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Abstract The development of additive manufacturing (AM)
technology provides the possibility of producing complex
parts (including internal complex features) that are difficult
to manufacture by machining. However, AM technologies
also have some limitations, such as low-dimensional accu-
racy and long production times. Recently, combining additive
manufacturing technology with CNC machining is gain-
ing significant attention. This combination not only takes
advantages of individual techniques, but also minimizes their
disadvantages. In this paper, taking into account consoli-
dated benefits of such technique combination, an alternative
remanufacturing strategy is proposed. The strategy allows
end-of-life parts (or existing parts) to be reused directly for
manufacture of new parts (or final parts) without involv-
ing the material recycling stage. In addition, the final part
is intended for another product, namely the existing part
has a new life and new usage in its life cycle. To achieve
the geometry and quality of final part, a sequence of addi-
tive, subtractive manufacturing and inspection operations
will be generated. For this purpose, additive manufactur-
ing features and machining features are first identified and
extracted from the available information of the existing and
final parts. This paper particularly focuses on a feature extrac-
tion approach, which is developed using the knowledge of
additive manufacturing and CNC machining processes, tech-
nological requirements, and available resources. The major
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criteria and constraints have been defined and applied dur-
ing the feature extraction process. The extracted features and
their relationships will be used as the inputs for designing the
process planning. Finally, a case study is used to illustrate the
proposed approach.

Keywords Feature - Additive manufacturing - Machining -
Process planning - Remanufacturing

1 Introduction

To deal with environmental impact issues and the increase
of end-of-life (EoL) products, industrial manufacturers are
looking for efficient strategies able to recover EoL prod-
ucts. Generally, EoL products are separated and recycled
into raw materials, which will be used to produce new prod-
ucts. However, resource and energy consumptions of such
recycling systems are important. Added values on EoL prod-
ucts and a considerable amount of energy used to produce
original products are also lost during the recycling process
[1]. Remanufacturing is today considered as a pertinent solu-
tion for recovery of EoL products [1,2]. This is an industrial
process allowing the conversion of worn-out products/ EoL
products into products in a like-new condition (including
warranty) [3,4]. This process can potentially reduce the man-
ufacturing costs, and minimize environmental impacts by
reducing resource consumption and waste [1,5,6].

In the last three decades, the development of additive
manufacturing (AM) can be considered as the third indus-
trial revolution [7,8]. AM technologies allow a complex part
to be built directly from a CAD model by adding materials
layer by layer [9]. In comparison with conventional manu-
facturing processes, such as machining, casting and forging,
AM technologies have a number of advantages. The design
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freeform offered by these techniques allows producing com-
plex geometry, including internal features that are generally
difficult to achieve by machining. This capability opens new
prospects for topological optimization in design of innova-
tive products and lightweight components [8, 10]. Thus, these
techniques are interesting from the point of view that they
have great potential for improving material use efficiency,
saving energy consumption, and reducing scrap generation
and greenhouse gas emissions [11-16]. These techniques are
increasingly applied in different sectors from aerospace and
automobile industries to biomedical engineering [9,17,18].
However, AM techniques also present some limitations, such
as poor surface accuracy and long production time [18-20].
On the other hand, CNC machining is usually used to manu-
facture components with high levels of surface and dimension
accuracy. This technique also enables a relatively short pro-
duction time. Nevertheless, it is still relatively difficult or
impossible to achieve complex geometries (e.g. internal com-
plex features) due to limited tool accessibility [21-23].

Recently, combining additive and subtractive manufac-
turing technologies is considered as a promising solution in
the manufacturing field [24,25]. This combination not only
takes the advantages of independent processes, but also min-
imizes their limitations. Due to consolidated performance
of independent processes, such process combination allows
the manufacture of complex parts (including internal shapes)
with a good quality. By building near-net shape of parts via
AM technology, and then using CNC machining to achieve
the part quality, the resource consumption and material waste,
as well as environmental impacts can be significantly reduced
[11,14,26].

Literature shows that combining additive and subtractive
processes are successfully applied for manufacture of com-
plex parts with good accuracy. For instance, Manogharan et
al. [22] introduced a method to manufacture mechanical parts
by combining electron beam melting (EBM) or direct metal
laser sintering (DMLS) with CNC machining. In their work,
the near-net shape of complex parts was achieved through
EBM or DMLS process; and then, the required accuracy of
parts was obtained by CNC machining. The authors showed
that their approach is economically efficient in manufacturing
of expensive and harder machining materials. Karunakaran et
al. [23] demonstrated that combining additive gas metal arc
welding (GMAW) and CNC machining processes enables
the manufacture of metallic components in a cost-effective
way. This combination is also adequate for most engineering
applications.

Furthermore, AM and CNC machining combination has
successfully been applied for remanufacturing or repair of
high-value EoL components. Dutta et al. [27] stated that one
of the best applications of directed energy deposition (DED)
technologies, such as laser cladding and directed material
deposition (DMD), is remanufacturing and repair of damaged
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or worn-out parts. This is due to their ability of adding mate-
rials into selected locations on 3D surfaces. Additionally,
these techniques offer the particular benefit of a minimum
heat-affected zone (HAZ) that enables obtaining high quality
repaired/remanufactured components. Nan et al. [28] pro-
posed a remanufacturing system based on laser cladding and
CNC machining. This system is able to extend the lifetime
of aging dies and vehicle components. Jones et al. [29] used
both machining and laser cladding processes to repair worn-
out metallic components. In the study of Wilson et al. [30],
the authors showed the efficacy of combining direct deposi-
tion (LDD) with CNC machining in remanufacturing turbine
blades. The authors claimed that energy consumption and
carbon footprint of using this combination to remanufacture
turbine blades were significantly reduced when compared to
the manufacture of new ones. Rickli et al. [31] integrated
direct material deposition (DMD) and CNC machining in
a remanufacturing system. This system was able to restore
high-value EoL cores to original specifications and quali-
ties. However, these mentioned works only focused on the
method of remanufacturing components, namely returning
EoL parts in a like-new condition, and extending their life-
time. Recently, Zhu et al. [32] proposed different possible
strategies to produce new plastic parts from existing plas-
tic parts. The strategy combines CNC machining, additive
manufacturing (i.e. fused filament fabrication, or FFF) and
inspection operations interchangeably. Nevertheless, these
strategies were only efficient to produce prismatic plastic
parts and very limited by the capability of FFF technique.
In some cases, the strategies were also not time-effective
because a significant amount of material is removed, sub-
sequently added back and finished. Thus, it is necessary to
extend their works for manufacture of metallic parts compat-
ible with industrial applications.

In comparison with the DED processes, the powder bed
fusion (PBF) processes, such as EBM, are limited for reman-
ufacturing applications due to their limited manufacturing
volume. However, there are many components with small
or average dimensions that can be repaired or remanufac-
tured through these processes. Navrotsky et al. [33] presented
an application of selective laser melting (SLM) for repair-
ing gas turbine burner tips. Their results also demonstrated
the feasibility of SLM technique for building new features
on existing components. Terrazas et al. [34] presented a
method, which allows the manufacture of multi-material
components using EBM technology. The authors success-
fully built a copper entity on the top of an existing titanium
part. Their results open the perspective of using EBM for
remanufacturing. Liu et al. [35] and Sing et al. [36] pro-
duced multi-material parts (e.g. 316L stainless steel and
C18400 copper alloy) using SLM process. Based on the
investigations on microstructures, tensile and bending prop-
erties, the authors demonstrated that a good bonding exists
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at the interface between two materials. In our recent work
[37], EBM technique was used to create new titanium fea-
tures on existing titanium plates. The microstructures and
mechanical properties of built samples were also analyzed.
The results on microstructures indicated that new features
added by EBM have microstructures coherent with those of
the existing plate. At the interface between new EBM-built
features and the existing plate, a good metallurgical bond-
ing was also observed. This observation was also validated
through the study on tensile properties. Moreover, mechan-
ical characteristics of material base was conserved. These
results have confirmed that EBM technology can be used
to produce new parts from existing parts with mechanical
characteristics comparable to those of parts produced by con-
ventional processes, such as forging and machining.

From the survey studies above, it is clearly possible to
develop a strategy that allows achieving metallic parts from
existing components using combined metal-based AM tech-
niques (e.g. DMD, SLM and EBM) and CNC machining. The
obtained parts also have a good “material health” (i.e. good
mechanical characteristics) that are compatible with actual
industrial applications.

In this work, an alternative remanufacturing strategy,
which can give a new life to EoL parts (or existing parts)
by transforming them into new parts intended for another
product. The final part is achieved from the existing parts
by an adequate manufacturing sequence combining subtrac-
tive, additive and inspection operations. The scope of this
work focuses on a feature extraction approach, which allows
achieving AM features and machining features from the
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available information of the existing and final parts. These
features will be used as input data for designing the process
planning compatible with the proposed strategy.

This paper is organized as follows: Sect. 2 presents the
proposed strategy. Section 3 particularly focuses on a fea-
ture extraction approach. The approach is developed using
the knowledge of metal-based AM and CNC machining pro-
cesses, technological requirements of EoL and final parts and
available resources. In Sect. 4, a case study is used to demon-
strate the major steps of the approach. Conclusions and future
work are finally presented in Sect. 5.

2 Proposition of alternative remanufacturing
strategy

The objective of alternative remanufacturing strategy is to
give a new life to an EoL part (or an existing part) by trans-
forming it into a new part intended for another product. The
strategy consists of combining CNC machining, metal-based
AM, inspection processes, and heat treatment [38]. This com-
bination takes advantage and performance of AM and CNC
machining processes, while minimizing the disadvantage of
these processes. In comparison with the approaches pre-
sented in [32,39], the strategy is extended to manufacture
metallic parts. Hence, the metal-based AM techniques and
CNC machining are focused in this study.

The generation of a process adequate for the proposed
strategy contains three major steps (Fig. 1), namely the pre-
processing, the processing and the post-processing.

Heat

L .

Processing: additive, subtractive,
inspection and heat treatment processes

Fig. 1 Major stages of the proposed strategy
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(1) The pre-processing stage Firstly, the existing part is
cleaned and evaluated in termed of material quality and
geometry. If the existing part is suited for manufacture
of the final part, its actual shape and dimensions are
achieved by a system of measurement and scanning to
generate the CAD model.

(ii) The processing stage This stage refers to define a
manufacturing sequence containing subtractive, addi-
tive manufacturing operations, and inspection opera-
tions, even the heat treatment. The heat treatment may
be required after AM operations to obtain expected
mechanical characteristics (e.g. good microstructures
and fully dense part) or to reduce residual stresses and
thermal deformation of the part. The inspection opera-
tions are placed in the way to rehabilitate the sequence
and to avoid waste.

(iii) The post-processing stage Once the actual final part
achieved through manufacturing activities (i.e. sub-
tractive, additive and inspection operations, as well as
heat treatment), final inspections are performed to ver-
ify technological requirements of the final part. Some
additional operations (e.g. labeling) are executed to
complete the part manufacture.

The major question that should be solved is: “How the
manufacturing sequence that combines additive, subtrac-
tive and inspection operations is designed?” To deal with
this question, an approach to extract both machining and
AM features is proposed in the next section. The approach
allows identifying and extracting machining features and AM
features, which will be used as input data to generate the man-
ufacturing sequence.

In this study, it is assumed that the existing part has
been identified in terms of material quality, size and shape
that are suitable to produce the final part. This allows
existing part material to be reused effectively, and avoid-
ing a number of subtractive and additive operations have
to be performed to achieve the final part. This assump-
tion means that the information of both the existing and
final parts are available for the feature extraction pro-
cess.

3 Feature extraction approach development

Many studies published in the literature focus on automatic
machining feature extraction methods in the context of CAPP
(computer-aided process planning), as shown in [40,41].
These methods are based on the information of design parts
and the knowledge of machining processes (e.g. milling and
turning). The extracted features are then used for designing
process planning [42,43]. However, these methods are only
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efficient in the machining field. In our work, an existing part
will be transformed into the final part using a sequence of
additive and subtractive manufacturing operations, as well
as inspection operations. This process is totally different
from the machining process, which generally removes mate-
rials from a cylindrical or rectangular workpiece to achieve
the geometry and quality of final part. Consequently, the
previous methods are not effective in this case. Hence, in
this study, an extended feature extraction approach is pro-
posed using the knowledge of AM processes and machining
process, geometric specifications of final parts, and avail-
able resources (i.e. AM machines and CNC machine-tools).
The available technological information and the CAD mod-
els of existing and final parts are the input data of the
approach.

3.1 Definition of manufacturing features

In this paper, manufacturing features refer to machining fea-
tures and additive manufacturing features.

3.1.1 Machining features

In this study, the definition of machining features pre-
sented in [43] was adopted. A machining feature (MF)
is defined by a geometrical shape and a set of specifica-
tions for which at least a machining process is known;
and this process is quasi-independent from processes of
other MFs. A machining process of a MF is an ordered
sequence of machining operations. This machining process
is defined from MF attributes (such as feature type, tool
approach directions or TADs, intrinsic tolerances, estimated
material volume to remove, and rough state of features)
[43].

3.1.2 Additive manufacturing features

Recently, Zhang et al. [44] proposed a definition of AM fea-
tures that is based on shape features and consistent with the
characteristics of AM processes. The definition in their work
has an important role in optimization of build directions in
AM process. Particularly, in PBF processes, the build direc-
tion has a significant influence on surface roughness and
mechanical properties, as well as support volumes. However,
the build direction selection for AM operations in the current
study depends on the starting surface on the existing part (the
build direction is the normal vector of the starting surface).
All entities to be added into the part will be considered as
AM features. In the similar way to define MFs, an AM feature
is defined as a geometrical shape and associated technolog-
ical attributes for which at least an AM process is known;
this AM process is also independent from processes of all
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other features. The attributes of AM features are outlined as
follows:

e The geometrical form and dimensions The shape and
dimensions of an AM feature are defined from an entity
that is added into the existing part to achieve the final
shape or near-net shape of a final feature.

e The build directions In PBF processes, each AM feature
has only one build direction. It is the normal vector of
a planar surface, on which materials will be deposited.
This planar surface is achieved from the existing part by
machining. On the other hand, in DED processes, the
build direction of AM features can be the normal vector
of planar surfaces or a local normal vector of 3D surfaces
of the existing part.

o The starting surface To build an AM feature on the exist-
ing part, material deposition process will be started from
a surface of the existing part. This surface is called “start-
ing surface” of the AM feature.

e The estimated material to add This volume refers to the
material volume inside an envelope made of the form and
the starting surface of an AM feature.

e The quality This attribute allows identifying whether an
AM feature becomes a final feature or the rough state of
other machining features.

3.2 Knowledge of manufacturing processes

As mentioned previously, the powder bed fusion (PBF)
processes (e.g. EBM and SLM) and the directed energy
deposition (DED) processes (e.g. DMD), as well as CNC
machining are investigated to develop the strategy. The
knowledge of these processes necessary for the feature
extraction is outlined as follows:

Fig. 2 Manufacturing principle
of PBF processes (adapted from
[27D)

3.2.1 The capacities of AM processes

In PBF processes (Fig. 2), metal powder is distributed on
a bed in flat layers, and subsequently melted by a heat
source (laser or electron beam) to produce the geometry [45].
Thus, one of the major advantages of PBF processes is the
outstanding ability to build components with high-complex
geometries. These processes also provide the feasibility of
manufacturing overhanging features. However, the build of
parts must be started from a flat surface. The existing part
should be machined to obtain such a surface for material
deposition stages. Moreover, these processes are limited by
their build envelope; and only one material is added into the
part in a single manufacturing setup.

On the other hand, in DED processes, the powder is
applied to the substrate using a nozzle, which sprays the
powder into the focal point of heat sources, such as laser
beam (Fig. 3). The metal powder is melted in a melting pool
on the previous layer within an inert atmosphere; and the
parts are then built layer by layer [46]. In contrast to PBF
processes, DED processes offer a larger build volume, high
build rate and flexible build directions due to a 3- or 5-axis
CNC machine configuration. This technique can also deposit
multiple materials in a single build. However, they are lim-
ited in building internal structures and overhanging structures
[45,47].

3.2.2 The accuracy of parts built by AM processes

The surface roughness of AM-built parts are not always com-
patible with final quality of parts; thus, a post-processing
step is often necessary [20,38]. There are different factors
that influence part precision, such as mean powder diameter,
process parameters, shrinking and distortion due to thermal
phenomena and residual stresses. The surface roughness of
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Powder coater:

Powder delivery

system

4 Loose powder

- Build plate

Build station
piston
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Fig. 3 Manufacturing principle of DED processes. Adapted from [48]

SLM-built parts is better than that of the parts built by EBM
or DMD. A reason is that the powder layer thickness and
mean powder diameter applied in SLM are generally smaller
than those in EBM and DMD. The arithmetic roughness sur-
face of SLM-built parts can reach 9-26 um [49], whereas
a typical value of surface roughness of EBM-built parts is
25-35um [18,27,50]. The arithmetic roughness of DMD-
built surfaces is also important, between 20 and 50 pm, that
depends on beam size [51]. Furthermore, geometric errors
due to thermal distortion and residual stresses should be taken
into account.

3.2.3 The tool accessibility constraints

The tools mentioned in this study refer to material deposition
nozzles in DED processes (Fig. 3), or powder distributors in
PBF processes (Fig. 2), or cutting tools in machining. The
tools may have collisions with parts during manufacturing
processes. Thus, to avoid the collisions and the quality of
parts, these constraints should be taken into consideration.

3.3 Feature extraction procedure

As mentioned above, the feature extraction process is per-
formed using the knowledge of additive and subtractive
manufacturing processes, the technological requirements,
and the available resources. The proposed procedure for fea-
ture extraction contains five major steps (A0l to A0S5), as
shown in Fig. 4. In this study, this process is manually per-
formed using Boolean functions of the CAD software and
considering the following criteria:

(i) The existing part material is preserved as much as possi-
ble.
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(ii) The features are independent. This allows defining a pro-
cess for each feature that is independent from processes
of all other features.

(iii) The attribute volume of features should be compati-
ble with required qualities. If an AM feature must be
machined to obtain final part surfaces, its volume attribute
should provide the rough state of corresponding MFs.

3.3.1 Local coordinate system definition and part
positioning (A01)

In the first step, a local coordinate system is defined for each
CAD model of the existing part and the final part. Thereafter,
two local coordinate systems (i.e. two parts) are positioned
so that the common volume between existing part and final
part is as big as possible. This aims to respect the criterion
(i) on reusing the existing part material efficiently. However,
considering the criterion (iii), a sufficient over-thickness for
finishing operations is left on functional surfaces of the final
part, if possible.

3.3.2 Extraction of the common volume, the removed
volume and the added volume (A02)

Once the existing part and the final part were positioned, the
common volume is extracted using the intersection function
of the CAD software:

{Common volume}

= {Existing part volume} INTERSECT {Final part volume}
(H

Afterward, the removed volumes (or the added volumes)
are obtained from the existing part volume (or the final part
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Fig. 4 Procedure for extracting machining and additive manufacturing features

volume) and the common volume using the subtraction func-
tion.

{Removed volumes}
= {Existing part volume} SUBTRACT {Common volume}
2
{Added volumes}
= {Final part volume} SUBTRACT {common volume}  (3)
3.3.3 Extraction of the common volume, the removed
volumes and the added volumes (A03)

The obtained common volume is generally not adequate for
AM processes. In the PBF processes (e.g. EBM and SLM),
the build surface must be flat to avoid collisions between
the powder distributors and the part (Fig. 2). In the DED pro-
cesses (e.g. DMD and LDD), the material deposition nozzles
may have collision with the part (Fig. 3). Hence, to respect
the tool accessibility constraints in these AM processes, it
is necessary to modify the common part geometry. The new
geometry of the common volume after modifying is called
the common part.

3.3.4 Extraction of machining features and AM features
(A04 and A0S)

In the steps A0O4 and AOS5, AMFs and MFs are extracted
from the common part, the existing part and the final part. In
addition, the precedence relations between these features are
created to respect the tool accessibility constraints and the
accuracy constraints.

Considering the tool accessibility constraints, these fea-
tures must be extracted independently; and precedence rela-
tions between these features are also created. For instance, if
the machining feature (MF1) provides the planar surface for
building the AM feature (AMF1) by PBF processes, MF1 is
the precedence of AMF1. In the case where the rough state of
MF1 is the actual state of existing part, MF1 is extracted from
the existing part and the common part; and MF1 should first
be machined. Moreover, if the AM feature (AMF2) is built
on the AM feature (AMF1) that causes an inaccessibility of
cutting tools to machine the MF1, then AMF1 and AMF2
must be decomposed independently even though they can be
built in a single AM phase. In this case, the precedence rela-
tions between these features are assigned: AMF1 — MF1
— AMF2.

Additionally, the accuracy constraints should also be taken
into account in the feature extraction process. To obtain
required qualities of the final part, AM-built features must
be machined. They become the rough state of other MFs.
Therefore, a sufficient over thickness should be added into
the CAD model of AM features. This over thickness is esti-
mated in a function of technological specifications of final
part, roughness of surfaces built by AM, errors due to ther-
mal distortion or residual stresses, and cutting conditions.
The AM feature which provides the rough state of corre-
sponding MFs is also the precedence of its corresponding
MFs.

In addition to the precedence relations, the topological
relations and the geometrical relations are also assigned to
extracted features. The topological relations present the asso-
ciativity of a feature with its neighbor features. For MFs,
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these relations are classically defined in terms of “opens into”
or “opens onto” when a MF opens into (or onto) another MF,
or “intersects with” when two features intersect each other
[43]. For AM features, an AM feature may “start onto” a MF;
or an AM feature provides the rough state to other MFs. The
geometrical relations are directly defined from technological
specifications of the final part (i.e. dimensional or position
tolerances).

4 Case study

The feature extraction process is demonstrated using the case
study presented in Fig. 5. The final part has the pocket (P),
the hole (H), the surfaces (fS1, £fS2, £S5 and fS7), and the
step surfaces (fS4 and £S6) which require a high surface pre-
cision (Fig. 5a). The position of the pocket (P) is defined
by the dimensions X1 and X2 with a tight tolerance (IT =
0.06 mm). The hole (H) is also constrained with the sur-
face (fS5 and fS7) by the dimensions X3 and X4 (with
IT = 0.06 mm), and so on (Fig. 5c). It is assumed that
the quality of surfaces (eS1, eS2, and eS3) of the existing

(a) (b)

Existing part

Positioned parts

: /\r
: Common volume ,«!;»'.: é

part satisfies the quality of the final surfaces (fS1, £fS2 and
£S3).

Figure 6 describes the first three steps (AO1 to A03) in the
feature extraction process. From the assumption mentioned
above, the coordinate systems have been assigned to the CAD
models of the existing and final parts; and then the parts are
positioned by aligning the surfaces eS1, eS2 and eS3 to the
surfaces fS1, fS2 and fS3, respectively. There are sufficient
over thicknesses that exist on the functional surfaces (fS5
and fS7) of the final part (Fig. 6a). Thereafter, the common
volume, the removed volumes and the added volumes are
extracted using Boolean functions of the CAD software, as
shown in Fig. 6b.

In the step A03, the common volume is modified to adapt
with the configuration for depositing materials in AM pro-
cesses and the accuracy constraints (Fig. 6c). Firstly, the
volume located on the plane (S1) should be removed to obtain
a flat surface, on which the materials will be deposited by
PBF or DED processes. This allows avoiding the collisions
between the powder distributors or the material deposition
nozzles and the part during these processes. Moreover, the
hole (H) that does not exist on the existing part will be

X1x0.03 X3+0.03

<

X2£0.03
X410.03
X7+0.05

Added volumes

Final part Removed volumes |

N ey T W Caca bl > 2l < 14 y
g 'S
(a) (c)

Fig. 6 TIllustration of a the step A0, ¢ the step A02 and c the step A03
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Fig. 7 Extraction of machining and AM features in a the step A0O4 and b the step A0S

machined after AM phases to avoid the loss of powder
during AM processes. Lastly, the over thicknesses on the
surfaces (S3 and S4), which respectively correspond to the
surfaces (fS5 and £S7), is sufficient for machining operations.
This over thickness is a portion of the existing part material
(Fig. 6b).

Once the common part is obtained, the machining features
and AM features are extracted in the steps A04 and A0S, as
shown in Fig. 7. In this case study, there are three AM fea-
tures (AMF1, AMF2 and AMF3) which are extracted from
the common part, the final part and the associated technologi-
cal attributes (Fig. 7b). The AM features (AMF2 and AMF3)
are decomposed independently to respect the tool accessi-
bility constraints. If these AM features are built together in
an AM phase, the cutting tool that machines the pocket (P),
corresponding to MF4, will have collision with the AMF3.
Once AMF?2 is built, its top surface (corresponding to the
feature MF3) must be machined to achieve a flat surface
for the build of AMF3. Thus, the precedence relations of
these features are also created: AMF2 — {MF3, MF4} —
AMF3.

The feature MF1 is corresponding to the top surface of
the common part, on which the AM feature AMF2 will be
built. Thus, MF1 is also the precedence of AMF2: MF1 —
AMF2. MF1 has the rough state of the existing part and
it is extracted from the common part and the existing part
(Fig. 7a).

AMF1 will be built on the bottom surface of the com-
mon part. AMF1 and AMF3 become final features that do
not require finishing machining operations. On the other
hand, AMF2 provides the rough state for machining fea-
tures (MF2 to MF8). The geometry of MF5 is the step
(fS6) of the final part; and its rough state comes from the
build of AMF2. The geometry of MF2 is the “irregular”
step (fS4) of the final part. Its volume attribute includes a
material portion of the common part (MF2-1) and a mate-
rial portion of AMF2 (MF2-2). The features MF6, MF7

and MF8 also have the volume attribute and the rough
state, which comprise a part of the common part and a
part of AMF2. In this case, AMF2 is also the prece-
dence of the feature MF2 to MF8: AMF2 — {MF2 to
MF8}.

Note that the volume attribute of AMF2 includes the vol-
ume of corresponding final feature and the volume attributes
of MF2 to MFS. The volume attribute of MFs 2, 3, 4, 5, 7
and 8 are the over thicknesses that are estimated in function
of the surface roughness of AM-built surfaces, the required
quality of final surface, and cutting conditions.

The hole (H) of the final part (i.e. MF6) has a small diam-
eter (e.g. D < 8mm) and the ratio of height on diameter is
superior to 3. Thus, its rough state is a plain material state
after the build of AMF2. This allows avoiding the issue on
removing non-melted powder after AM processes [52]. In the
case the diameter of the hole (H) is bigger (e.g. D > 8 mm), it
is preferable to create a hole on AMF?2 to reduce the amount
of powder to build AMF2 and reduce the volume of chips in
drilling of the hole.

Finally, machining features, AM features and their prece-
dence relations (blue links) achieved during the feature
extraction process are shown in Fig. 8. The geometrical
relations (orange links) between the features are also cre-
ated using the available technological of the final part. The
position of the pocket (P) (i.e. MF4) is defined by the tol-
erance of dimensions X1 and X2 (Fig. 5); thus, there is
a geometrical relation between MF2 and MF4. The posi-
tion of the hole (H) (i.e. MF6) is constrained with the
surfaces S5 and fS7 (corresponding to MF7 and MF8
respectively) by a tight tolerance of dimensions X3 and
X4. There is also a geometrical relation between MF5
and MF7. These extracted features and their relationships
will be used for designing the process planning, which
allows achieving the geometry and quality of the final
part.
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Fig. 8 Extracted features and their relationships

5 Conclusions and future work

Taking into account benefits of combining additive and sub-
tractive manufacturing processes, this paper proposes an
alternative remanufacturing strategy, which allows the man-
ufacture of metallic parts directly from EoL parts/existing
parts without stepping into the material recycling stage. The
final part is achieved from the existing part using an adequate
process planning, which combines additive, subtractive and
inspection operations. The new parts are intended for another
product, namely EoL parts have new life and new uses in their
life cycle.

To design the process planning, the study focused on
developing a methodology that enables defining and extract-
ing machining and AM features from the available infor-
mation of the existing and final parts, the knowledge of
manufacturing processes and the available resources. For
this purpose, the models of manufacturing features and the
knowledge of manufacturing processes were first exploited.
Afterward, all steps of the methodology were deeply pre-
sented. The major constraints and criteria were defined and
applied during the feature extraction process. The proposed
approach was finally demonstrated through the case study.

Our future work will focus on designing a manufactur-
ing sequence compatible with the proposed strategy using
the extracted features and their relationships. The proposed
strategy has potential to reduce energy and resource con-
sumptions, as well as environmental impacts during the
manufacturing process. However, it is essential to develop
the models for assessment of the strategy in terms of environ-
mental impacts in future work. Furthermore, in the scope of
this study, we have assumed that the information of existing

@ Springer

and final parts are available. Thus, the procedure and crite-
ria for identification of EoL product types, which would give
suitable components for manufacture of final parts, should be
defined. Lastly, the feature extraction process was manually
performed using the functions of CAD software. It is also
interesting to develop a numeric tool that enables users to
select the initial part, analyze and perform the feature extrac-
tion process in an interactive way.
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