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ABSTRACT
Additive manufacturing (AM) introduces a set of technology-specific problems, such as the proper
orientation of parts or the placement of several heterogeneous parts in the same build cycle, which
are not addressedby traditional approaches to production planning and scheduling. Although these
new production subproblems have been implicitly addressed by several works according to generic
nesting and scheduling concepts, a literature review revealed that there is no uniformity in identify-
ing and, thus, solving all these subproblems. For this reason, and as a result of an in-depth analysis
of the existent literature on AM production planning and an analogy with classic cutting and pack-
ing typologies, the present paper offers a framework to formalise the production planning problem
in AM at the operational level. This framework can be used as a reference to focus on and address
these AM-related problems for efficient production planning. It is designed at the subproblem level
and centres on production order processing in AM. A coding strategy is specifically developed for
the framework, which is applied to a review of relevant works that propose models for the produc-
tion planning of AM systems. Finally, the review results are discussed and possible extensions of the
framework are proposed.
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1. Introduction

Additive manufacturing (AM) is a production technique
that allows physical objects to be made from geometric
data by joining materials layer upon layer as opposed to
subtractive and formative manufacturing (Astm 2015).
Although AM was initially exploited to create proto-
type parts (Chergui, Hadj-Hamou, and Vignat 2018), it
is currently applied for end parts production (Ngo et al.
2018; Hassani 2020). As it continues its journey towards
maturity as a production technique, the AM focus lies
in achieving the mass production of customised prod-
ucts (Oh et al. 2020a; Bogers, Hadar, and Bilberg 2016;
Y. J. Kim, Byung, and Kim 2022). However, the high pur-
chasing cost of industrial AMmachines leads companies
to outsource their production to specialised AM services
(Kucukkoc 2019; Yılmaz 2020). This results in AM ser-
vice providers having to plan the production of a very
heterogeneous set of parts requested by distributed cus-
tomers. At the same time, AM is currently expanding
thanks to the evolution of cloudmanufacturing platforms
that integrate different AM machines from several dis-
tributed manufacturers (De Antón et al. 2020; Cui et al.
2022). The result is a very complex environment in which
a set of distributed customers demand the production of
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varied parts to be manufactured by a set of distributed
AMmachines (González-Varona et al. 2020; Gopsill and
Hicks 2018).

AM manufacturers face the challenge of determin-
ing the production plan for complex and heterogeneous
environments. They usually lack automated systems that
help to design efficient production plans (Ransikarbum,
Pitakaso, and Kim 2020). Academics have recently paid
more attention to complex production contexts, such as
multifactory production planning (Lohmer and Lasch
2021) or production planning and process modelling in
the context of Industry 4.0 (Luo, Thevenin, and Dolgui
2022; Vještica et al. 2022); also, decision support systems
(DSS) are emerging in operational production planning
(Christ, Dauzère-Pérès, and Lepelletier 2022; Dauzère-
Pérès andNonås 2022). However, the research conducted
in this work is precisely motivated by the absence of DSS
that specialise in the AM production planning problem
at the operational level. The objective is to, thus, develop
a framework that serves as the base tool to designDSS for
AM. As AM has barely penetrated industry, mainly theo-
retical studies have been conducted to date to solve the
planning and/or scheduling of specific manufacturing
contexts. The framework proposed in this paper, which is
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based on the analysis of these studies, will provide a state-
of-the-art perspective about how an efficient DSS for AM
should be designed.

Current AM growth and its challenging production
environments have drawn the research community’s
interest. In the last few years, contributions to topics
about production planning and scheduling in AM have
exponentially grown (Che et al. 2021; Fera et al. 2020).
These works started to address the production plan-
ning of simple AM contexts, such as the production of
a single part on a single AM machine (Yang et al. 2003;
Thrimurthulu, Pandey, andVenkata Reddy 2004). AsAM
has evolved towards the manufacturing of larger produc-
tion volumes, the simultaneous manufacturing of many
parts in a single machine has been paid attention (Gogate
and Pande 2008; Canellidis, Giannatsis, and Dedoussis
2013; Y. Zhang, Gupta, and Bernard 2016). More recent
works have begun to analyse the current more complex
context in which numerous parts need to be grouped
and assigned to a set of AM machines to be manufac-
tured (Dvorak, Micali, andMathieug 2018; Kapadia et al.
2021; Che et al. 2021). Throughout this evolution from
simple to complex production contexts, new subprob-
lems have been progressively incorporated to consider all
operational production planning aspects in AM systems.

Despite research into production planning in AM
growing, a literature review has evidenced lack of unifor-
mity in themodels and formulations proposed to address
this problem. It is not unusual to find formulations that
address the same production planning problems but call
it differently. Moreover, formulations for the same con-
text can be designed according to different optimisation
criteria and, hence, their underlying subproblems dif-
fer. As uniformity is lacking new proposals focus only
on partial problems of complete operational production
planning in AM. Another consequence of this unguided
research is the absence of benchmarks to compare differ-
ent solutions to the same production planning problems
in AM. Contrarily to research into traditional shop con-
figurations, the new works that address planning prob-
lems inAMoften develop ad hocdatasets to test their pro-
posals, and do not directly compare their performance to
previous works.

This paper presents a framework to formalise the sub-
problems encompassed in the operational production
planning of AM systems. This framework, which is pre-
sented in line with Stamer, Zimmermann, and Sandkuhl
(2016), aims to provide a formal structure that underlies
AM operational production planning for the purpose of:
(i) formally identifying the subproblems addressed by the
literature in the design of additive manufacturing mod-
els; (ii) assessing which of these subproblems have been
further studied in-depth; (iii) establishing a reference to

formally place the design of newmodels that address pro-
duction planning in AM at the operational level. To this
end, uniform coding is proposed to enable the classifica-
tion of AM production planningmodels according to the
proposed framework.

The rest of this paper is organised as follows. The
related literature is reviewed in Section 2. Section 3 details
the framework, where an intuitive description of the
AM production process is provided by defining planning
stages and their corresponding subproblems. The codifi-
cation strategy is presented in Section 4 and is applied to
a review of the relevant models for AM production plan-
ning. Lastly, Section 5 ends with the reached conclusions
and proposals to further extend this work.

2. Literature review

The two main production planning problems in AM at
the operational level are nesting parts into builds and
scheduling builds on machines (Dvorak, Micali, and
Mathieug 2018; Kucukkoc, Li, and Li 2021). Nonetheless,
the scope and objective of each problem are not consis-
tently defined in the literature. Both nesting and schedul-
ing problems can be divided into several subproblems
that must be addressed together to achieve overall opti-
misation. A proper scheme for addressing operational
production planning in AM should consider the nesting
and scheduling subproblems to analyse their features and
to show the relations among them. The main schemes
for the nesting and scheduling problems in the Opera-
tions Management (OM) area are reviewed to study their
underlying subproblems. The appearance of these two
terms in the AM field is also discussed.

The use of the term ‘nesting’ in the AM planning and
scheduling literature derives from its definition in the
operations research field. Dyckhoff (1990) defined the
nesting problem as a cutting and packing (C&P) prob-
lem with the following characteristics: two-dimensional
packing of irregularly shaped items. This definition is also
supported by Wäscher, Haußner, and Schumann (2007),
who present an improved typology for C&P problems
based on the work of Dyckhoff (1990). In line with these
two previous works, Bennell and Oliveira (2008) extend
the nesting definition by considering the possibility of
irregular items to be rotated during the packing pro-
cess. Thus according to classic C&P typologies, nesting
describes the problem in which a set of two-dimensional
irregular items has to be laid out on a rectangular large
object. Ikonen et al. (1997) were the first to notice that the
previous definition of the nesting problem matched the
characteristics of the problem of placing parts in an AM
machine’s workspace. However, it was not until several
years later when Canellidis, Giannatsis, and Dedoussis
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(2013) introduced the nesting parts concept to solve the
platform layout optimisation problem for the simulta-
neous fabrication of many parts on an AM machine.
This is the sense in which nesting has been used in AM
production planning ever since.

The term ‘scheduling’ as regards production planning
in AM began to spread halfway through the 2010 decade
(Fera et al. 2020). The two main differences in relation
to the classic machine scheduling problem were: several
heterogeneous parts in AM were grouped in the same
build; AM machines had various speed, size and cost
characteristics (Kucukkoc 2019). Specifically, the prob-
lem defined as scheduling in AM involved allocating
the objects requested by customers to one of the many
available 3D printers to increase printers’ throughput.
Although a few works have introduced some scheduling
problem aspects into AM before (see (Freens et al. 2016;
Kucukkoc, Li, and Zhang 2016)), it was with the work
by Li, Kucukkoc, and Zhang (2017) that the scheduling
concept was formally established in AM to describe the
process of allocating production orders to AMmachines.

Nesting and scheduling are two problems that have
been traditionally addressed separately in OM (Oh et al.
2020a). Each problem has its own optimisation objec-
tive; while nesting pursues maximum machine capac-
ity utilisation to reduce costs, scheduling attempts to
find the optimal processing sequence to reduce the
makespan. The ultimate goal of both problems is to
increase AM systems’ efficiency (J. Zhang, Yao, and Li
2020). The approaches found in the AM literature ini-
tially addressed nesting and scheduling as two separate
problems. They focused on solving each problem inde-
pendently by designing a two-step sequential process: the
nesting of parts in builds was firstly solved; then those
builds were scheduled on AMmachines (Chergui, Hadj-
Hamou, and Vignat 2018; Dvorak, Micali, and Mathieug
2018). Notwithstanding, recent works have started to
develop integral nesting and scheduling formulations in
their models, as in (J. Zhang, Yao, and Li 2020; Aloui and
Hadj-Hamou 2021; Tevhide Altekin and Bukchin 2021;
Kapadia et al. 2021; Makanda et al. 2022). Their for-
mulations of the AM planning process already consider
nesting and scheduling together for overall optimisation
purposes. However, different authors design theirmodels
by considering the characteristics of their concrete AM
contexts, which means that they do not all include the
same underlying subproblems.

Despite the diversity of contexts and formulations
regarding production planning inAM, only a few reviews
and taxonomies have studied this problem in-depth.
Y. Zhang, Gupta, and Bernard (2016) reviewed works
addressing the nesting problem in AM and proposed
several criteria to classify them. Araújo et al. (2019)

proposed a taxonomy to classify nesting models in AM.
Later three machine configurations were analysed to
schedule AM machines in (Kucukkoc 2019). Recently,
Cadiou, Demoly, and Gomes (2022) presented a frame-
work for multi-part scheduling using single-part jobs
which, thus, excluded nesting. Although these works
have developed schemes that focus on either the nesting
or the scheduling problem, they fall short of covering the
whole operational production planning problem in AM.

The only taxonomy and review that have thoroughly
combined nesting and scheduling problems in AM were
presented by Oh et al. (2020a). This work proposed an
interesting taxonomy for classifying models that focused
mainly on nesting, mostly on scheduling, or presented
a comprehensive approach to both nesting and schedul-
ing. However, their classification was restricted to the
higher level and did not delve into the specific subprob-
lems encompassed in nesting and scheduling. At a higher
level, there was the risk of using the same name for dif-
ferent problems. This occurs in the AM literature when
describing the nesting problem; while some works define
nesting as a bin-packing problem (e.g. (Li et al. 2019b;
Aloui and Hadj-Hamou 2021; Kapadia et al. 2021)), oth-
ers consider it to be a strip-packing problem (Alicastro
et al. 2021; Y. Zhang, Gupta, and Bernard 2016), and
some others regard it as a set-covering problem (Dvorak,
Micali, andMathieug 2018). Although the differences are
minor, these are distinct problems that are all named in
the same way (i.e. nesting). On scheduling in AM, some
works only address the allocation of builds to several
AMmachines (e.g. (Li, Kucukkoc, and Zhang 2017; Ran-
sikarbum, Pitakaso, and Kim 2020; Yılmaz 2020)), while
others also develop strategies to find the best sequence for
these builds (e.g. (Arık and Arık 2020; Dvorak, Micali,
and Mathieug 2018; Ying et al. 2022)), and some oth-
ers even find their proper starting times (Dvorak, Micali,
andMathieug 2018; Li, Zhang, and Kucukkoc 2019a; Y. J.
Kim and Kim 2022). Regardless of these underlying dif-
ferences, all the problems are described as AM machine
scheduling. This conflict of using nesting and schedul-
ing terms to describe problems with different nuances
is overcome at the subproblem level, where the problem
under study can be clearly identified.

As no framework that comprehensively analyses the
production planning problem in AM from a subprob-
lem perspective was found, traditional OM schemes were
reviewed to study nesting and scheduling problems. Clas-
sic C&P problems investigate how to assign and place a
set of small items in a set of large objects (Dyckhoff 1990).
As a C&P problem, nesting can be decomposed into and
analysed as traditional C&P schemes. One of the most
important schemes is that of Wäscher, Haußner, and
Schumann (2007), who distinguished five subproblems
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that C&P problems must solve simultaneously to achieve
a global optimum. These five subproblems are: (1) the
selection problem as regards small items; (2) the selec-
tion problem for large objects; (3) the grouping problem
regarding selected small items; (4) the allocation problem
for assigning the subsets of small items to large objects;
(5) the layout problem about the arrangement of small
items in each selected large object. These five subprob-
lems provide a comprehensive understanding of the kind
of C&P problem that is faced. After adaptation to the
AM context, this scheme can serve as a basis for defining
the subproblems included in the AM nesting problem.
However, scheduling is a very generic term that is recur-
rently used in the production planning literature. In the
beginning, it was used to describe only the allocation of
tasks to resources over time (i.e. only timing of tasks)
insofar as the sequencing of tasks was regarded as a dif-
ferent problem. Later in the OM field, scheduling started
to be conceived as a much broader problem: it encom-
passed the determination of the number of tasks to be
manufactured, the assignment of tasks to resources, and
both the sequencing and timing of tasks in each resource
(Christos T. Maravelias 2012). These four subproblems
allow the problem of scheduling several tasks to several
resources to be comprehensively addressed and can be
easily adapted for the AM context.

The framework proposed in this paper is based on
the disaggregation of the two main problems in AM
production planning at the operational level (i.e. nest-
ing and scheduling) into subproblems. It is inspired
by the schemes of Wäscher, Haußner, and Schumann
(2007) and Christos T. Maravelias (2012), which are two
reference contributions from the OM field that have
been adapted for the AM environment. The framework
includes the definition of all the subproblems faced in
planning the production process of a set of part orders on
a set ofAMmachines. Besides providing their definitions,
four stages are defined through the planning process to
organise subproblems. A coding strategy is developed to
classify themodels found in theAMproduction planning
literature according to the framework. To the best of our
knowledge, this is the first framework that aims to study
AM operational production planning at a subproblem
level.

3. Framework for production planning in AM

This section presents the framework. The adaptations of
the works by Wäscher, Haußner, and Schumann (2007)
and Christos T. Maravelias (2012) to the AM context
are explained in Section 3.1. The four planning stages
into which subproblems are arranged are specified and
subproblems are defined in Section 3.2.

3.1. Framework design

As the previous taxonomies and reviews of AM models
define the nesting problem in AM and the scheduling
problem in AM with different nuances, both problems
are herein disaggregated to eliminate any possible ambi-
guity. The framework proposed in this paper is based on
subdividing nesting and scheduling problems into sub-
problems by focusing on the processing steps followed
by part orders during the production process. So this
scheme is restricted to themanufacturing stage and intro-
duces a scheduling-oriented perspective that delves more
deeply into the processing sequence of part orders.

Order processing in an AM environment starts by
requesting part orders for several customers and ends by
delivering the produced parts to the corresponding cus-
tomers (see Figure 1). As a trend to omit logistics issues in
the design of models for production planning was found
(Demir, Eyers, and Huang 2021), delivery tasks were
excluded from the scheme herein developed. Accepting
or rejecting the orders requested by customers is another
issue that goes beyond the manufacturing scope. In this
work, it was assumed that all the parts considered for
planning had been previously accepted and can be man-
ufactured by at least one AM machine; that is, customer
orders may have been rejected before. Therefore, exclu-
sive manufacturing tasks start with a previously accepted
set of part orders and continue until parts are produced
(see Figure 1).

According to the hierarchical frameworks often used
to classify production planning and control systems
(see Oluyisola, Sgarbossa, and Strandhagen 2020; Luo,
Thevenin, and Dolgui 2022), which consider different
levels and planning horizons, the present work cen-
tres on the operational level (i.e. short-term horizon).
The planning problem addressed, thus, starts once part
orders have been confirmed either through customer
demands or by the master production schedule, and
focuses on day-by-day production scheduling (Chandra,
Grabis, and Tumanyan 2007; Pinedo 2012).

The framework design is governed by two main
premises: it should comprehensively suffice to show the
complexity of the AM operational production planning
problem; it should be modular and adaptable to differ-
ent AM manufacturing environments. Accordingly, the
framework is designed in a sequential fashion to better
show the interrelations among subproblems. However,
this is not a strictly sequential process and the subprob-
lem order can be easily adapted to a specific production
context.

To be consistent with previous taxonomies, and to
adjust to the standard terminology for AM in ISO/ASTM
52900:2015(E) (Astm 2015), the terms Part, Build and
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Figure 1. Part order processing in AM.

AM Machine are used as defined in (Oh et al. 2020a;
Araújo et al. 2019). Part stands for a physical instantia-
tion of the 3D model of an object, which is to be formed
by joining material in layers; Build represents a group of
parts simultaneously produced by an AM machine in a
single build cycle; AMMachine refers to a machine used
to complete a build that includes parts in a build cycle.
It should be stressed that a build is a representation of
the AM machine that allows a batch of parts to be cre-
ated for simultaneous manufacturing. The parameters of
build (e.g. dimensions or speed) are then obtained from
the corresponding AMmachine.

To disaggregate the nesting and scheduling problems
in AM into subproblems, this work is based on the
schemes of Wäscher, Haußner, and Schumann (2007)
and Christos T. Maravelias (2012), as shown in Section
2. These schemes are now adapted to incorporate AM-
specific features into them.

The definitions for the generic subproblems of C&P
problems of Wäscher, Haußner, and Schumann (2007)
are adapted to the AM context by substituting the terms
‘small items’ and ‘large objects’ for the terms ‘part orders’
and either ‘builds’ or ‘AMmachines’ respectively. There-
fore, according to this scheme, the five subproblems can
be rewritten as:

• (n1) selection problem regarding part orders
• (n2) selection problem regarding AMmachines
• (n3) grouping problem regarding the selected part

orders
• (n4) allocation problem regarding the assignment of

subsets of part orders to builds
• (n5) layout problem regarding the arrangement of

part orders on each selected build in relation to the
geometric condition

According to Wäscher, Haußner, and Schumann
(2007), some types of C&P problems do not necessar-
ily include all five subproblems. To adapt these defini-
tions to the nesting problem in AM, the subproblem of
selecting part orders (i.e. n1) must be excluded. As the

framework is restricted tomanufacturing aspects, accept-
ing or rejecting the part orders requested by customers is
an issue that goes beyond the production scope. At the
same time, a note must be made about the terms used to
adapt these definitions to AM. The term ‘AM machines’
is used to replace ‘large objects’ in the original selec-
tion problem (n2) of Wäscher, Haußner, and Schumann
(2007) to decide which machines to use. As AM allows
many parts to be manufactured on the same build plat-
form, the term ‘large objects’ is instead replaced with the
term ‘builds’ in the allocation (n4) and layout (n5) prob-
lems to group the parts to be manufactured in the same
build cycle of the selected machine.

The scheme proposed by Christos T. Maravelias
(2012) to disaggregate the scheduling of several tasks
into several machines considers four subproblems. The
definitions of these subproblems are adapted by replac-
ing the words ‘task’ and ‘machine’ with ‘build’ and ‘AM
machine’, respectively. The four subproblems can, there-
fore, be rewritten as:

• (s1) determining the number of builds to be manufac-
tured

• (s2) allocating builds to AMmachines
• (s3) sequencing the builds in each AMmachine
• (s4) timing the builds in each AMmachine

According to these schemes, nesting in AM can be
divided into four subproblems (n2–n5), whereas schedul-
ing in AM can be broken down into four subproblems
(s1–s4). It must be noted that the subproblem of deter-
mining the number of builds (s1) from AM schedul-
ing is already solved in the subproblem of assigning the
subsets of part orders to the builds (n4) from AM nest-
ing. Therefore, subproblem s1 is omitted, which leaves
only the three remaining subproblems (s2–s4) consid-
ered within the framework. This evidences that nest-
ing and scheduling cannot be separated in AM because
they are interrelated through the planning process, as
claimed in (Oh et al. 2020a; Kucukkoc, Li, and Li 2021)
and demonstrated in (Kucukkoc 2021). It is shown that
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scheduling decisions are influenced by previous nesting
choices. Decisions, such as machine allocation or build
sequencing and timing according to scheduling optimi-
sation criteria (e.g.minimummakespan or tardiness), are
affected by the grouping of parts and their allocation to
builds. Groups of parts with similar heights can favour
both nesting tasks, such as part-to-build allocation and
part placement, and scheduling objectives, such as min-
imum tardiness. Therefore the AM planning problem
must be handled from a holistic viewpoint (Kucukkoc,
Li, and Li 2021).

To fully introduce AM characteristics, the framework
is further refined by adding the matching subproblem
(M). This subproblemhelps to coordinate the selection of
part orders and the selection of AM machines. The need
to address matching is justified by the wide variability of
the production context in AM, where several heteroge-
neous parts must be manufactured by several heteroge-
neous machines. Thus the matching subproblem allows
proper AM machines to be selected for manufacturing
part orders.

The remaining eight subproblems, namely four for
nesting in AM (n2–n5), three for scheduling in AM
(s2–s4) and one the matching (M), comprise the frame-
work for the AM production planning at the operational
level presented in this work (see Figure 2): Grouping;
Matching; Machine selection; Build allocation; Place-
ment; Machine allocation; Sequencing; Timing. These
subproblems define the sequence followed by part orders
from the time they are accepted for production to the
time they are manufactured by AMmachines. A sequen-
tial approach for the whole production process is given in
Section 3.2, where subproblems are reordered to follow
the production sequence.

3.2. Subproblems in production order processing in
AM

The framework describes the process followed by a set of
part orders that must be manufactured by a set of AM
machines. This process is known as production order
processing. It starts once the part orders requested by
customers have been accepted for their manufacturing
and finishes when all the parts have been manufactured.
The production order processing for AM is represented
in Figure 2. The process is described for an AM context
in which a set of machines with different characteristics
(i.e. dimensions, speed, accuracy) has to manufacture a
set of part orders with different requirements (i.e. dimen-
sions, material, surface quality). The machines that share
the same features are considered to belong to the same
type.

Throughout production order processing, four plan-
ning stages are identified according to the planning ques-
tion addressed in each one. These four stages are Part
(Figure 2a), Part-AM Machine (Figure 2b), Part-Build
(Figure 2c) and Build-AM Machine (Figure 2d). The
questions for each stage are respectively:

(1) how to regroup parts to improve their processing in
AM

(2) how to select the proper AM machine type for each
part or group of parts

(3) how to allocate and place many parts in multiple
builds

(4) how to assign and sequence builds in available AM
machines.

These stages progressively appear according to the
production planning sequence. The eight subproblems
are arranged into these four planning stages. Each sub-
problem belongs to the stage whose question it addresses.

The subproblems that compose the framework are
presented in sequence to follow the production order
processing steps. Each process step corresponds to one
subproblem. The sequence can be followed in Figure 2,
starting from the raw set of parts accepted for their man-
ufacturing. After its definition, each subproblem name is
highlighted in the text bywriting its name in brackets and
italics.

Part. Firstly, the parts from the raw listmay be grouped
according to their own features (e.g. similar height, sim-
ilar due date, same material, etc.) (Grouping). In AM,
scheduling parts with similar characteristics in the same
builds helps to obtain an efficient production plan (Oh
et al., 2020a; J. Zhang, Yao, and Li 2020). As Grouping
is the only subproblem that belongs to the Part planning
stage, this stage is already completed (see Figure 2a).

Part-AM Machine. Next each group of parts is
matched to all the AM machine types whose features
make them capable of manufacturing that group (Match-
ing). It must be noted that matching can also be done for
each individual part order with minor changes, but here
the matching for whole groups is considered. From the
list of the feasible AM machine types for every group,
one type is selected for each one (Machine type selec-
tion). The specific criteria for this selection are chosen
by the production planner, who would typically consider
production efficiency – and quality-related parameters.
Planners can resort to supporting models for machine
selection like that by Calabrese et al. (2022), which pro-
poses a model to select proper machines based on pro-
duction quality features. The Part-AM Machine stage is
now run (see Figure 2b).
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Figure 2. Production order processing of parts in an AM environment.

Part-Build. At this point, the AM machine type on
which each group of parts is to be manufactured is
already selected. Consequently, the dimensions of the
build volume of this machine type are known. Thus the
parts in one group cannowbe allocated to different builds
regarding the build volume dimensions (Build alloca-
tion). In each build, the placement (i.e. orientation and
location) of parts is decided to obtain a platform layout
(Placement). Once parts have been assigned to builds and
their placements have been determined, the Part-Build
stage is completed (see Figure 2c).

Build-AMMachine. Now the case of one AMmachine
type is taken. Once all the platform layouts correspond-
ing to the builds of the considered type have been deter-
mined, each build must be allocated to one AMmachine
of this type. The availability of the machines from the
considered type is checked and each build is assigned to
one machine (Machine allocation). This is repeated for
every AMmachine type so that all the builds are assigned
to only one machine. On the contrary, one machine can
be assigned several builds. Lastly, the sequence of builds
on each AM machine (Sequencing) and the start time
of each build (Timing) have to be determined. Now the
Build-AMMachine stage is complete (see Figure 2d) and
the final production plan is obtained.

A simulation-based case study of the above-described
process is provided in Figure 2 to show how the frame-
work would work in practice. The case study solves the

production order processing of 12 parts in up to seven
Selective Laser Melting (SLM) machines. Three SLM
machine types are considered (i.e. MT1, MT2, MT3):
MT1 andMT2 are adapted from the SLMmachines used
in (Kucukkoc 2019) and (Kamarudin et al. 2017) respec-
tively, while MT3 is a commercial industrial machine
from the SLM® company. The numbers of machines per
type are: three for MT1, two for MT2 and two for MT3
(see the right side of Figure 2e). Part andmachine specifi-
cations are detailed inTableA1 andTableA2, respectively
(see the Appendix). Next the procedure to solve the pro-
duction order processing of the parts is detailed following
the subproblem sequence of Figure 2. All the relevant
tables to the case study are included in the Appendix.

Grouping: two groups are created according to a simi-
larity of heights criterion (see Table A3). In the raw set of
parts (the left side of Figure 2) and in Figure 2(a), parts are
coloured differently depending on their height. Manu-
facturing parts with a similar height in SLM significantly
enhances process efficiency.

Matching: each group is matched to the machine types
whose dimensions are larger than the dimensions of all
the parts in the group. Machine type 1 (MT1) cannot be
matched to group 2 because the heights of the parts in
that group are larger than the maximum height of this
machine type (see Table A2). However, group 1 can be
matched to either MT1, MT2 or MT3 because their parts
are shorter and are compatible to the specifications of
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any of these machine types (see Table A2). The groups
of created parts are displayed in Table A3 and in Figure
2(b).

Machine type selection: an efficiency-related criterion
is used to assign onemachine type to each group of parts:
the faster feasible machine type is selected (i.e. that with
a higher build rate, see Table A2). Thus MT1 is selected
for group 1 andMT2 is selected for group 2 (see Table A3
and Figure 2b).

Build allocation and Placement: once machine types
have been assigned to groups of parts, the allocation of
parts to builds and the placement of parts in a build
can be determined. In this case study, these two prob-
lems are solved by computing an adaptation of the
nesting algorithm proposed in De Antón et al. (2020).
The heuristic takes the dimensions of both parts and
machines as input data and returns build layouts. The
parts in group 1 are distributed in two builds (i.e. builds
b11 and b12), whereas three builds (i.e. b21, b22 and
b23) are created for the parts in group 2 (see Table A4
and Figure 2c). The layouts of the seven builds are also
obtained (see Figure A1).

Machine allocation: machine availability is checked at
the time of assigning builds to machines (i.e. t = 0). In
this case study as machine MT1-B is assumed unavail-
able at the planning time, it is not considered (see Table
A5). Moreover, in this case study, the first criterion to
select from among the available machines is workload
balance, while the second criterion is the historical usage
of machines. Therefore, builds are firstly assigned to
empty machines to balance the amount of work among
them. If there are no empty machines, the current build
is assigned to the machine with the fewest accumulated
working hours. In the present case, two machines of type
1 (i.e. MT1-A and MT1-C) and two machines of type 2
(i.e. MT2-A and MT2-B) are available. The allocation of
builds to machines is shown in Figure 2(d) and Table A5.

Sequencing: the sequence in which builds are to be
processed in each machine is obtained by attempting to
minimise the tardiness of part orders. As in AM, the
parts in a build cannot be removed until the build has
been completed. The due date of a build is determined
by the earliest due date of the parts in that build. Hence
for each machine, builds are sorted in ascending order
of due dates. As machines MT1-A, MT1-C and MT2-
B only have one assigned build (i.e. b11, b12 and b22,
respectively), sequencing is unnecessary. However, the
sequence of builds b21 and b23 formachineMT2-Amust
be determined according to the above criterion (see Table
A6 and Figure 2d).

Timing: this case study considers that the builds in
each machine are triggered as soon as possible to min-
imise tardiness (see Figure 2d).

Having provided this sequential description of pro-
duction order processing in AM, the main subproblem
characteristics are summarised in Table 1. For each sub-
problem, a brief explanation, an abstraction of its objec-
tive and its expected output are presented in columns
2, 3 and 4, respectively. The correspondence between
the names and the original coding for subproblems (i.e.
n2–n5; s2–s4) are found in the first column of this table.

This framework provides a comprehensive overview
of the planning process for AM production. While
designing an AM-specific DSS tool, a decision maker
should select those subproblems adapted to its produc-
tion context and decide where to place the optimisa-
tion focus. Global optimisationwould probably entail the
simultaneous formulation of several subproblems.

4. Review in line with the framework

A review of the relevant works that address the produc-
tion planning of AM systems was conducted to show the
usefulness of the framework. The models presented in
these works were classified in line with the framework
according to a proposed coding. Two more planning-
related variables were used to analyse these models.
Section 4.1 presents the research methodology followed
to select the relevant papers for the review. The cod-
ing strategy and the additional criteria for model clas-
sification purposes are explained in Section 4.2. Lastly,
the results obtained from the analysis of the models are
discussed in Section 4.3.

4.1. Researchmethodology

This review intends to prove the usefulness of the pro-
posed framework for analysing the underlying structure
of models for AM production planning. The nomencla-
ture proposed by Oh et al. (2020a) is used to select the
relevant models for the review. Their nomenclature clas-
sifies models according to whether they: focus on nesting
(NfAM –Nesting for AM); centre on scheduling (SfAM –
Scheduling for AM); present a comprehensive approach
to both nesting and scheduling (NSfAM – Nesting and
Scheduling for AM). As in the review by Oh et al. (2020a),
this research work is limited to those papers that present
an applied model or the formulation of the operational
production planning problem in AM. Theoretical and
review papers are not considered.

The works selected for the review must belong to
the NSfAM and SfAM types. Pure nesting problems (i.e.
NfAM) are not included because they are restricted to
packing issues and do not look at scheduling aspects in-
depth. As a comprehensive review of the nesting and
scheduling works in AM has been conducted in Oh et al.
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Table 1. Main features of the subproblems in AM production planning.

Subproblems Explanation Objective Output Stage

Grouping (Gr) – (n3) Cluster the parts based on their own
features (i.e. due date, material, etc.)

‘Improve the planning
process by considering
AM-related features’

The created groups Part

Matching (M) Identify the AMmachine types that are
feasible for manufacturing each part
or group of parts

‘Find the feasible AM
machine types’

The feasible AM machine
types for each group

Part-Machine

Machine type selection (Se) – (n2) Select one AM machine type among
the feasible AM machine types for
each part or group of parts

‘Select the proper feasible
AMmachine type’

The AM machine type
selected for each group

Part-Machine

Build allocation (Ba) – (n4) Regroup parts into builds to be
manufactured on the selected AM
machine type

‘Determine the proper
allocation of parts to
builds’

The parts allocated to
each build for each AM
machine type

Part-Build

Placement (Pl) – (n5) Determine the location and orientation
of each part on the build surface (or
volume)

‘Determine the proper
location and orientation
of parts in the build
platform’

The location and
orientation of parts in
their associated builds

Part-Build

Machine allocation (Ma) – (s2) Allocate builds to AM machines. Each
build must be assigned to a unique
machine, and one machine can be
assigned several builds

‘Select the proper available
AMmachine’

The AMmachine allocated
to each build

Build-Machine

Sequencing (Sq) – (s3) Determine the processing sequence of
builds on each AMmachine

‘Determine the proper
sequence of builds on an
AMmachine’

The sequence for
processing builds on
each AMmachine

Build-Machine

Timing (Ti) – (s4) Determine the start time of each build
on each AMmachine

‘Determine the proper start
time for builds on an AM
machine’

The start time of each build Build-Machine

(2020a), most of those papers categorised in their work
as NSfAM and SfAM are included in the review. Only
the SfAM models that do not address the allocation of
parts to builds are left aside because they provide generic
formulations that do not reflect the actual complex AM
production problem. Thus 23 papers from the review by
Oh et al. (2020a) are included. To update the review with
more recent works, a search that combines the expres-
sions ‘additive manufactur∗’, ‘3D print∗’, ‘production
planning’, ‘production scheduling’, ‘nesting’, ‘scheduling’
and ‘packing’ withAND,OR logical operators (see Figure
3) was performed.

The search was conducted in September 2021 and
repeated in September 2022 to cover themost recent con-
tributions. The included scientific databases were Sco-
pus (all fields) and Web of Science (all fields). Remov-
ing duplicates and the papers already included in the
review by Oh et al. (2020a), and excluding non-matching
works (i.e. theoretical and NfAM models), gave 15 new
papers. Thirty-eight papers were selected for the review.
As the framework can be applied to any AM produc-
tion planning environment, the works that presented
different models for different machine configurations
were independently analysed. One such case is Kucukkoc
(2019), who proposed three different formulations for
the three different machine configurations herein con-
sidered (see Section 4.2). Consequently, 40 models were
analysed.

4.2. Coding for the framework

A coding strategy was developed to classify AM produc-
tion planning models or formulations in line with the
framework. Coding is based on the eight subproblems
that compose the framework and on the four planning
stages in which they are organised. Before defining the
rules for the coding strategy, one point is made about the
order of subproblems. In Section 3.2, subproblems are
presented following the expected sequence of production
order processing. Nonetheless, as the formulations of dif-
ferent authorsmaypresent distinct approaches, not all the
models are required to adjust to this sequence.

In an attempt to maintain the abstraction requirement
low for readers, the initials of the subproblem names are
used for coding. The initials to be used for all the sub-
problems are shown in brackets next to their name in
column 1 of Table 1. The arrangement into four planning
stages is considered, and is represented by separating the
subproblems included in the same stage by a vertical bar
‘|’. The two rules that define the coding strategy are as
follows:

• If none of the subproblems in the same stage is
addressed, a hyphen ‘-’ is used to indicate that the full
stage is not considered

• If some of the subproblems in the same stage are
addressed, the initials of only the addressed subprob-
lems appear
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Table 2. Review of AM production planning models in line with the framework.

Model
Machine

configuration
Planning
approach Gr M Se Ba Pl Ma Sq Ti Scheme AM process

(Freens et al. 2016) Rm Hol – – –
√ √ √

– – - | - | Ba,Pl |Ma PBF
(Kucukkoc, Li, and Zhang 2016) Rm Hol -

√
-

√
- -

√ √
- |M | Ba | Sq, Ti PBF

(Li, Kucukkoc, and Zhang 2017) Rm Hol
√ √

-
√

-
√

- - - |M | Ba |Ma PBF
(Ransikarbum et al. 2017) Rm Hol -

√
-

√
-

√
- - - |M | Ba |Ma ME

(Chergui, Hadj-Hamou, and Vignat
2018)

Pm Hol - - -
√ √

-
√ √

- | - | Ba,Pl | Sq,Ti PBF

(Dvorak, Micali, and Mathieug 2018) Rm Hol
√ √ √ √ √ √ √ √

Gr |M,Se | Ba,Pl |Ma,Sq,Ti PBF
(Fera et al. 2018) s - - - -

√
- -

√ √
- | - |Ba | Sq,Ti PBF

(Zhao, Zhang, and Cui 2018) Rm Hol -
√ √ √ √

-
√

- - |M,Se | Ba,Pl | Sq ME, VP & PBF
(Gopsill and Hicks 2018) Pm Hol - - -

√ √ √
- - - | - | Ba,Pl |Ma ME

(Kucukkoc et al. 2018) Rm Hol -
√

-
√

- -
√ √

- |M | Ba | Sq, Ti PBF
(Oh, Zhou, and Behdad 2018) Rm Hol -

√ √ √ √
-

√ √
- |M,Se | Ba,Pl | Sq,Ti VP

(Kim 2018) Pm Hol
√

- -
√

-
√ √ √

Gr | - | Ba |Ma,Sq,Ti ME
(Luzon and Khmelnitsky 2019) s - - - -

√
- -

√ √
- | - | Ba | Sq,Ti PBF

(Kucukkoc 2019) Rm Hol -
√ √ √

- -
√ √

- |M,Se | Ba | Sq,Ti PBF
(Kucukkoc 2019) Pm Hol - - -

√
- -

√ √
- | - | Ba | Sq,Ti PBF

(Kucukkoc 2019) s - - - -
√

- -
√ √

- | - | Ba | Sq,Ti PBF
(Li, Zhang, and Kucukkoc 2019a) Rm Ind - - -

√ √
-

√ √
- | - | Ba,Pl | Sq,Ti PBF

(Li et al., 2019b) Rm Hol - - -
√ √ √ √ √

- | - | Ba,Pl |Ma,Sq,Ti PBF
(Wang et al. 2019) Rm Ind - - -

√ √
-

√
- - | - | Ba,Pl | Sq ME

(Kapadia et al. 2019) Pm Hol - - -
√ √

-
√ √

- | - | Ba,Pl | Sq,Ti PBF
(Oh, Zhou, and Behdad 2020b) s - - - -

√ √
-

√ √
- | - | Ba,Pl | Sq,Ti VP

(Ransikarbum, Pitakaso, and Kim 2020) Rm Hol -
√

-
√

-
√

- - - |M | Ba |Ma ME, VP & PBF
(Fera et al. 2020) s - - - -

√
- -

√ √
- | - |Ba | Sq,Ti PBF

(Zhang, Yao, and Li 2020) Pm Hol - - -
√ √ √ √ √

- | - | Ba,Pl |Ma,Sq,Ti VP
(Tavakkoli-Moghaddam, Shirazian, and
Vahedi-Nouri 2020)

Rm Hol -
√ √ √

- -
√ √

- |M,Se | Ba | Sq,Ti PBF

(Yılmaz 2020) Rm Hol -
√

-
√

-
√

- - - |M | Ba |Ma,Sq,Ti PBF
(Kucukkoc, Li, and Li 2021) Rm Hol -

√ √ √ √
-

√ √
- |M,Se | Ba,Pl | Sq,Ti PBF

(Zipfel, Neufeld, and Buscher 2021) Rm Hol
√ √

-
√ √

-
√ √

Gr |M,Se | Ba | Sq,Ti PBF
(Aloui and Hadj-Hamou 2021) Rm Ind - - -

√ √
-

√ √
- | - | Ba,Pl | Sq,Ti PBF

(Che et al. 2021) Rm Hol - -
√ √ √ √ √ √

- |Se | Ba,Pl |Ma,Sq,Ti PBF
(Tevhide Altekin and Bukchin 2021) Rm Hol -

√
-

√
-

√ √ √
- |M | Ba |Ma,Sq,Ti PBF

(Kapadia et al. 2021) Pm Hol - - -
√ √ √ √ √

- | - | Ba,Pl |Ma,Sq,Ti PBF
(Rohaninejad, Hanzálek, and
Tavakkoli-Moghaddam 2021)

Rm Hol -
√ √ √

-
√ √ √

- |M,Se | Ba |Ma,Sq,Ti PBF

(Alicastro et al. 2021) Rm Hol -
√ √ √

-
√ √ √

- |M,Se | Ba |Ma,Sq,Ti PBF
(Arık and Arık 2020) s - - - -

√ √
-

√ √
- | - | Ba,Pl | Sq,Ti PBF

(Ying et al. 2022) s - - - -
√ √

-
√ √

- | - | Ba,Pl | Sq,Ti ME
(Tafakkori, Tavakkoli-Moghaddam, and
Siadat 2022)

Rm Hol
√

-
√ √ √ √

- - Gr | Se | Ba, Pl |Ma ME

(Kim and Kim 2022) Rm Hol
√ √

-
√

-
√ √ √

Gr |M, Ba |Ma, Sq, Ti N/S
(He et al. 2022) Rm Hol

√ √
-

√
-

√
- - Gr |M | Ba |Ma VP

(Makanda et al. 2022) Rm Hol -
√

-
√ √ √

- - - |M | Ba,Pl |Ma ME

Figure 3. Keywords for the literature review.

The classification of the works found in the research
is provided in Table 2. By way of example, the coding of
a model that includes all the subproblems in the frame-
work is: ‘Gr | M,Se | Ba,Pl | Ma,Sq,Ti’. A model that
does not address the Part-AM Machine stage and does
not include the Timing subproblem in the Build-AM
Machine stage looks like: ‘Gr | - |Ba,Pl |Ma,Sq’. This sim-
ple coding strategy helps to summarise a large amount

of information with a low abstraction level and employs
only a few symbols. This coding strategy is used in Table
2 to illustrate the application of the proposed framework
to the literature about production planning in AM.

Eight columns are used to indicate which subprob-
lems appear in each model. These columns are named
by employing subproblems’ initials. Besides, the col-
umn Scheme summarises the approach of models to
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the production planning problem in AM with the help
of the proposed coding. Two complementary variables
are used to help to understand models’ structure. The
first is shown in the Machine configuration column. It
allows the AM context to be analysed in relation to
the AM machine set configuration. The second evalu-
ates the strategy followed to solve the planning of AM
machines and is indicated in the Planning approach col-
umn. These two additional variables are explained in the
following paragraphs. The last column shows the AM
process for which each model is developed. Three differ-
ent AM processes are identified in the analysed works:
vat photopolymerisation (VP), material extrusion (ME)
and powder bed fusion (PBF). These are themost studied
AM processes because they are more broadly adopted in
industry.

Three different machine configurations can be con-
sidered in the AM scheduling problem according to
Kucukkoc (2019); single machine (s), parallel identi-
cal machines (Pm), and parallel non-identical machines
(Rm). Parameter s describes the production planning
problem for a single machine, while parameters Pm
and Rm describe the production planning problem for
several machines with the same features, and for sev-
eral machines with different features, respectively. These
three configurations are used to classify models accord-
ing to their AM contexts; that is, models are s, Pm or Rm
according to the amount and nature of the AMmachines
considered in each case. If one work develops different
models for distinct machine configurations, each model
is considered independently for its classification (e.g.
(Kucukkoc 2019)).

While the parameter formachine configuration is use-
ful to know the production context in which planning
has to be determined, it does not provide information
about the approach followed to do that planning. To over-
come this issue, a parameter is included in column 3 of
Table 2 to indicate the specific planning approach pre-
sented for the model. One model can describe a context
with many non-identical machines, but their planning is
solved by scheduling the production of eachmachine one
by one. This individual strategy only pursues the efficient
utilisation of machines and, thus, overlooks scheduling-
related measures, such as load balancing or makespan
minimisation. On the contrary, a comprehensive pro-
duction plan can be determined for all the machines at
the same time. This holistic strategy is oriented more
to time-related optimisation (i.e. makespan minimisa-
tion or on-time delivery). Abbreviation Ind in the table
is used to indicate that an individual strategy is followed
in themodel, and abbreviationHol denotes that a holistic
strategy is applied.

4.3. Discussion

The classification presented in Table 2 allows to analyse
the scope, the approach and the structure of the rele-
vant models for the production planning and scheduling
of AM systems. This will help to identify similar mod-
els which, in turn, will facilitate making comparisons
among proposals. The 40 reviewed models are studied
according to the framework to analyse their subproblem
structures and their particularities regarding each plan-
ning stage. The most repeated structures are highlighted.
The influence ofmachine configuration and the planning
approach on models’ design are discussed.

Regarding the Part planning stage, which focuses
on how to regroup parts to improve their process-
ing in AM, the Grouping subproblem is only intro-
duced into seven models. Parts are grouped according
to common parameters, such as product type (Zipfel,
Neufeld, and Buscher 2021; Dvorak, Micali, and Math-
ieug 2018), quality requirements (Zipfel, Neufeld, and
Buscher 2021), similar height (Wang et al. 2019), near
location (Tafakkori, Tavakkoli-Moghaddam, and Siadat
2022), the same material (Y. J. Kim and Kim 2022; He
et al. 2022) or setup time (H. J. Kim 2018).

In the Part-AMMachine planning stage, the addressed
problem is how to select the proper AM machine type
for each part or group of parts. Accordingly, the Match-
ing subproblem is included in more than half the mod-
els (19), while the Machine type selection subproblem
appears in 10 models. The latter subproblem is condi-
tioned to include the former. Hence the Machine type
selection subproblem always comes together with the
Matching one. As expected, both subproblems only arise
in the models with the Rm machine configuration. For
configurations Pm and s, all the machines are assumed to
be feasible for manufacturing any part.

As in the Part-Build planning stage, the analysis
focuses on how to allocate and place many parts in many
builds. Not surprisingly, the Batch allocation subproblem
is included in all the models. This makes sense because
this subproblem is the core of AM operational produc-
tion planning for being common to both nesting and
scheduling, which are the two main problems in AM.
The specific location of parts in builds (i.e. the Placement
subproblem) is addressed in 21 models. These models
can also develop orientation strategies (Oh, Zhou, and
Behdad 2018, 2020b; Tafakkori, Tavakkoli-Moghaddam,
and Siadat 2022;Makanda et al. 2022) and allow the rota-
tion of parts throughout the packing process (Che et al.
2021; Kapadia et al. 2019; Dvorak, Micali, and Mathieug
2018; J. Zhang, Yao, and Li 2020; Gopsill and Hicks 2018;
Arık and Arık 2020).
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Lastly in the Build-AM Machine planning stage, a
decisionmust bemade about how to assign and sequence
builds on available AM machines. The assignment of
builds toAMmachines based onmachine availability (i.e.
theMachine allocation subproblem) is addressed in 19 of
the models, which include the models that present either
Rm or Pmmachine configurations. As expected, none of
these models’ planning approach is of the Ind type, but
they are all of the Hol type instead. The Sequencing and
Timing subproblems appear inmostmodels as only seven
models do not include either. Although the common
scheduling rules are first-in-first-out (FIFO) for build
sequencing and as-soon-as-possible (ASAP) for build tim-
ing, some works have developed their own strategies for
these subproblems (Li, Zhang, and Kucukkoc 2019a; Li
et al. 2019b; Dvorak, Micali, and Mathieug 2018; Kapa-
dia et al. 2019; Alicastro et al. 2021; Arık and Arık 2020;
Ying et al. 2022; Y. J. Kim and Kim 2022).

Regarding machine configuration and planning strat-
egy, it is apparent that the most repeated model structure
presents a context with several non-identical machines
(i.e. Rm), which are planned through a holistic approach
(i.e.Hol). This shows that most models attempt to repro-
duce complex heterogeneous AM environments and pro-
pose comprehensive production system optimisation.
Besides, it must be noted that the only model that incor-
porates all eight subproblems is that of Dvorak, Micali,
and Mathieug (2018), and it is of the Rm and Hol types.

The fact that only four of the 40 analysed models
introduce logistics aspects (Dvorak, Micali, and Math-
ieug 2018; Yılmaz 2020; Ransikarbum, Pitakaso, and
Kim 2020; Tafakkori, Tavakkoli-Moghaddam, and Siadat
2022), and only four models from the review incorporate
order acceptance into the production planning problem
(Li, Zhang, and Kucukkoc 2019a; Li et al. 2019b; Kapa-
dia et al. 2021; Tafakkori, Tavakkoli-Moghaddam, and
Siadat 2022), supports the previous assumption that cur-
rent planning models in AMmainly focus on production
aspects.

5. Conclusions and further research

In this paper, a framework to formalise the structure of
the production planning problem in AM at the subprob-
lem level is developed for the first time. Lack of unifor-
mity among the existent formulations for this problem
motivated the design of this tool to support develop-
ing DSS for production planning in AM systems. The
framework, inspired in the works by Wäscher, Haußner,
and Schumann (2007) and Christos T.Maravelias (2012),
is based on disaggregating the subproblems of the two
main problems in AM: nesting and scheduling. These
subproblems are arranged in four stages according to the

planning aspects that they deal with. This framework
provides a comprehensive description of the AMproduc-
tion planning problem to identify the most challenging
subproblems and the relations among them. It offers a
tool for AMplanners to design efficient DSS and a coding
for AM researchers to reference their planning models.

A review of relevant models for AM production plan-
ning allowed the usefulness of the framework to be
proved. Forty models are classified employing a coding
strategy developed specifically for the framework. Two
additional criteria are introduced to analyse the rela-
tion between the structure of AM planning models: the
production context to which they are applied and the
planning strategy employed for its design. The second
criterion is firstly proposed in this work. This review also
confirms the validity of the framework to be applied to
different formulations for the AM production planning
problem, which may be designed for distinct AM envi-
ronments. It also allows the planning schemes that are
repeated the most to be seen.

The results from the review also support the assump-
tion that most of the models for production planning in
AM developed to date do not incorporate order accep-
tance and transportation issues. As more comprehen-
sive models are developed for planning AM systems,
order acceptance and delivery of parts to customers are
two possible extensions to design a more general frame-
work that is not limited to production aspects. Likewise,
the need for post-processing operations for most AM
processes is another possibility to further extend the
framework.

Another research line could be to extend the review
herein presented. This would entail using the framework
to analyse the relation between models’ structure and
other relevant criteria, such as their overall optimisation
objective or the AM technology in use. This would allow
the underlying structure of the most promising models
for each AM technology to be identified and discussed.
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Appendix

The tables with data on the parts and machines used in the case study are included here. The part dataset has been taken from
(Kucukkoc, Li, and Li 2021). The tables with the outputs and results from the simulated case study are displayed here.

Figure A1. Build layouts returned from the nesting heuristic.

Table A1. Part dataset used for the case study.

Part Height (cm) Width (cm) Length (cm) Area (cm2) Due date (t)

P1 16.7 18.8 16.0 300.8 305.90
P2 8.8 6.7 22.8 152.8 282.18
P3 20.3 9.3 2.1 19.5 378.25
P4 7.4 21.6 3.9 84.2 214.67
P5 27.3 14.9 4.1 61.1 148.98
P6 25.8 23.2 12.9 299.3 576.18
P7 24.6 7.3 12.6 92.0 509.62
P8 3.5 24.6 15.3 376.4 211.63
P9 20.4 20.5 1.0 20.5 330.87
P10 23.3 6.8 13.4 91.1 387.98
P11 25.2 8.4 21.6 181.4 575.72
P12 10.9 23.2 3.2 74.2 177.55

Table A2. Machine type specifications.

Machine type
Height
(cm) Width (cm)

Length
(cm) Area (cm2)

Build rate
(cm3/h)

MT1 12.5 25 25 625 88
MT2 32.5 25 30 750 32,4
MT3 36.5 28 32 896 25
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Table A3. Groups of parts created.

Group Parts Feasible machine types Selected machine type

1 P2, P4, P8, P12 MT1, MT2, MT3 MT1
2 P1, P3, P5, P6, P7, P9, P10, P11 MT2, MT3 MT2

Table A4. Allocation of parts to builds.

Group Build Parts

1 b11 P2, P12
1 b12 P4, P8
2 b21 P6, P7
2 b22 P1, P5, P9
2 b23 P3, P10, P11

Table A5. Assignment of builds to machines.

Machines Available at t = 0 Assignment of builds

MT1-A
√

b11
MT1-B - -
MT1-C

√
b12

MT2-A
√

b21, b23
MT2-B

√
b22

Table A6. Sequence of builds in machines.

Machines Builds Sequence

MT1-A b11 -
MT1-C b12 -
MT2-A b21, b23 b23 – b21
MT2-B b22 -
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