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Abstract

Directed Energy Deposition (DED) is increasingly utilized for the construction of large components, repair of worn and
damaged parts, and integration into Hybrid Manufacturing systems to leverage diverse technological features. A burgeon-
ing application of DED is in Additive Remanufacturing (ARem), by which existing components can be enhanced with
additional features and materials to improve functionalities. This paper presents a systematic and integrated approach
for Design for Additive Remanufacturing (DARem), focusing on the optimization of product structural requirements to
enhance performance and the process design to minimize flaws while ensuring material integrity and expected tolerances.

The suggested approach involves product and process design phases within a computer aided design platform. Identi-
fication of critical issues in the original product design is the fundamental phase that drives the selection of the appropri-
ate materials and quantities for deposition. Next, topological optimization is employed to shape and position additional
volumes, generating enhanced design variants. A simulation phase ends the product design steps, assessing the actual
improvement of the component over its original design.

Subsequent phases are related to process design assessment. Selection of process parameters and build strategies, and
next, the behavioral simulation of deposition are fundamental to verify feasibility and generate paths instructions. Finally,
thermomechanical simulation is conducted to estimate the final component state accurately, ensuring it meets functional
requirements before proceeding to actual manufacturing pre-processing, material deposition, and post-processing phases.

A case study involving an automotive suspension component is used to demonstrate the feasibility of the proposed
integrated approach. Experimental phases are performed to define DED material properties for the redesign and investigate
the reliable simulation of process-induced distortions. By reducing stress in critical areas through localized deposition
of 316L stainless steel alloy using laser powder DED, the study explores the impact of toolpath strategies on process-
induced distortions through a Design of Experiments (DoE) approach. The results confirm the feasibility of the deposition
process in meeting functional requirements, particularly geometrical tolerances, highlighting the potential of DARem for
the redesign and enhancement of existing components. This integrated approach not only consolidates remanufacturing
procedures but also promotes the use of simulation tools to preemptively address potential issues, ensuring efficient, one-
shot component creation.
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Metal Additive Manufacturing (MAM) is increasingly
adopted in high-end industries within the Industry 4.0
framework. Among the various MAM technologies, Pow-
der Bed Fusion (PBF) [1][ISO/ASTM52900:2021] is prom-
inent, enabling the creation of geometries characterized
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design flexibility. This capability supports the develop-
ment of innovative functional products through Design for
Additive Manufacturing (DfAM) strategies [2]V[Ngo
2018]. Directed Energy Deposition (DED) [ISO/ASTM
52900:2021] systems (Fig. 1) offer a compelling alternative
in MAM, characterized by high deposition rates, large build
volumes, high manufacturing flexibility, and the capability
to process multi-materials and graded materials [3]. Firstly,
DED is therefore particularly suitable for large-scale appli-
cations in sectors like aerospace and construction, where it
is commonly used to manufacture extensive metal struc-
tures [4]. Integration with robotic systems further enhances
its potential for creating some of the largest additively man-
ufactured components [5][OpenElectronics]. Moreover,
its cost and lead-time efficiency contribute to sustainable
product development, as evidenced in automotive applica-
tions like the Red Bull Racing car drivetrain and suspension
system [6]. Despite such benefits, DED has limitations in
resolution and design flexibility, restricting its application
to simpler geometries. Nevertheless, DED has the ability to
engineer Functionally Graded Materials (FGMs), enabling
the development of components with enhanced proper-
ties, such as improved wear resistance, hardness, corrosion
resistance, and thermal performance [7]. Moreover, DED is
also valuable for repairing damaged parts, remanufacturing
existing components, and even producing functional design
variants [8]. Finally, DED process is increasingly utilized
in hybrid manufacturing systems, combining the strengths
of multiple technologies. Hybrid Additive Manufacturing
(HAM) integrates construction and finishing phases within
numerical control or robotic systems, offering benefits such
as improved mechanical and surface properties, as well as
significant time and cost savings [9].

1.1 Repair, reconditioning, and remanufacturing

The literature review by Piscopo et al. highlighted repair
and maintenance as the primary applications of DED tech-
nology, particularly in the aerospace sector [7]. It is also
extensively utilized for repairing tools and molds, as well as
in the automotive, marine, and railway industries [7].

In fact, Repair, Reconditioning, and Remanufacturing
contribute significantly to greater sustainability by extend-
ing the lifecycle of components while minimizing resource
consumption. Each approach achieves this in distinct ways:

e Repair focuses on restoring a damaged component to
functionality, though the repaired part rarely matches
the original in performance. Typically, only the repaired
area is guaranteed to meet specific standards. Examples
of successful repairs include turbine blades [10] [Gesser,
2010]; [11] and engine components like cylinder heads
[12] or crankshafts [13].

e Reconditioning involves processing a component to
restore its performance to that of a new or nearly new
product. Unlike repair, reconditioning ensures the func-
tionality of the entire component, albeit with perfor-
mance that might occasionally be slightly below origi-
nal standards. This method is particularly effective for
molds [14] and dies] [15] [Bennett, 2019], where pro-
cesses have been specifically developed to restore these
tools.

e Remanufacturing goes beyond repair and reconditioning
by creating a product that is "as good as new" or even
"better than new" when upgrades are introduced during
the process. It is an effective strategy to counteract obso-
lescence or address unforeseen design issues [16].
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Fig. 1 A Laser based DED (DED-LB) system, where a laser acts as energy source, the material feed is provided by gas-assisted powder, and the
deposition is performed by a robotic arm, which can be integrated with a workpiece table into a workcell
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1.2 Additive remanufacturing

Furthermore, a related emerging application is Additive
Remanufacturing (AReM), which focuses on enhancing
existing components by incorporating new features and
materials to improve functionality. For example, mechani-
cal resistance, stiffness, or fatigue life of a part can be
improved. Also, new features can be added to create design
variants, implement quick design changes, or to enhance
further characteristics, such as heat dissipation or corrosion
resistance, even exploiting multi-materials. This approach
aims to retain original production materials and equipment
while adding value through customization. The potential of
AReM has been demonstrated in limited cases, including
the construction and reinforcement of customized parts as
reported by Hedges et al., Polenz et al., and Josten et al.
[Hedges 2006, [17, 18].

AReM adoption in industrial environments faces chal-
lenges due to the complexity of design strategies, geometric
constraints, and process parameters selection and thermal
management.

DfAM research needs for specific approaches to over-
come such issues and enhance actual AM capabilities [19—
22]. This research addresses the absence of a comprehensive,
reproducible framework for the ARem implementation
via DED. By proposing a structured Design for Additive
Remanufacturing (DARem) systematic approach, this work

facilitates simulation-driven product/process design integra-
tion, promoting reliable and effective remanufacturing solu-
tions. The next section describes the approach and the tools
suggested for the implementation. The use case selected to
demonstrate the feasibility of the approach is presented in
Sect. 3. Section 4 provides the results achieved, and Sect. 5
ends the paper with the conclusions and an overview of
potential further improvement directions.

2 Method and tools

The DARem methodology is based on the deposition of
multiple optimized geometries (hereafter Depositions)
to achieve component performance enhancement. The
approach is articulated across the two major computer-based
phases Product Study and Process Study each further sub-
divided into specific tasks with distinct objectives (Fig. 2).
These core phases are included in a wider framework, pre-
ceded by a product planning phase and followed by the
component manufacturing phase. Redesign loops may be
required either for the Product study or the Process study if
the project’s requirements are not fulfilled. The approach is
designed to anticipate functional and process-based issues
prior to physical manufacturing, reducing trial-and-error
iterations. More details on the phases are provided in the

Fig.2 The DARem methodology
and the two core phases Product
Study and Process Study

(Phase 1: Product Study]

(Phase 2: Process Study)

following.
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Task 1.1: Product Analysis
- Collect CAD geometry, material specs
- Define boundary conditions & fixed zones
- FEM analysis of critical zones

Task 2.1: Behavioral Simulation
- Setup manufacturing environment
- Define scanning strategies & toolpath
- Slicing & clash analysis

}

- Generate G-code

Task 1.2: Material Selection
- Select DED system & depaosition teol
- Define material feedstock & parameters
- Characterize mechanical properties

l

Task 2.2: Thermomechanical Simulation
- Multi-step thermo-mechanical FEM

}

- Evaluate heat input, cooling rates, stresses
- Cross-validate with experiments/literature
- Apply DoE to optimize strategies

- Create design spaces from critical zones

Task 1.3: Depositions Generation 1

Topology optimization for deposition shapes

- Generate variants & evaluate KPis
- Redesign for manufacturability

Task 2.3: Functional Requirements Verification

}

- Extract displacement vector field
- Generate deformed CAD model
- Deviation analysis vs. specs

Task 1.4: Structural Verification

- FEM of optimized variants

- Compare with legacy design
- Validate safety factors & goals
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Phase 1: Product study—this is the first design core
phase. It is related to product analysis and functional opti-
mization to meet the remanufacturing performance require-
ments. A total of 4 main sub activities is involved within this
phase, that are the 4 design remanufacturing tasks described
in the following.

Task 1.1: Product analysis—The initial task focuses on
understanding the baseline component. This includes:

e (ollection of geometric and material specifications from
the 3d product model and technical documentation.

e Definition of boundary conditions (fixtures, load cases,
contact interfaces), identification of fixed zones (i.c.,
where material deposition is not allowed), and deposi-
tions target mass.

e Structural FEM analysis to evaluate the mechanical be-
havior and potential failure points (i.e., critical zones)
under operating conditions.

Task 1.2: Material selection—This task involves the selec-
tion of the DED system, the related deposition tool, and the
characterization of deposition material. This includes:

e Seclection of material type, feedstock, characteristics

e Seclection of build parameters (power, speed, bead over-
laps, etc.)

e Definition of mechanical properties, or experimental
characterization

Task 1.3: Depositions generation—The goal of this task is to
identify the optimal locations and shapes of the depositions.
This includes:

e The creation of Design Spaces, compatible with part as-
sembly constraints. The regions are created on the criti-
cal zones highlighted by preliminary structural analysis,
returned by task 1.1. The fixed zones or areas that are
unreachable by the deposition tool are excluded.

e Topology optimization based on the structural analy-
sis setup, to identify optimal shapes of the depositions
given the target mass.

e Generation of several variants and evaluations based on
Key Performance Indicators (KPIs) such as mass, stress,
and displacement.

e Preliminary re-design of the depositions consider-
ing manufacturability aspects (e.g., voids, overhangs,
dimensions)

Task 1.4: Structural verification—The aim of this task is the

validation of the Product Study in case of compliance with
safety factors and the project’s goals. This includes:

@ Springer

e Structural FEM analysis of the optimized design variant
e Comparison between the legacy component and the op-
timized design variants

Phase 2: Process study—This is the second design core
phase. It focuses on assessing the manufacturing process in
terms of final distortions due to the high thermal fields that
are characteristic of DED technologies. 3 sub activities are
involved within this phase, listed in the following.

Task 2.1: Behavioral simulation—This task includes the
setup of the deposition strategies and the feasibility study
preventing potential interferences. This involves:

e C(Creation of the manufacturing environment, including
the virtual machine and the deposition tool, and the po-
sitioning of the component on the workpiece table

e Definition of the scanning strategies and creation of the
toolpath
Slicing and clash analyses to validate the toolpath
Creation of the G-code for additive manufacturing

Task 2.2: Thermomechanical simulation—The goal of this
task is to evaluate the deposition process and predict pos-
sible manufacturing flaws. This includes:

e Multi-step thermo-mechanical FEM analysis of the de-
position, to evaluate the impact of heat input, cooling
rates, and material phase transitions, where stress and
distortion fields are modeled with boundary conditions
reflecting the actual build setup.

e Nonmandatory results cross-validation against experi-
ments or literature

e Possible Design of Experiment (DOE) approach to opti-
mize the deposition strategies

Task 2.3: Functional requirements verification—The aim of
this task is the validation of the Process Study by assessing
the fulfilment of the functional requirements. This includes:

e Extraction of the nodal displacement vector field from
the thermomechanical simulation

e Creation of the deformed CAD model due to the deposi-
tion process

e Comparison of the CAD models via deviation analy-
sis to evaluate conformity with respect to geometrical
specification

The novelty of DARem methodology is also related to the
adoption of a PLM platform environment to support the
tasks of the two aforementioned design phases. The pur-
pose is to assume a reference architecture where to exploit
the integration between CAD, CAE, and CAM tasks to
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COMPONENT 1 COMPONENT 2

Functional
Name Dimension Tolerance
(mm) (mm)
P1-P2 294.505 */-1.500
P1-8 21833 */-0.800
P2-8 341.828 */-0.800
P5-B 152.669 */- 1.500

Point Spherical Tolerance
1 */-0.800 mm
2 */-0.800 mm
3 */-1.500 mm

(a)

I Forces (N) l
Point X y 2
1 -734.13 | 49810.72 | 2471.74
2 -25180.73 | -36348.73 | -3245.03
3 25914.87 | -13461.99 | 773.29

I Moments (Nmm) I

[ Point X ) [ z
1 608.31 -802.91 | -57196.1
2 7779.09 -3435.98 | -2024.24
3 0 0 0

Fig.4 The reference load case expressed in vehicle’s reference system (a), and the fixed zones, where material addition is not allowed (b)

seamlessly achieve concurrent product and process design
optimization. The selected platform is Dassault Systémes’s
3DExperience, whose modelling tools are Catia, simulation
tools are Simulia (using the FEM Abaqus solver), ad manu-
facturing programming tools are Delmia. The tasks of the
methodology have been outlined through synergic design,
simulation, and DED-LB experimental studies (e.g., process
testing, material characterization, residual distortion assess-
ment), to define a robust and reliable framework which aims
to be suitable for industrial implementation. An overall case
study, which requires both structural and functional require-
ments has been selected to illustrate and validate the pro-
posed approach.

3 Case study and methodology
implementation

The aim of the case study is to detail and demonstrate the
application of the DARem methodology on a lower con-
trol arm of a MacPherson suspension system of a B-seg-
ment SUV, which is a structural component subjected to
high dynamic loads. The goal is not merely to repair the
component selected, but mainly to enhance mechanical

performance through localized material addition using
DED-LB, avoiding complete redesign of the product and
replacement of the related manufacturing processes.
Product study: product analysis—Following the stages
by the suggested approach, through the first product design
task, functional requirements and structural requirements
need to be identified. To extract functional requirements,
the 3D CAD models and the 2D engineering drawings are
analyzed. Moreover, information about the bill of material
(BOM), the material, the manufacturing process, and the
weight is collected. Specifically to the use case selected, the
material is stainless steel, the primary process is cold stamp-
ing, and the part weighs 1825 kg. Functional dimensions
and related dimensional and geometrical tolerances repre-
sent fundamental constraints to fulfill functional assembly
requirements. Figure 3a depicts the parts included in the sub-
assembly and Fig. 3b highlights the functional dimensions
(i.e., P1-P2, P1-B, P2-B, P5-B) and the related tolerances.
Concerning the structural requirements, it is necessary to
evaluate the physical behavior of the legacy component and
highlight the critical aspects to be improved by DARem to
derive the reference information. A structural FEM analysis
is set up, with the most critical load case reported in Fig. 4a,
that is extracted by a multibody overall simulation of the
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Fig.5 The structural FEM analysis of the legacy part highlighting which are the critical zones—identified by the arrows

Stress [MPa]

316L (DED-LB)
600

500
400

300

- Sp_1
— Sp_2

Fig. 6 The tensile specimens (left) and the mechanical properties of
316L steel by DED-LB. b The bi-material specimens and the related
tensile test data (left), and the fracture surface at 80x. Ductile failure

suspension mechanism. Afterwards, the aims of this task
are to define the zones where material addition is allowed
or not, and what the target mass is for the depositions. Fig-
ure 4b shows the zones of the components that must be kept
unaltered to ensure component fitting, here named as fixed
zones and listed as follow: 1. the three holes for fixing com-
ponent 5; 2. the housing for the interference-fit component
2; 3. the area near the bushing that is secured to the arm by
welding; 4. the central hole in the arm.

The definition of the target mass is tied to the critical
behavior reported by the FEM analysis. Areas with equiv-
alent von Mises stress close to the ultimate tensile stress
(UTS) are found, and two critical zones are recognized
(Fig. 5), which are the areas of the model in which plas-
tic strain occurs. In Fig. 5, they are highlighted by setting
the von Mises stress threshold to 800 MPa (UTS). A high-
performance design variant is created by parametrically
increasing the thickness of the plate from 3.5 to 3.7 mm.
This allows for the containment of plastic strain within the
acceptable range. Since the difference between the legacy
design and the high-performance design is 0,096 kg, the

@ Springer

200
— Sp_3
100
ol
0.1 0 0.1 0.2 0.3 0.4 05 0.6 0.7
100
Strain
Mechanical properties of 316L (DED-LB)
E (Gpa) Y (Mpa) UTS Mpa) | e (%)
156.8 343.6 | 552.6 58.9

characteristics (e.g., transgranular ductile fracture, with dimples and
microcavities) could suggest adequate bonding between layers and
moderate anisotropy.

target mass available for the material addition is calculated
as 0, 1 kg.

Product study: material selection—For remanufacturing
purposes, the selected material is the 316L stainless steel,
available in powder suitable for DED-LB. The machine
selected to perform the process is the LASERDYNE 811
from Prima additive [PrimaAdditive]. Main process param-
eters were selected based on previous studies with the exper-
imental setup. In fact, they directly affect the quality of the
bead, its adhesion and growth with respect to the substrate,
its density and potential porosity, microstructural charac-
teristics such as dimension of the grains [23-25]. Hereafter
are reported the main process parameters for a laser beam
with a focus diameter of 2 mm: Laser Power=800 W; Scan
speed=800 mm/min; Layer height=0.5 mm; Hatching
distance=1.2 mm. Once the parameters allowed to obtain
beads and depositions with the expected quality have been
identified, tensile test specimens were fabricated following
the ISO 6892—1 standard (Fig. 6, left) to obtain the corre-
sponding mechanical properties. The additive specimens
were built along the Z direction to obtain characteristics in
favor of safety. To extract accurate results for FEM material
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Mechanical properties of the bi-matenial specimens
E(Gpa) | Y (Mpa) | UTS (Mpa) | e (%)
1 183 356 553 116
2 185 368 564 222
3 171 361 565 243
4 183 370 563 18.3
5 184 363 562 30.1
AVG | 181.2 363.6 561.4 21.3

Fig. 7 The bi-material specimens and the related tensile test data (left), and the fracture surface at 80x. Ductile failure characteristics (e.g., trans-
granular ductile fracture, with dimples and microcavities) could suggest adequate bonding between layers and moderate anisotropy.
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Fig. 8 The stages of the depositions generation (left to right): creation of the design spaces on the critical areas; creation of design variants through
topology optimization; trade-off and selection of the best result; redesign of the result to obtain depositions with manufacturable shapes

cards, specimens for both the additive material and the plate
material of the lower arm (which data is reserved) were cre-
ated, keeping the same nominal thickness. Tensile tests were
performed using an Instron 6658 system equipped with a 30
kN load cell. Figure 6 (right) reports the stress—strain curve
and the mechanical properties of 316L, whereas those of
the plate are reserved. A remark is that the correct bonding
between the deposition and the substrate is crucial. Figure 7
(left) shows additional bi-material specimens, from which
excellent bonding can be observed. In fact, the fracture
(Fig. 7, right) occurs always in the DED-LB material, as
well as for every specimen Y and UTS are greater compared
to 316L.

Product study: depositions generation—The aim of this
task is to understand the location and the shape of the depo-
sitions. This design strategy was retrieved by the approach
developed in [26] [Reference A]. The approach is based
on a tailored use of topology optimization techniques. The
result of the FEM analysis performed in the initial task

drives the positioning of Design Spaces, which are located
on the critical zones. Subsequently, Design Spaces must be
created according to the physical constraints of the assem-
bly in static and kinematic conditions. Two Design Spaces
were created, selecting respectively a 5 mm (DS _5)and a 7
mm (DS _7) height, as visible in Fig. 8 (left). Afterwards, a
topology optimization case is set up. Particularly, it is cre-
ated within a multi-body environment, where the part and
the Design Space are linked by tie connections. The parts
are discretized by tetrahedron meshes, quadratic for the arm
(TET-10) and linear for the Design Space (TET-4), and the
corresponding materials are assigned. A SIMP method is set
for topology optimization, with a target mass of 0.1 kg and
a constraint of 5° overhang angle. Some design variants are
created and compared using structural KPIs and the result
providing the highest score is preliminary redesigned con-
sidering manufacturability by DED (Fig. 8, right).

Product study: structural verification—A structural FEM
analysis case is created for the optimized part, retrieving the
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Fig. 10 The digital twin of the
LASERDYNE 811 by Prima
Additive (a) and the schematics of
depositions A and B for which the
tool path must be generated (b)

setup of the load case used for the simulation of the legacy
part. The plastic strain is the parameter selected to compare
the two design variants and evaluate the enhancement of the
component. As reported in Fig. 9 the analyses can be com-
pared. Therefore, (i) the maximum plastic strain is reduced
by one order of magnitude, the extension of the areas with
plastic strain is highly reduced, and (ii) the equivalent von
Mises stress is also lower than UTS in the previously identi-
fied critical zones. In particular, Fig. 9 (right) highlights the
reduction of plastic strain at the bottom of the arm, which
was reported as the most critical issue.

Process study: behavioral Simulation—To start the pro-
cess study phase, the manufacturing virtual environment
is created, including a virtual replica of the machine, the
deposition tool, and the associated build parameters. Fig-
ure 10a shows the digital machining environment of the
Laserdyne 811, which is not just a 3D kinematic model,
but allows for programming and virtual testing. The depo-
sition tool is set to reflect actual parameters and measure-
ments: Tool power=800 W; Deposition speed=800 mm/
min; Bead width=2.4 mm; Bead height=0.5 mm. The
component is positioned in the machine, and the tool path
generation is performed for the two depositions, namely A
and B (Fig. 10b). About the build strategies, they have been
identified by means of a DOE, which is reported in next
section. The build program can be created, and the process

@ Springer

can therefore be simulated and validated if clashes and/or
singularities do not occur.

Product study: Thermomechanical simulation—The
thermo-mechanical FEM analysis is a key step in the
approach to prevent process-related issues, in particular pro-
cess-induced distortions that can compromise product func-
tional requirements [27] [Liang 2018]. The analysis setup
tailored for DAReM by DED-LB was preliminary devel-
oped in [28]. To enable fast computation with actual parts,
the arm is modeled with quadrilateral shell mesh. A required
calibration is performed with respect to experimental data,
obtained with a laser scanner Konica Minolta Range 7 char-
acterized by a certified VDI/VDE 2634 accuracy of+40
pum. Figure 11 (left) reports the comparison between experi-
ments and simulation, where the deformation of the sub-
strate (represented by the actual component) is measured.
A total of five (n=5) replicate 40 x40 x5 mm 316L deposi-
tions on 100 x 100 x4 mm steel substrates were produced.
The acquired point clouds were aligned constraining the
clamping region of the specimen, maximum out-of-plane
displacement were found as mean=0.603 mm and 6=0.007
mm. The calibrated shell-based FEM model reproduced
the same deformation trend, yielding predicted displace-
ments with a mean absolute deviation of 0.020 mm (=3%),
which falls within the scanner’s measurement uncertainty.
The multi-step analysis replicates three phases: Deposition;
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I Experimental

Scan (bottom)
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Fig. 11 On the left, the calibration procedure and the deviation analyses performed to compare results from experimental and simulated data with
the nominal (undeformed) geometry. On the right, the result of the mechanical step after unclamping for a given build strategy

Table 1 The main parameters of the thermo-mechanical FEM analysis

FEA Settings

Plate mesh 4 mm 2D quad

Depositions mesh (0.8x0.8x0.5—Z) mm 3D hexa
Deposition Duration: Build strategy;
timestep Increments: 1 s

Deposition Initial T=300 K

Convection coefficient=18 W/kg-m?;
Radiation emissivity=0.25
Uniform, 2 mm

boundary conditions

Energy source

Cooling Duration: 1200 s;
timestep Increments: (20-60) s
Unclamping Duration: 30 s;

timestep Increments: 10 s

Virtual bolt Ref. B nodes translations

Cooling; Unclamping. For the Deposition step, data for the
concurrent heat source movement and mesh activation are
automatically retrieved by the program generated in the pre-
vious task, allowing for seamless tool path generation and
simulation. A virtual bolt to replicate the fixture system is
activated for the Deposition and Cooling steps, and removed
for the Unclamping. Regarding the depositions’ mesh, a

Scanning pattern: Line patterns

Fig. 12 The optimized factor combination and the related schematic

Scanning pattern direction: Bidirectional (forth and back)

Scanning pattern orientation: 90° (parallel to the shortest dimension)

sensitivity analysis allowed to discretize each bead cross
section, whose width and height are approximately 2.4 and
0.5 mm, with three elements of (0.8 x 0.8 x0.5) mm. Table
1 reports main simulation parameters, whereas materials’
thermo-mechanical properties can be found in Appendix A.

Design of experiment—The selection of the build strate-
gies is supported by a DOE approach fully described in [29].
In fact, scientific literature provides many studies regard-
ing DED process parameters optimization, and a few about
deposition strategies on simple geometries [30—33]. Never-
theless, it lacks approaches dealing with complex or multiple
geometries, and their interaction with the substrate, which
is represented by the actual component. The effects of dis-
crete factors such as deposition strategy, orientation, direc-
tion, and sequence, and their interactions, were investigated
through DOE [34]. For each run, the model maximum dis-
placement calculated by the thermo-mechanical FEM analy-
sis was the primary response, and the build time obtained by
the behavioral simulation was the secondary one. Therefore,
for multiple depositions characterized by aspect-ratios#1,
the study revealed the optimal build strategy as reported
in Fig. 12. The DOE approach is synthesized in Appendix

Scanning sequence: B-A (in sequence, the largest deposition last)

@ Springer



1698

Progress in Additive Manufacturing (2026) 11:1689-1703

B. Interestingly, not only the direction of the scanning pat-
tern but also the scanning sequence are highly influential,
therefore long deposition tracks should be avoided as well
as simultaneous (in-parallel) build of the depositions [34].

Product study: Functional requirements verification—
The nominal geometry and the model with the process-
induced distortions must be compared in their functional
dimensions and tolerances. The nodal displacement vector
field (Fig. 13a) is extracted from the thermo-mechanical
FEM analysis, and it is applied to the 3D model to obtain
the deformed geometry. To perform the measurements, it is
essential to align the objects by using the datum system of
the part, where plane A orients, axis B locates, and point C
locks. Figure 13b shows the overlapping models after the
alignment procedure with the datums. Figure 13c shows the
verification procedure for the position of point 1, point 2,
and point 5, considering the spherical tolerance zones. The
part to be produced with the optimized process provides the
following dimensions: P1-P2=294.388 mm; P1-B=218.39
mm; P2-B=341.981 mm; P5-B=152.672 mm.

4 Discussion

A holistic methodology for DARem was proposed, with
the aims to design effective functional upgrades of existing
components exploiting material addition, but also to pro-
vide the associated process via DED preventing possible
flaws. The approach exploits proper numerical simulations
to drive both the tasks for product optimization and process
optimization, thus meeting the functional requirements.

As a case study, an automotive suspension arm was
designed for DARem, to obtain structural reinforcement
of a legacy part without replacing materials, manufactur-
ing processes and related hard tooling. The product analysis
yielded two objectives, which are (i) structural requirements
and (ii) functional requirements. Structural requirements are

expressed with the stress state of the part and are evaluated
by the reduction of the plastic strain, whereas functional
requirements deal with the correct assembly and perfor-
mance of the suspension system and are evaluated by the
compliance with tolerances. A structural FEM analysis is
used to highlight the critical zones and determine the loca-
tion of the depositions. A topology optimization is per-
formed within design spaces positioned on the critical zones,
to define the shape of the depositions. After a preliminary
redesign to ensure manufacturability via DED, the legacy
part and the optimized design are compared. In the arm, the
stress areas are reduced, and the maximum equivalent von
Mises stress is brought below the material yield stress. The
extension of the area where the plastic strain is greater than
le 3 is reduced by almost 90%. Also, the maximum value of
plastic strain is reduced by over 50%. Regarding the deposi-
tion process, the thermo-mechanical FEM analysis allows
to assess the residual stress and deformation, which can
compromise functionality. The study performed with the
DOE approach, assessing main build parameters, provide
deformations ranging within one order of magnitude, from
0.3 to over 3 mm. This confirms the fact that the heating and
cooling thermal history is influential when high thermal gra-
dients are involved. In fact, with material addition, vertical
periodicity is relevant and simultaneous build of multiple
depositions should be avoided. The optimal combination of
build parameters is the input for the process study, where
the tool path is generated and the process is simulated. The
deformed geometry is created and finally assessed within
the verification task, where three functional points were
measured. Respectively, P1 shifts by 0.206 mm, P2 by 0.161
mm, P5 by 0.057 mm, therefore being way contained within
the tolerance range. In fact, the deposition process entails
position errors for the functional points which are from 4 to
20% of the respective spherical tolerance zones.

POINT 2

(b) (©)

Fig. 13 The nodal displacement vector field to create the deformed geometry (a), the alignment procedure of nominal and deformed geometries
with datums (b), and the verification of the position of the functional points (c)
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4.1 Potentials, limitations and future work

The DARem framework applied to an actual case study
proves to be effective in producing a functional design vari-
ant while minimizing the risks of possible failures. The
approach is implemented within a commercial CAD plat-
form to exploit seamless integration of product-process
design and simulation tasks, therefore enabling practical
applications in industrial context.

A critical aspect of the DARem approach is the trade-
off between the cost of remanufacturing and that of replac-
ing the manufacturing processes. Certainly, its use is most
advantageous for customized products and productions of
variants in small batches. The applicability boundaries of
DARem can be (i) the material compatibility between the
substrate and the depositions (ensuring metallurgical bond-
ing); (ii) the geometrical accessibility for the deposition
head and the ability to maintain functionsl tolerances; and
(iii) the economic balance between remanufacturing and
full replacement, which depends on component size, com-
plexity, and production volume. Furthermore, fatigue and
safety considerations become essential, especially in safety-
critical applications and under cyclic loading conditions.
Fatigue performance of DED parts is strongly influenced by
surface finish and post-processing state, but also by build
strategies (e.g., build orientation, or deposition rates) [35,
36].

Further works can investigate which are the breakeven
points depending on components’ complexity and manu-
facturing process involved. Fatigue-related design checks
could be further integrated in DARem, for instance extend-
ing Structural Verification outputs to include residual stress
and porosity and to adopt strain-life or S—N models for
the depositions’ materials. Other interesting developments
could focus on defining ARem archetypes and process—
geometry relationships that establish reference “templates”
for practical applications. These aspects could particularly
enhance early-stage prototyping and low-volume produc-
tion, such as advanced pre-series manufacturing in the auto-
motive and aerospace sectors.

5 Conclusions

This research presents a novel and integrated methodol-
ogy—DARem—that addresses the need for functional
upgrades of existing components through DED. The rel-
evance of this concept lies in its alignment with con-
temporary industrial and sustainability demands, where
remanufacturing is increasingly viewed as a strategic

solution for enabling design adaptability, reducing time to
market, extending product lifecycle, or minimizing resource
consumption. The DARem approach couples product and
process design based on numerical simulation, its key nov-
elty is the systematic integration of topology optimization,
structural and thermo-mechanical simulation, and process
planning, all performed within a concurrent engineering
framework. This structure allows for early identification and
mitigation of potential flaws, reducing the need of physi-
cal prototyping and trial-and-error procedures, enabling
efficient and reliable manufacturing. In particular, structural
FEM and topology optimization are used to define the loca-
tion and the morphology of material addition where it is
structurally most effective. A multi-step thermo-mechanical
FEM is used to predict distortions and residual stresses for
the associated deposition strategies. By integrating these
tasks within a unified CAD/CAE/CAM environment, and
leveraging commercial software tools, the seamless transi-
tion from design to manufacturing can be practically imple-
mented in industrial applications.

The automotive suspension arm case study exempli-
fies the methodology’s effectiveness. A legacy component
was enhanced with 316L steel depositions via DED-LB to
improve stress performance while maintaining strict toler-
ance requirements. FEM results showed a>50% reduction
in peak plastic strain and a>90% decrease in high-strain
areas. The thermo-mechanical simulation guided the selec-
tion of the deposition strategy through a Design of Experi-
ments (DoE) approach, yielding distortions well within
geometric tolerances, with maximum deviations for func-
tional points limited to 20% of their allowed tolerance
zones. The case study confirms the DARem framework’s
capability to produce functional design variants that meet
structural and assembly constraints without altering the
original component geometry or manufacturing chain. The
approach is particularly well-suited for small-batch, cus-
tomized, or performance-critical components, offering a
compelling alternative to full redesigns or replacements.

Future developments could include: A parametric explo-
ration of DED limits for DARem, to define archetypes for
recurring use cases; Economic analyses to define breakeven
points for AReM versus traditional manufacturing; Exten-
sion to multi-material strategies and functionally graded
structures for advanced applications in automotive, aero-
space, energy, and tooling sectors.

Appendix A

See Table 2, Table 3.
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Table 2 Thermo-mechanical properties of 316L stainless steel

Physical property Value Temperature (Kdeg)
Density (kg/m®) 7990 273.15
7365 1500
7127 1645
Elastic modulus (GPa); 200; 0.3 273.15
Poisson’s ratio 162;0.3 800

510; 0.24 1500
510;0.24 1645
Thermal conductivity (W/m-Kdeg) 50 -

Specific heat (kJ/kg-Kdeg) 0.498 273.15
0.670 1645.15
Latent heat of fusion (kJ/kg) 250 Solidus: 1500

Liquidus: 1645

Thermal expansion coef. (1/Kdeg) le-5 273.15

Table 3 Thermo-mechanical properties of a generic steel (substrate)

Physical property Value Temperature (Kdeg)
Density (kg/m®) 7990 273.15

Elastic modulus (GPa); 200; 0.3 273.15

Poisson’s ratio

Thermal conductivity (W/m-Kdeg) 50 -

Specific heat (kJ/kg-Kdeg) 0.42 273.15

Thermal expansion coef. (1/Kdeg) 7.2e-6  273.15

z

.
A |

0%
B B
"
1 A - 2 ga

| Factor A |

uD BD

Fig. 14 Overview of the investigated factors and levels in the DED-LB
process: the scanning sequence (Factor A) with levels A—B and B-A;
the scanning pattern orientation (Factor B) with levels 0° and 90° for
line configuration, and clockwise and counterclockwise for concentric

@ Springer

Appendix B

This chapter analyzes the DOE conducted to study the
effects of build strategies in AReM by DED-LB with 316L
stainless steel. The goal was to identify process configura-
tions that minimize post-build displacements while con-
trolling build time. The first screening design is a 24 full
factorial (FFD) standard experiment (16 runs), allowing
estimation of all main effects and two-way interactions. All
factors are qualitative (categorical), they are schematized
in Fig. 14 and reported together with the associated levels
in Table 4. The responses, respectively the maximum dis-
placement extracted by the thermo-mechanical simulation
(Y, (mm)) and the build time from the behavioral simula-
tion (Y, (s)) are reported in Table 5. Simulations were deter-
ministic, uncertainty was handled by comparing results with
experiments, and no surrogate models were required since
all design points were evaluated. Minimum displacement
(primary response) occurred for A=B—A, B=90°, D=LP,
while build time reduction occurred through bidirectional
(C2) paths.

0° ‘ 90°

CCwW

—

:{m:
LP [ ] || cp

patterns; the scanning direction (Factor C) with levels unidirectional/
bidirectional or inside-out/outside-in; and the scanning pattern type
(Factor D) with line and concentric configurations
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Table 4 Factors of first DOE and associated levels Table 6 ANOVA summary for maximum displacement (Y)
Factor Symbol Description ~ Levels Notes SS df MS F p-value
Scanning A Build order L1:A—B; Alarger A 0.018 1 0.018 0.9 0.36
sequence between L2:B—>A thanB B 1.145 1 1.145 573 <0.001
depositions C 0.008 1 0.008 0.4 0.53
Scanning B Toolpath L1: 0°/CCW — D 2814 1 2814 140.7 <0.001
pavem direction (é) 00°/CW Residual (Error) 0220 11 0.020 - -
Y) Total 4.205 15 — — —
Scanning pat- C Path progres- L1: UD/IO; Depends
tern direction sion logic L2: BD/OI  on pat-
tern type
Scanning pat- D Layer fill L1: Line Influ-
tern type strategy (LP); ences
L2: Concen- heat
tric (CP) distribu-
tion

Although deterministic simulation results, the residual

variance was estimated from high-order numerical rounding
errors, allowing an analytical F-ratio comparison. ANOVA
results (Table 6) show that Scanning Pattern Type (D) and
Orientation (B) dominate the primary response (»<0.001),
jointly explaining more than 90% of the total variance
(respectively, about 67 and 27%).

To further optimize the process, a second design was
performed, fixing D1 (reduced distortion) and C, (reduced
build time), and introducing two further levels (Fig. 15 and
Table 7) to fine-tune the process, thus obtaining a 32 FFD.
Analysis confirmed A, and B, as optimal, while simultane-
ous builds and alternating orientations caused higher vari-
ability and distortion.

Key findings include:

— Scanning pattern type (D) dominates distortion: Line
patterns reduce warping.

— Orientation (B) strongly influences residual stress: 90°
paths (shorter lines) minimize distortion.

Fig. 15 Additional levels for parallel sequence (AB) and alternating
orientation (0°/90°) in the optimization phase

Table 7 Factors of second DOE and associated levels

Factor Symbol Description  Levels  Notes
Scanning A Build order  L1: AB=parallel
sequence between A—B;
depositions  L2:

B—A;

L3:AB
Scanning B Toolpath L1:0°  0°/90°=alter-
pattern direction X); nating
orientation L2:90°

(Y);

L3:

0°/90°

— Bidirectional scanning (C:) shortens build time with
negligible distortion penalties.

— Sequencing (A) affects stress evolution: building the
larger deposition last (B—A) is preferable.

Table 5 Responses of the factors—maximum displacement (Y, (mm)) and build time (Y, (s))

Factor Y, @LI Y, @L2 Y| Y, @L1 Y, @L2 v,

A 2.246 2.114 0.133 2913.047 2912.993 0.054
B 2715 1.645 1.070 2912.144 2913.895 1.751
C 2.224 2.136 0.088 2917.206 2908.834 8.372
D 1.341 3.019 1.678 2790.476 3035.563 245.087
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