturing process to verify that the CAD interpretation of the
TO is effectively strong enough for the application. The Inspire software interface is used to
solve the structural FE analysis using the Optistruct solver. The results in Figure 19 show
that the maximum stress for both the components is below the Rp; limit of the heat-treated
material. This results in a minimum safety factor of 2 for both solutions.

EOS MS1 1.2709 EOS AL2139 AM

b)

Max: 203.4 MPa

Max: 485.8 MPa

Von Mises Stress

Von Mises Stress:
T I— T T AT [—— ] |

2 2 2
S R L I T RN L I e T LM P T B S

Von Mises Stress:

)

Factor of Safety

Factor of Safety:

T [ T T —— BT [ T T

Factor of Safety:

g [ 15 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 55 6

Figure 19. FEM analysis results of the final geometry for both the materials: Von Mises Stress
for EOS MS1 material (a) and EOS All material (b), safety factor for EOS MS1 material (c) and
EOS All material (d).
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The obtained final geometry is then verified again using the multibody tool devel-
oped, to verify the effectiveness of the process improvement, even with the increased
weight due to manufacturing constraints. The transfer device work cycle comparison is
shown in Figure 20.

In Figure 21, the detail of the end time of the working cycle shows a sensible reduction
in terms of the working cycle, even with the increased mass due to the CAD interpretation
process. Quantitative results are summarized in Table 6.

Transfer device work cycle

50 T T T T T T T T
0 4
—50 4
—150 —
'g Original Geometry
E -250 EOS AL2139 AM _
g EOS MS1 1.2709
8 —350 =
—450 —
—550 1 1 1 ! I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(sec)
Figure 20. Comparison of the transfer device work cycle with the different geometries.
Product evacuation phase, detail
50 T T T
OF l I I 7
—o0r | | | i
g I | Original Geometry
E 250 | EOS AL2139 AM -
% | | EOS MS1 1.2709
& —350 | I i
-
I I
—450 | | —
—550 I I 1
0.65 0.71 0.729 0.763 0.8
Time(sec)

Figure 21. Detail of the end time of the device work cycle; comparison between the three geometries.

Table 6. Performance comparison, final geometries.

Geometry Translation Phase Duration (s) Time Reduction (%)
C45E Geometry 0.763 0%
EOS MS1 1.2709 Geometry 0.729 4.5%
EOS Al2139 AM Geometry 0.710 6.9%

6. Cost Analysis

Manufacturing costs of AM-produced parts depends on several factors [43], such as
the type of process, the material costs, the labor costs, the volume of the component, and the
machine operating cost. The model proposed in [44] and further developed in [45,46] is used
in this work to estimate the costs for the PBF-LB production of the redesigned pylon. The
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parameters necessary for the calculations are extracted from the AM data sheets and from a
study by Roland Berger [47]. Some key parameters, such as the processing time and the
numbers of parts produced per job, are calculated using Autodesk Netfabb 2025.0 software.
The cost analysis is performed for the resulting geometries of both EOS materials. However,
the geometry to be produced by PBF-LB is simplified by removing the screw holes, which
will be later drilled in the post-processing phase.

It is assumed that the PBF-LB machine volume is used to produce the pair of brackets
simultaneously, to maximize the efficiency of the machine.

The different scenarios of orientation of the part in the building volume are shown in
Figure 22. The parameters evaluated for the choice of each scenario are the support volume,
the build height, and the build time. The EOS MS1 1.2709 solution minimizes the support
volume in the first scenario; however, the third scenario minimizes the build time, which
is the condition of minimizing the production cost. The third scenario is also chosen for
the EOS AL2139 AM solution, since it is the most economically convenient. The chosen
orientation of the third scenario allows maintaining the datum feature for the support
removal operation in the post-processing phase.

EOS MS11.2709

EOS AL2139 AM

Scenario 1:
Part Volume: 337,700 mm?3
Support volume: 33,130 mm?
Build height: 288.7 mm
Build time: 114.25 h

Scenario 2:
Part Volume: 337,700 mm?3
Support volume: 31,160 mm?
Build height: 250.5 mm
Build time: 114.58 h

Scenario 3:
Part Volume: 337,700 mm?3
Support volume: 34,420 mm?
Build height: 263.5 mm
Build time: 111.02 h

Scenario 1:
Part Volume: 393,430 mm?3
Support volume: 21,180 mm?
Build height: 288.7 mm
Build time: 123 h

Scenario 2:
Part Volume: 393,430 mm?3
Support volume: 24,580 mm?
Build height: 279.58 mm
Build time: 122.44 h

Scenario 3:
Part Volume: 393,430 mm?3
Support volume: 23,710 mm?
Build height: 250.5 mm
Build time: 118.2 h

Figure 22. Part orientation scenarios for PBF-LB production of the redesigned pylon of the two EOS
MSI1 and EOS AL2129 materials.

The manufacturing cost per part P is dependent on the material cost My and the
production cost P4y, which is dependent by the processing cost, the post-processing cost,
the heat treatment cost, and the human work cost [46]:

cam = (Mam + Pam) (2)
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The material cost per part M4y, the material cost M in EUR/kg, the part volume V,
and the sintered material density D. A coefficient of 1.1 is applied to account for additional
material amount considering support volume and powder losses during the process [44]:

May = M-V-D-1.1 @)

The production cost is equal to the sum of the pre-processing cost Ap, the processing
cost Cp, and the post-processing cost Bp:

Papy = Ap+Cp+ Bp (4)

The pre-processing cost per part depends on the number of parts per job N, the labor
cost O, and the set-up time per build A:

Ap=0-A/N (5)

The processing cost per part Cp depends on the machine cost per hour CH, the build
time T, and the number of parts per job:

Cp=T-CH/N (6)

The post-processing cost per part Bp depends on the CNC machining cost for support
removal and polishing PM and the heat treatment cost per part HT:

Bp = PM + HT (7)

In the post-processing phase, machining is needed to remove the support structures
and to finish the part surface. In the PBF-LB pylon, the screw holes should also be drilled
because they were removed from the redesigned geometry for AM production purposes.
The machining cost depends on the labor cost for part positioning and the CNC machine
cost, which depends on the operation time. The setup time has been estimated at 72 min
per job [46]; the machining time has been estimated assuming a cutting speed of 1 m/min.
The total machining time is estimated on the basis of the supported area, the passes needed,
and the drilling time.

The heat treatment cost depends on the labor cost, the energy cost, the furnace used,
and the heat treatment phases described by the material supplier. For the case study, a
9 kW furnace is considered with a utilization factor of 60%. The EOS MS1 needs an 8 h
heat treatment in the furnace, whereas the EOS AL2139 needs 45 min of heat treatment in
the furnace and 3 days of aging at room temperature. The energy cost is assumed from the
average value of the cost of electricity on the Italian market in 2023.

The results of the cost analysis are reported in Table 7 for the AL2139 pylon, and in
Table 8 for the MS1 pylon.

Table 7. Total cost per structural pylon of EOS AL2139 AM.

Parameter Symbol Value Unit Source
Number of parts produced per job N 2
Material cost per kg M 152 EUR/kg
Part volume Vp 196,715 mm?
Support volume (per part) Vs 118,55 mm?3
Density of the sintered material D 2.7 x 1073 g/ mm?
Mass of material per part uUu=v-D 0.56 kg

Material cost per part Mam 85.60 EUR
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Table 7. Cont.

Parameter Symbol Value Unit Source
Machine operator cost per hour O 50 EUR/h [46]
Set-up time per build A 0.5 h [47]
Pre-processing cost per part Ap=0-A/N 12.5 EUR
Machine cost per hour CH 44 EUR/h [46]
Build time T 118.2 h
Machine cost per build T-CH 5200.8 EUR
Processing cost per part Cp=T-CH/N 2600.4 EUR
Machine operator cost per hour (0] 50 EUR/h [46]
CNC machine cost per hour ccC 60 EUR/h [45]
CNC machining time per part tene 0.21 h
CNC setup time per part tcs 0.6 h [46]
CNC machining cost per part PM = O-tcg + CC-tene 42.64 EUR
Heat treatment set-up time per part tsT 0.5 h
Heat treatment energy consumption per part Eyr 2.03 kWh
Heat treatment duration tyr 0.75 h
Energy cost eEC 0.127 EUR/kWh
Heat treatment cost per build HT = Eyr-egc-tyr + ts7-O 20.26 EUR
Post-processing cost per part Bp = PM+HT 62.9 EUR
Manufacturing cost per part Pay = Map+Ap+Cp+Bp 2761.39 EUR

Table 8. Total cost per structural pylon of EOS MS1 1.2709.

Parameter Symbol Value Unit Source
Number of parts produced per job N 2
Material cost per kg M 193 EUR/kg
Part volume Vp 168,850 mm?3
Support volume (per part) Vs 17,210 mm?3
Density of the sintered material D 81x1073 g/mm?
Mass of material per part U=Vv-D 1.51 kg
Material cost per part Mam 390.87 EUR
Machine operator cost per hour (@] 50 EUR/h [46]
Set-up time per build A 0.5 h [47]
Pre-processing cost per part Ap=0-A/N 12.5 EUR
Machine cost per hour CH 44 EUR/h [46]
Build time T 111.02 h
Machine cost per build T-CH 4884.88 €
Processing cost per part Cp=T-CH/N 2442 .44 €
Machine operator cost per hour O 50 EUR/h [46]
CNC machine cost per hour ccC 60 EUR/h [45]
CNC machining time per part tene 0.22 h
CNC setup time per part tcs 0.6 h [46]
CNC machining cost per part PM = O-tcs + CC-tene 43.16 EUR
Heat treatment set-up time per part tst 0.5 h
Heat treatment energy consumption per part Eyr 21.6 kWh
Heat treatment duration tyT 8 h
Energy cost ecc 0.127 EUR/kWh
Heat treatment cost per build HT = Egr-epc-tyr + ts7-O 22.60 EUR
Post-processing cost per part Bp = PM+ HT 65.76 EUR
Manufacturing cost per part Pap = Mam+Ap+Cp+Bp 2811.57 EUR

The cost analysis shows that there is no significant difference between the two so-
lutions and materials in terms of manufacturing costs. Therefore, the driving factor for
the best solution is the desired effect, which leads to the choice of the EOS AL2139 AM
material. However, the estimated cost for traditional manufacturing the single pylon by
CNC machining is around EUR 400. This value is based on the quote provided by the
original supplier of the machined components. Hence, the AM pylon is about 5 times more
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expensive than the traditional part. However, the final choice of the manufacturing process
for this case study is driven by multiple factors, including the impact of the pylon cost on
the whole die cost, which is to be evaluated separately, as it includes multiple components
that are still under development.

7. Conclusions

This study discusses the redesign and optimization of a load-bearing pylon used in a
device to evacuate products in a fine blanking plant. The redesign is proposed to optimize
the pylon mass in order to improve the performance of the device and the process time.
To evaluate the dynamic load conditions of the pylon, a multibody model of the device
is developed, which includes the actuation elements, the damping behavior of the end
stops, and contact mechanics. The results of the dynamic analysis are used as inputs in the
redesign for additive manufacturing process applied to the pylon.

So, the work proposes a method to integrate dynamic analysis performed using multi-
body modeling techniques in the redesign for additive manufacturing process, highlighting
is the power of the possibility to evaluate the desired effect and the reduction in process
time, prior to the manufacturing of a prototype. Different solutions are proposed and
compared for EOS MS1 1.2709 and EOS AL2139 AM. The performed analyses show how
the capabilities of the device can be increased up to 6.9% for the EOS AL2139 AM geometry.

The cost analysis highlights that the two solutions developed for AM are equivalent
in terms of costs, so the chosen geometry is the AL2139 AM solution, since it leads to
higher performance of the devices. A final choice between PBF-LB and the traditional
technique, which is cheaper, cannot be made at this stage, as the design process for the
other components of the whole die is still under development. However, it can be asserted
that the AM solution is to be chosen when its reduction in process time leads to an increase
in productivity which is higher than the increased cost of the die due to the introduction
of AM parts. The cost-effectiveness of the AM solution arises when its impact on the
press working cycle is relevant even considering downtimes, such as the set-up time and
the supply material change time, which can be relevant for the case study proposed here.
However, a more precise estimation is not possible at this stage of the design process.
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