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ABSTRACT 

Additive Manufacturing, also known as 3D printing, has been used to build objects 
in different application fields because it allows the creation of complex geometries 
easily, rapidly, at low cost, and versatile compared to traditional manufacturing. 
However, these objects still present some drawbacks, such as poor surface finishes, 
low mechanical performance, high variability in the dimensions, and several others. 
These drawbacks can be associated with some challenges that Additive 
Manufacturing machines still have, such as the number of processable materials, 
dependence on human supervision, or the lack of a control system during the 
manufacturing process.    

The latter challenge mainly affects the machine's reliability and repeatability; 
therefore, this work aims to design and implement a multivariable closed-loop control 
system into an Additive Manufacturing process in order to supervise and control 
variables involved in the expected behavior of the manufacturing process.  

For this purpose, this dissertation presents a characterization of three different 
Additive Manufacturing techniques and an exploratory study of closed-loop controls 
system applied in Additive Manufacturing. In addition, the design and integration of 
a multivariable closed-loop control system into an Additive Manufacturing machine 
and a study of how the performance of the pieces is affected by this integration of 
closed-loop control systems are presented. 

The proposed approach of a multivariable closed-loop control system was integrated 
into a CORE XY Fused Filament Fabrication machine, which involved different 
feedback and control strategies, such as artificial intelligence control, and classic 
control, that allowed the creation of objects with better performance.  

 

Keywords: Additive Manufacturing, 3D printing, control system, closed-loop control system.  
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INTRODUCTION  

Additive Manufacturing processes are technologies that use digital models created 
by Computer-Aided Design (CAD) to build three-dimensional objects by the 
successive addition of materials, usually layer by layer. Unlike subtractive 
manufacturing, the material is removed in chip forms from a material block. These 
capabilities to build by adding material, especially in layers, have made it possible 
for Additive Manufacturing to create complex geometries that previously were 
impossible to create with traditional manufacturing processes. As a result, these 
technologies are attractive for applications like biomedical, automotive, aerospatial, 
product design, and several others. 

In the recent past, Additive Manufacturing has been the focus of different research, 
resulting in the improvement not only in the Additive Manufacturing machines' 
performance but also in the performance of the object created using this kind of 
manufacturing. However, there is still a perception that these manufacturing 
processes are mainly suited for prototyping and validating concepts. This perception 
is because there are still several challenges in Additive Manufacturing machines.  
Some examples of these challenges are the range of materials able to print, the high 
manufacturing times, the low capacity to build large series of products, the process 
repeatability, the dependence on human supervision, and the lack of control systems 
during the manufacturing process.  

Regarding the last challenge, several studies, including experimental, analytical, and 
computational studies, have been conducted for modeling, characterizing, and 
controlling various aspects of the processes involved in Additive Manufacturing. The 
numerical modeling of a complete process is rarely observed. However, some 
studies have investigated a subprocess or specific phenomenon. The development 
and use of sensors during the Additive Manufacturing processes is an active 
research area, several types of sensors, such as rotational encoders, linear optical 
encoders, accelerometers, and height sensors, are used in this application. The 
objective of incorporating more sensors into the Additive Manufacturing process is 
to detect errors during printing and perform corrective actions in a timely manner to 
improve product quality, reduce the waste of resources, and decrease production 
time. 

However, most Additive Manufacturing processes do not use a closed-loop control 
system for the variables involved. However, the ones that incorporate any controller 
are implemented to control one or two variables as independent closed loops, 
causing subfunctions of the systems to work detached from others. Therefore, 
different authors and researchers suggest integrating closed-loop control systems 
into Additive Manufacturing techniques.   
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Therefore, the approach of this work is to improve the drawbacks associated with 
the absence of closed-loop control systems with the design and integration of a 
multivariable closed-loop control system into an Additive Manufacturing machine.  
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1. RESEARCH PROBLEM 

This chapter presents the problem, question, hypotheses, and justification of the 
doctoral research, for which the chapter is organized as follows: In the first section, 
the research problem related to the control systems applied in Additive 
Manufacturing machines is presented; the second section presents the research 
question; followed by the research hypotheses; and finally, a justification of why it is 
important to attend this problem is presented in the last section.    

1.1 RESEARCH PROBLEM 

Latin America is facing an uncertain international financial crisis, resulting in reduced 
employment offers, international commerce, and production increase. A country's 
capability to participate in the current global and more demanding market depends 
on its competencies to innovate with new technology and the capacity to absorb 
knowledge and close the technological gap [1]. 

Innovation is reflected in the creation of new products, processes, sectors, and 
activities, allowing structural transformation, but history has demonstrated that this 
process is not automatic, and internal institutions and governmental policies play an 
essential role in the innovation processes. Latin America (known for replicating 
technology or buying it) has been working to innovate, presenting interesting 
advances, such as creating new technology-based companies, improving 
agricultural sectors, and developing better production processes, among others. 
Nevertheless, the indicators are not favorable for these countries, showing the low 
capability to access technology, weak innovation forces, and difficulties in absorbing 
technologies to solve new problems that require technology [1]. 

Colombia is no stranger to this situation, and its government is trying to be in the 
rhythm of the economy and innovation advances. For that reason, the official 
government document “Plan Nacional de Ciencia, Tecnología e Innovación, para el 
desarrollo del sector de las tecnologías de la Información y las Comunicaciones TIC 
2017-2022” establishes some fields to be developed, research and implemented. 
One of these fields that the government is interested in is manufacturing, and it is 
especially interested in developing and improving processes that transform raw 
materials into commercial products integrating sustainable models. Therefore, 
Additive Manufacturing is one of the processes included in the national development 
plan [2].  

Additive Manufacturing, also known as 3D printing, is a set of tools that allows the 
prototyping and fabrication of 3D pieces easily, rapidly, cheaply, and versatile. This 
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kind of manufacturing consists in creating a tridimensional object based on a 3D 
model created in CAD software, which is then sent to a printing platform that is in 
charge of successive deposition of material, layer by layer, until the desired piece is 
obtained [3]. Additive Manufacturing currently encompasses seven different 
techniques: Vat Photopolymerization, Material Jetting, Binder Jetting, Material 
Extrusion, Powder Bed Fusion, Sheet Lamination, and Directed Energy Deposition. 
These techniques differ in the raw material used to print and how these materials 
are added in the successive deposition [4]. 

During the last ten years, Additive Manufacturing has evolved until reaching a point 
to be a viable process to develop material goods for different industrial sectors, such 
as automotive, aerospace, academic, health, and several others [5]. These 
technological advances provide the versatility to fabricate almost any geometry, cost 
reduction, and easier prototyping, shortening the product development time; 
however, currently, there are several challenges for 3D printing, such as repeatability 
and independence from human supervision. Also, Additive Manufacturing exhibits 
drawbacks that are active areas of research and development, such as material 
limitations, machine features, and high printing times. These drawbacks are reflected 
in the pieces' built-in aspects, such as poor mechanical proprieties and surface 
finishes, low performance (mechanical, electrical, etc.), and high variability in the 
dimensions produced, making it, in many cases, not the best choice for the final part 
application. Furthermore, 3D printing systems are far from being error-proof, and 
mistakes during the printing processes can be attributed to the fact that the vast 
majority do not work with closed-loop control. This means that the printing machines 
do not include supervision (feedback) and a control system for all the variables 
involved in the process [6].  

Despite the technological advances and research around Additive Manufacturing, 
the need to implement a multivariable closed-loop control system for the different 3D 
printing techniques was identified [7]. This is partly because the vast majority of the 
closed-loop control systems developed at the moment are focused on one or two 
variables involved during the process, especially in the feedback of relative position 
in the motion system, temperature, or material flow. Leaving aside a multivariable 
control that allows the feedback and control of different critical variables related to a 
printing process. Such as room temperature, surface finish, production standards, 
printing shapes, material waste, tolerances, and several others. The multivariable 
control system enables the possibility of obtaining more reliable and autonomous 
systems and producing objects that can be applied to final products. 
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1.2 RESEARCH QUESTION 

Getting feedback of the different process variables is one of the current challenges 
of Additive Manufacturing in order to obtain a closed-loop control system that 
guarantees a reliable manufacturing process. Therefore, the following research 
question is posed. How to develop a multivariable closed-loop control system for an 
Additive Manufacturing process that reduces errors during the fabrication process 
and achieves tridimensional pieces with better performance, quality, and design 
specifications?  

1.3 RESEARCH HYPOTHESES 

The development of a multivariable closed-loop control system that supervises and 
controls the variables involved in an Additive Manufacturing process reduces errors 
during the fabrication process, impacting the pieces' performance, quality, and 
design specification. 

1.4 RESEARCH JUSTIFICATION 

The government's concern is not only to develop new technologies but also to 
implement these new technologies in the productive sectors.  Additive Manufacturing 
has been around for more than 30 years. However, the manufacturing world began 
to recognize it as a production process only in the last few years, making it a new 
manufacturing method compared to the traditional processes (CNC machining, 
injection molding, casting) that are well known [8]. For this reason, Additive 
Manufacturing has new challenges that conventional manufacturing has already 
overcome, as is the high variation between printed parts. 

Because of these manufacturing variations, the productive sectors have not been 
taking into account this kind of manufacturing as the best choice to produce final 
parts or products. Additionally, these variations are also a reason for not complying 
with production standards. In order to minimize the production variation and improve 
the quality of the parts produced by Additive Manufacturing techniques, it is 
important to advance the control processes applied in Additive Manufacturing; in 
other words, it is necessary for Additive Manufacturing to go from the open-loop 
control system to closed-loop control systems [9].  

This project will seek the development of a multivariable closed-loop control system 
applied to an Additive Manufacturing technique in order to supervise and control the 
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most critical variables present during the printing process, improving the 
performance of the Additive Manufacturing machine, reducing the variations and 
errors present in every manufacturing process. Also, this implementation enables 
Additive Manufacturing to achieve objects with better surface finish, reliable 
dimension reproductions, less material waste, reduce printing time, achieve tighter 
tolerances, compliance with production standards, and several other benefits.  
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2. THESIS OBJECTIVES 

2.1 GENERAL OBJECTIVE 

Develop a closed-loop multivariable control system for an Additive Manufacturing 
process that allows to fabricate objects with better quality, finishes, and performance 

2.2 SPECIFIC OBJECTIVES 

• Characterize the different techniques of Additive Manufacturing, in order to identify 
the critical variables for each process. 

• Develop an exploratory study of closed-loop control applied in Additive 
Manufacturing process. 

• Integrate closed-loop control systems in an Additive Manufacturing process, using 
different techniques of feedback. 

• Evaluate the performance of the objects obtained using a process of Additive 
Manufacturing with a multivariable closed control system. 
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3. REFERENTIAL FRAMEWORK 

This chapter intends to present the referential framework of the research and has 
been organized into three sections. The first section presents the conceptual and 
theoretical framework related to the seven Additive Manufacturing techniques and 
the fundamentals of control systems. The second section presents the related works 
associated with closed-loop control systems applied in Additive Manufacturing 
systems. Finally, the last section of this chapter presents a background of some 
works developed in the research group of technologies for manufacturing (GITEM), 
whose results were integrated with the development of this thesis.  

3.1 CONCEPTUAL AND THEORETICAL FRAMEWORK 

3.1.1 Review of methods 

In this section, the terms and techniques used in the Additive Manufacturing field 
and the commonly used materials are presented to understand the current state of 
the process and identify the areas that require further development. 

“Additive Manufacturing” refers to the techniques used to create 3D objects by 
adding materials. This is in contrast to the subtractive manufacturing techniques in 
which material is removed from a block of raw material until the desired geometry is 
obtained. Additive Manufacturing, also called rapid prototyping [10] or 3D printing, is 
the preferred term used in the academic community because it eliminates the notion 
that the manufacturing pieces obtained using these techniques are limited to creating 
prototypes [11]. 

The process begins with a computer-aided design of the desired piece or product. 
Then, this design is saved as a mesh file (.STL) that can be processed using 
specialized software for slicing the object transversely to maintain its shape. The 
software also generates commands and routines for the 3D printer to fabricate the 
desired object [12]. Fig 1 shows the 3D printing workflow. 



28 
 

 

Fig 1. 3D printing workflow. 

Additive Manufacturing techniques can be classified into seven categories. The 
International Organization for Standardization and the American Society for Testing 
and Materials define the different techniques in their “Additive Manufacturing, 
General principles, Terminology standard ISO/ASTM 52900” [13], [14], as; vat 
photopolymerization, material jetting, binder jetting, material extrusion, powder bed 
fusion, sheet lamination, and directed energy deposition. 

3.1.1.1 Vat photopolymerization  

In this process, a light beam in the ultraviolet (UV) spectrum is used to reticulate 
materials with high molecular weight (polymers) from monomer molecules or 
oligomers. Thus, it transforms liquid photopolymers into solid objects by applying 
light beams of a specific wavelength [15], [16]. It is the base technology for several 
commercial photopolymer technologies and is currently used in various sectors, 
such as arts, optical adhesion, electronics, dental, medical, and biomedical fields 
[17]. 

Stereolithographic (SLA) printers were developed in the United States [17] and 
France [18] based on vat photopolymerization in 1980; thus, they represent the first 
Additive Manufacturing technology. 3D Systems launched its first machine in 1986 
[19]. 

Stereolithography causes controlled solidification of the liquid resins via 
photopolymerization by directly using the light beams from a laser or through a 
projection obtained using an optical configuration. Both these strategies are 
controlled by a computer. Fig. 2 shows a functional schematic of the two 
configurations. 

3D CAD 
Model 

.STL File 
Slice Object 

and 
generate G-

Code 

Communication 
between printer 

and PC 

Process of 
object printing 



29 
 

 

Fig. 2. Functional schematic for two configurations of laser projection in 
stereolithography (A. direct laser projection, B. Laser projection by an optical 
configuration). Source: [20] 

The light beams from the laser are directed to the surface of the resin using a precise 
geometrical pattern to build the first layer. Thus, the solidification process begins at 
a specific depth, causing adhesion between the resin and the building platform. After 
the solidification of the first layer, the platform is displaced to make space for a new 
layer to be filled with the new liquid resin. The new layer is again solidified using light 
beams with a specific geometrical pattern, adhering to the previous layer. This 
process is repeated until the desired 3D object is obtained. The height of the layers 
is defined beforehand in the slicer software [20]. 

After the solidification of the printed piece, it is drained and washed to eliminate the 
excess resin. The pieces printed by this method usually require a post-curing 
process to ensure complete material solidification and achieve the expected 
mechanical performance [21], [22]. 

Another technology based on vat photopolymerization is Continuous Liquid Interface 
Production (CLIP), created in 2013 by Carbon Inc. [23] and launched in 2015. It uses 
a photopolymer resin in a container as the raw material; the bottom of the container 
is usually translucent to UV light.  

The CLIP process begins by continuously projecting UV light beams with a specific 
geometry through the container's translucent bottom, activating the resin's 
solidification. During the projection process, the building platform is displaced with 
constant movement at a low speed, allowing a continuous flow of the resin below 
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the piece and causing constant interaction between both. These two simultaneous 
processes enable the continuous fabrication of objects [24]. 

An important aspect of CLIP is a permeable oxygen layer, which is known as a gap 
or dead zone, observed below the resin that prevents adhesion between the resin 
and the translucent bottom of the container. A schematic of the CLIP process [25] is 
shown in Fig 3. 

 

Fig 3. Continue Liquid Interface Production schematic. Source: [25]. 

CLIP is one hundred times faster than SLA because its technology allows continuous 
movement of the building platform and projection of the UV light beams, avoiding the 
layer construction process [23]. 

3.1.1.2 Material jetting 

The material jetting technology was developed in 1984 for building 3D objects using 
a mobile inkjet printhead that directly injects a photopolymer in the form of drops into 
the platform. The drops are selectively injected in a specific shape using one or more 
inkjet print heads. Fig 4 shows a schematic of the material jetting process [26]. 
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Fig 4. Material jetting process schematic. Source: [26] 

The drop deposition technique allows the exact positioning of the material, providing 
good sizes of the object under construction and reducing material waste [27]. The 
photopolymer is solidified using UV light beams. In this technology, materials (e.g., 
photopolymers and resins) with viscosities that permit the creation of drops are used. 
However, these materials are heated to reduce their viscosity and allow them to flow 
through the printhead to facilitate the injection process. Further, they are mixed with 
a solvent or an additive to simplify the injection process [28]. 

This technology allows printing to be performed using different materials and colors; 
thus, objects with different properties and qualities can be created. Fig 5 shows an 
example of an object printed using different materials and colors [29]. 

 
Fig 5. Material jetting printing with different materials and colors. Source: [29]. 

Further, this technology has a resolution of approximately 10–30 μm (depending on 
the injected material, printer speed, and drop deposition speed), which makes the 
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layers barely noticeable to the human eye. These flexible capabilities make material 
jetting attractive for application in various fields, such as the automotive industry, the 
aerospace domain, and commercial and sports product manufacturing [30]. 

3.1.1.3 Binder jetting 

Developed in the 1990s by the Massachusetts Institute of Technology, binder jetting 
facilitates the fabrication of pieces using powder materials, such as sand, glass, and 
metals. The principal parts of the binder jetting process include the building platform, 
material feed platform, roll, dry unity, and printhead [31], [32]. 

Fig 6 illustrates the binder jetting process. Initially, one powder layer can be observed 
from the material feed platform to the building platform (a). Next, binder jetting with 
a specific geometry is performed, allowing adhesion between the layers (b). These 
two steps (a and b) are repeated to obtain the desired 3D object (c). The injected 
binder requires post-process curing to ensure appropriate adhesion between the 
layers (d). The surplus powder should also be eliminated after the process (e). The 
final step involves the elimination of the support and infiltrated material (f). The binder 
post-processes are curing, and infiltrated material elimination steps require heating 
of the building platform [31]–[33]. 

 

Fig 6. Binder jetting schematic process. Source: [31]. 

One advantage of this technique is that it can be used to fabricate pieces having 
different colors. This can be achieved by dyeing the binder with colors to ensure that 
the materials and objects have the desired colors. However, binder jetting presents 
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two significant disadvantages. First, the printed objects are weak because the 
particles are united only by the binder, letting most of the product performance and 
strength in the binder properties. The second disadvantage is the complexity 
required to produce the material in powder, limiting the application of this process 
and increasing its cost. [34] 

3.1.1.4 Material extrusion 

The material extrusion techniques cause the material to selectively pass through an 
extrusion die because of the applied pressure, resulting in an extruded material 
having a uniform cross-section and the desired stroke diameter. The first mechanism 
developed using this technique was fused deposition modeling (FDM), which was 
created, patented, and commercialized by Stratasys in 1992 [35], [36]. 

FDM involves placing a thin thread of thermoplastic material on a printing platform. 
The process is initiated by heating this material until it reaches the melting point. 
Subsequently, the material is poured on a printing platform with a predefined pattern 
until the first layer of the desired object is completed. Then, the platform is sufficiently 
displaced (in some cases, the extruder) to start the second layer of material 
deposition. This process is repeated until the desired 3D piece is obtained. Before 
depositing a new layer, the previous layer must be solidified to ensure a stable 
surface for the next-layer deposition [37]. 

Students at the University of Bath in the UK developed a project named RepRap to 
replace the expired elements in Stratasys’ patent and develop an open-source 3D 
printing system called fused filament fabrication (FFF) [38]. Fig 7 shows a schematic 
of the FDM and FFF processes [39]. 
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Fig 7. Schematic process of FFF and FDM. Source: [39]. 

The major difference between FDM and FFF processes is that the FDM printers were 
developed for industrial and business applications; therefore, they usually produce 
better pieces. In contrast, the FFF process was developed for desktop applications, 
yielding cheap machines without highly specialized components. 

Wohler’s Report Journal indicates that in 2010, the market share of the FDM process 
was 3.5 times higher than that of any other technique used for Additive 
Manufacturing, achieving 41.5% of the total sales for all the Additive Manufacturing 
systems [40]. 

Even though the FDM and FFF processes have received significantly positive 
responses, they are not the only processes that use the material extrusion technique. 
Another technology that uses this technique is dough deposition extrusion (DDE), 
the schematic of which is shown in Fig 8 [41]. 
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Fig 8. Dough deposition extrusion schematic process. Source: [12]. 

This technology allows the extrusion of malleable materials without heating. It 
functions based on FDM and comprises a dough of the material in a recipient 
extruded via a piston activated using a linear actuator. The material is deposited in 
the building platform; similar to FDM, the target 3D object is created in layers. An 
advantage of the DDE technique is that it can print using different materials, such as 
ceramics, silicones, food (chocolate, mashed, and mixed), biomaterials, and cells 
[42]–[44]. 

3.1.1.5 Powder bed fusion 

The powder bed fusion technique begins by transferring a layer of powder material 
from the delivery system to the building platform. An energy source is programmed 
to dose energy directly to the platform surface for fusing and sintering the material 
with the desired shape. Further, the process is repeated until the desired piece is 
obtained [45]. Fig 9 schematically depicts powder bed fusion 

 
Fig 9. Powder bed fusion schematic. Source: [31]. 

Selective laser melting (SLM) [46], selective laser sintering (SLS), and electron beam 
melting (EBM®) [47] are based on the powder bed fusion technique and represent 
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a large part of the 3D printer market [48]. SLS was developed by Carl Deckard at 
the University of Texas at Austin in 1987 to fabricate prototypes using materials other 
than polymers. In 1992, DTM introduced the first commercial SLS machine [49]. SLS 
began as a research project at the Fraunhofer Institute in Germany in 1995, which 
is an institute that received a patent in 1998 [50]. The processes are similar; the main 
difference is related to the fuse percentage of the particles and the source of energy. 
In SLM, the particles are completely fused using a laser; in SLS, the particles are 
partially fused using a laser; and in EBM®, the particles are completely fused using 
electron beams. Also, this energy source allows adhesion between the layers. This 
implies that SLM requires the highest energy produced by the source for sintering, 
which denotes the highest temperature of the pieces, making them susceptible to 
cracks or deformation during cooling. The main advantage of these techniques is the 
possibility of printing metals as raw materials [51]. 

3.1.1.6 Sheet lamination 

The sheet lamination technique can be used to create 3D objects from successive 
cuts and lamination of the two-dimensional sections [52]. The sheet lamination 
machines can be categorized as rolled and unrolled systems connected by a sheet 
of material guided by the rollers (see Fig 10). This system feeds and stores materials 
simultaneously. In addition, it has a build platform (that can perform vertical 
movements), a laser, and a roller [53]. 

This process involves feeding the machine material in the sheet form, as shown in 
Fig 10. The material is cut using a laser, and specific patterns are obtained using 
computer commands. Subsequently, the platform moves downward, creating a 
space for the next layer; the roll and unroll mechanisms can be used to move the 
material for the next cutting process. The hot (or other forms of energy-based) roller 
crosses the building section [54], [55], exerting a force on the material surface and 
causing adhesion between layers. This denotes the manner in which a new layer is 
cut, and the process is repeated until the desired object is obtained [56], [57]. 
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Fig 10. Sheet lamination schematic process. Source: [55]. 

3.1.1.7 Directed energy deposition  

The directed energy deposition technique forms the basis for technologies such as 
laser-engineered net shaping, directed light fabrication, ion fusion formation, direct 
metal deposition, and 3D laser cladding [58]. These technologies are used to fix and 
add material to the already fabricated pieces; however, they can also be used to 
fabricate entire pieces from scratch [12]. 

This process comprises a material feed system (the materials are typically in wire or 
powder form), a direct energy application system based on the technique used 
(plasma welding, laser, steam, ionized gases, and electron ray), and a build platform 
[59]. This method involves the deposition of a material with a specific pattern in the 
build platform; simultaneously, the high levels of energy originating from the source 
are directed to the material to melt it and fuse the particles. This process creates 3D 
objects in a layer-by-layer manner. A schematic of the process is shown in Fig 11 
[60]–[62]. 

 
Fig 11. Directed energy deposition schematic process. Source: [62]. 
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3.1.2 Control Systems 

A control system is a group of components that upholds a variable in the desired 
state [63]. Usually, the control systems are composed of electronics, electrical, 
mechanical, hydraulic, pneumatics, human elements, or even a combination of them. 
In control systems, there are two kinds of dynamic systems, first is systems with a 
Single Input/Single Output (SISO) (see Fig 12) which are characterized because the 
relationship between the input and the output is described by one equation [64]. 

 
Fig 12. SISO system diagram. 

The second class of dynamic systems is the Multiple Input/Multiple Output (MIMO) 
(see Fig 13). These dynamic systems are characterized by a set of differential 
equations that relate the inputs with the output. In particular, a dynamic system with 
q inputs and r outputs presents a total of qr Input/output (I/O) equations that 
represents the inner dynamic [64]. 

 
Fig 13. MIMO system diagram. 

On the other hand, control theory groups control systems into open-loop control 
systems or close-loop control systems [65]. In manufacturing and production 
processes, closed-loop control systems are commonly found in the raw material 
processing tools to guarantee aspects such as quality, dimension accuracy, product 
features, reduction of resource consumption, continued production process, 
production normative, and several others.   
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3.1.2.1 Open-loop control systems 

This kind of control system is characterized by not having any measure, supervision, 
or feedback on the output of the system, which means that the output is not 
compared at any time with the reference of the system (or input). In other words, the 
system output does not have any influence on the control actions [66].  

3.1.2.2 Closed-loop control systems 

Also known as control systems with feedback, there is a direct relationship between 
the reference (input) and the output of the system. The subtraction between these 
two signals (in most cases, this subtraction is intended to be as close to 0) is 
commonly used as a control parameter. Then, in a closed-loop control system, it is 
necessary to supervise, measure, and give feedback on the output signal of the 
system [66]. 

3.2 RELATED WORKS 

3.2.1 Materials in Additive Manufacturing 

Table I provides an overview of the most commonly used materials, applications, 
benefits, disadvantages, and resolutions for the different technologies in Additive 
Manufacturing [67], [68]. 
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Table I.  
A summary of the materials, application, benefits, and drawbacks of the main 

Additive Manufacturing techniques. Source: [5] 

Methods Materials Applications Benefits Drawbacks 
Resolution 
range (µm) 

Fused deposition 
modeling 

Continues 
filaments of 

thermoplastic 
polymers 

Continuous 
fiber-

reinforced 
polymers 

Rapid 
prototyping 

Toys 
advanced 
composite 

parts 

Low cost 
High speed 
Simplicity 

Weak 
mechanical 
properties 

Limited 
materials (only 
thermoplastics) 
Layer-by-layer 

finish 

50–200 µm 

[67], [69] 

Powder bed 
fusion (SLS, SLM, 
3DP) 

Compacted 
fine powders 

Metals, 
alloys, and 

limited 
polymers 
(SLS or 
SLM) 

ceramic and 
polymers 

(3DP) 

Biomedical 
Electronics 
Aerospace 
Lightweight 
structures 
(lattices) 

Fine 
resolution 

High 
quality 

Slow printing 
Expensive 

High porosity 
in the binder 

method (3DP) 

80–250 µm 

[67] 

Inkjet printing and 
contour crafting 

A 
concentrated 
dispersion of 
particles in a 
liquid (ink or 

paste) 
Ceramic, 
concrete, 
and soil 

Biomedical 
Large 

structures 
Buildings 

Ability to 
print large 
structures 

Quick 
printing 

Maintaining 
workability 
Coarse-

resolution 
Lack of 

adhesion 
between layers 

5–200µm 

[68] 

Stereolithography A resin with 
photo-active 
monomers 

Hybrid 
polymer-
ceramics 

Biomedical 
Prototyping 

Fine 
resolution 

High 
quality 

Very limited 
materials 

Slow printing 
Expensive 

10 µm [67] 
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Table I. (Continuation) 

Methods Materials Applications Benefits Drawbacks 
Resolution 
range (µm) 

Direct energy 
deposition  

Metals and 
alloys in the 

form of 
powder or 

wire 
Ceramics 

and 
polymers 

Aerospace 
Retrofitting 

Repair 
Cladding 

Biomedical 

Reduced 
manufacturing 
time and cost 

Excellent 
mechanical 
properties 
Controlled 

microstructure 
Accurate 

composition 
control 

Excellent for 
repair and 
retrofitting 

Low accuracy 
Low surface 

quality 
Need for a 

dense support 
structure 

Limitations in 
printing 
complex 

shapes with 
fine details 

250µm [4] 

Laminated 
object 
manufacturing 

Polymer 
composites 
Ceramics 

Paper 
Metal-filled 

tapes 
Metal rolls 

Paper 
manufacturing 

Foundry 
industries 

Electronics 
Smart 

structures 

Reduced 
tooling and 

manufacturing 
time 

A vast range 
of materials 

Low cost 
Excellent for 

manufacturing 
larger 

structures 

Inferior 
surface quality 

and 
dimensional 

accuracy 
Limitations in 
manufacturing 

complex 
shapes 

Depends 
on the 

thickness 
of the 

laminates 

      

As is known, Additive Manufacturing has several processes that differ between them 
in many aspects and variables. The most suitable technique is chosen according to 
the final application of the part that will be produced.   

Some of the most important criteria for selecting a suitable technique for a specific 
application are the material and the resolution range. Generally, inkjet-based 3D 
printers exhibit the best resolution and material compatibility [70], making them 
suitable for applications where aesthetic appearance is important.  

Nevertheless, if the final application requires a strong material, but the aesthetic 
appearance is not relevant, those techniques that allow the production of pieces with 
better mechanical performance are suitable. Generally, Additive Manufacturing 
machines that process metals and ceramics produce objects with better mechanical 
performance [4], [71].  



42 
 

However, several studies are looking for ways to improve the mechanical 
performance of parts produced by Additive Manufacturing methods. One of the fields 
of research open in this area is the introduction of reinforcements through particles 
or fibers to the printed parts [72]–[76]. These reinforcements demonstrate an 
increase significantly in the strength of the pieces, making them suitable for 
applications in which they previously did not meet minimum performance 
requirements. On the other hand, various studies demonstrate how printing 
parameters such as temperatures, printing speeds, layer resolution, and several 
others affect the mechanical performance of the pieces [77]–[79]. 

3.2.2 Control systems in Additive Manufacturing 

Additive Manufacturing techniques have been the focus of studies for decades. 
Technological advances have made it possible to easily and rapidly fabricate pieces 
with complex geometries using different materials. Therefore, different production 
sectors and research studies have accepted the usage of this type of technology for 
different applications [80].  

However, Additive Manufacturing exhibits disadvantages, such as the absence of 
feedback on the ultimate output of the fabrication process, difficulties in complying 
with fabrication standards and tolerances material limitations, and uncertainty with 
respect to the quality of pieces [70], [81], [82]. These disadvantages can introduce 
errors during printing, which can be transferred to the printed objects [83]. Layer 
displacement is a common example that affects the aesthetics and reproduction of 
an intended geometry and an object's mechanical properties and performance. 
Therefore, some industrial sectors, which typically demand high quality and 
reliability, are still skeptical of the capabilities of Additive Manufacturing concerning 
final applications [84]. 

Consequently, a closed-loop control system is suggested for tracking, measuring, 
and controlling the variables during the Additive Manufacturing processes to reduce 
mistakes during printing [85]–[91]. Therefore, there has been increasing research 
concerning the manner in which closed-loop control systems can be implemented 
for Additive Manufacturing. 

Several studies, including experimental, analytical, and computational studies, have 
been conducted for modeling, characterizing, and simulating various aspects of the 
processes involved in Additive Manufacturing. The numerical modeling of a complete 
process is rarely observed [92]; however, some studies have investigated a 
subprocess or specific phenomenon. For example, dimensional tolerance and 
thermal deformation studies have been conducted to optimize and mitigate the 



43 
 

variations in the final geometry of the products [93]–[95]. Numerical modeling was 
also used to study the effects of material deposition, melting, and solidification 
concerning the interlayer bond formation, microstructure evolution, and resulting 
surface roughness [96]–[99]. Moreover, numerical modeling and simulation studies 
have focused on the properties of the final parts to predict their performance and use 
it to obtain optimal features [60], [100], [101]. 

The development and use of sensors during the Additive Manufacturing processes 
is an active research area. This approach aims to create a more robust system that 
can maintain its functionality over a predefined printing period [102], developing 
effective real-time monitoring and tracking systems. Initially, sensors can be 
implemented to monitor the systems to supervise material deposition, solidification, 
or melting in the various Additive Manufacturing techniques to reduce errors when 
an appropriate amount of material is added [103]–[106]. The supervision of motion 
in Additive Manufacturing machines is another approach under development. 
Several types of sensors, such as rotational encoders, linear optical encoders [107], 
accelerometers [108], and height sensors [109], are used in this application. The 
objective of incorporating more sensors into the Additive Manufacturing process is 
to detect errors during printing and perform corrective actions in a timely manner to 
improve the product quality, reduce the waste of resources, and decrease the 
production time [110]–[113]. 

3.2.2.1 Commercial products 

Many companies that develop 3D printers are interested in creating closed-loop 
mechanisms [84], [90], [114]–[117] using different variables (temperature, velocity, 
the flow of material, etc.) to improve the quality of products developed via Additive 
Manufacturing. Some examples of commercial printers that include a control system 
in the printer motion are given in the following subsections. 

3.2.2.2 ZMorph 

ZMorph is a Polish company that manufactures 3D printers with an integrated 
closed-loop control system. The control operation is related to the position provided 
by five stepper motors; the feedback is achieved using optical encoders that provide 
the angular position of each motor. In addition, the closed-loop control system makes 
it possible to fabricate objects with better surface finishes when the printer is 
operated at a high printing speed. ZMorph also manufactures 3D printers with two 
or more printheads and multi-tooling machines with closed-loop control systems 
[118], [119]. 
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3.2.2.3 Stella Move 

Stella Move is a Korean company that develops 3D printers based on the FFF 
technique. The majority of the developments by this company present a closed-loop 
control system to facilitate feedback and control in special locations of the elements 
during the printing process. To perform this control, the printers use encoders for 
tracking the angular position of the actuators. They also provide software and a 
dedicated processor to facilitate the control process. Stella Move has printers, such 
as Rappy 32, T5S, T3S, and B420, in its sales catalog [116], [117]. 

3.2.2.4 Inkbit 

Inkbit is a spinoff of the Massachusetts Institute of Technology (MIT). It develops 
material jetting printers that can print multiple materials simultaneously and can be 
applied in industrial production [120]. These machines are powered by machine 
vision and artificial intelligence, allowing them to create a topographical map of each 
layer after deposition. Then, a correction can be made in the subsequent layer if 
there is any discrepancy from the expected geometry. Also, the data from the printing 
process is collected to train the machine learning algorithm, allowing the machine to 
learn about the printing parameters and ensuring that the pieces are produced 
quickly and accurately during every process [121].  

3.2.2.5 Interlayer Real-time Imaging & Sensing System 

The Interlayer Real-time Imaging & Sensing System (IRISS®) is a patented suite of 
sensors, logical software, and CNC controls developed by SCIAKY Inc. This suite 
allows the adaptation of the EBM® process to monitor the metal deposition 
parameters and achieve real-time adjustments. The data collected from the sensors 
allow the IRISS® algorithms to generate outputs for controlling parameters, such as 
the electron beam power, wire feed rate, and CNC motion profiles. This ensures 
consistent geometries, mechanical proprieties, and microstructure construction 
[122]. 

3.2.2.6 Control for Laser Additive Manufacturing - InfraRed 

Control for Laser Additive Manufacturing - InfraRed (CLAMIR) is a real-time infrared 
thermography method that can be adapted to laser metal deposition, which is a 
technique within the directed energy deposition category. This system allows 
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continuous monitoring of the melt pool, optimizing the laser power to achieve 
uninterrupted material deposition [123], [124].  

3.2.2.7 ThermaViz® Sensor Systems  

ThermaViz® is a multivision sensor system developed by Stratonics, Inc. It 
integrates two wavelength imaging pyrometers and an IR imaging sensor for 
monitoring the melt pool and the global heat flow. This system provides feedback to 
adjust the process parameters via real-time measurements. An advantage of this 
system is its capability to adapt to three different techniques, i.e., laser metal 
deposition, directed metal laser sintering, and fused deposition modeling. This 
makes it one of the most versatile systems available on the market [125], [126]. 

3.2.2.8 PowTReXi 

PowTReXi is not an Additive Manufacturing machine with a closed-loop control 
system. It is an external system developed by VOLKMANN IDEAS AHEAD that 
allows the usable metal powder to be recovered after the printing process. This 
system also allows the recovery of the inert gas needed in this process. The reuse 
of these resources makes the process more efficient and avoids the risk associated 
with handling metal powder or toxic materials [127].  

3.2.2.9 Theses and academic articles 

The academic sector is also interested in improving Additive Manufacturing 
technologies. Many theses and academic articles have been produced to study the 
introduction of closed-loop control systems to ensure accurate printing, avoid 
printing mistakes, and ensure high-quality objects [128]–[130]. Examples of 
academic projects related to Additive Manufacturing technologies are presented in 
the following subsections. 

3.2.2.10 Intralayer closed-loop control of build plan during directed energy 
Additive Manufacturing of Ti–6A1–4V 

This project was developed at the Pennsylvania State University to design and 
implement closed-loop control between the layers of a machine based on the 
directed energy deposition technique. The closed-loop control system ensures that 
the temperature is maintained around the point at which energy is directed to 
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mitigate thermal mistakes, deformation, and microcracks and reduce the mechanical 
faults in the fabricated pieces [131]. 

3.2.2.11 Development of a supervision system: Toward closing the control 
loop in 3D printing systems 

This project focused on tracking and controlling the output of the materials in an FFF-
based 3D printer. Supervision was achieved by capturing the images of the printing 
nozzle, which were analyzed using open-source image processing software. The 
result of image processing determines if the flow of material is intended; otherwise, 
the control system pauses the print until the user fixes the problem (e.g., nozzle 
clogging, filament tangling) and is able to resume the printing process [132]. 

3.2.2.12 Closed-loop control of a 3D printer gantry 

This thesis was developed by the Master of Science students at Washington 
University. They used a low-cost 3D printer to explore the advantages of closed-loop 
control in an FFF printer by employing magnetic sensors to track movements in the 
X, Y, and Z axes. A motherboard in charge processes the information captured by 
the sensor to modify the spatial location if any error is detected. Further, control is 
achieved using IMC as a master that continuously communicates with Teenesy 3.1 
in each motor [133]. 

3.2.2.13 Nozzle condition monitoring in 3D printing 

This thesis proposed a monitoring system to prevent nozzle clogging errors, which 
is one of the most common problems associated with FFF. To characterize the 
printing process, the researchers used a vibration sensor to measure the extruder's 
vibration under normal working conditions. They also simulated the clogging of the 
nozzle by reducing its extrusion temperature to study the manner in which the 
clogging of the nozzle affects the vibrations in the extruder. This result can be used 
to determine the clogging of the extruder during the normal printing process to avoid 
the reprinting of pieces and damage to the printer hardware [134]. 

3.2.2.14 Design of a remote 3D printing laboratory prototype to be 
implemented at the Universidad Cooperativa de Colombia 

This work presents the implementation of a remote 3D printing laboratory at the 
Universidad Cooperativa de Colombia. The main idea is to enable access to CAD 
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and 3D printer tools through the Internet to students and professors associated with 
the university. To achieve this goal, the authors integrated a 3D printer with two 
cameras, a computer, and a push system that remove 3D printing when it is done. 
Although this work does not incorporate a closed control system, it is an approach 
to a system that allows the remote supervision of a 3d printing process [135].  

The existing studies concerning Additive Manufacturing denote the progress 
achieved in the past and its potential for applications in different fields according to 
the techniques and materials used. These studies can also be used to teach the 
younger generation about the manner in which Additive Manufacturing can be used 
to address different societal problems [136]. Additive Manufacturing has found 
applications in several domains, including biomedicine [137] (Fig 14a), archeological 
artifact reconstruction [138] (Fig 14b), electronics, telecommunication [139], [140] 
(Fig 14c), and aerospace applications [141], [142] (Fig 14d). Fields where Additive 
Manufacturing has been used to solve various problems and improve existing 
solutions. 

 

Fig 14. A) Virtually planned reconstruction plate ready for 3-dimensional 
printing on the right side of the upper jaw. B) Material effects using finishing 
techniques applied to archeological artifacts. C) PREMIX TP20280 
components of the microwave lens. D) Photographs of a fabricated resonator 
with a printed U-shape ceramic resonator. Source: [137]–[139], [141] 

However, several challenges must be overcome to achieve the full potential of 
Additive Manufacturing. One challenge is associated with the usage of open-loop 
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control in most machines, which presents difficulties with respect to the 
implementation of full closed-loop control to achieve better performance in the 
machines and the fabricated pieces. Some closed-loop control applications, such as 
detecting defects during the printing process in FFF [143] (Fig 15a), performing 
corrective actions during printing, ensuring correct adhesion between different layers 
[144] (Fig 15b), which is a critical factor in layer-by-layer Additive Manufacturing, or 
preventing time and material loss in a piece with defects [129], support this concept 
(Fig 15c). Such mistakes can and should be detected during printing. 

 

Fig 15. A) Detection of defects during the FFF printing process. B) Contrast of 
a piece built with the control system on and off in the FFF process. C) 
Detection of defects during SLS during the printing process. Source: [129], 
[143], [144]. 
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3.3 PREVIOUS WORKS  

This section presents two previous works developed in the technologies for 
manufacturing research group (GITEM) at Universidad Autónoma de Occidente. 
These works were the first approaches to integrate closed-loop control systems into 
Additive Manufacturing processes, and their developments help in some 
applications within this dissertation. 

3.3.1 Development of a Supervision System: Towards Closing the Control 
Loop in 3D Printing Systems 

This work proposes a supervision system for the extrusion material process 
during 3D printing. Particularly for the following problems: The filament is not 
appropriately pushed by the driving gear into the extruder, causing this material to 
exit the nozzle in a discontinuous/uncontrolled manner (see Fig 16.A). The driving 
gear pushes the filament, but the nozzle is clogged, conducting the filament outside 
the extruder; therefore, the material is not deposited as intended (see Fig 16.B ) 
[132]. 

A)

 
 

B) 

 

Fig 16. A) Left: Normal FFF printing process; Middle: printing error due to 
absence of filament; and Right: printing error due to tangled or blocked 
filament. B) Extrusion failure due to a clogged nozzle, causing the filament to 
deviate outside the extruder. Source [132] 

To solve this problem, the use of visual supervision through a camera was 
suggested, due to the fact that the main idea is to supervise the output of the nozzle, 
in addition to the fact that the extruder works at high temperatures making it difficult 
to install any sensor. 
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This camera is an endoscopic camera and is positioned in such a way that it allows 
to focus of the extruder tip to analyze the material flow. The images captured are 
processed through a binarization process that allows converting the images into 
black and white images. This binarization is carried out to reduce the information 
associated with the image since the image processing is done during the printing 
process. 

The supervision system analyzes every frame of the video to verify that the majority 
of the focus region corresponds to the material extruded. However, if any not 
intended gap is detected (as Fig 17 shows), the system gives an output error 
message, stopping the printing process and enabling the user to solve the problem 
and resume the printing.   

A) 

 

B)

 
Fig 17. Print failure detection: A) live image with the region of interest marked. 
B) binarized image to analyze with the region of interest marked. Source [132] 

The resume process is based on the flow chart presented in Fig 18, where the 
supervision system detects errors, stops the printer, generates a new printing file, 
and resumes the printing process starting five layers early since the gap was 
detected  

This procedure saves time and the material already spent on the partially printed 
part. The system saves a printing process that otherwise would be wasted due to 
printing errors that may not be detected until the printing process is concluded, 
regardless of the output (see Fig 18). Notice that the time savings can be significant 
since it is not uncommon for the printing process lasts several hours. [132] 
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Fig 18. Comparison of printing process with and without supervision. Source 
[132]  

This work was presented at the  Printing for Fabrication conference 2016 with the 
work titled “Development of a Supervision System: Towards Closing the Control 
Loop in 3D Printing Systems”. Additionally, an extension of this work is presented in 
Section 7, where a study of the impact of using this extrusion supervision system on 
the dimensional and mechanical properties of the pieces manufactured is presented. 

3.3.2 Closed-loop Control System for the Extruder and Platform movements of 
an FDM 3D Printing System 

The machine executes relative movements between the nozzle and the building 
platform during printing at different speeds and accelerations. However, on some 
occasions, the relative motions are not achieved correctly, producing mistakes like 
layer shafting in printed objects. Therefore, this work aimed to integrate a closed-
loop control system that allows controlling the kinematic position in a CORE XY FDM 
printer and minimizes the possibility of errors associated with the execution of 
movements [145]. 

A linear WTB 500 optical encoders were selected as the instruments to provide 
feedback on the position in the three different axes. This kind of sensor presents a 
resolution of 5 μm of resolution through two quadrature outputs, making it easy to 
be integrated into any controller with interruption channels like Arduino.   
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The linear encoders' information is the positions of the three axes in mm. However, 
in order to control the actuators (stepper motors), these positions are translated into 
steps (the control signal units) using the equations related to the inverse kinematic 
motion of the printer [145].  

The controller compares the information given by the encoders and the reference 
that comes from the 3D printer main controller, which in this case is a RAMPS 1.4, 
in order to generate a new control signal which compensates for any differences 
between the signals, adding or reducing steps in the actuator as Fig 19 shows, until 
the position is reaching with a certain tolerance.  

 

Fig 19. Flowchart of the error correction sequence. Source: [145]. 

This control strategy reduces mistakes related to the kinematic motion and increases 
the dimension accuracy of the pieces with a mean square error of around 0.1 in the 
x and y axes and 0.04 in the z-axis respective to the reference. Additionally, this kind 
of control strategy enables the capability to reject external perturbation of the system. 

This work was presented at the  Printing for Fabrication conference 2018 with the 
work titled “Development of a Closed-loop Control System for the Movements of the 
Extruder and Platform of an FDM 3D Printing System” [145], and its results related 
to the way to sense the position in the axes were used in Section 5 and 6. 
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4. CHARACTERIZE THE DIFFERENT TECHNIQUES OF ADDITIVE 
MANUFACTURING  

In this section, issues such as critical variables, functionalities, and features during 
the design for printing processes will be analyzed in a general field, as well as three 
individual Additive Manufacturing techniques (photopolymerization, Material 
Extrusion, and Powder Bed Fusion) and some machines of these technologies 
available in the laboratories of Universidad Autónoma de Occidente, in order to 
establish what are the main factors involved in manufacture processes, what are 
their subfunctions, and how many of these subfunctions work in a closed-loop control 
system 

4.1 GENERAL PRINCIPLES FOR ADDITIVE MANUFACTURING 

Additive Manufacturing has several types of processes that differ between them in 
many aspects and variables, hindering the creation of global design principles for all 
Additive Manufacturing techniques. However, despite the different nature of the 
techniques, some general principles for Additive Manufacturing design can be 
grouped into five steps (Fig 20) [146]: functional classification, description, 3D model, 
manufacturing data, and examples. The first two elements allow understanding of 
the problem to be addressed, and the last ones are related to the technical aspects 
of Additive Manufacturing. These structured design principles for Additive 
Manufacturing stimulate creativity, description capabilities, and technical information 
about Additive Manufacturing techniques.  

 

Fig 20. Layout for Additive Manufacturing design principles. Source: [146].  
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4.1.1 Functional classification 

The functional classification, also known as a function definition, is the initial stage 
of the Additive Manufacturing design, where the problem is better understood 
through a problem decomposition. The main idea of this stage is to reduce the 
complexity of the problem by dividing the main function into subfunctions that are 
joined with energy, force, or information flow [147].  The definition of the subfunction 
can be obtained from designer experience, sequence of actions, or key customer 
needs. In addition, this subfunction definition simplifies the research's partial 
solutions.  

4.1.2 Description 

The description allows the record of information about the design process. Usually, 
these descriptions present the form, function, specification, features, analysis of 
competitive products, and economic justification of a product concept [147]. The 
description is composed of textual writing that is usually complemented by visual 
descriptions (sketches and pictures) [146]. 

4.1.3 3D model 

The 3D model usually is composed of two elements, the physical model and the 
CAD model. The physical model frequently is a similar product or a prototype of the 
product to design, and this physical model will be used for better understanding and 
improving the interaction between the designers, engineers, and customers [146].  

The CAD model is one of the most important elements during the Additive 
Manufacturing design, and it should be a 3D virtual model that describes the shape, 
geometry, textures, colors, tolerance, and features of the product that is being 
manufactured.  

Nowadays, different file formats are intermediated between the CAD model and the 
printing process, but the most widely used and the one considered as a universal file 
format for Additive Manufacturing is the STL file (Standard Tessellation Language) 
(see Fig 21). This file represents every 3d surface of the CAD model using a mesh 
of triangles, resulting in aeries of logically small triangles known as facets that 
represent the desired shape [148].  
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Fig 21. Process Flow from CAD model to the fabrication process. Source: [148] 

A proper export from the CAD model to the STL file ensures a good accuracy of 
measures, tolerances, surfaces, and end finishes (see Fig 22A,B), whereby the size 
and the number of the facets (triangles) are critical variables to consider [149]. If the 
CAD model presents any curve, an error can be appreciated in the STL file because 
triangles cannot represent well non-planar and non-flat geometries (see Fig 22.C) 
[148]. These kinds of deviations or errors can be minimized by reducing the size of 
the triangles and increasing the number of triangles. For some Additive 
Manufacturing final applications, the deviation presents because the data export can 
be tolerated, but for some others, it is necessary to ensure the best quality in the 
manufactured parts. Therefore, controlling the number and size of tringles is a critical 
variable during the Additive Manufacturing processes.  

 

Fig 22. A) CAD model. B) STL file approximation. C) deviation of STL file. 
Source: [148] 
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4.1.4 Manufacturability data 

The manufacturability data is the step where all the technical information about the 
manufacturing process is established, such as material information, Additive 
Manufacturing technique to use, application of the piece to be produced, and several 
others.   

As is known, Additive Manufacturing has several types of processes that differ 
between them, and there is no unique technique that can be used for every 
application. The selection of what technique uses depends on the application of the 
final piece to be produced. Furthermore, each process has different characteristics, 
features, and opportunities for manufacturing, providing different possibilities in the 
design process, and making it difficult to establish general design principles.  
However, some general rules can be used to design for Additive Manufacturing 
[150][151]. 

• In AM, overhangs are a structural part of a component that is not supported during 
the manufacturing process by solidified material or a substrate on the bottom side 
[152]. Fig 23 shows the most common overhang structures, including convex, 
concave, ledge, and downward surfaces. [153] 

 

 

Fig 23. Overhang structures. [153] 

One of the biggest pieces of advice for modeling AM parts is to try to avoid overhangs 
in the CAD design. However, in some cases, it is impossible to avoid them. 
Therefore, it is also advisable to consider the building orientation; in some cases, the 
overhang structures can be avoided just by selecting a good printing orientation. 
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Nevertheless, when it is impossible to avoid overhangs in the CAD design or modify 
the printing orientation, there are two critical modeling factors to be considered for 
the overhangs design; the overhang angle and length. [154] The first element, 
represented with 𝜃 in Fig 24, is an angle between the build direction and the 
overhanging face. In the vast majority of the AM techniques, there is a minimum 
overhanging angle to consider the piece self-supporting. However, if the 
overhanging angle is higher than this critical value, some issues can occur with the 
pieces under construction. Commonly this critical value is  45°. However, this can 
vary according to the AM technique and the machine's features. [155] Table II shows 
some critical overhang angles for different AM technologies.  

 

Fig 24. Overhang length and overhang angle.[154] 

On the other hand, the overhang length represented by a “d” in Fig 24 is the 
horizontal distance of the overhang. The horizontal distance that an AM machine 
can build is limited, and the overhang length is different according to the AM 
technique, as shown in Table II. [154] Generally, any overhangs with a surface area 
of more than a few square millimeters should be avoided. [150] Overpassing the 
critical overhang length may cause problems such as warping or cracking due to 
thermal stresses. 
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Table II.  
Critical values for overhang angle and length for some AM technologies. Values 

extracted from [154] 
 

 Vat Polymerization 
Material 

Extrusion 
Powder Bed 

Fusion 

Direct 
energy 

deposition 

 SLA DLP FDM SLS SLM LENS 

Critical 
overhang 

angle 

Always 
require 

supports 

Always 
require 

supports 
45° 60° 

55°- 
60° 

Always 
require 

supports 

Critical 
overhang 

length 
(mm) 

Always 
require 

supports 

Always 
require 

supports 
5-50  0.5-10  0.5 

Always 
require 

supports 

 

Support material is one of the most used tools to manufacture overhangs in the 
different AM techniques. These structures prevent overhang issues, such as thermal 
stress, deformation caused by gravity forces, warping, and several others. Most 
Additive Manufacturin software allows setting up the critical length and overhanging 
angle value to include support material (Fig 25 shows different types of material). 

Support structures have been well received in the Additive Manufacturing community 
because they help to create complex shapes [156]. However, adding support 
material to the print requires more printing time, material, and postprocessing efforts, 
which can translate to more fabrication costs. Thence, design to minimize the 
support material is one of the general rules for Additive Manufacturing. Therefore, 
the support material is always a key design consideration [150].      
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Fig 25. Types of support material.[150] 

Topology optimization is another useful tool to handle overhangs, and several 
studies suggest a structural analysis to optimize the self-support structures, topology 
structures, and the use of support material. [157]–[159] However, despite the 
advantage of these kinds of analytical tools, some limitations related to optimization 
algorithms and computational resources are still existing. 

In addition, few studies suggest the use of a multi-axis system to manufacture 
overhang [160]–[162]. This kind of system enables the possibility of manufacturing 
non-planar layers in different directions. However, a variety of hardware and 
computational resources are required to achieve overhangs without supports 

• Print orientation is a general principle to be considered during the process of design 
for Additive Manufacturing, where it is understood as the angular position of the part 
to build around the coordinate axes of the machine. This orientation does not include 
the position along the axes of the machine, only the angular position [163] [164].  In 
the Additive Manufacturing processes that are based on layer-by-layer 
deposition/solidification, the quality of the printed part in terms of strength, material 
proprieties, surface finish, shape accuracy, building cost, printing time, support 
volume, warping, and several others are strongly related with the print orientation 
(see Fig 26) [150], [164]. 
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Fig 26. Effects of the part orientation during the printing process. Source: [150] 

• Another design principle is to minimize the amount of material.  In Additive 
Manufacturing, every unnecessary material represents more printing time, material 
costs, and production costs, but also more material represents more support 
material, which leads to more residual stress. In some cases, more material may 
require more post-processing processes and more heat treatment. Therefore, it is 
important to design to avoid any unnecessary material.  
 

• Fillet all corners is a good practice in Additive Manufacturing for two reasons. The 
first one is that fillet sharp edges can help to reduce stress concentrations, and the 
second one is that it helps to make objects more ergonomic and visually striking 
[150]. 

4.1.5 Examples 

In Additive Manufacturing, much of the knowledge collected comes from user 
experiences. For that reason, in the process of design for Additive Manufacturing is 
critical to search for similar printing processes and collect critical information about 
applications, materials, techniques, and failed and successful processes [146]. 

4.2 VAT PHOTOPOLYMERIZATION 

Vat photopolymerization technologies are complex in their functionality, reaching 
more than 50 variables involved in the processes, depending on the resin and the 
piece to be built [165]. One example of this is the light source, where the SLA system 
uses a point laser that is directed through a galvanometer in order to cure the resin 
in a set of coordinates [166], the Direct Light Processing (DLP) systems use a digital 
light projector screen as a light source to flash a single image for layer [166]. 
However, most of the printing parameters involved in vat photopolymerization are 
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set by the machine’s producer, and the printer auto-adjusts the parameters 
depending on the material to be cured [166]. 

Vat photopolymerization systems will be analyzed through the subfunctions present 
in an SLA machine (see Fig 27), such as recoating system, platform system, vat 
system, laser and optical system, and control system [4]. Also, the analysis for a 
FormLabs Form 2 machine is presented through these subfunctions. 

 
Fig 27. SLA subsystems machine 

4.2.1 Recoating system 

The recoating system encompasses two main processes, resin delivery and blade 
movement [4]. The first step is to spreads resin after every layer during printing to 
maintain fresh resin and continuous contact between the piece and the resin. This 
process requires time because it is important to wait until the last layer is cured 
before being dipped back into the resin [167]. The second step consists of sliding a 
recoating blade over the resin surface after every new resin spread to mitigate 
ripples and disturbances and guarantee a level and smooth surface for every layer 
[167].  

This system is important within the SLA process because it ensures a proper supply 
of material and because this recoating system allows achieving the desired layer 
thickness through precise control. Any error in this stage is reflected in the following 
layer and, therefore, in the piece [167].   
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4.2.2 Platform and vat system 

The platform system is composed of two elements, the build platform that supports 
the piece while it is being built and the elevator that allows the moving build platform 
vertically [4]. On the other hand, the vat system is a container (vat) that holds the 
resin, combined with an auto refill system. Usually, vat photopolymerization systems 
can print in two different directions, bottom-up or top-down, depending on where the 
platform has located and the configuration made by the manufacturers [166].  

In bottom-up printers, the light source is located under the resin vat, and the platform 
is close to the bottom. At the beginning of the printing process, the space between 
the vat bottom and the build platform is only the size of a single layer. The platform 
will advance upwards as the light source cures the layers. Because the light comes 
through the vat, it is important to guarantee a transparent and clean bottom [166]. 
The bottom-up system presents advantages, such as lower cost associated with the 
mechanism, the widest range of machines available, and is suitable for desktop 
works. Some disadvantages associated with this kind of system are the small build 
size, fewer materials available, and the need for post-processing [168].  

The top-down systems present the light source above the resin vat, and the build 
platform starts in a very top position, only leaving a gap between the resin surface 
and the build platform for one layer. Then, the platform will advance downwards as 
the light source cures the layers [166]. This configuration is commonly used in 
industrial applications because it allows for larger build sizes and faster build times 
than bottom-up systems. However, some disadvantages are the higher cost 
associated with a piece production, the need for a specialist operator, and the 
requirement to empty the whole vat if a material change is needed [168].  

4.2.3 Laser and optics system 

Laser and optics systems are composed of different subsystems, including a laser, 
focusing optics, and some galvanometers [4]. Vat photopolymerization is the oldest 
Additive Manufacturing technique, which has led to various developments over the 
years; one of the research focuses has been the laser. Initially, the laser used in SLA 
machines was gas-laser based, including CO2 lasers. Nowadays, commercial SLA 
machines use Neodymium-doped yttrium orthovanadate (Nd: YVO4) diode-pumped 
solid-state lasers [16]. This kind of laser usually has a wavelength of   ̴1064nm as a 
central wavelength but can be converted into a   ̴355nm via a third harmonic in order 
to achieve UV wavelength [169].  
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The wavelength is an important aspect of SLA chemistry, a proper setup of the 
wavelength in the laser allows for an effective curing process. For higher efficiency, 
the laser operating wavelength should be set up to the maximal absorption 
wavelength range of the resin, usually in the UV. Fig 28 shows the optical 
absorbance of three commercial resins (Formlabs Clear, Asiga PlasCelar, and 
DETAZ Freeprint Mould) that were mixed with Isopropyl Alcohol (IPA) in 1:100 parts 
(1% v/v) in order to obtain an optimum peak of absorbance. Also, the UV-led 
spectrum of the commercial Asiga 3D printer is shown [170].   

 
Fig 28. Resin optical absorbance for Formlabs Clear (FL), Asiga PlasClear v2 
(PC), and DETAX Freeprint Mould (DX) with an overlay of the Asiga 3D printer 
UV LED spectrum. Peak ranges for monomers, reactive diluents, and 
photoinitiator (PI) resin components are outlined in the graph. Source: [170] 

Galvanometers are also important elements in laser and optical systems. These 
elements allow the scanning of the laser beam across the vat's surface. Therefore, 
achieving good control in the galvanometers is crucial to guarantee dimensional 
accuracy on manufactured pieces [171]. 

4.2.4 Control system 

Usually, in SLA machines, the control system consists of three subsystems. The first 
is the process controller, which controls the sequence of machine operations. 
Usually, the commands come from the user build settings, such as layer thickness, 
part orientation, infill percentage, scanning velocity, number of supports, scan 
pattern, resin characteristics, and several others. Based on these parameters, the 
machine executes some commands to activate/deactivate the actuators installed in 
the machine to achieve appropriate subsystems function. A good setup of the 
process controller ensures not only dimension accuracy but also piece performance. 



64 
 

In this subsystem, some sensors are used to adjust the resin level, detect forces on 
recoating bladed (prevent crashes), and ensure that security systems are working 
properly [4]. 

The second control subsystem is the laser beam controller. Its primary function is to 
translate some build settings mentioned above into signals that control aspects of 
the laser beam, such as laser power, spot size, focus depth, and scan speed. This 
subsystem uses the build settings to control the laser beam and the information 
provided by some sensors adding feedback to the system [4].  

The third control subsystem is the environment controller, which controls the 
temperature of the resin in the vat, and the temperature of the chamber (in some 
cases), through the build settings and sensors to maintain appropriate printing 
conditions [4].  

4.2.5 FormLabs Form2 

Form 2 is a commercial desktop stereolithography 3D printer fabricated by 
FormLabs. Its development is intended for use in Additive Manufacturing of end-
user-supplied designs from photopolymer resin (see Fig 29.A) [172].  The user can 
interact with this machine through 8 elements (see Fig 29.B) that are: 1) Cartridge, 
2) Cover, 3) Build Platform, 4) Resin Tank, 5) Wiper, 6) Touchscreen, 7) Button, 8) 
leveling Tool.  Table III presents the technical specifications of this machine.  

A)  

 

B) 

 
Fig 29. A) Form 2 SLA machine. B) Elements of the Form 2 SLA machine. 
Source: [172] 
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Table III.  
Form 2 technical specifications. Source: [172] 

 
Dimensions 35 x 33 x 52 cm 

Weight 13 kg 

Operating Temperature Auto-heats to 35 °C 

Temperature Control Self-heating resin tank 

Power Requirements 100-240 V 

15 A 50/60 Hz 

65 W 

Laser Specifications EN 60825-1:2007 certified 

Class 1 laser product 

405 nm violet laser 

250 mW laser 

Connectivity Wi-Fi, Ethernet, and USB 

Optical Path Protected 

Printer Control Interactive touchscreen with push-
button 

Technology Stereolithography (SLA) 

Peel Mechanism Sliding peel process with wiper 

Resin Fill system  Automated 

Build Volume 145 x 145 x 175 mm 

Layer thickness (Axis Resolution) 25, 50, and 100 microns 

Laser Spot Size (FWHM) 140 microns 

Support Auto-Generated 

Easily removable 

 

A functional decomposition was done to understand how this machine works (see 
Fig 30). This technique allows getting information on the subsystem's internal 
operation according to the user's interactions. It also allows for identifying which 
subsystems include a control system through feedback.  
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Fig 30. Functional decomposition of Form 2 SLA machine. 

The process starts with introducing different elements, such as the material 
cartridge, the build platform, and the resin tank, the machine sense if these elements 
are correctly introduced. Next, the machine dispenses the raw material (in this case, 
resins produced by Formlabs) into the resin tank until a sensor captures the 
appropriate level. Finally, the wiper moves from one side to the opposite side of the 
tank to mitigate any ripples in the resin surface.  

Form 2 receives as printing parameters a Gcode file, including object shape, type of 
material, scan velocity, laser beam power, layer thickness, heating temperature, and 
several others. These parameters are interpreted by a control system and enable 
the vertical movements of the platform, the optical subsystem, and the environmental 
subsystem. 

The environmental subsystem increases the temperature of the resin using metallic 
support with heating resistors. This temperature is sensed by an infrared sensor at 
every moment of the process in order to guarantee an optimal work temperature 
according to the characteristics of the resin established by the producers.  

The vertical movement subsystem allows displacement of the build platform in every 
process layer; these movements are achieved using a stepper motor, a dovetail rail, 
and a lead screw. The integration of these elements allows obtaining the layer 
resolution (25, 50, 100 microns), which is previously configured in the printing 
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parameters. In this subsystem, end-stop switches are installed as sensors, allowing 
the system to know when the platform is at its minimal and maximal position. 

The optical subsystem comprises two main elements: the laser source and the 
mechanism to direct the laser beams. The Form 2 machine uses a diode class 1 
laser, with a wavelength of 405 nm and a power of 250 mW as a light source. In 
addition, two galvanometers with two mirrors (one for the x-axis and the other for the 
y-axis) direct the laser beam with a specific shape (previously set up in the printing 
parameters) to the surface resin to activate the curing process. These two elements 
are sensed in order to guarantee appropriate laser power and dimension accuracy.   

4.3 MATERIAL EXTRUSION 

Material extrusion, in summary, is a process where a semi-solid material is 
selectively forced out through a nozzle applying an external force and deposited onto 
a build platform with a constant stroke. This section presents some critical steps in 
material extrusion (see Fig 31), along with the analysis of a FFF machine.  

 

Fig 31. Material extrusion stages. 

4.3.1 Material Loading 

The first critical step of the process is the material loading or the material feeding, 
which may vary depending on the material state. In some cases, the material could 
be preloaded, but in most cases, some mechanism allows to have a continuous 
supply [173]. It is important to guarantee proper material feeding to achieve an 
uninterrupted printing process. However, if for any reason, the material feeding is 
compromised, in most cases, it is necessary to start over the printing process. The 
material feeding system usually includes a gear mechanism for solid materials or 
pumps for semi-solid/liquid materials.   



68 
 

4.3.2 Liquification 

The extrusion method works by pushing a semi-solid or liquid material through a 
nozzle; therefore, it is important to ensure this stage of material during the printing 
process. Some of the materials used in this technique are already in the semi-solid 
or liquid stage; however, the most commonly used materials come in filaments in the 
solid stage, and the printers include a mechanism that changes the stage of the 
material. Most extrusion heads include heaters to raise the temperature of the 
material until the melting point. This thermal process requires a control system to 
guarantee appropriate melting without degrading the material. Table IV presents a 
range of print temperatures for the most common materials used in material 
extrusion. 

Table IV.  
Print temperature for common materials used in material extrusion. 

Material PLA Nylon ABS PETG TPU HIPS 

Print 
temperature 
(°C) 

180-
230 

240-26 
210-
250 

220-
250 

210-
230 

230-
250 

 

4.3.3 Extrusion 

In this step, the material flows through the nozzle, being controlled by force exerted 
on the material to be pushed, causing a pressure drop between the extrusion 
mechanism and the environment. The nozzle diameter has an important role in the 
printing process because it determines the shape and diameter of the strokes, the 
precision, resolution, and the minimum feature size that can be manufactured. 
Theoretically, any feature with a size equal to or larger than the nozzle diameter can 
be fabricated, but in practice, it is advisable to print features with at least a size equal 
to double the nozzle diameter in order to guarantee good adhesion and strength 
[166]. 
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4.3.4 Solidification 

Once the material passes through the nozzle and is deposited onto the build 
platform, its state is still semi-solid or liquid; therefore, it is important to maintain the 
shape and size of the strokes. Factors such as gravity, surface tension, and 
differential cooling can produce shrinking, internal stresses, distortion, bad adhesion, 
and several other problems [4] [174]. If the material is extruded in gel, it is required 
to control the drying process. If the material is molten, it is important to guarantee a 
low-temperature differential between the extruder head and the environment to 
minimize these drawbacks. In many cases, a heated bed is enough, but in others, a 
controlled environment is required depending on the material used and its 
characteristics [166]. 

4.3.5 Position control 

Material extrusion systems typically use CNC machine controls to achieve motion. 
Because material extrusion is a technique based on a layer-by-layer deposition, the 
extruder head moves in the horizontal plane to create a layer, then moves upward 
(relative to the build platform) to create a new layer. The coordination between the 
three axes and the material flow allows a correct and consistent material deposition 
to reproduce the intended geometry [4]. 

The elements that compose the CNC mechanism play an important role in 
dimensional accuracy. These mechanisms are typically composed of electrical 
motors, belt drives, leadscrews, and gears [175] to achieve linear and non-linear 
movements with a dimensional tolerance of  ± 0.5% on average. Furthermore, ts 
must be a reliable system because, during the printing processes, directions change, 
accelerations and deacceleration, and inertial forces are experimented [166].  

4.3.6 Fused Filament Fabrication CORE XY machine 

A Core XY FFF machine available in the Fablab of the Universidad Autónoma de 
Occidente (see Fig 32) is analyzed through the different critical steps of the material 
extrusion technique. Using open hardware and open-source principles, this machine 
was built using commercial elements for RepRap FFF machines.  The technical 
specifications can be seen in Table V. 
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Fig 32. Core XY FFF machine. 

Table V.  
Core XY FFF technical specification. 

Dimensions 35 x 33 x 52 cm 

Nozzles Diameter 0,4 mm 

Extruder Operating Temperature 150 - 250 °C 

Bed Operating Temperature 30 – 100 °C  

Material diameter 1.75 mm 

Power Requirements 100-240 V 

20 A 50/60 Hz 

Connectivity USB, SD card 

Printer Control LCD screen with navigation button 

Technology Fused Filament Fabrication (FFF) 

Build Volume 300 x 400 x 320 mm 

x and y resolution 0,036 mm 

Layer thickness Resolution 0,1 – 0,3 mm 
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The functional decomposition presented in Fig 33 describes the main subfunctions 
of the machine and how many of these functions include a closed-loop control 
system. For this technique, the system inputs are printing parameters, energy, and 
the raw material (filament spool of thermoplastic material).  The outputs of the 
system are the object printed, waste, energy dissipation, and airflow.  

 

Fig 33. Functional decomposition of core XY FFF machine. 

The file with the printing information is a Gcode file which includes information such 
as the layer thickness, temperature of the extruder and the bed, object shape, 
printing speed, and several others. These parameters are received by an Arduino 
Mega with a Ramps 1.4 shield. This controller board interprets the information and 
activates the different actuators installed in the machine. Also, this system receives 
information from several sensors installed on the machine.  

The printer presents an extruder mechanism to accomplish the loading, liquification, 
and extrusion of the material steps. To load the material, the extruder presents a 
configuration of a stepper motor and two gears that allow pulling the thermoplastic 
filament from the spool (for this machine, any sensor that ensures the correct 
material loading was installed); also this configuration directs the filament to the next 
step (liquefication) through an element known as the throat. In the liquification step, 
the material is melted using a heater cartridge; this element reaches the melting 
temperature (previously configurated in the printer parameters) using an electric 
heater resistor. To ensure a correct temperature and avoid mistakes, a thermistor as 
a temperature sensor was installed; this element provided feedback to the Arduino 
mega to provide control signals. The final step in charge of the extruding is the 
material extrusion. The mechanism uses the material incoming from the loading 
material step to push the molten material through a nozzle of 0,4 mm of diameter, 
allowing to achieve strokes of this diameter; for this step, the machine does not have 



72 
 

any element to sense a correct extrusion. To guarantee the correct material 
solidification, a layer fan is used to accelerate this process.  

The build platform is an aluminum sheet with an electric heater to increase the build 
platform temperature and mitigate stress due to thermal changes. This temperature 
is also monitored by a thermistor that provides feedback to the controller board. Also, 
this platform moves on the z-axis after building each layer, the equivalent of the layer 
thickness previously set in the printing parameters. To achieve z-axis motion, the 
machine uses two stepper motors and two leadscrews, allowing it to reach 
resolutions up to 0.1 mm. 

To achieve the extruder's motion in the x and y axes, a configuration known as Core 
XY was used. For this configuration, the stepper motors are fixed to the printer's 
structure; gears and belts are used to transmit the movements from the motors to 
the extruder. This configuration allows depositing the molten material onto the 
platform with a specific shape with a resolution up to 0,036mm. None of the 
movements in the three axes are measured by any sensor, relying on the accurate 
movements of the stepper motors and the transmission mechanisms used. 

4.4 POWDER BED FUSION 

Powder Bed Fusion (PBF) is a technique that builds a 3D object by fusing powder 
particles inside a powder bed to form a layer, then, a new layer of loose powder is 
deposited onto the bed, and the process is repeated. This technique has had several 
developments over the years on how to perform the fusion process [4]. However, 
these mechanisms are variants of 4 different fusion mechanisms, which include 
solid-sate sintering, chemically-induced binding, liquid-phase sintering, and full 
melting [176].  Although the fusion mechanisms are different from each other, there 
are common and critical parameters for this process (see Fig 34). In this section, 
these parameters are presented, along with the analysis of an SLS machine. 

 
Fig 34. PBF parameters. 
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4.4.1 Laser parameters 

Laser in PBF is one of the sources used to transfer the energy to the printing material 
in order to fuse them. Nowadays, many commercial PBF machines use continuous-
wave mode [4], which means that the output power of the laser remains constant 
throughout the printing time [16].  However, several machines use a pulse mode 
laser, where the laser emits its power only within a short pulse at a fixed repetition 
mode [16]. Some research demonstrated a benefit of the pulse mode over the 
continuous-wave mode, i.e., the pulse mode provides a higher peak power than the 
continuous-wave mode, allowing to increase of the material temperature almost 
instantly, with a lower thermal dissipation. Despite the different laser modes, there 
are some critical parameters to take into account in the printing process, such as 
power stability, pulse energy, central wavelength, beam diameter, laser power, and 
repetition [16]. These laser parameters must be previously set according to the PBF 
technology, the powder material, and the application for the final object.  

Understanding the relationship between the laser wavelength and powder material 
absorption is necessary. In PBF, a high material absorption at the laser wavelength 
is desired. High absorption generally represents high manufacturing throughput 
[177], [178]. Table VI and Fig 35 shows how different materials absorb the energy 
coming from the laser according to the laser wavelength. For metal powders, the 
shorter the wavelength, the better the light absorptivity. On the other hand, polymeric 
materials have greater absorptivity with wavelengths around 10 µm [16]. This 
information is critical to perform an appropriate setup of the machine and knowing 
which PBF process is better for each material.  
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Table VI.  
Absorptivity of various materials in a loose powder state at the operating 

wavelength of Nd:YAG and CO2 lasers. Source [16]. 

Material Nd:YAG 

laser  

(1.06 µm) 

CO2 

laser 

(10.6 

µm) 

 Metals (%)  

Cu 59 26 

Fe 64 45 

Sn 66 23 

Ti 77 59 

Pb 79 - 

 Ceramics (%)  

ZnO 2 94 

Al2O3 3 96 

SiO2 4 96 

SnO 5 95 

CuO 11 76 

SiC 78 66 

Cr3C2 81 70 

TiC 82 46 

WC 82 48 

 Polymers (%)  

Polytetrafluoroethylene 5 73 

Polymethylacrylate 6 75 

Epoxypolyether-based 

polymer 

9 94 

 Mixtures (%)  

Cu-10Al (wt%) 63 32 

Fe-3C-3Cr-12V + 10Ti  

(wt%) 

65 39 

Fe-0.6C-4Cr-2Mo-1Si +  

15TiC (wt%) 

71 42 

Fe-1C-14Cr-10Mn- 

6Ti+66TiC (wt%) 

79 44 
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Fig 35. Light absorptivity at different wavelengths of (a) various metals and (b) 
polycarbonate and copper. Source: [16]. 

4.4.2 Scan parameters 

PBF systems usually use galvanometers to direct the laser beam across the powder 
bed (i.e., scan). These galvanometers with an arrangement of mirrors (one for the x-
axis and the other for the y-axis) are in charge of directing the laser beam to the 
surface of the powder bed in order to fuse the material particles in specific locations 
to form a layer of the desired object. The scan parameters are related to the scan 
speed, spacing, and pattern typically set in the Gcode.  

The scanning process is divided into contour mode and fill mode. In the contour 
mode, the outline of the part cross-section for a particular layer is scanned [4]. 
Usually, this contour is done with a slow scanning speed in order to achieve better 
dimensional accuracy and surface finish. The fill mode scans the rest of the cross-
section using a rastering technique, where one axis is incrementally moved, and the 
other axis is continuously swept back and forth across the layer being formed [4]. 
Usually, the infill process is done using random scanning to mitigate the preferential 
direction for residual stresses induced by the scanning [4]. 

4.4.3 Powder parameters and temperature parameters 

The quality of the powders plays a key role in PBF processes and end-part 
proprieties [179]. The powder shape, size, distribution, and powder bed density 
influence the laser absorption characteristics, which are reflected in the properties 
of the end pieces. Table VII shows different technologies of PBF and the typical 
material particle fraction used for each process.  
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Table VII. 
 Powder Bed Fusion technologies with powder parameters. Source [179]. 

 

Process Energy 
source 

Material Material 
Particle 
fraction (µm) 

Layer 
thickness 
(µm) 

Pre-heating 
(°C) 

LBM Laser Metals 10-60 30-60 Up to 500  

EBM Electron 
beam 

Metals 50-150 50-100 700-1100 

SLS Laser Polymers 20-80 100-150 180-380 

 

Another process related to the powder parameters is the powder spread or powder 
delivery. Usually, this function is done by a feed cartridge and a recoating blade that 
deposits a thin layer of powder. A good powder deposition provides a thin and 
smooth surface and absorbs laser energy more efficiently than coarser surfaces. 
Table VII shows the common layer thickness for different PBF technologies.   

Another critical aspect related to the powder is the preheating process. Powder 
preheating improves the precision in PBF machines, decreasing the temperature 
differences between the sintering zone and the non-sintering zone to reduce thermal 
stress and avoid distortion [180]. Table VII provides the preheating temperature for 
different materials according to the PBF process. Nonetheless, preheating 
represents around 40% of the energy consumption in a PBF [181]. For that reason 
is extremely necessary to have good control of this temperature, which also allows 
for achieving repeatable results. 

4.4.4 Control parameters 

Usually, PBF machines include three control subsystems similar to SLA machines, 
including process controller, laser beam controller, and environment controller. The 
first one allows controlling the sequence of machine operations. Usually, the 
commands come from the build setting, such as layer thickness, part orientation, 
infill percentage, scanning velocity, scan pattern, powder characteristics, and 
several others. Based on these parameters, the machine executes commands to 
activate/deactivate the actuators installed in the machine to achieve the proper 
function of the subsystems. The main function of the laser beam controller is to 
translate some build settings mentioned above into signals that control aspects of 
the laser beam, such as laser power, spot size, pulse duration, pulse frequency, and 
scan speed. This subsystem uses the build setting to control the laser beam and the 
information provided by sensors adding feedback to the system. Lastly, the 
environment controller allows to control of the powder bed temperature and 
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environment temperature (in some cases) to guarantee adequate printing 
conditions. 

4.4.5 Sintratec Kit machine 

Sintratec Kit is a commercial desktop Selective Laser Sintering (SLS) 3D printer 
fabricated by the company Sintratec AG (see Fig 36.A) intended for creating 
functional prototypes or end products using polymeric materials in powder, such as 
PA12, and TPE. The user can interact with this machine through different elements, 
including: (see Fig 36.B) Laser safety key, reset button, lamp indicator, background 
heater indicator, coater, print container, powder reservoir, and overflow bin [182]. 
Table VIII shows the technical specifications of this machine. 

A) 

 

B) 

 
  

Fig 36. A) Sintratec Kit machine. B) Main elements of the Sintratec kit machine. 
Source: [182] 
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Table VIII.  
Sintratec Kit technical specification. Source: [182] 

 
Dimensions 52 x 38 x 60 cm 

Weight 28 kg 

Operating Temperature 80-150 °C 

Temperature Control Self-heating  

Power Requirements 100-240 V 
15 A 50/60 Hz 

1.7 kW 

Laser Specifications Laser diode 

Connectivity Ethernet and USB 

Printer Control push-button 

Technology Selective Laser Sintering (SLS) 

Build Volume 110 x 110 x 110 mm 

Layer thickness (Axis Resolution) 100-150 microns 

Laser Spot Size  25 mm 

Support Non required 

 

The functional decomposition presented in Fig 37 describes the main subfunctions 
of the machine and how these subfunctions interact with each other. For this kind of 
technique, the inputs of the system are printing parameters, energy, and raw material 
(polymeric material in powder).  The outputs of the system are the object printed, 
waste, and energy dissipation. 
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Fig 37. Functional decomposition of Sintratec Kit machine. 

The process starts with the introduction of the material in powder into the powder 
reservoir. Also, the machine sense if these elements are working correctly for safety 
operation. Once these elements are correctly placed, the control system deposits 
one layer using the coater system into the print container. 

The Sintratec Kit machine receives as a printing parameter a Gcode file, parameters 
that include object shape, type of material, scan velocity, laser beam power, layer 
thickness, preheating temperature, and several others. These parameters are 
interpreted by a control system and enable the vertical movement subsystems (print 
container), the laser subsystem, and the environmental subsystem. 

The environmental subsystem preheats the material by increasing the temperature 
of the powder using an infrared heat lamp. This temperature is sensed by an infrared 
sensor at every moment of the process to guarantee an optimal work temperature 
according to the characteristics of the powder established by the producers.  

The vertical movement subsystem displaces the build platform along the z-axis, 
leaving space for a new layer of powder to spread during the printing process. The 
layer resolution of the Sintratec Kit Machine that is previously set up in the Gcode is 
around 100-150 µm, achieved by the correct interaction between a stepper motor, a 
dovetail rail, and a leadscrew. In this subsystem, only end-stops are installed as 
sensors, permitting only to know when the platform is in the minimal and maximal 
position, and know when the coater system has done the whole path. 
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The optical subsystem comprises two main elements: the laser source and the 
mechanism to direct the laser beams. The Sintratec Kit machine uses a diode laser, 
with a wavelength of around 10.6 µm as a light source. On the other hand, two 
galvanometers with two mirrors (one for the x-axis and the other for the y-axis) are 
in charge of directing the laser beam with a specific shape (previously set in the 
printing parameters) to the powder layer in order to do the sintering process between 
the particles. These two elements are sensed in order to guarantee laser power and 
dimension accuracy. 
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5. DEVELOP AN EXPLORATORY STUDY OF CLOSED-LOOP CONTROL 
APPLIED IN ADDITIVE MANUFACTURING 

3D printing systems are far from being error-proof, and the vast majority do not work 
with closed-loop control. The low-end printers are usually FFF systems, and they 
could suffer from multiple failures in the fabricating process (generally more than 
high-end systems) that usually go unnoticed until it reaches the user with the 
defective printed object, making them good test subjects for this study. These 
printers rely on subsystem-level closed-loop temperature controls for the nozzle and 
platform and the stepper motors' accurate positioning to reproduce the intended 
geometry. This section presents the application of a motion inference model, 
extrusion supervision system, and thermal characterization of a FFF printer.  

5.1 A MATHEMATICAL MODEL FOR THE HEATER CARTRIDGE SYSTEM OF 
THE FFF MACHINE 

This section presents the development of a mathematical model for the dynamic 
thermal system involved in the heater cartridge of a Prusa 3D printer. This element 
is one of the few subsystems that have a closed-loop control system (PID control 
system); thence, it was important to understand the dynamic thermal model involved 
in this process for future integrations in a multivariable closed-loop control system 
that includes this and other subsystems in an FFF machine. The mathematical model 
was carried out through a mathematical model and experimental characterization, 
which allows for finding the transfer functions that represent the dynamics of this 
thermal process. 

5.1.1 Mathematical Model 

As it was mentioned before, FFF machines increase the material temperature until 
the material melting point is reached with the objective of depositing it onto the 
printing platform. However, every machine presents different kinds of sensors, 
actuators, and structures to carry out this process, and this means that each machine 
has a different thermal dynamic. A Prusa 3D machine available in the Universidad 
Autonóma de Occidente was selected to carry out the characterization (see Fig 
38.A). To fuse the material, this machine uses an extruder type MK8 (Fig 38.B) with 
an operation range of (150-250°C), and like many other FFF extruders, this Mk8 
extruder performs not only the liquification step but also the material loading, and the 
material extrusion. 
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A) 

 

B) 

 

C) 

 

Fig 38. A) FFF Prusa 3D printer. B) Mk8 Extruder. C) Elements related to the 
liquification process.  

To achieve these sub-functions, the MK8 extruder includes different electro-
mechanical elements, such as a stepper motor, gear arrangement, filament throat, 
fan, heatsink, thermo-resistor sensor, heater block, nozzles extruder, and cartridge 
heater. However, the elements that are related to the liquification process are the 
heater block, filament throat, cartridge heater, and thermo-resistor sensor (see Fig 
38.C). The last two elements are ones involved in the closed-loop control system as 
the sensor and the actuator. However, the other elements affect the thermal 
dynamics of the liquification process. 

Hence, the mathematical model is focused on the power generated by the cartridge 
heater and the heat transfer between this element, the heater block, and the filament 
throat. 

In principle, the cartridge heater is a resistor that produces heat when a current flow 
through it. Nowadays, cartridge heaters with different working powers (in Watts) can 
be found in the market, and the power can be described by Equation 1 where Q is 
the power generated, V and I are the voltage, and the current applied to the cartridge 
heater, and R corresponds to the electric resistance of the heater.  

𝑄𝑒(𝑊) = 𝑉𝐼 =  𝐼2𝑅 =
𝑉2

𝑅
 

Equation 1 
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The power generated is transmitted as thermal energy to the filament in two stages. 
The first stage is the heat transfer between the cartridge heater and the heater block, 
and the second stage is the heat transfer between the heater block and the filament 
throat. Fig 39 shows the schematic of the temperature transmission between the 
components.  

 

Fig 39.Temperature transmission schematic. 

Equation 2 describes the heat transfer between the cartridge heater and the heater 
block, where the power given by the cartridge heater is equal to the accumulated 
heat in the heater block plus the power given to the environment.  In this case, it is 
important to remark that the accumulated heat in the heater block is related to the 
thermal capacitance of the material (Chb)(a product between the mass of the heater 
block and its specific heat) and the derivate of its temperature (Thb). On the other 
hand, the power given to the environment is a difference between the heater block 
temperature and the environment temperature (Te) divided by the thermal resistance 
between the heater block and the environment (Rhb-e).  

𝑄𝑒(𝑡) = 𝐶ℎ𝑏

𝑑𝑇ℎ𝑏(𝑡)

𝑑𝑡
+ 

𝑇ℎ𝑏(𝑡) + 𝑇𝑒(𝑡)

𝑅ℎ𝑏−𝑒

 

Equation 2 

The heat transfer from the heater block to the filament throat is described by 
Equation 3 and is equal to the accumulated heat in the filament throat plus the power 
given to the environment. 

In this case, the power given to the filament throat is a difference between the heater 
block and filament throat temperature (Thb and Tft, respectively), divided by the 
thermal resistance of these materials (Rhb-ft); the accumulated heat in the filament 
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throat is the thermal capacitance of the material (Cft) (a product between the mass 
of the filament throat and its specific heat), and the derivate of its temperature (Tft); 
and the power given to the environment is a difference between the filament throat 
temperature and the environment temperature (Te) divided by the thermal resistance 
between the heater block and the environment (Rft-e).  

Thb(t) − Tft(t)

Rhb−ft

= Cft

dTft(t)

dt
+

Tft(t) − Te(t)

Rft−e

 

Equation 3 

In order to establish the dynamic of the filament throat temperature under the 
influence of the power input from the cartridge heater, the Laplace transform is 
applied to Equation 2 and Equation 3, resulting in Equation 4 and Equation 5. 

Qe(s) = chbThb(s)S +
Thb(s) − Te(s)

Rhb−e

 

Equation 4 

 
Thb(s) − Tft(s)

Rhb−ft

= cftTft(s)S +
Tft(s) − Te(s)

Rft−e

 

Equation 5 

Replacing Thb from Equation 4 to Equation 5 and finding Ttf as a function of the input 
Qe,  Equation 6 is obtained. 

Tft(s) =  [
Qe(s) ∗ Rhb−e + Te(s)

Rhb−ft ∗ Rhb−e ∗ (chbS +
1

Rhb−e
)

+
Te(s)

Rft−e

] [
1

cftS +
1

Rft−e
+

1
Rhb−tf

] 

Equation 6 

Despite Equation 6, some constants are not easy to parametrize, such as the 
thermal resistance between the heater block and the environment or the thermal 
resistance between the cartridge heater and the heater block. Therefore the 
following section shows how this process is characterized using an experimental 
method. 
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5.1.2 Experimental thermal characterization 

The experimental characterization starts with cooling down the heater system until 
environmental temperature (around 37-30°C). Afterward, through the operation 
interface, a command is sent to the machine in order to set the extruder temperature 
to 200°C. During the heating process, voltage, current, and temperature 
measurements were taken every 0.5 seconds, resulting in the thermal dynamics of 
the system and the amount of voltage supplied at each moment of the process, as 
Fig 40 shows. 

A) 

 

B) 

 

Fig 40. Thermal Dynamic system. A) Voltage input. B) Extruder temperature. 

Fig 40.B shows that the thermal dynamic is an underdamped system with some 
characteristics, e.g., the transitory state in 50 s, an overshoot of 210°C in 70 s, and 
a stabilization time in 80 sec. Another important aspect is that this system does not 
present steady-state error because of the PID control system.  

5.1.3 Transfer function 

With the characterization of the system, the transfer function of the system shown in 
Equation 7 was found. This transfer function represents the dynamic system with the 
PID controller included.  
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H(s) =  
0.06554 S2 + 0.273 S + 0.007378

S2 + 0.02565 S + 0.0001085
 

Equation 7 

However, it is necessary to find the system's transfer function without the control 
system. Therefore, the block diagram of a process with a PID system was used (see 
Fig 41) to find the process's transfer function. This control system is a closed-loop 
control system that includes a process, a proportional control, an integrative control, 
a derivative control, and negative feedback. 

 

Fig 41. PID close-loop block control diagram 

The equation that represents the control loop is described by Equation 8, where H(S) 
represents the dynamic of the system, PID controller (S) describes the transfer 
function of the PID controller, and Process (S) the function transfer of the process. 
These elements are in the Laplace domain.  

H(S) =  
 PID Controller (S) ∗ Process(S)

1 + PID Controller (S) ∗ Process(S) 
 

Equation 8 

The proportional, integrative, and derivative controls can be represented in one 
block, where the result is the sum of these three elements, as Equation 9 shows. 
The elements Kp, Ki, and Kd, correspond to the proportional, integrative, and 
derivate constants, respectively. 

PID Controller (S) = Kp +
Ki

S
+ Kd S 

Equation 9 
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From Equation 8, it is possible to solve for the Process(S) as Equation 10 shows. At 
this point, it is necessary to know the values of the constants Kp, Ki, and Kd, to 
compute the transfer function of the process. These values are previously set in the 
firmware of the machine, and for this specific application, the values are Kp=22.20, 
Ki=1.08, and Kd=114.0.  

𝑃𝑟𝑜𝑐𝑒𝑠𝑠(𝑆) =
𝐻(𝑆)

 𝑃𝐼𝐷 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟(𝑆) − 𝐻(𝑆) 𝑃𝐼𝐷 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟(𝑆)
 

Equation 10 

Solving Equation 10 results in the dynamic of the thermal process of the Prusa FFF 
machine and can be seen in Equation 11.  

Process (S) =
0,00061523 S ∗ (S + 0.0272) ∗ (S + 4.138)

(𝑆 − 0.2914) ∗ (𝑆 + 0.0267) ∗ (𝑆 + 0.09474) ∗ (𝑆 + 0.1)
 

Equation 11 

  

5.1.4 Discussion of the heater cartridge dynamic 

In material extrusion 3D printing processes, the extrusion temperature plays an 
important role in the printing process because it allows reaching the material's 
melting point. In addition to the fact that a correct temperature setting reduces 
printing mistakes, such as weak layer adhesion, warping, cracking distortion, and 
low dimension accuracy.  

Generally, thermal processes are unstable when working in an open-loop. The 
extruder Mk8 is an example of this. Equation 11 shows that the thermal extruder 
process presents Zeros located in Z1 = -0.0272, Z2 = - 4.138, and Z3 = 0,  and poles 
located in P1 = 0.2914, P2 = -0.0267, P3 = -0.09474 and P4 = -0.1, this represents 
an unstable process. Due to this, it is necessary to implement a control system for 
this thermal variable in 3D printers in order to guarantee a system that can reach 
and hold the melting point temperature of the different materials. 
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5.2 PROBABILISTIC MOTION INFERENCE FOR FUSED FILAMENT 
FABRICATION 

As previously mentioned, FFF technology derived from material extrusion is prone 
to suffer from several deficiencies and challenges. One of these challenges is the 
absence of monitoring and control of the motion of the CNC machine during the 
fabrication process [81], [183]. These process limitations allow the possibility of 
errors during the printing process that can be reflected in the final objects. Examples 
of these are layer displacement and incomplete prints (see Fig 42), which go 
unnoticed during the printing process and result in a defective piece. These failures 
affect not only the aesthetics and accurate reproduction of the desired geometry but 
also result in poor adhesion between layers, poor mechanical performance, and 
waste of time and material. 

 

Fig 42.  A) Layer displacement error. B) No Material Extrusion error. Source  
[184]. 

Most of these printing failures can be attributed to the fact that 3D printers work in 
open-loop, i.e., 3D printers do not include supervision and control systems for the 
different variables, and the system cannot detect or correct those deviations from 
the desired trajectories. Therefore, the development of a closed-loop control system 
is suggested in order to track, measure, and control the variables involved in the 
different Additive Manufacturing processes and consequently reduce the possibility 
of failures during the printing process [90], [91], [114]–[117]. This section aims to 
develop a supervision system based on Probabilistic Graphical Models to observe 
(and get accurate information of) the printing process, specifically on how the printer 
is moving during the printing process, referenced to the G-Code generated through 
the slicing of the .STL file.  
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In the following sections, a probabilistic graphical model definition is presented, an 
inference machine is then proposed, and some results are presented afterward. The 
sections conclude by highlighting the potential of this approach to strengthen 3D 
printing systems by incorporating supervision systems and closing the control loop. 

5.2.1 Probabilistic graphical model definition  

The proposed approach is to track and control the motion of a FFF 3D printer from 
a data association generated from an .STL file, which describes the geometry of the 
object to print. The G-code represents the motion to be done by mechanical 
elements of the printer in order to move the extrusion nozzle and platform along the 
X, Y, and Z axes.  

The graphical model is shown in Fig 43, where every X represents a new stage of 
the nozzle extruder during the printing process, stages which are described by a 
vector with x, y, and z position, and the speed of each axis and Y1 correspond to the 
observation of the stages through sensors. To define the relationship between 
different stages are proposed a linear motion model and a nonlinear motion model 
of the dynamic of the printer. 

 

Fig 43. Graphical Model. 

Linear Model: The relationship between different stages is established by Equation 
12, where A represents the dynamics between the different stages and P (Equation 
13) is a random variable from a Gaussian distribution which represents an error in 
the relationship. 

Xn = AXn−1 + P 
Equation 12 
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P~N(∅, V) 
Equation 13 

The projection of the state ahead is described by Equation 12. For this specific 
application, the transition matrix A is defined by a constant velocity transition matrix, 
assuming that while printing a piece, the velocity remains constant throughout the 
motion expressing a linear dynamic model. This transition matrix A is defined by 
Equation 14. The error on the transition P can be defined as an identity matrix 
multiplied by a constant, as shown in Equation 15, where L corresponds to the 
covariance constant. 

𝐴 =

[
 
 
 
 
 
1 0 0
0 1 0
0 0 1

𝑑𝑡 0 0
0 𝑑𝑡 0
0 0 𝑑𝑡

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1 ]

 
 
 
 
 

[
 
 
 
 
 
𝑥
𝑦
𝑧
𝑥′
𝑦′

𝑧′]
 
 
 
 
 

 
Equation 14 

P = L ∗

[
 
 
 
 
 
1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1]

 
 
 
 
 

 
Equation 15 

These stages are observed by a linear optical encoder (Linear encoder WTB 500 
[185]) represented by Y1 in Equation 16, every position of x, y, and z is sensed by 
one of these encoders with a resolution of 0.005 mm, and the printing speed will be 
estimated by the variation of these positions. The specifications of these encoders 
are shown in Table IX. The relationship between the stage and the measurements 
is defined by Equation 16, where H is a factor that converts the readings of the 
system into the desired variable, and R (Equation 17) is a random variable from a 
Gaussian distribution that represents an error in the relationship. 
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Table IX.  
Linear encoder WTB 500 specifications 

Resolution 0.005 mm 

Output Signal 5 V – TTL 

Signal Type Two Quadrature 
Signal 

Velocity 1.2 m/s 

Maximal Value 
Measure 

530 mm 

 

y1 = HX1 + R Equation 16 

R~N(∅, D) 
Equation 17 

In this case, H is defined in Equation 18, representing that the sensors measure the 
position in the x, y, and z axes as independent variables. Also, the measurements 
present some error in their values, for that reason Equation 19 describes a matrix 
that contains a deviation for each value of a measure, where D corresponds to a 
constant that depicts this error. 

H = [
1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

] 
Equation 18 

R = D ∗ [
1 0 0
0 1 0
0 0 1

] 
Equation 19 

Nonlinear model: The projection of the state ahead is described by Equation 20. In 
this case, the dynamic of the state ahead is represented through a vector function 
that depends on the last state Xk-1, and the control input u. This vector function 
involves the nonlinearity of the motion dynamic and it is established because the 
variations in the position of the extruder and the printing speed during the printing 
process are nonlinear. For this specific application, only the control input is 
considered in the vector function and it is described by the G-Code for every 
movement and speed required during the printing process. 
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Xk =  f(xk−1, uk) =

[
 
 
 
 
 
 
XGCode−k

YGCode−k

ZGCode−k

ẊGCode−k

ẎGCode−k

ŻGCode−k]
 
 
 
 
 
 

 
Equation 20 

These states are observed by the same linear optical encoder presented in the last 
section, and the relationship between the states and the measurements is defined 
by Equation 21 which represents a function of how the sensor observes the stage. 

y1 =  h(xk) = [
X
Y
Z
] 

Equation 21 

5.2.2 Inference machine 

Knowing that the graphical model for tracking the motion of a FFF 3D printer has a 
tree structure [186] (indicating that in the graphical model there is one and only one 
path between any pair of nodes, and consequently it has no loops in the structure 
definition and states [186]) the inference of the states can be obtained by introducing 
factors in the model structure, Fig 44 shows the new factor graph. This inference can 
be achieved with the application of a Kalman filter for the linear model, and the 
application of an extended Kalman filter for the nonlinear model, these are interactive 
filters composed by two elements: the prediction process and the correction process. 

 

Fig 44. Factor graph. 

Kalman filter for linear model: The interactive process of the Kalman filter is shown 
in Fig 45. 
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Fig 45. Kalman filter process. Source [187]. 

The prediction is the process where the system computes the next state, taking into 
account the actual state, a transition matrix, and a projection using a covariance 
error. 

Also, the prediction in every interaction computes a new estimation of the covariance 
matrix, this update is given by Equation 22 and depends on the transition matrix, the 
actual estimation of the covariance matrix, and matrix denominated Q, which 
represents noise in the covariance matrix. 

Pn+1 = APnA
T + Q 

Equation 22 

The process noise in the covariance Q is determined by Equation 23, where dt is 
equal to the acceleration of the noise in the process. 

Q =  dt

[
 
 
 
 
 
1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1]

 
 
 
 
 

 
Equation 23 
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The correction process of the Kalman filter is given by three elements that are 
changing with the different interactions. The first element is the computation of the 
Kalman filter gain; this gain is computed using the observation matrix H, the 
covariance error matrix of the states P, and the covariance error matrix of the sensor 
R, as described by Equation 24. 

Kk = PkH
T(HPkH

T + R)(−1) 
Equation 24 

The second element of the correction process is updating the state estimation using 
the measurement as described by Equation 25, where xk is the actual state value, 
Kk is the Kalman gain previously computed, Zk is the actual measured value and H 
is the observation matrix. 

xk = xk + Kk(Zk − Hxk) 
Equation 25 

The last step of the correction process is the update of the covariance error, this 
update process is established by Equation 26, and depends on the Kalman gain K, 
the observation matrix H and the covariance error matrix P. 

Pk = (I − KkH)Pk 
Equation 26 

Extended Kalman filter nonlinear model: The process of the extended Kalman 
filter is shown in Fig 46. 
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Fig 46. Extended Kalman filter process. Source [188] 

The prediction is the process where the system computes the next state, considering 
that the function depends on the last state and the control input. For this specific 
case, only the control input is taken into account as the G-Code in every step of the 
printing process. 

The covariance matrix is updated according to Equation 27 where A corresponds to 
the Jacobian of the states’ function as Equation 28 shows, and matrix Q, which 
represents the process noise in the covariance matrix. 

Pn+1 = APnA
T + Q 

Equation 27 

 

A =

[
 
 
 
 
∂f(xk−1, u)

∂x
⋯

∂f(xk−1, u)

∂x
⋮ ⋱ ⋮

∂f(xk−1, u)

∂ż
⋯

∂f(xk−1, u)

∂ż ]
 
 
 
 

 
Equation 28 

However, the Jacobian of the states’ function cannot be analytically calculated 
because, there is not a specific function to describe the dynamic of the states; 
therefore, this Jacobian matrix is computed in every iteration as the successive 
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differences of the states as shown in Equation 29, allowing to obtain an 
approximation of the first partial derivatives. 

A =

[
 
 
 
 
xk − xk−1

TimeStep
⋯ 0

⋮ ⋱ ⋮

0 ⋯
Żk − Żk−1

TimeStep]
 
 
 
 

 
Equation 29 

The process noise in the covariance Q is determined by Equation 30, where dt is 
equal to the acceleration of the noise in the process. 

Q =  dt

[
 
 
 
 
 
1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1]

 
 
 
 
 

 
Equation 30 

The correction process of the extended Kalman filter is given by the same three 
elements. The first element is the computation of the Kalman filter gain, using the 
covariance error matrix of the states P, the covariance error matrix of the sensor R, 
and the matrix H as described in Equation 31, but in this case, this matrix 
corresponds to the Jacobian matrix of the observation function as shown in Equation 
32.  

Kk = PkH
T(HPkH

T + R)(−1) 
Equation 31 

 

H =

[
 
 
 
 
∂h(xk)

∂x
⋯

∂h(xk)

∂x
⋮ ⋱ ⋮

∂h(xk)

∂ż
⋯

∂h(xk)

∂ż ]
 
 
 
 

 
Equation 32 

Because the observation function is a linear function, the result of the Jacobian 
matrix is equal to Equation 33. 
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H = [
1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

] 
Equation 33 

The second element of the correction process is updating the state estimation using 
the measurement (as described in Equation 34), where xk is the actual state value, 
Kk is the Kalman gain previously computed, Zk is the actual measured value, and 
h(xk) is the observation function. 

xk = xk + Kk(Zk − h(xk)) 
Equation 34 

The last step of the correction process is the update of the covariance error. This 
update process is established by Equation 35 and depends on the Kalman gain K, 
the observation Jacobian matrix H, and the covariance error matrix P. 

Pk = (I − KkH)Pk 
Equation 35 

5.2.3 Experimental results 

The trajectory established for the experimental process was a square with a 
dimension 50x50x0.6mm and a thickness of 0.4mm this represents a printing 
process with only three layers if the layer height is 0.2 mm and a nozzle of 0.4mm is 
used. Fig 47 shows the shape and the trajectory used for the experimental process. 
This specific printing process takes 150 s with a set speed of 35 mm/s. 

 

Fig 47. Shape and printing trajectory 

This trajectory allows to know that there is always movement at least in one axis, 
furthermore, due to the geometry of the object, the motion of an axis (x or y) is null 
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until another trajectory is in process. The z axis only performed the movement when 
the movement in the x and y axes were done. Fig 48 shows the results of the 
measurements obtained during the printing process. 

 

Fig 48. Measurements were obtained by the linear encoders during the printing 
process. 

Results of the Kalman filter for linear model:  

First, it is necessary to establish some aspects required in the Kalman filter 
application: a constant velocity of 35 mm/s is defined for the printing process in every 
axis, in order to use the model of a constant velocity approach.  

Other parameters defined were the constant that affects the covariance transition 
matrix P and the covariance observation matrix R; to run these experiments, the 
constant L was defined as 50, and the constant D was defined as 1, this means that 
the model believes more in the observations than in the transition model. 

Once the parameters and the measurements were taken, an algorithm that 
computed the interactive Kalman filter was used in order to estimate the trajectories. 
The results are shown in Fig 49, where it can be observed that the estimation of the 
state does not represent a good estimation of the motion in the printing process. 
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Fig 49. First estimation results of the Kalman filter. 

Adjustments of the constants L, D, and dt were performed intending to improve the 
model, setting more weight on the measurements and in this manner, the inference 
process would be more reliable. The new settings were L = 100, D = 1/16, and dt = 
1. This process can be done because the system will always have information about 
the sensor. The results obtained are shown in Fig 50, these results are a better fit to 
the results and the dynamic of the established trajectory. 

 

Fig 50. Second estimation results of the Kalman filter. 
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After adjustments of the constants, L, D, and dt a comparison between the 
measurements and the state's estimation is performed in order to verify the results. 
Fig 51 shows the measurements of the position obtained on the x-axis, and the 
estimation of the trajectory for x-axis, where the estimation mostly fits the trajectory 
measured by the linear encoders, this means that the inference machine is providing 
appropriate estimates of the states. 

 

Fig 51. Comparison between measurements and estimation results in x axis 
using Kalman filter. 

In order to quantify the error between the trajectory and the estimation through the 
Kalman filter, the mean square error was calculated for all 330mm movement done 
in the x-axis, having 5.006 mm as a result, this means that the error between the 
estimation and the trajectory is proximally 1.51%. 

Results of the extended Kalman filter for nonlinear model: 

In order to execute the extended Kalman filter for the nonlinear model is necessary 
to establish the GCode that’s is going to be used as the prediction states function. 
Fig 52 shows the trajectory established by the GCode during the printing process. 
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Fig 52. GCode for the printing process. 

In this case, the parameters were conFigd differently, because now a more realistic 
model (GCode) can describe the dynamic during the printing process. The new 
settings were L = 1, D = 1 and dt = 0.0001. This means that we have a good transition 
model and a good measurement. The results obtained are shown in Fig 53, these 
results fits to the results and the dynamic of the established GCode trajectory. 

 

Fig 53. Estimation results of the extended Kalman filter. 

To quantify the error between the trajectory established by the GCode and the 
estimation of the extended Kalman filter, the mean square error was calculated for 
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all 330mm movement done in the x-axis, having 5.06 mm as a result, this means 
that the error between the estimation and the trajectory is approximately 1.53%. 

Adding noise to the measurements: 

During the printing process is possible that sensors can be failed or some noise can 
be introduced to the measurement signal, for that reason to the measurements some 
Gaussian noise was added to simulate an unexpected problem during the printing 
process and see what happens with the estimation with the two different estimation 
model. The new measurements are shown in Fig 54. 

 

Fig 54. Noisy measurements. 

The results obtained for the linear model using the Kalman filter can be observed in 
Fig 55, where the estimation of the different states is not a good estimation, this is 
because the linear model established for this application does not represent a good 
dynamic for the printing process, and having setup the parameter to believe more in 
the measurements the Kalman filter does not perform a good estimation process. 
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Fig 55. Estimation process of the Kalman filter with noisy measurements. 

The results for the extended Kalman filter can be observed in Fig 56, where the 
estimation fits better to the trajectory for the printing process; this happens because 
this is a more realistic dynamic model using the GCode as the state's function. Also, 
the comparison is shown in Fig 57 between the noisy measurements for the position 
in x, GCode trajectory for the position in x, and the estimation of the x position show 
that the extended Kalman filter can produce a good estimation even if something 
happens with the measurements during the printing process. 
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Fig 56. Estimation process of the extended Kalman filter with noisy 
measurements. 

 

Fig 57. Comparison between noisy measurements, GCode trajectory, and 
estimation for the position in x. 

To have another perspective of how the trajectory established by the GCode and the 
estimation of the states through the extended Kalman filter fits, when some noise is 
added to the measurements, a plot of the trajectories in the x and y axis was made 
and can be seen in Fig 58.A. The difference between the estimation and the GCode 
is barely noticeable in Fig 58.B. 
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Fig 58. A) Trajectory in the XY-plane (GCode and Estimation). B) Detail plot of 
the bottom right corner of the trajectory. 

5.2.4 Discussion of the probabilistic motion inference for fused filament 
fabrication  

Additive Manufacturing has an interesting potential use in different fields but is still a 
young manufacturing type which is in constant improvement. One of the challenges 
it still has is the incorporation of closed-loop control in order to get better performance 
in the machines and the pieces obtained by these processes, but to achieve this kind 
of control it is important to develop numerical models, supervision, monitoring, and 
predictive systems to have information that allows the control system to make 
accurate decisions during the printing process.  

The development of a Probabilistic Graphical Model using as an inference machine 
a Kalman filter for linear dynamic model, and an extended Kalman filter for nonlinear 
dynamic model requires the constant iteration between the prediction and the 
correction stages, in order to guarantee a correct inference value. Also, it is important 
to know the dynamics of the process to set the parameters for the inference machine. 

The Kalman Filter used for the linear dynamic model produced good results with low 
error for estimating the dynamics of a printing process if the measurement of the 
states does not present errors. This linear dynamic model does not capture any 
irregularities in the printing process, thence it was necessary to setup the Kalman 
filter to follow more the measurements than the dynamic model.  

On the other hand, the extended Kalman filter used for the nonlinear model produced 
good results for estimating the dynamics of a printing process, the GCode was 
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included as a control input for the states function, making the estimation more 
accurate. Also, this method allows tracking of the system even if the system receives 
noisy values from the sensors, doing the prediction based in the transition model.  

Probabilistic Graphical Models used as an inference method can be a tool for 
tracking the motion in the 3D printing process, and it can be adjusted to the dynamics 
of the motion during the process. For future work this inference process can be used 
as a state observer, allowing to have feedback of the process and to close the control 
loop over the motion during the printing process. This approach would be an 
important step to prevent failures and improve the results and piece performance 
obtained by FFF and could be extended to other Additive Manufacturing techniques 
making printers more robust. 

This probabilistic motion inference was presented in the Printing for Fabrication 2020 
Conference (NIP36) with the manuscript title “Probabilistic Motion Inference for 
Fused Filament Fabrication” [189]. 
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6. INTEGRATE CLOSED-LOOP CONTROL SYSTEMS IN AN ADDITIVE 
MANUFACTURING PROCESS, USING DIFFERENT TECHNIQUES OF 

FEEDBACK. 

In the recent past, the focus for development in AM has been systems with industrial 
applications, where quality and repeatability are critical, especially for metal AM with 
systems based on direct energy deposition and powder bed fusion [110]. However, 
desktops and low-cost AM machines, mostly systems based on photopolymerization 
and material extrusion techniques, have continued to grow in sales among small 
business owners, design engineers, education, hobbyists, and do-it-yourselfers, 
where fewer concerns for reliability are requested [190].  

Photopolymerization (the first AM technology developed in the 80s [17], [18], [26]) is 
seen as a more mature technology, resulting in machines with better performance 
and accuracy. This development allows building pieces with fine features, smooth 
surface finish, and ultimate part precision [191], even for low-cost systems, such as 
those from Formlabs or Anycubic. 

In contrast, material extrusion-based systems are perhaps the most popular and 
inexpensive but are the technique with greater challenges and lower performance. 
Therefore, material extrusion is the technique that would have a greater positive 
impact with the incorporation of a closed-loop control system. Some of the 
parameters that can be controlled in material extrusion are the material flow rate, 
kinematic motion, material deposition, nozzles and build plate temperature, and 
material supply.  

Among the types and configurations of material extrusion-based machines available 
in the market, such as cartesian, scara, delta, and core XY [192], the last present 
the highest risk of print failures, because of the complexity of its configurations [193]. 
Due to this section presents the stages carried out to achieve the integration of a 
multivariable closed-loop control system in the CORE XY FFF 3D printer presented 
in section 4.3.6. Including the development of a mathematical model that describes 
the behavior of five different variables, the creation and training of an Artificial Neural 
Network (ANN) to predict the dynamics of the variables, and the design and 
integration of a multivariable control system in the 3D printing system.  

6.1 MATHEMATICAL MODELING OF A FFF 3D PRINTER 

This section aims to establish a system of equations that describes the behavior and 
dynamics of five different variables involved in the Core XY 3D printing systems. 
These variables are the position of the extruder in x and y, the position of the build 



108 
 

plate in z, the nozzle temperature, and the material flow. In this perspective, it is 
important to remark that the mathematical model of the thermal behavior of a MK08 
extruder is already presented in Section 5.1 

6.1.1 Position in x and y axes. 

The Core XY system's kinematic allows the x and y axes to move using two motors 
that work synchronously. These motors allow translational movement through two 
open belts and arrangements of gears shown in Fig 59. In this configuration, if only 
one motor is working, then the translational movement is going to be diagonal, while 
if both motors work in the same direction, the movement is going to be on the x-axis, 
but if both motors work on the opposite direction, the movement is going to be on 
the y-axis.  

 

Fig 59. CORE XY configuration. Source: [194] 

This dependence on the rotation of both motors to generate movement in the axes 
give a result the Equation 36, where Δx corresponds to a variation in the position on 
the x-axis, Δy corresponds to a variation in the position on the y-axis, ΔA 
corresponds to a variation in the linear result movement generated from the motor A 
and belts arrangements, and ΔB corresponds to a variation in the linear result 
movement generated from the motor B and belts arrangements. 

[
∆x
∆y

] = [
−

1

2
−

1

2
1

2
−

1

2

] [
∆A
∆B

] 
Equation 36 
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The variation in the linear result movement ΔA and ΔB can be seen as the arc length 
produced between the rotational angle of the motor and the radius of the pulley 
attached to the motor, as Equation 37 shows. ΔθA and rA correspond to the angle in 
variation in degrees in motor A and the radius of the pulley attached to this motor, 
respectively, and  ΔθB and rB correspond to the angle in variation in degrees in the 
motor B and the radius of the pulley attached to this motor respectively. 

[
∆A
∆B

] =
2π

360
[
rA 0
0 rB

] [
ΔθA

ΔθB
] 

Equation 37 

Substituting Equation 37 in  Equation 36 in order to express the movement in the x 
and y axes as a function of the angular rotation of both motors, Equation 38 is 
obtained.  

[
∆x
∆y

] =
π

360
[
−rA −rb

rA −rb
] [

∆θA

∆θB
] 

Equation 38 

The motors used in this implementation are two Nema 17 stepper motors which are 
connected to the main interface via a DRV8825 driver configured in 1/32 micro-step; 
these mean that the minimum angle allowed to move is 1.8/32 °.   

Generally, 3D printers use inverse kinematics to achieve the movements. In other 
words, the machine receives the position desired in the X and Y axes from the user 
to calculate the value required in the joints to achieve the movement. In this case, 
the machine calculates the values of  ΔA and ΔB to move the motor to a determinate 
angle.   

Usually, the control signal to achieve movements in this kind of 3D printer is 
expressed in steps. In other words, it is expressed in how many steps (control signal) 
are required to move one millimeter. Therefore, a conversion factor is required. 
Equation 39 shows how to find it for this specific application.  

Fr(steps mm⁄ ) =
motor steps ∗ mricosteps

pulley teeth revolution⁄ ∗ mm tooth⁄
= 160 (steps/mm) 

Equation 39 

Knowing this conversion factor, ΔA and ΔB are expressed in pulses using the 
desired X and Y position, as shown in Equation 40. 
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[
∆A
∆B

] (steps) = Fr ∗ [
−1 1
−1 −1

] [
∆x
∆y

] 
Equation 40 

6.1.2 Position on the z-axis. 

For the movement associated with the z-axis, the 3D printing uses an arrangement 
of three Nema 17 stepper motors attached to three lead screws. These three motors 
are connected in parallel, which means that they receive the same control signals, 
avoiding the need to synchronize them and guaranteeing the same rotational 
movement in the three lead screws. In this context, the translational movement in 
the z-axis depends directly on the rotational movement in degrees of the motors C 
(θC) and the lead screw pitch, as described in Equation 41. 

∆z =
Screw pitch

360
∆θC 

Equation 41 

As same as in the core XY configuration, the control signal is commonly expressed 
in pulse. However, the conversion factor for the z-axis depends on the screw pitch, 
whereby knowing the fact that Nema 17 stepper motors are connected to a DRV8825 
driver in a 1/32 micro-step configuration, the z-axis conversion factor is represented 
by Equation 42. This inverse kinematic (Equation 43) conversion factor is used to 
achieve z-axis movements. 

Frz(steps mm)⁄ =
steps ∗ mircosteps

Screw pitch
= 503.93 (steps/mm) 

Equation 42 

 

∆C = Frz∆z 
Equation 43 

6.1.3 Material flow  

The first approach to understanding the material flow extrusion stage is seeing the 
extruder as a conic tube where the volume of the incoming material has to be the 
same as the volume of the material outcoming.  
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The volume of incoming material is a cylindrical volume described by Equation 44, 
where Dn and ΔE correspond to the nozzle diameter and material length (pushed by 
the extruder motor), respectively. 

Vin =  π 
Dn

4

2

∆E 
Equation 44 

 

A B 

Fig 60. Geometrics associated with incoming and extruded material volume.  

Fig 60.A shows the nozzle making a filament stroke that is equal to the output 
volume. Usually, the slicers programs assume the cross-section of the volume as a 
rectangular area plus two semi-circles at the ends [195], resulting in the area A 
presented in Fig 60.B, where w and h correspond to extrusion width and layer height, 
respectively. Knowing this, the result equation that describes the outcoming volume 
is presented by Equation 45, where L is the tool path of a particular trajectory and is 
described by Equation 46. 

Vout = A ∗ L 
Equation 45 

 

L =  √(x1 − x0)
2 + (y1 − y0)

2 + (z1 − z2)
2 

Equation 46 

Although these equations are sufficient for most applications, the main goal of the 
multivariable closed-loop control is to establish systems that integrate the entire 
dynamic of the machine. Therefore, the extrusion system was analyzed not as an 
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incoming and outcoming material volume but as a flow material system affected by 
temperature, material proprieties, and pressures.  

The first step to understanding the flow material system is to see the extruder as a 
tube with three different sections, as Fig 61 shows. Section I is the feed material and 
melting material zone with length L1 and diameter D1. Section II is the compression 
zone, which is a truncated conical connection to the small print nozzle opening with 
angle β and length L2. Commonly, the angle of this conical section is 90°. Finally, 
section II is the melting zone with length L3 and diameter D3, and this diameter 
represents the nozzle diameter.  

 

Fig 61. Different sections of the extruder geometry.[196] 

The output flow in section III can be modeled as a Hagen Poiseuille volumetric flow, 
resulting in Equation 47, where Q represents the output flow, η the material viscosity, 
and ΔP is the pressure drop in the three different sections of the extruder. [197]  

Q =
π(

D3

2
)

4

∆P

8ηL3

 
Equation 47 

Usually, the materials used in 3D printers are Non-Newtonian materials; therefore, 
the viscosity is affected by the velocity of extrusion and can be modeled by the 
power-law viscosity model as Equation 48 shows, where �̇� is the share rate, k the 
consistence index, and n the viscosity index. It is important to remark that these two 
indexes are rheological proprieties of the materials. Additionally, the share rate 
(Equation 49) can be assumed equal to the material velocity (V) since there is no 
change in the distance trajectory (z) of the material inside the extruder. 
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η = kγ̇n−1 
Equation 48 

 

γ̇ = −
dV

dz
 

Equation 49 

Nevertheless, the extrusion temperature affects the process, whereby the viscosity 
can be modeled using the Arrhenius model (H(T) in Equation 50). [198] This model 
(Equation 51) allows fitting the viscosity according to the working temperature using 
a fit parameter evaluated at some reference temperature, where T corresponds to 
the working temperature, T0 to the reference temperature, and α to the activation 
energy of the material (Rheological property of the material). 

η=H(T)η0(γ) 
Equation 50 

 
H(T) = exp[α(T − T0)] 

Equation 51 

On the other hand, different research used analytical studies to deduct the pressure 
drop in the extruder (Equation 52) [196], [198] by dividing it into pressure drops inside 
the three different sections of the extruder, the section I in a cylindrical shape 
(Equation 53), section II in conical shape (Equation 54), and section III in a cylindrical 
shape (Equation 55). In this context, the analytical models made the following 
assumptions, the melt material is incompressible, and the flow is steady-state and 
laminar. In these equations ∅ and m corresponds to the power-law parameters 
fluidity and flow exponent of the material, respectively. 

∆P = ∆P1 + ∆P2 + ∆P3 
Equation 52 

 

∆P1 = 2L1 (
V

∅
)

1
m⁄

[
m + 3

(
D1

2⁄ )
m+1]

1
m⁄

∗ exp[α(T − T0)] 
Equation 53 
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∆P2 = (
2m

3tan (
β

2⁄ )
)(

1

D3

3
m⁄

−
1

D1

3
m⁄
) [(

D1

2
)

2

(m + 3)2m+3]

1
m⁄

∗ exp[α(T − T0)] 
Equation 54 

 

∆P3 = 2L3 (
V

∅
)

1
m⁄

[
(m + 3) (

D1
2⁄ )

2

(
D3

2⁄ )
m+3 ]

1
m⁄

∗ exp[α(T − T0)] 
Equation 55 

As a result, the expression of the flow (Equation 47) is affected by the working 
temperature, the extrusion velocity (which depends on the tool path velocity), and 
material rheological properties. This means that the flow material is the variable 
affected by the multivariable involved in the printing process. 

6.2 DESIGN OF CLOSED-LOOP CONTROL SYSTEM FOR FFF 3D PRINTER.  

This section presents a design of a multivariable closed-loop control system for the 
CORE XY FFF 3D printer, which involves different techniques of control and 
feedback, including artificial intelligence control and classic PID control.  

One of the biggest challenges of the multivariable control system design proposed 
is its integration without interfering with the main board controller already 
implemented in the 3D printer. Therefore, one goal is that the multivariable control 
system principle can be extrapolated to other 3D printing systems independently of 
the main board or the AM technique.  

According to the mathematical models presented in the previous section, the closed-
loop control is divided into five variables. A multivariable control for the x, y, and z 
position variables; a control for the extruder temperature; and a multivariable control 
for the material flow. In this perspective is important to remark that the material flow 
variable is the one that involves the behavior of the other variables for its dynamic 
function.  

6.2.1 Design of artificial intelligence control for extruder temperature 

Although the extruder temperature already has a classic control PID, this control is 
not a robust control. Its functionality can be easily affected by the extruder wear and 
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the perturbations from the environment, like the airflow, leading the user to calibrate 
the control parameters constantly. Therefore, artificial intelligence control is 
suggested in order to avoid these issues.  

The first step of the artificial intelligence design process was the system identification 
of the CORE XY FFF 3D printer extruder. This process was carried out with the same 
process presented in Section 5.1. 

Fig 62 shows the responses of the CORE XY FFF extruder temperature when the 
reference is a step of 200 °C. This response allowed determining the transfer 
function that described the dynamic of the extruder temperature, resulting in 
Equation 56. In this context is important to remark that this transfer function 
corresponds to the dynamic of the extruder temperature with a PID controller 
incorporated.     

H(s) =
0.0007336S + 0.001177

S2 + 0.59S + 0.00118
 

Equation 56 
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Fig 62. Extruder temperature responses to a 200 °C Step reference.  

Knowing the dynamic of the extruder temperature, the artificial intelligence controller 
proposed is an internal model controller shown in Fig 63.  This kind of controller uses 
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inverse and forward models of the process, which can be modeled with an artificial 
neural network. The biggest advantage of this schematic is the rejection of the 
disturbances by predicting the dynamic using the forward neural model.  

 

Fig 63. Internal model control for extruder temperature. 

A neural network output error (NNOE) is selected for the forward neural network 
model. This architecture predicts the dynamics of the process using the past 
samples of the prediction and the values of the inputs in the regressor (see Fig 64).  
Knowing that the dynamic of the extruder temperature is a second order, a regressor 
with two past samples of the prediction and the input is established (Equation 57). 

 

Fig 64. Forward Neural Network Output Error architecture. 

ŷ = [ŷ(k − 1), ŷ(k − 1), u(k − 1). u(k − 2)] 
Equation 57 
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The forward neural network model was trained using a Matlab machine and deep 
learning toolbox with different training methods, activation functions, datasets, and 
hidden layers. However, the one that presented better results was created with one 
hidden layer composed of fifteen perceptron neurons and one output layer of a 
perceptron neuron, with hyperbolic tangent sigmoid and linear activation functions, 
respectively. This model was trained offline with the Levenberg-Marquardt 
backpropagation method, using as performance the means square error and a 
dataset of fifty thousand values captured directly from the behavior of the thermal 
dynamics of the 3D printer. This last one can vary between the operating 
temperature range of the 3D printer (24 °C – 250 °C), according to the reference 
input values  

This architecture allows the performance of 2.77x10-7 with an optimization gradient 
of 2,7Xx10-4, which means that the forward neural model presents a good estimation 
of the extruder temperature dynamic. Fig 65 shows the responses of the extruder 
temperature dynamic and the forward model prediction for different temperature 
setpoints, and overlapping between these responses can be seen.  
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Fig 65. Response of the temperature dynamic and forward neural model 
temperature prediction. 

For the inverse neural network model, a neural network output error (NNOE) is also 
selected, but in this case, the main idea is to predict an input value using past 
samples of the same prediction, outputs of the thermal extrusion dynamic, and a 
value from future of the output of the dynamic (see Fig 66). The regressor used for 
this architecture is presented in Equation 58. 
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Fig 66. Inverse Neural Network Output Error architecture. 

û = [û(k − 1), û(k − 2), y(k + 1), y(k), y(k − 1)] 
Equation 58 

The inverse neural network model was created with one hidden layer composed of 
ten perceptron neurons and one output layer of a perceptron neuron, with hyperbolic 
tangent sigmoid and linear activation functions, respectively. The training process 
was developed through Matlab machine and deep learning toolbox offline with the 
Levenberg-Marquardt backpropagation method. Using as performance the means 
square error and a dataset of fifty thousand values captured directly from the 
behavior of the thermal dynamics of the 3D printer. This last one can vary between 
the operating temperature range of the 3D printer (24 °C – 250 °C), according to the 
reference input values 

In this scenario, it is important to clarify that the future extruder temperature value 
required in the model was obtained from the dataset for the training stage. However, 
thinking in the implementation is impossible to know values for the future. Therefore 
in practical terms, this value is replaced for the input reference of the whole system 
because, in the future, extruder temperature is expected to be equal to the input 
reference.  

Fig 67 shows the responses of the inverse neural network model when the reference 
input is 80, 130, 110, and 155 °C, and as can be observed, the prediction of the 
inverse model is expected after stabilization time. As Fig 63 shows, the prediction of 
this inverse neural network model is the control input for the extruder thermal 
dynamics and the forward neural network model. Therefore, this prediction was 
saturated between 0 -230 °C which is the operational range, to prevent any kind of 
damage to the extruder components. 
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Fig 67. Response inverse neural network model. 

In principle, the internal control model cancels the dynamics of the thermal dynamics 
and the forward neural network model using the inverse model (zero – poles 
cancelation). This means that the output of the system is going to be equal to the 
reference input (step function). However, fiscally is impossible to have a change in 
the extruder temperature from one value to another instantaneously, that is the 
reason why a filter before the inverse model is required. 

This filter not only establishes the new dynamic of the system, for which a second-
order transfer function was established, with the following characteristics: 
stabilization time of 80 seconds, maximum overshoot of 8%, underdamped system, 
steady error of 2%, and gain of one, resulting in the transfer function shown in 
Equation 59.  

H(s) =  
0.01

S2 + 0.12S + 0.01
 

Equation 59 

Once the filter was added to the controller, the system's response to a reference 
input of 200 °C is presented in Fig 68. For this input, an overshoot of 16 °c, 
stabilization time of 80 seconds, and 0% of steady error can be observed, allowing 
us to conclude that the control system responds according to the design developed.  
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Fig 68. Extruder temperature control responds to a step reference input of 200 
°C. 

One of the reasons why this control architecture was selected is its capability to 
reject the perturbations, a common scenario is the temperature reduction in the 
rooms where the 3D printer machines are located due to different reasons, such as 
the air conditioning or air flow through windows; this temperature reduction affects 
the working conditions of the machine, especially those process related with 
temperature, such as the extruder temperature. Fig 69 shows how the temperature 
control system recovers the working value set up (200 °C) after a perturbation of -5 
°C  appears in the second 150.  
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Fig 69. Extruder temperature control responds to a perturbation. 
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6.2.2 Design of a multivariable control system for 3D printer kinematic.  

The CORE XY FFF 3D printer is equipped with five NEMA 17 stepper motors, two 
for the core XY motion configuration and three working in parallel for the Z-axis 
motion, these actuators enable the possibility to print parts with a maximum volume 
of 400x400x355 mm. The motors are connected to the 3D printer main controller via 
the DRV8825 stepper drivers in a 1/32 micro-step configuration, which are in charge 
of sending the control signal to each motor. However, this printer functionality works 
in an open-loop.  

Fig 70 shows in detail the workflow of the kinematic related to the movement of the 
three different axes. As a first step, the 3D printer main controller received the 
desired position in the different axes and translated them into the control signals 
(steps) using the inverse kinematics and equations presented in Sections 6.1.1 and 
6.1.2. The DRV8825 drivers received the main controller's control signals and 
produced the step sequences required to achieve the movement. Finally, the stepper 
motors receive this sequence, producing, together with the gear and lead screw 
arrangement, the translation of the different axes until the desired position is 
reached. 

 

Fig 70. Core XY 3D printer kinematic workflow loop. 

In this context, if the entire system is well synchronized, the system is capable of 
achieving the desired position with some error tolerance. However, the constant use 
of the machines causes wears the same, increasing the possibility of errors during 
the printing process, adding that the mismatch causes an increase in tolerances and 
precision with time. Another disadvantage of working in an open-loop is the fact that 
the machine cannot reject any perturbance incoming to the system. 

Therefore a multivariable closed-loop control is suggested not only to supervise and 
control the position and movement of the three axes but also to compensate for 
wearing and reject the perturbations incoming to the system. The Control strategy 
developed was the PID control system, as Fig 71 shows. 
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Fig 71. Multivariable Kinetic closed-loop control 

To achieve the correct design of this control, system identification of the plant was 
carried out through experimental characterization. One of the biggest advantages of 
the stepper motors is the fact that the position is a stable variable, in contrast to the 
DC or AC motors, whereby the system identification was made with the objective of 
knowing the dynamics of the position (in steps) of the different motors.  

To do dynamic characterization was necessary to capture the input signal and the 
output of each motor. The process was carried out following the methodology 
presented in Section 3.3.2 and using the equations presented in Sections 6.1.1 and 
6.1.2, with a time sample of 10 ms.  

A data set composed of ten thousand different operational positions and feed rates 
were captured. Fig 72 shows an example of the capture process, having the 
following desired position,  125 mm in X, 74 mm in Y, and 2 mm in Z, starting from 
the position 0 mm in X, 0 mm in Y, and 355 mm in Z, using a constant feed rate of 
900 mm/min. Resulting in the following control signals, -8000 steps as in motor A,  -
32000 steps in motor B, and 1007 steps in motor C, and outputs of -7847 steps in 
motor A, -31637 steps in motor B, 2524 steps in motor C.  

This capture process allows determining two important characteristics of the system. 
The first one is the way how the main controller sends the pulse to the motors. Its 
accumulation gives, as a result, a ramp function, where the function slope represents 
the speed of the motor. The second characteristic is the fact that the three motors 
present steady errors respecting the reference, affecting the dimension accuracy.  
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Fig 72.  Motor response in open-loop. 

The data set was used in Matlab system identification toolbox in order to establish 
the transfer function of the three motors, obtaining the following equations. 

𝑴𝒐𝒕𝒐𝒓 𝑨 (𝑺) =
𝟎. 𝟓𝟔𝟖𝟖𝑺 + 𝟑𝟏. 𝟔𝟔𝟔𝟏

𝑺 + 𝟑𝟐. 𝟐𝟖𝟐𝟗
 Equation 60 

𝑴𝒐𝒕𝒐𝒓 𝑩 (𝑺) =
𝟎. 𝟓𝟔𝟖𝟖𝑺 + 𝟑𝟎. 𝟓𝟐𝟑𝟏

𝑺 + 𝟑𝟐. 𝟐𝟖𝟐𝟗
 Equation 61 

𝑴𝒐𝒕𝒐𝒓 𝑪 (𝑺) =
𝟎. 𝟗𝟖𝟕𝟓

𝟏𝟔. 𝟒𝑺 + 𝟏
 Equation 62 

Once the transfer functions were found, the PID controllers were tuned using the 
Matlab PID Toolbox under the following parameters: The variables to control are 
positions, overshoots are not allowed (avoid going beyond stability position), the 
controllers actuate as a reference tracker, perturbation rejection is required, and the 
steady error is not allowed.  
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As a result, the PID tuner sets parameters only for the proportional and integrative 
constant. In other words, the software suggests a PI control due to the fact that the 
controller actuates as a reference tracker. Fig 73 shows a simulation of how the PI 
controller works, deleting the steady error, following the reference, and avoiding 
overshoots when using the same input controls as Fig 72 for the three variables.  
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Fig 73. Simulation of the PI controller responses. 

6.2.3 Design of a multivariable control system for the material extrusion 
process. 

Material flow is one of the processes affected by the different variables involved 
during the printing process, as shown in the mathematical model presented in 
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Section 6.1.3, doing the process in a MISO system (Multiple Inputs-Single Output). 
Some of these variables' dependencies present nonlinearities, making it difficult to 
establish a classic control strategy for this process, whereby a neural network control 
is suggested for this application because of their capabilities to be implemented in 
nonlinear systems. 

General advice for neural network control design is to keep the system as simple as 
possible to achieve better performance in the closed-loop system [199]. Therefore, 
a Direct inverse neural network control model presented in Fig 74  was selected for 
this application. 

  

Fig 74. Closed-loop control strategy for material flow. 

As was mentioned previously the material flow is affected by other variables, 
whereby the inverse neural network model must consider these as input variables. 
However, some of them are difficult to sense, such as the extruder inside pressure, 
whence only the five variables that are controlled and measured (Extruder 
temperature, X-Y-Z axes position, and material flow) will be considered in the inverse 
neural network model. The regressor established is presented in Equation 63, 
resulting in the architecture illustrated in Fig 75. 

û = [û(k − 1), û(k − 2), y(k + 1), y(k), y(k − 1), 𝐸𝑥𝑡𝑟𝑢𝑑𝑒𝑟T𝑒𝑚𝑝 (𝑘 − 1), 
          𝑥𝑝𝑜𝑠 (𝑘 − 1), 𝑦𝑝𝑜𝑠 (𝑘 − 1), 𝑧𝑝𝑜𝑠 (𝑘 − 1)] 

Equation 63 
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Fig 75. Flow material inverse neural network architecture.  

Before the neural network was trained, the implementation of an instrument that 
allows sensing the material flow control signal and output was required to enable the 
capability to sense the five variables of interest and build the training dataset.  

The CORE XY 3D printing machine has implemented MK8 extruder, and this means 
that the mechanism in charge of pulling in the material is a NEMA 17 stepper motor 
with a gears arrangement connected to a stepper driver DRV8825 configured in 1/32 
micro step. Therefore the control signal is steps, as well as, the control signal for the 
stepper motors installed to achieve motion in the X, Y, and Z axes. For the main 
controller, this control signal represents the length of material to be extruder. In other 
words, the number of steps required to achieve a specific length of material in mm, 
this conversion factor is described by Equation 64.  

𝐹𝑟𝐸(𝑠𝑡𝑒𝑝𝑠 𝑚𝑚)⁄ =
𝑆𝑡𝑒𝑝𝑠 ∗ 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑝𝑒𝑠

𝐺𝑒𝑎𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗  𝜋
= 186.1(𝑠𝑡𝑒𝑝𝑠 𝑚𝑚)⁄  Equation 64 

This fact allows capturing the control signal following the same methodology applied 
in Section 3.3.2, where the steps sent to the driver are counted and set as the control 
signal references. 

On the other hand, the principle presented in Section 6.1.3 was used to measure the 
material flow, which establishes that the incoming material has to be the same as 
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the extruded material. Therefore, the decision to measure the amount of incoming 
material into the extruder was made to keep the system's simplicity.  

To achieve this measure, an incremental rotational encoder with two quadrature 
outputs and a resolution signal of 0.15°. Because the goal is to measure the 
incoming filament length, a gear arrangement is attached to the rotational encoder, 
as Fig 76 shows. This configuration allows measuring of linear movement using 
Equation 65 with a resolution of 0.06mm 

  

Fig 76. Arrangement of rotational encoder and gears to sense the material 
length. 

𝐹𝑖𝑙𝑎𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 =
𝐺𝑒𝑎𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
∗  

𝜋

180
𝜃𝑒 Equation 65 

Once the variables were able to be measured, a dataset composed of fifty thousand 
values captured directly from the behavior of the 3D printer was built. This dataset 
contains operational output values of temperatures, motion in the X, Y, and Z axes, 
filament extruded, and the control signal sent to the stepper extruder motor.  

The inverse neural network model was created with one hidden layer composed of 
15 perceptron neurons and one output layer of a perceptron neuron, with hyperbolic 
tangent sigmoid and linear activation functions, respectively. The training process 
was developed through Matlab machine and deep learning toolbox offline. Using the 
Bayesian Regularization backpropagation method and the means square error, 
resulting in 1.7x10-4 of performance.  
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Fig 77 shows the control signal generated from the inverse neural network model of 
the material to be extruded and the desired control signal. This output presents some 
oscillations, especially when the reference change. Therefore, a filter is necessary 
before the prediction, as Fig 74 shows.  

 
Fig 77. Response of material flow inverse neural network model. 

6.3 CLOSED-LOOP CONTROL SYSTEMS INTEGRATION TO THE CORE XY 3D 
PRINTER 

One of the goals of this dissertation is to integrate the designed multivariable closed-
loop control system without interfering with the firmware already installed in the 3D 
printer main controller. Therefore, a new processor that actuates as a bridge 
between the main controller and the actuators is required. In this context, this 
processor must have the capability to receive the control signal (references) from 
the main controller, measure the output variables, provide feedback, and compute 
the control strategies.  

Currently, the main controller of the CORE XY 3D printer is an Arduino mega 2560 
with a Ramps 1.4 3D printer shield. This configuration carries out different activities, 
such as the Gcode interpretation, setting the control signals for the different 
variables, transmitting the power for the different actuators, host communication with 
external computers and peripherals, and several others.   

Following the open source and open hardware ideology of most desktop 3D printers, 
including the CORE XY 3D printer, an Arduino Due is suggested as the added 
controller, not only because of its technical characteristics [200] but also because of 
its facility to interact with other Arduinos and its low cost. Fig 78 shows the 
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connection diagram between the main controller Ramps 1.4 already installed, the 
Arduino Due, and the CORE XY 3D printer.  

In this specific case, sixteen digital inputs were used to capture the signals from 
Ramps 1.4 and sensors as the references and the measure, respectively. Fourteen 
between digital and analog pins to send the control actions to the respective 
actuator. And finally, a serial bus connection is in charge of establishing 
communication with an external computer if required.   

 

Fig 78. Connection schematic between 3D printer main controller, added 
controller, and CORE XY 3D printer.  

The control workflow implemented in this integration is presented in Fig 79.A. The 
main goal is to integrate the closed-loop controls designed in previous sections into 
one multivariable control, where the five variables are being supervised and 
controlled at the same time. Fig 79B, C, and D show in detail the workflows of the 
kinematic, extruder temperature, and material extrusion controller, respectively, 
where how the variable influences the behavior of other variables can be seen.  
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D) 

 

Fig 79. A) Main multivariable closed-loop controller workflow. B) Kinematic 
controller workflow. C) Extruder temperature controller workflow. C) Material 
extrusion controller workflow 

One of the challenges of the implementation was the digitalization of the controls 
designed in order to be encoded from Matlab into Arduino Due language. Two stages 
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were necessary to carry out this encoding, one for the neural network models and 
the other for the classic PI controllers.  

Knowing that perceptron neurons process the information by taking the inputs, 
weights them, summing them up, and evaluating the result in the activation function 
to generate an output [199], in the first stage, it was necessary to translate the 
synaptic weights and the bais of each neuron that compose network into Arduino 
arrays, in order to compute them with the inputs given by the main controller and 
measures feedbacks.  

Due to the neural models (forward and inverse) applied in both extruder temperature 
and material flow being composed of an input layer, one hidden layer, and an output 
layer, the models can be implemented using Equation 66. This equation represents 
the universal approximation theorem [199]. Where 𝜑 represents the inputs, 𝑤 the 
weights of the hidden layers, 𝑓 the activation functions of the hiden layer, 𝑊 the 
wights of the output layer, 𝐹 the activations function of the output layer, and 𝑙 𝑎𝑛𝑑 𝑗 
the number of inputs and neurons in the hidden layer respectively. 

�̂�𝑖(𝑡) = 𝐹𝑖 [∑ 𝑊𝑖,𝑗𝑓𝑖

𝑛ℎ

𝑗=1

(∑𝑤𝑗,𝑖𝜑𝑙 + 𝑤𝑗,0

𝑛𝜑

𝑙=1

) + 𝑊𝑖,0] Equation 66 

On the other hand, the implementation of the classic PI control for the 3D printer 
kinematic was carried out using the discretization method, resulting in Equation 67 
representing the output of the PI controller. This Equation was applied for each 
motor-related in the kinematic, with their corresponding values of gain and integrator 

𝑢(𝑘) = 𝑢(𝑘 − 1) + (𝑘𝑐 +
𝑘𝑖

2
𝑇𝑠) ∗ 𝑒𝑟𝑟𝑜𝑟(𝑘) + (−𝑘𝑐 +

𝑘𝑖

2
𝑇𝑠) ∗ 𝑒𝑟𝑟𝑜𝑟(𝑘 − 1) Equation 67 

 

6.3.1 Closed-loop control systems integration Results  

Once the multivariable control system was encoded to the Arduino, some tests were 
carried out to verify how the 3D printer responded to the control integration.  
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Fig 80 shows the responses of the extruder temperature to a 200 °C input reference 
when the closed-loop control was incorporated. The first observation is a delay of 
6.7 seconds in the temperature response added by the control implementation. This 
delay can be attributed to the sample time applied in the Arduino Due. In other words, 
the control has to wait until the system collects enough samples to compute the 
neural network models and generate the control signals.  

Another characteristic that can be seen is the overshoot. For this input reference, at 
t=80.7s, the system presents an overshoot of 3.66 °C corresponding to 1.83%, 
fulfilling the design parameter of an 8% maximum overshoot.  

Finally, the system becomes stable at t=133s with a steady error of around 0.08%. 
Although the tolerance of the steady error satisfies the design parameters, the 
stabilization time is higher than the designed above 53 seconds. However, this 
increase in the stabilization time does not represent a critical fact because the main 
controller presents a safety configuration, which enables the capability to wait until 
the working temperature is reached. 

 

Fig 80. Extruder temperature response with the control system. 

 

On the other hand, Fig 81 shows how stepper motors A and B respond to an input 
reference of -12000 and -12800 steps, respectively, using a speed of 23 mm/sec, 
which represents 3715 steps/sec, when the designed digital PI controller generates 
the control signal. In this Fig can be seen how the PI controller is capable of reducing 
or even deleting steady errors existing in the actuators when working in an open-
loop.  
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However, this digital PI adds a delay in the system's response because the PI's 
output control is dependent on the sample time; this means that the controller has to 
wait until the first sample is collected to start the control action. For one position 
movement, this does not represent a problem, but in normal conditions, when the 
3D printer's main controller is executing several changes of position at different 
speeds and accelerations at high frequency, this delay becomes a problem because 
the responses always are going to be behind the references, not allowing to reach 
the final position before the reference change again, affecting the dimension 
accuracy of the printed piece.  

In addition, the PI controller is always executing correction actions. This means that 
the stepper motors are energizing and receiving control signals from the controller 
for every sample taken, resulting in small oscillations when the system is in a hold 
position, as is common in the Z axis, which only changes in layer transition. 
Consequently, the dimension accuracy and the surface finishes are affected by this 
behavior.  

  

Fig 81. Respons of stepper motors A and B using the PI controller. 

 

Knowing these functionality limitations, another control strategy is suggested (see 
Fig 82) where the steps generated from the main controller are given to the system, 
but if any error exists, the controller can generate additional steps to achieve the 
desired position and reduce the existing error.  
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Fig 82. Kinematic control strategy using the desired steps and generating the 
steps to delete the error. 

Using this control strategy, the delay and the oscillations in the stepper response are 
eliminated, in addition to the removal of the steady error that may come from an 

open-loop architecture. The results are shown in Fig 83. 

  
Fig 83. Results of the kinematic control strategy adding missing steps. 

Fig 84 shows pieces printed with both controls: PI and adding the missing steps. Fig 
84.A shows the piece printed with the PI controller, where the oscillations in the 
different axes can be seen, affecting the dimensional accuracy and the surface 
finish. Fig 84.B shows the piece obtained by adding the missing steps, reducing the 
oscillations, and achieving better surface quality. 
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A) B) 
Fig 84. A) Results of printings using PI controller. B) Result of printings adding 
the missing steps strategy. 

Finally, Fig 85 shows the material extrusion control, showing how the material 
extruded is following the desired length (the signals are overlapping), and its 
correlation with the other variables. At this point is important to clarify that the 
controller has the capability to compensate for changes in printing speed or 
temperature, increasing or decreasing the control input to the stepper motor to adjust 
the extrusion speed.   
 

 
Fig 85. Material extrusion controller output 
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6.4 DISCUSSION OF THE INTEGRATION OF A CLOSED-LOOP CONTROL 
SYSTEM IN AN ADDITIVE MANUFACTURING PROCESS, USING TECHNIQUES 
OF FEEDBACK 

As is known, Additive Manufacturing machines are still susceptible to improvement, 
especially low-cost and desktop machines. One of the challenges of these machines 
is how to incorporate low-cost control systems that allow for achieving better 
performance during the printing process. Therefore, using different feedback 
strategies, a multivariable control system was developed to supervise and control 
five variables involved in low-cost FFF 3D printing with CORE XY configuration.  
 
For this integration, it was necessary to develop mathematical models of the five 
variables (extruder temperature, x,y, and z position, and material extrusion) with the 
objective of understanding their behaviors, finding that most of them present 
elements which are difficult to parametrize, such as the thermal resistance between 
elements, or the material viscosity under the influence of pressure and temperature. 
In addition, these mathematical models allow an understanding of how the variables 
are linked to each other, which were important facts to determine the control 
strategies. 
 
Due to the nature of the variables to be controlled and the fact that one of the goals 
was to integrate a different kind of feedback, three control strategies were developed 
to control the five variables. This development includes an internal neural network 
controller, a classic PID controller, and an inverse neural network controller, resulting 
in one multivariable control system. 
 
The design and simulation of each control allowed us to corroborate that it is possible 
to reduce common errors present during the printing processes, such as losing steps 
in the motion of the extruder and platform or the rejection of perturbance coming 
from the environment. 
 
During the implementation of the control system, a delay of around 0.3 seconds in 
response to the different behavior was observed. This fact can be attributed to the 
sample time used in the controller encoding process. This delay is not a problem in 
the temperature variable; however, in the machine's kinematics, it is a crucial aspect 
because it makes the system slower, resulting in malfunctions reflected in the printed 
objects. Therefore, a new strategy that does not add delay and allows to continue to 
fulfill the design parameters was required.  
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7. EVALUATE THE PERFORMANCE OF THE OBJECTS OBTAINED USING A 
PROCESS OF ADDITIVE MANUFACTURING WITH A MULTIVARIABLE 

CLOSED CONTROL SYSTEM. 

This chapter presents three different sections in which the performance of the 
objects obtained using the CORE XY 3D is evaluated.  The first section presents a 
study of the maximum tensile stress, surface roughness, and dimension accuracy of 
the objects printed in an open-loop control system. The second section is a 
continuation of the work presented in Section 3.3.1, where the performances of the 
pieces using the recovering system were evaluated. Finally, the final section 
compares the performance of the samples obtained with the multivariable control 
system and those obtained in an open-loop. 

7.1 PERFORMANCE OF THE PIECES OBTAINED USING THE CORE XY 
PRINTER IN AN OPEN-LOOP 

In order to have a comparison point of how the integration of closed-loop control 
systems affects the performance of the pieces, studies of dimension accuracy, 
surface roughness, and tensile stress using the CORE XY 3D printer system in an 
open-loop configuration were performed.  

For dimensional accuracy and surface roughness, five calibration cubes (20x20x20 
mm) were printed using the following printing parameters, 0.4 mm nozzle diameter, 
0.2 mm layer height, zigzag as infill pattern, 1.2 mm of shell thickness, 20 mm/s of 
printing speed, and 100% of infill density.   

To carry out the dimensional accuracy study, the calibration cubes' height, width, 
and depth were measured using a micrometer caliper with a resolution of 0,001 mm. 
Table X shows the measurements' average and standard deviation results. 
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Table X. 
 Measurements for cube using an open-loop control system. 

 

Specimens 
Height 
(mm) 

Width 
(mm) 

Depth 
(mm) 

1 21,008 19,444 20,463 

2 20,850 19,396 20,310 

3 20,899 20,301 20,947 

4 20,910 19,716 20,543 

5 20,883 19,645 20,603 

Average 20,91 19,700 20,573 

Std Deviation 0,059 0,361 0,236 

 

On the other hand, to evaluate the surface roughness, the experiment was 
developed using the optical microscope Keyence 3000 – VR 3000k, obtaining 
roughness measurements with a resolution of 0.1µm, as well as images of the study 
being carried out. The arithmetic means surface roughness (Ra) and the maximum 
height (Rz) across layers (Z direction) were 0.029 and 0.176 mm, respectively, as 
shown in Fig 86.A. Meanwhile, the Ra of the infill zone (XY plane) was 0.033 mm, 
whereas the Rz was 0.158 mm, as shown in Fig 86.B. 

 A)  B) 
Fig 86. A) Layer roughness of a piece printed using the CORE XY in an open-
loop control system. B) Infill roughness of a piece printed using the CORE XY 
in an open-loop control system. 

To evaluate the printed objects' performance, type V tension test probes were 
produced in PLA (from 4D-Lab company), following the dimension parameters 
established by ASTM D638 standard (see Fig 87). 
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Fig 87. D638 Type V tensile probes dimension, all dimensions in mm. [201] 

These test probes were printed using the following printing parameter, 0.4 mm 
nozzle diameter, 0.2 mm layer height, zigzag as infill pattern, 1.2 mm of shell 
thickness, 20 mm/s of printing speed, 100% of infill density, and the flattest area 
aligned with the construction surface. The experiment was conducted using the 
universal testing machine INSTRON 3366 at the Solid Mechanics Laboratory of 
Universidad Autónoma de Occidente. The experimental parameters were as follows: 
speed of 5–10 mm/min, a temperature of 23 °C, and humidity of 55%, as specified 
by the ASTM D638 standard [202]. Fig 88 shows the broken test specimen after 
tensile testing, where a fracture perpendicular to the load can be observed.  

 

Fig 88. Broken PLA specimens printed in an open-loop control system. 
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Table XI presents the results of the ultimate tensile stress and tensile modulus 
experiment, obtaining an average ultimate tensile stress of 49,92 MPa, and 3009,70 
MPa in the tensile modulus. In addition, the micrograph of the fracture surface tensile 
probes is presented in Fig 88. These results indicate a brittle fracture in these 
specimens. These results agree with several studies on the mechanical properties 
of PLA printed parts, in which the ultimate tensile stress can fluctuate between 35 to 
60 MPa, and the tensile modulus from 2800 to 4200 MPa, according to the printing 
parameters  [203]–[207] 

Table XI.  
Ultimate tensile stress and tensile modulus results using the CORE XY 

configured in an open-loop. 

 
Ultimate Tensile 

Stress (MPa) 
Tensile 

Modulus (MPa) 

P1 50,06 2959,38 

P2 50,55 2752,53 

P3 50,55 3243,18 

P4 48,90 3025,28 

P5 49,55 3068,11 

Average 49,92 3009,70 
Std 

Deviation 
0,71 178,07 

 

  
Fig 89. Micrograph of the fracture surface of the tensile test probe (left 40x, 
right 160x). 
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7.2 DIMENSIONAL MEASUREMENT AND TENSILE TESTS FOR PRINTINGS 
USING THE RECUPERATION PROCESS 

This section presents a continuation of the work presented in Section 3.3.1, where 
an extrusion supervision system was implemented to enable the capability to detect 
any problem with the material extrusion and resume the printing process in the last 
printed layer once the problem is solved. Some dimensional measurements and 
tensile tests were made to evaluate how pieces are affected by this recuperation 
process.  

For dimensional stability, three calibration cubes (20x20x20 mm) were printed, and 
the process was interrupted and resumed in the middle of the printing. Cubes were 
measured before and after the failure/recovery. Fig 90 shows how the 
measurements were done in two different planes of the cubes, and the results are 
summarized in Table XII. 

 

Fig 90. Measurements for cubes with interruption. 

Table XII.  
Results of measurements for cubes with interruptions. 

Specimens D 
(mm) 

A  
(mm) 

C  
(mm) 

B  
(mm) 

A*  
(mm) 

C* 
(mm) 

B* 
(mm) 

1 21,210 19,984 20,253 20,170 20,813 20,099 19,950 

2 21,160 20,098 20,478 20,056 19,815 20,158 19,792 

3 21,180 20,040 20,542 20,119 19,797 20,209 20,341 

Average 21,183 20,040 20,424 20,115 20,142 20,155 20,027 

Std. Deviation 0,0252 0,0570 0,1518 0,0571 0,5815 0,0550 0,2826 
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These results expose an increase of the average height value in the cubes with 
interruption if compared with the results obtained in Section 7.1. This increase can 
be justified by excess material deposited when reprinting the last layer printed before 
the interruption. In the same manner, this creates a rim that affects the nominal value 
of with and depth. On average, the height of the rim is 0,107 mm ± 0,073mm. 

To evaluate the performance of objects printed with the recovery system, type V 
tension test probes were produced in PLA, applying the same printing parameters 
used to obtain the tensile test probe in an open-loop control system. However, the 
printing was interrupted and resumed in layer 10 of 20. The tensile stress experiment 
was conducted using the same methodology presented in Section 7.1. Fig 91 shows 
the broken test specimens printed using the recovery system.  

 

Fig 91. Broken PLA specimens printed using the recovery system.  

The results of the tensile tests were analyzed and compared with the ones printed 
in an open-loop (Section 7.1), as presented in Fig 92 and Table XIII. The results 
indicate that the test pieces printed without interruptions, on average, exhibited 
ultimate tensile stress of 49,92 MPa, and the test pieces printed with an interruption 
and resuming the printing process had an average ultimate tensile stress of 40,15 
MPa. On the other hand, the average tensile modulus for uninterrupted and 
interruption/recovery prints are 3009,70 and 2498,18 Mpa, respectively. 

 



143 
 

Table XIII.  
Ultimate tensile stress and tensile modulus results from uninterrupted and 

recovery printings. 

 
Ultimate tensile stress 

(MPa) 

Tensile modulus 
 (MPa)  

Uninterrupted 
Printing 

Recovery 
printing 

Uninterrupted 
Printing 

Recovery 
printing 

P1 50,06 38,19 2959,38 2180,88 

P2 50,55 38,27 2752,53 2618,27 

P3 50,55 44,97 3243,18 2567,72 

P4 48,90 41,09 3025,28 2943,13 

P5 49,55 38,24 3068,11 2180,88 

Average 49,92 40,15 3009,70 2498,18 

Std. 
Deviation 

0,71 2,96 178,07 323,50 

 

 A) 

  B) 

Fig 92. A) Ultimate tensile stress average and standard deviation of 
uninterrupted and recovery printings. B) Tensile modulus average and 
standard deviation of uninterrupted and recovery printings 
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In order to prove a statistical difference in the maximum tensile stress between the 
test probes printed without interruptions and those where the printing process was 
interrupted and resumed, a two-sample T-test was performed. The null hypothesis 
for this test is that there is no statistical difference between the tensile stress and 
tensile modulus results. A significance level of 5% was established, resulting in a P-
Value of 0,002 for the tensile stress results. 

The results allow us to discard the null hypothesis and support the claim that a 
statistical difference exists in the maximum tensile stress between the test probes 
printed without interruptions and those where the printing process was interrupted 
and resumed. Indicating that the mechanical performance of the objects is affected 
by resuming the printing process, exhibiting an approximate reduction of 19.6% 
(ultimate tensile stress). 

Fig 93 shows the fracture surface of the recovery tensile test probes. Although the 
reduction in the tensile modulus, a brittle fracture is observed, not only in this 
micrograph present but also in the fracture shown in Fig 91 (perpendicular to the 
load), results that agree not only with the behavior of the PLA. 

  
Fig 93. Micrograph of the fracture surface of the recovery tensile test probe 
(left 40x, right 160x). 

7.3 PERFORMANCE OF THE PIECES OBTAINED USING THE MULTIVARIABLE 
CONTROL SYSTEM INTEGRATED INTO THE CORE XY PRINTER. 

In order to determine how the multivariable control system implemented in Section 
6 affects the performance of the pieces printed, dimensional, roughness, and tensile 
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stress tests were carried out. The results are compared with the pieces' performance 
using the system working in an open-loop (see Section 7.1) 

The first study carried out was the dimensional accuracy, for which five calibration 
cubes were printed using the same printing parameters and measured methodology 
used with the calibration cubes in an open-loop. Giving the results presented in Table 
XIV, where better accuracies and tolerances in the dimension of the cube can be 
seen. In addition, a reduction in the nominal variation and the standard deviation is 
obtained. 

Table XIV. 
 Comparison of the dimensional accuracy between pieces obtained using an 

open-loop and a multivariable closed-loop control system. 

 Open-loop Multivariable Closed-loop  

Specimens Height 
(mm) 

Width 
(mm) 

Depth 
(mm) 

Height 
(mm) 

Width 
(mm) 

Depth 
(mm) 

1 21,008 19,444 20,463 20,064 20,170 20,043 

2 20,850 19,396 20,310 20,095 20,158 20,010 

3 20,899 20,301 20,947 20,077 20,145 20,011 

4 20,910 19,716 20,543 20,094 20,250 20,002 

5 20,883 19,645 20,603 20,077 20,192 20,030 

Average 20,910 19,700 20,573 20,081 20,183 20,019 

Std. 
Deviation 

0,059 0,361 0,236 0,013 0,041 0,016 

These calibration cubes were submitted to a roughness study using the optical 
microscope Keyence 3000 – VR 3000k used in Section 7.1. Obtaining an average 
of arithmetic means surface roughness (Ra) and the maximum height (Rz) across 
layers (Z direction) of 0.028 and 0.158 mm, respectively, as shown in Fig 94.A. 
Meanwhile, the Ra of the infill zone (XY plane) was 0.027 mm, whereas the Rz was 
0.202 mm, as shown in Fig 94.B. If these results are compared with the ones 
obtained working in an open-loop, a high impact in the surface finishes are not found.  
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A) B) 

Fig 94. A) Layer roughness of a piece printed using the CORE XY in a 
multivariable closed-loop control system. B) Infill roughness of a piece printed 
using the CORE XY in a multivariable closed-loop control system. 

On the other hand, to evaluate the influence of a multivariable control system on the 
mechanical properties of the pieces, PLA tensile test probes were printed using the 
same printing parameters used to obtain the tensile test probe in an open-loop 
control system. In addition, the tensile stress experiment was conducted using the 
same methodology presented in Section 7.1. Fig 95 shows the broken specimens 
test printed using the multivariable closed-loop control system.   

 

Fig 95. Broken PLA specimens printed using the multivariable closed-loop 
control system 
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Table XV and Fig 96 show the results, indicating that the test pieces printed with the 
open-loop and multivariable closed-loop control, on average, exhibited an ultimate 
tensile stress resistance of 49,92 and 49,020 MPa, respectively.  

Table XV.  
Ultimate tensile stress and tensile modulus results using open-loop and 

multivariable closed-loop control systems. 

 
Ultimate Tensile Stress (MPa) Tensile Modulus (MPa)  
Open-loop 

printing 
Multivariable 
closed-loop 

printing 

Open-loop 
printing 

Multivariable 
closed-loop 

printing 

P1 50,06 48,30 2959,38 3040,05 

P2 50,55 50,30 2752,53 3026,23 

P3 50,55 49,40 3243,18 3048,23 

P4 48,90 49,40 3025,28 3178,26 

P5 49,55 47,70 3068,11 3090,59 

AVERAGE 49,92 49,02 3009,70 3076,67 

Std. 
DEVIATION 

0,71 1,023 178,07 61,66 

 

 A) 
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  B) 
 
Fig 96. A) Ultimate tensile stress average and standard deviation of probes 
obtained using open-loop and multivariable closed-loop control systems. B) 
Tensile modulus average and standard deviation of probes obtained using 
open-loop and multivariable closed-loop control systems 

A two-sample T-test was performed to prove a statistical difference in the maximum 
tensile stress results between the test probes printed in an open-loop control system 
and those printed using the multivariable closed-loop control system. The null 
hypothesis for this test is that there is no statistical difference between the tensile 
stress. A significance level of 5% was established, giving as a result, a P-Value of 
0,148. The results confirm the null hypothesis; therefore, there is no statistical 
difference in the ultimate tensile stress between the test probes printed with both 
control systems. 

In addition, Fig 97 shows a brittle fracture in the tensile test probes obtained using a 
multivariable closed-loop control system. This brittle fracture agrees with the results 
presented in Table XV, where the results of the tensile modulus for these specimens 
on average is 3076,67 MPa, which in comparison with those printed in open-loop, 
do not present a significant variation.  
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Fig 97. Micrograph of the fracture surface of the multivariable closed-loop 
tensile test probe(left 40x, right 160x). 

7.4 DISCUSSION OF THE OBJECTS PERFORMANCES   

This section proposed a comparison of the performance of the pieces obtained using 
a CORE XY printer configurated in open-loop control and those printed using a 
closed-loop control strategy. Different specimens were printed using a set up in 
open-loop control, a recuperation system, and multivariable closed-loop control to 
be analyzed in the following aspects; dimension accuracy, surface roughness, and 
tensile stress.  

The performance study of the pieces obtained using an open-loop controller showed 
that dimension accuracy presents a high variation with a standard deviation of 0,059, 
0,361, and 0,236 in the measures of the high, width, and depth, respectively. Also, 
the roughness analysis results give a Ra of 0.029 and 0.176 mm in the layers section 
and the infill zone, respectively. In addition, the tensile stress experiment allows 
finding the average of the maximal tensile stress resulting from 49,92 MPa. These 
results are the basis for comparing how the closed-loop control strategies affect the 
printed objects' performance.  

The incorporation of the recuperation system presented in Section 3.3.1 negatively 
affects the performance of the pieces when compared with those printed in an open-
loop. The dimensional accuracy is affected due to the fact that reprinting the last 
layer before an error is detected adds more material than required, resulting in a 
higher high measure and the creation of a rim that affects not only the width and 
depth dimensions but also the surface finish of the pieces. Furthermore, the maximal 
tensile stress presents a reduction of 19.6%. Although the surface finishes, the 
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dimension, and the mechanical performance are negatively affected by the 
recuperation process, it presents an important advantage in the prevention of 
mistakes, time, material, and energy savings that are important aspects for objects 
that do not require high performance. 

On the other hand, the incorporation of the multivariable control system impact 
positively the dimensional accuracy, reducing the standard deviation of the 
measurements from 0,059, 0,361, and 0,236 to 0,013, 0,041, and 0,016 (high, width, 
and depth, respectively) of the pieces printed with this kind of control when compared 
with those printed in an open-loop control system. This can be attributed to two facts; 
the first is that the kinematic control allows the execution of more accurate 
movements, and the second is that the material extrusion controller avoids the 
over/under extrusion. This result implies that incorporating a multivariable closed-
loop control system makes the printing systems more reliable. 

The results obtained in the surface roughness and tensile stress experiments show 
that there is no significant difference between those obtained with closed-loop 
control and the pieces obtained in an open-loop. Suggesting that if a machine is 
correctly set up in an open-loop, the pieces obtained can indeed be of good quality; 
nonetheless, the introduction of the closed-loop controller results in a more robust 
system that can tolerate disturbances and prevent mistakes that the open-loop 
system is unable to detect. 
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8. CONCLUSIONS AND FUTURE WORK 

Additive Manufacturing processes differ from each other in many aspects, such as 
the way to add and bond material, the shape of the raw material, the capability to 
use different materials, and several others. These differences make it difficult to 
establish global design principles. However, during the process of building objects 
using Additive Manufacturing, some critical aspects that can affect the performance 
have to be considered, such as the 3D CAD model, its conversion to the universal 
file extension STL, the overhangs, the support material, the printing part orientation, 
and several others.   

The characterization of the different techniques of Additive Manufacturing allows a 
better understanding of the processes. Finding that the vast majority of the 
processes do not present a closed-loop control system for the variables involved. In 
addition to those that incorporate any controller are implemented to control one or 
two variables as independent closed-loops, causing subfunctions of the system to 
work detached from others. Usually, this absence of supervision and control makes 
the systems unreliable, resulting in machine troubles that is translated into the 
objects' performances or waste of material, energy, and time. Therefore, Additive 
Manufacturing machines are susceptible to being integrated with a multivariable 
closed-loop control system. 

The functional decomposition diagrams and the analysis of three Additive 
Manufacturing technologies (stereolithography, selective laser sintering, and fused 
filament fabrication) corroborate the absence of a closed-loop control system. In 
addition, information on how the hardware, software, and subfunctions interact with 
each other was obtained. 

The development of an exploratory study of closed-loop control systems applied in 
Additive Manufacturing allows an understanding of what control systems are most 
commonly implemented in these machines. In addition, it permits the identification 
of how important it is to design and incorporate control systems resistant to 
disturbances and noise from outside the machine.  

Mathematical models help to understand how the behavior of different variables 
affects and is connected with the other variables. For example, in Additive 
Manufacturing processes, the relation between the variables can be nonlinear or 
difficult to parametrize, such is the case of the thermal resistance between materials 
in the extruder temperature or the pressure inside an extruder; thence, the control 
strategies suggested for Additive Manufacturing processes has to be able to control 
these behaviors.     
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For the specific case of the CORE XY FFF 3D printer, the temperature of the 
extruder, the kinematics of the machine, and material flow present nonlinearities; 
whereby, three different control strategies were developed, not only to control these 
behaviors but also to reject the external perturbations. For the extruder temperature, 
a neural network internal control model was implemented, on the other hand, a 
classic negative feedback controller was employed for the kinematics of the extruder 
and platform, and finally, a neural network inverse model was used to control 
material extrusion. It is important to remark that these controllers are based on the 
prediction of the variables' behavior, making them an excellent alternative to prevent 
common errors presented during the printing process, like layer shifting or over 
extrusion, as well as to reject noise and perturbations in the process.  

Using a low-cost microcontroller board, these control strategies were integrated into 
one multivariable control system. This board was in charge of receiving the reference 
of the different variables, capturing the current values of the variables through the 
sensors, and computing the multivariable closed-loop controller. To carry out this 
implementation, digitalization of the controller was necessary. Usually, the 
digitalization process may introduce delays in the system's response because of the 
sample times; for this study case, a delay of approximately 0.3 seconds in the 
response of the different behavior was observed.  

The incorporation of the multivariable control system positively impacted the 
dimensional accuracy, reducing the variations of the measurements of the pieces 
printed with this kind of control compared to those printed in an open-loop control 
system. On the other hand, the results obtained for surface roughness and tensile 
stress showed that there is no significant difference between those obtained with 
closed-loop control and the pieces obtained in an open-loop. Suggesting that if a 
machine is correctly set up in an open-loop, the pieces obtained can indeed be of 
good quality. Nonetheless, the introduction of the closed-loop controller results in a 
more robust system that can tolerate disturbances and prevent mistakes that the 
open-loop system is unable to detect, as is hows in the design and integration of the 
multivariable closed-loop control system in sections 6.2 and 6.3. These results infer 
that incorporating a multivariable closed-loop control system makes the printing 
systems more reliable. 

Although the multivariable closed-loop control was implemented in a FFF CORE XY 
printer, the principle of implementing a multivariable closed-loop control can be 
transferred to other processes. One of the biggest advantages of the control 
strategies implemented is the capability to be adapted to other systems, in other 
words,  the control is based on artificial intelligence and can be integrated with 
different Additive Manufacturing processes without changing the hardware and 
software already installed, due to the flexibility of the neural networks to learn 
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different behavior, including the nonlinear and the multivariable, allowing to predict 
the optimal performance of the processes.  

As future work, the implementation of a multivariable control system into other 
Additive Manufacturing technologies is suggested. This implies the sensor 
instrumentation to capture the variables in interest, the construction of the datasets 
composed of the machine behavior information, select the most suitable neural 
model architectures for the process and integrate it with the main machine controller. 
This kind of integration would result in more reliable machines 

Additionally, incorporating the multivariable control system into a more complex 
system of FFF that allows the use of polymeric materials with better performances, 
such as polycarbonate, polyamides, or even composite materials, is another future 
work line. These systems and materials require higher extrusion temperature, a 
controlled environment,  specialized printing parameters, and several others; 
therefore, all machine subfunctions must work linked in order to achieve good 
performance and printing process, making the multivariable closed-loop control 
system an alternative as a control strategy to achieving this synchronized work. 

On the other hand, the incorporation of supervision and resume of the printing 
process presented in section 3.3.1 with the multivariable closed-loop controller is 
suggested as future work in order to supervise not only the material incoming to the 
extruder but also the material deposited. This integration may reduce the drawback 
introduced into the objects by the supervision and resume system through the 
corrections executed by the multivariable closed-loop control, obtaining a process 
capable of controlling the behavior of different variables. In addition, detecting any 
mistake related to the material deposition would reduce the waste of materials, time, 
and energy, without sacrificing part of the performance of the pieces. 
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