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Abstract: Scheduling and sequencing are forms of decision making that present a fundamental role in Additive 
Manufacturing (AM). This work studies the scheduling for a set of three-dimensional (3D) printers when the maximum 
utilization is used as an indicator. The aim is to establish a criterion that minimizes the use of available resources. A 
program has been done by using the software package Python and this has allowed studying the effect that the maximum 
utilization presents on operation scheduling. As evaluated a large number of pieces of various sizes, the analysis is found 
to be effective in yielding near-optimal solutions. The obtained outcomes have identified aspects of the production such 
as production planning and control as well as work organization.
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1. Introduction
New scheduling models are needed to adapt the traditional scheduling rules for Additive Manufacturing (AM). 

Furthermore, the manufacturing planning problem is being addressed in terms of minimizing the total cost of 
production. As a consequence, scheduling for a set of three-dimensional (3D) printers should be studied when the 
maximum utilization is used as an indicator to determine a criterion that minimising the use of available resources in the 
AM industry. 

According to Weller et al. [1], 3D printing is considered an essential part of the new industrial revolution and 
Dilberoglu et al. [2] has reported that the fourth industrial revolution notably depends on the capabilities of AM. Pour 
et al. [3] presented a set of proposals to re-establish the production system as well as the supply chain to allow AM as 
a feasible and functional system. Demirel et al. [4] have set out that the demand is able to generate frequent changes in 
production plans, which produces uncertainty in AM companies. As shown, the 3D printing market presents a challenge 
due to the growing demand that this industry is facing and it should provide a response to the placement problem of 
different matches as several printers are available. As a consequence of this, AM should face the assignation problem 
and a methodology should be derived to determine the machine's utilization, along with a set of batches to estimate the 
maximum utilization per AM machine.

The advances in AM technologies have generated a significant increase in these types of production processes in 
industries. In order to meet customers’ demands and make the investment in these machines profitable, it is required 
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to study the production organization in AM. Aloui et al. [5] have dealt with the scheduling and nesting problem of 
production with technological constraints. The aim was to minimize the total delay of the parts to be fabricated and 
to maximize the use rate of the AM machines. Two models were proposed for powder-based laser technologies and 
multijet fusion technology, to evaluate the production time in AM based on real data. The nesting and scheduling 
problem was modelled by mixed linear programming. The numerical outcomes proved that the solutions were close to 
the lower bounds proposed.

A number of researches have addressed the production planning and scheduling issues in additive manufacturing. 
Li et al. [6] presented a mathematical model which was coded in CPLEX. Two heuristic procedures were also developed 
in JavaScript, called ‘best-fit’ and ‘adapted best-fit’, respectively. Experimental tests displayed that both heuristics 
provided encouraging results. Chergui et al. [7] studied the orders received from different distributed customers by 
due dates. A mathematical formulation of the problem was presented and a heuristic approach was also proposed. 
Experimental tests were done using the proposed heuristic, underlining the influence of planning/scheduling on the 
optimized production with AM. Dvorak et al. [8] analysed a set of parts with unique configurations to be printed by 
a set of machines whereas deadlines were met and production time was minimized. Preliminary experimental results 
were presented and the main contribution of the work was a new model. It should be extended into an optimization 
model that captures all the discrete decision making challenges in AM. Fera et al. [9] conducted the research literature 
on AM application in the industrial sector. The mechanical and chemical features of the components fabricated by 
AM and the management topic were studied. On the other hand, a number of cost models of AM have been proposed 
and investigated, such as the work presented by Fera et al. [10]. A model was developed to assess process costs of AM 
processes including selective laser sintering, stereolithography and electron beam melting. Costabile et al. [11] studied 
the existing literature concerning the cost models for AM from an operation management’s viewpoint. The strengths and 
weaknesses of all models were also discussed.

As Stittgen et al. [12] have pointed out AM is on the brink of industrialization and the service providers must 
configure the production environment in a way that allows large-capacity utilization and short throughput times while 
the work in process is minimized. They set out the impact of a service provider’s facility configuration regarding 
machine pool, operator availability and distribution of work content on the production system’s utilization. The 
validation of the model was based on empirical data gathered on the shop floor of GKN Additive, a global AM service 
provider. Due to the new requirements of AM technology, Fera et al. [13] have presented a new meta-heuristic algorithm 
based on the Tabu-search algorithms. Czerniachowska et al. [14] have proposed an approach that has covered planning 
allowances rules to compromise the manufacturing requirements and production cost minimization.

Taking the previous considerations into account, this work tackles operations scheduling in AM, focusing the 
attention on assigning jobs to machines for the maximum utilization per build platform. A program is done by using the 
free software packages Python. As a result, the effect of an increase in utilization on determining which machines are on 
operation scheduling is studied. The aim is to maximize the cost of production for this purpose, the maximum utilization 
of the printers is considered as an indicator that will enable to characterize the aspects of the production such as AM 
machines, production planning and control as well as work organization.

In view of these considerations, the main contributions of this article can be summarized as follows: (a) to present 
a program that provides a solution to the assignation of problem in AM for multiple machines; (b) to figure out the 
maximum number of parts that a set of 3D printers are able to print when the parts are clustered in batches; (c) to 
establish operation scheduling from the maximum utilization criterion.

2. Theoretical framework
Efficient packing of multiple parts in the 3D printing build platforms can reduce the makespan and the unit cost 

in AM. Overall, the procedure of AM depends on bodies are packed effectively. Packing algorithms have been studied; 
Araújo et al. [15] provided a classification of the packing problems in AM and a summary of the benchmarks for the 
analysis of analogous problems. More realistic future characteristics were also discussed, keeping in mind the promoting 
research toward efficient and effective 3D printing.

The packing problems are related to finding a good arrangement of multiple items on different surfaces or regions. 
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The process aims to minimize the space between parts, Lodi et al. [16], Renner et al. [17]. The industries involved with 
mass-production find particular interest in this type of layout, due to a considerable reduction of the production costs. 
The method of resolution and the geometry of the objects establish the complexity of the problem, Vaissier et al. [18]. 
The simulation techniques have been demonstrated to be useful, predominantly in the manufacturing domain to ease 
the estimation of specific parts and products, Takakuwa [19], Castillo-Rivera et al. [20]. Herein, it is figured out the 
maximum number of pieces per batch that each AM machine can print a program is implemented to derive the possible 
solutions, see Figure 1. 

Figure 1. Functional block diagram of the problem study

During production scheduling, machine maintenance has often been ignored. Every machine needs maintenance, 
which affects the machine's availability and the production schedule. Chung et al. [21] proposed a modified genetic 
algorithm approach to tackle those distributed scheduling models with maintenance consideration, for minimizing the 
makespan of the jobs.

Fused Deposition Modeling (FDM) is an AM process often for modelling, prototyping and production applications, 
Mohamed et al. [22]. According to Dey et al. [23], FDM is used to produce parts and geometrically complex shaped 
prototypes. It is acquiring popularity because it diminishes cycle time for product development without the requirement 
of expensive tools. Popescu et al. [24] have indicated that one of the main purposes of FDM is the designing and 
manufacturing of functional parts for fields such as medicine and engineering. 

In this FDM to implement the digital modelling, the first step is to build up a 3D model depending on the request 
of the customer. This task can be performed through a software package called CAD (Computer-Aided Design). A 
file should be generated in a suitable format, it is usually taken as Standard Triangle Language (STL) and the whole 
geometrical information should be included to set up the digital model, this is called the exportation. The digital 
model must be converted into a list of 3D print out commands in the sliced process, this step is required to execute the 
corresponding code (g-code), and the connection allows to provide a list of the printer instructions through the USB port 
or copying the file in a memory card, which could be directly read by the printer. Once this step is done, the printing 
must be done, finally, the object/objects should be removed from the printing platform.

3. Problem description
It is studied how to minimize the cost of production and for this purpose, a basic parameter as the maximum 
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machine utilization is used to tackle the reduction of the resources available. For example, a production line can be 
simulated to study the effect that the maximum utilization of the AM machines on the operations schedule.

There are ten FDM AM machines that have been used for experimentation; these are utilized to simulate a set of 
commercial 3D printing machines (see Table 1). The configuration will allow the establishment of different production 
scenarios. The settings present the whole production to be scheduled in an AM plant. A production planning solution 
is sought to optimize the manufacturing volume for each printer giving suitable values for maximum utilization. It will 
be seeking satisfying solutions that consider the reduction of production cost and it will be done by maximizing the 
production volume at each 3D printing machine. 

As a consequence, sets of parts are clustered in batches that should be printed on an ensemble of 3D printers each 
one of them with a different build platform. The batches will be assigned on a machine by machine basis using the 
maximum occupation criterion, taking into account the production area and the parts’ surfaces.

Table 1. AM machines and their build platforms

Printer Build Platform Surface (mm2)

P1 150 x 85

P2 130 x 130

P3 160 x 160

P4 200 x 200

P5 330 x 180

P6 300 x 300

P7 400 x 250

P8 345 x 360

P9 750 x 750

P10 1005 x 1005

The first step is to cluster the set of parts (batches) and allocate them to print jobs. Each one of them is composed 
of a single set of pieces with the same surfaces, this is because the purpose of this work is not to study batches made 
up of pieces with different dimensions. The following step is how to optimally place these parts into the specified build 
space (maximum production area). The maximum supported height is neglected because it is linked with the mass of the 
part; in this work is not a fundamental parameter to reach the main outcomes fixed by the author. 

Once the jobs are formed, the objective is to schedule them on a set of AM machines. These have different 
dimensions for the maximum production area and it is also established that all batches are available at time zero and 
ready to be processed on the machines. Each machine can process only one job at a time. Thereby, a batch could be 
processed on different printers at the same time. The scheduling problem is related to finding a solution to assign all 
batches to the printers, so that maximizes the utility of the machines according to their build surface platform and the 
corresponding printing job surfaces. The processing time of a batch is affected by the surface area of the parts and build 
platform surface. Machine utilization is defined by one indicator, the maximum compactness defined as the maximum 
coverage of the build area.

The following examples show how different combinations of parts affect the operations scheduling: it can be 
considered a hundred parts with equal heights, production areas and volumes as presented in Table 2. These parts can 
be scheduled on the AM machines, and therefore, the parts are clustered into the required jobs to satisfy the maximum 
utility of the machines.
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Table 2. Parts name and their surfaces

Parts Type Surface (mm2)

A 175 x 40 

B 76 x 76

C 70 x 50

D 56 x 47

E 102 x 19

F 50 x 35

Several cases can be studied, the parts are clustered into batches such as 500, 250, 125, 62, 31, 15 and 7 pieces for 
each one of the part types described in Table 2. This will enable us to study the impact of maximum utilization on the 
operations schedule.

4. Methodology
The analysis of the machine utilization in AM requires methods to carry out the study successfully. One of them is 

the implementation of suitable scenarios. This section presents a description of the main programming tool used in this 
work. 

The utilization is defined as the ratio of the average output rate to maximum capacity. It is an important magnitude 
when several bundles of pieces must be printed and there is a set of printers, each one of them with a different build 
platform surface. 

Several procedures could be chosen for solving these optimization problems. Therefore, it has been to implement 
a program by using the software package Python. The code is programmed to maximize the utilization of the machines 
for sets of batches. The inputs are the surface of the corresponding piece, the 3D printing build surfaces and the number 
of pieces per batch. The algorithm determines the set of printers that can print each batch with the feature that each 
printer harbours the number maximum of pieces per build platform. The program is running until the number of pieces 
per printer is greater than the rest of the pieces that remain to be printed, see Figure 2. If the maximum utilization is 
not reached i.e., there is a rest of the pieces that do not meet this condition, the program returns the percentage and the 
numbers of pieces that have not been printed.

Figure 2. Flow chart of the program
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Regarding the maximum utilization, there are several scenarios for part selection. The first one is when an AM 
machine is full with the maximum number of parts that it can be printed. In this case, subtraction is done between 
the number of batch pieces and those assigned to the printer. This step will be doing until the number of parts can be 
allocated exactly to the printer. On the contrary, if the rest of them are less than the maximum number that the AM 
machines can print, this breaks the maximum utilization rule and the rest of the parts remain without printing. As it can 
be seen, there are two cases that must be highlighted, one if the batch can entirely be printed. Two, if there are a reduced 
number of parts then could not be printed.

The available areas on machines are updated every time that an assignation of parts is carried out to the printers’ 
job. Hence, the parts assigned to the temporary job are removed from the list of available parts for the machines. Those 
parts that were not assigned become part of the list of available parts and they are updated after each assignment. This 
cycle continues until one of the previously described cases occurs.

As a result, the criteria to select the batches are determined by 3D printing build surfaces and the maximum 
utilization of them. The assignation is done by selecting the corresponding sets of pieces that can be printed that meet 
the above criteria. The weighting is given by the prevalence of the batches that can be entirely obtained by using the 
maximum utilization for the corresponding printers.

5. Results

This section presents the results of the program. Different cases are studied through combinations of a given 
number of parts and a number of printers. For each instance, a set of batches with different production areas are 
considered. 

5.1 AM machines and maximum utilization

The first step to carry out the study is to regard some parts that will be stacked in batches. Some parameters are 
taken into account as constants, such as the printing speed and material used, among others. These ones could be 
considered variables, however; this goes beyond the aim of the work. In this way, the model is simplified or avoid the 
complex problem and unnecessary details. The names and the parts’ surfaces are provided in Table 2.

Some aspects should be considered before the printing process such as the limited surface of the build platform 
and the number of pieces. For demonstrating purposes of the model, several batches are selected and the program is run. 
Table 1 provides an overview of the build platform surface for the simulation runs. 

For these trials, the program uses the surfaces of the printing parts as well as the printers’ surfaces in two 
dimensions i.e., the third dimension is not accounted for in the current study. The simulation is run using the program, 
which has been implemented using the software package Python. The aim is to measure the degree to which AM 
machines are being used, in order to know the ratio of the average output rate to maximum capacity. In addition, this 
allows obtaining information on the maximizing of the utilization of a process, which contributes to the competitive 
priority of cost (slack capacity). 

The proposal of using the maximum utilization as an indicator that aids in the decision making in AM should be 
started by the study of the set of batches that can be entirely printed with the surfaces of the 3D printer full. If this is not 
possible, the rest of the pieces must be printed in an AM machine that will not be full.

Maximum utilization can be studied and an assignation can be also established between the numbers of printed 
parts per machine and the utility, see Figure 3. As can be seen, each figure shows the percentages of unprinted pieces 
versus the corresponding batches grouped by types of pieces. Figure 3 (A) shows the percentage of parts printed for 
type A grouped in different batches formed by 500, 250, 125, 62, 31, 15 and 7 pieces that can be completely printed with 
all the surfaces of the printer full in each case. Figure 3 (B) displays the percentage of parts printed for type B equally 
grouped in different batches i.e., 500, 250, 125, 62, 31, 15 and 7 pieces, in this case, only the batches of 31 and 15 can 
be completely printed with the surfaces of the printer full. The rest of the batches cannot be entirely printed; there is a 
rest of the pieces that must be printed without meeting the criteria of maximum utilization. Figure 3 (C) shows for pieces 
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of type C that the batches of 500 and 62 cannot be completely printed and the rest of the pieces must be printed aside. 
Figure 3 (D) displays the type of piece D that can be printed for the most part except the batches of 500 and 7 pieces, 
respectively. As can be seen, in Figure 3 (E) the behaviour is opposite to the one shown in Figure 3 (A) i.e., the pieces 
of type E cannot be entirely printed in any case. Finally, Figure 3 (F) shows those three batches of pieces F (250, 31, 7) 
that can be completely printed without any rest and four batches (500, 125, 62 and 15) that cannot be entirely printed, 
inhere, some parts must be printed without the surfaces of the printer full. The outcomes show that some batches cannot 
be successfully printed using the maximum utilization criterion.
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Figure 3. Figure (A) shows the percentages of printed pieces versus batches of 500, 250, 125, 62, 31, 15 and 7 of pieces type A. Figure (B), (C), (D), (E) 
and (F) display the percentages of printed pieces versus batches of 500, 250, 125, 62, 31, 15 and 7 of pieces type B, C, D, E and F, respectively. Red 
columns mean maximum utilization (100%) and grey columns mean that maximum utilization has not been reached for the 3D printer surface for the 

set of ten printers available.

Once the maximum utilization has been studied when the type of pieces is considered, afterwards it is analyzed 
the role that the size of the batches on the scheduling. In these cases, the study is focused on the impact that the first 
interaction and its associated printer have on the programming. Figure 4 (A) shows the percentages of printed pieces for 
batches of 500 pieces for each type from A to F. As can be seen, pieces A display a percentage less than 30% on the total 
number of pieces for the first interaction, and the pieces B show a percentage between 30% - 40%. The rest of the pieces 
have a percentage higher than 50%. Figure 4 (B) shows as the percentages of printed pieces for the batches of 250 pieces 
of the types E and F are less than 30% the rest of the pieces have a percentage higher than 50%. Figure 4 (C) displays 
the cases for batches formed by 125 pieces; pieces C have a percentage less than 30% and pieces D have a percentage 
between 30% - 40%, the rest of the batches show percentages higher than 40%. Figure 4 (D) shows similar behaviour to 
Figure 1. Figures 4 (E), (F) and (G) display behaviours higher than 50% for the percentage of pieces printed in the first 
round, there is no case the percentage is less than 40%.
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Figure 4. Figure (A) shows the percentages of printed pieces versus types of pieces A, B, C, D, E and F for batches of 500. Figure (B), (C), (D), (E) 
and (F) display the percentages of printed pieces versus types of pieces A, B, C, D, E and F for batches of 250, 125, 62, 31 15, and 7, respectively. Blue 

columns mean maximum utilization of the first round less than 30%. Green columns represent maximum utilization of the first round between 30% - 
40% and grey columns mean that maximum utilization is greater than 40%.

Taking into account the outcomes presented in Figure 4, it is mandatory to study if the percentages obtained are 
less than 30% and those between 30% - 40% have any impact on the scheduling. As a result, Figure 5 shows the reuse 
number versus the percentage of pieces printed. Figure 5 (A) displays that the reuse number is equal to three as in the 
first interaction the percentage is less than 30%. This case means that for a batch of 500 pieces of type A the same printer 
will be used three times full. In addition, if the percentage is between 30% - 40% for a batch of 500 pieces of type B, the 
printer that provided this percentage will be used twice. In another case, if the percentage is greater than 50% the reuse 
number is equal to one. Figure 5 (B) shows as the reuse number is three in two cases, for batches of 250 pieces of type 
E and F. As the percentage is both of them is less than 30% the reuse number is three i.e., the printers that given these 
percentage will be used three times full. The rest of the batches for 250 pieces have a percentage of printed greater than 
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50% and the reuse numbers are equal to one. Figure 5 (C) and (D) shows similar behaviour to Figure 5 (A), these cases 
are for batches 125 and 62 pieces. Figure 5 (C) displays that pieces the types C and D have numbers of reuse three and 
two as expected considering the percentage of pieces printed in the first interaction, respectively. Figure 5 (D) shows 
analogous behaviour to the previous cases but for batches of pieces the types A and B. According to the percentages 
obtained in Figure 4 (E), (F) and (F), the reuse numbers in Figure 5 (E), (F) and (G) are one, as expected.
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Figure 5. Each figure shows the corresponding reuse number versus the percentages of printed pieces of all the types (A, B, C, D, E and F). Figure 
(A) is for 500 pieces of all the types, Figure (B) 250 pieces of all the types, figure (C) 125 pieces of all the types, figure (D) 62 pieces of all the types, 

figure (E) 31 pieces of all the types, figure (F) 15 pieces of all the types and finally figure (G) 7 pieces of all the types.

As can be seen, Figure 5 displays that as the percentage of the first interaction is less than 30% the corresponding 
printer is used three times and as the percentage is between 30% - 40% the first 3D printer is used twice. On the other 
hand, if the percentage is greater than 40% the first AM machine is used only one time.

5.2 Operations scheduling and maximum utilization

Once the utilization has been studied the maximum utilization indicator has provided sufficient piece of information 
to determine the operation schedule. 

There are two types of scenarios to operate scheduling such as machines in series and parallel. According to 
the results obtained in series can be used in form of the open shop to print the batches of pieces that are in blue and 
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green colours in Figure 4 (A, B, C, D) at least with the first 3D printer selected to print the three or two jobs, if the 
corresponding percentage is less than 30% or it is between 30% - 40%, respectively. However, the rest of the figures of 
Figure 4 could be printed by parallel configuration in form of unrelated machines. As can be seen, in figures 4 and 5 as 
the number of pieces is less than a determined value, the reuse number does not show a magnitude greater than one.

On the other hand, if Figure 3 (A) is considered the series configuration in form of the open shop should be 
applied. On the contrary, Figure 3 (E) displays that parallel configuration should be used because there is no feasible to 
print the corresponding batches with maximum utilization and it is required to have some 3D printer in parallel to carry 
out the work successfully i.e., to have a printer ready to print the rest of the pieces that could not be printed by using the 
maximum utilization criterion. Regarding the majority of the outcomes, a hybrid system such as Flexible Flow Shop 
should be mostly used.

6. Conclusions

Nowadays, AM should cope with the assignation problem which it is being demanded by the market. As a 
consequence of this, a systematic method for studying the utilization of a set of batches and printers has been provided 
jointly. A review of the existing literature associated with AM and operation schedules have been done to shed light on 
these topics.

The main goal has been maximizing machines utilization, a program has been done and this has shown consistent 
performance due to the variability of the features in various optimization problems. A production line has been simulated 
to study the effect that the maximum utilization of the AM machines has on the operations schedule. The approach 
was set up based on the maximum utilization and it was programming using Python. Some cases were conducted to 
show the need of developing suitable AM planning and scheduling methods, to fulfil the technical and organizational 
requirements of AM.

Once the maximum capacity is established per machine and the average output rate, the utilization can be 
maximized and this enables to determine the slack capacity. The assignation problem has been analyzed, which allowed 
us to calculate the set of printers that optimize the production considering the bundles. It has been found that if the 
percentage of the first round is less than 30% the AM machine is used three times. In addition, as the percentage is 
between 30% - 40% the first 3D printer is used twice and if the percentage is greater than 40% the first AD machine is 
used only one time. These results have determined if the operation schedule can be established in series or parallel or 
Flexible Flow Shop.

This methodology can be run as a tool that provides appropriate information in the design of the 3D printing 
industry, being a decision instrument for companies that use AM technologies. The article has displayed a proper 
formalization of the outcomes which will enable us its implementation in further works.
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