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Abstract: Additive manufacturing (AM) is proving to be a promising new and economical technique
for the manufacture of metal parts. This technique basically consists of depositing material in a more
or less precise way until a solid is built. This stage of material deposition allows the acquisition of a
part with a quasi-final geometry (considered a Near Net Shape process) with a very high raw material
utilization rate. There is a wide variety of different manufacturing techniques for the production of
components in metallic materials. Although significant research work has been carried out in recent
years, resulting in the wide dissemination of results and presentation of reviews on the subject, this
paper seeks to cover the applications of symmetry, and its techniques and principles, to the additive
manufacturing of metals.
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1. Introduction

One of the key advantages of additive manufacturing is the ability to produce geo-
metrically complex parts that would otherwise be impossible to manufacture, including
hollow parts, parts with complex details. or parts with complex internal lattices. Therefore,
additive manufacturing provides a great deal of design freedom, which is vital, for example,
for applications requiring weight reduction. This reduction can be achieved by topological
optimization of the design [1], by adding internal lattices instead of having solid parts, or
by being able to manufacture parts in one piece that with traditional techniques require
many subcomponents. For example, in its CFM LEAP aircraft engine, General Electric
introduced fuel injectors made by additive manufacturing, reducing the injector to a single
component that was 25% lighter than the initial 18-part system [2]

Customization is also becoming an option [3], as with traditional manufacturing tech-
niques, customization of complex parts is limited by the cost involved. This is mostly due
to the need for complex tooling that requires long run lengths and, therefore, customization
is compromised. By comparison, since additive manufacturing is used to produce parts
directly from Computer Aided Design (CAD), the production of unique and customized
parts is feasible without the need for expensive tooling [4].

Until now, conventional subtractive techniques for manufactured parts started from a
solid block, extracting the necessary material until the desired geometry was obtained. In
contrast, technologies classified as additive manufacturing add or melt material only where
it is needed, minimizing the amount of raw material used and, therefore, substantially
reducing the cost of the part to be manufactured [5]. Consequently, additive manufacturing
can have a large niche market, for example, in the aeronautics industry, because of the high
price of the materials used (titanium, nickel alloys, etc.) and the extremely high buy-to-use
ratio of the components [6].
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In this way, additive technologies produce a part with a quasi-final geometry (con-
sidered a Near Net Shape process) with a very high raw material utilization rate, which,
without the use of any raw material, can be used in the production process. Using post-
processing, or with reduced post-processing, it will be possible to progress from the man-
ufactured preform to the final part [3]. In this context, the term Hybrid Manufacturing
has been introduced, which refers to manufacturing processes based on the combination
of additive and traditional processes (commonly, machining processes) to manufacture
parts that are difficult (or even impossible) to obtain by each of the processes separately.
Moreover, through this hybridization, the limitations of additive processes related to low
productivity, rough surface quality, and lack of dimensional accuracy can be overcome [7].

Additive technologies have shown great potential to reduce energy consumption by
minimizing material waste and eliminating or reducing machining steps. Previous studies
have predicted that widespread implementation of additive manufacturing would lead to
a significant reduction in overall energy demand by up to 27% [8].

Additive manufacturing can now generate full-density parts in a wide range of materi-
als, such as polymers [9], metals [10], ceramics [11], and composites [12]. The application of
additive manufacturing has covered almost every sector, such as, aerospace [13], aeronau-
tics [14], automotive [15], biomedical [16], energy [8,17], tooling, tooling and molding [18]
and construction [19]. It is said that additive manufacturing will be part of the Fourth Indus-
trial Revolution, also defined as Industry 4.0, where more flexible, versatile, customizable,
and rapid manufacturing will be sought.

Nonetheless, several aspects currently need to be improved in additive manufacturing
to make it a real and competitive industrial process. A theoretical perspective is needed
to better understand how additive manufacturing can be used in industrial production
systems [20]. In mass production processes, for example, additive manufacturing has some
limits, as both manufacturing speed and repeatability are low. Thus, these techniques have
so far been used for the manufacture of single parts and for repair applications but, today,
the challenge is to incorporate them into real production lines. In addition, optimization
and proper selection of process parameters and the incorporation of control and monitoring
systems are crucial to achieve full control of these technologies.

In recent years, the scientific literature on additive manufacturing has increased
exponentially, as shown in Figure 1. The aim of this review paper is to compile the main
contributions of the authors and to provide an insight into the application of symmetry
in the field of additive manufacturing of metals, to encourage the scientific community to
maintain the pace of research in this field, and to cover the areas where research is lacking.

The novel aspect of this review relates to an increasing reference in the submitted
papers to issues derived from symmetry; in 2021, more than 10% of the submitted papers
in additive manufacturing included references to symmetry in one of the aspects discussed
in the following sections. It has been considered convenient to focus on the additive
manufacturing of metals because this technique provides advantages of design freedom.
These make additive manufacturing attractive for the industry due to the great reduction
in weight and the use of material that it enables its use in the manufacture of metal parts.

After this introduction, the article is organized into a second section describing and
classifying metal additive manufacturing techniques and symmetry as a general concept
and fundamentals within MAM. Next, the relationships of symmetry according to the
workflow are developed in four different sections, examining the entire manufacturing
process. Section 3 delves into the literature review of the relationship found between design
or redesign and symmetry in additive manufacturing processes, in addition to other related
applications. Section 4 reviews the studies related to the symmetry and the geometric
shape of the bead and the deposited layer. Section 5 presents its use in monitoring systems
in the manufacturing stage, and Section 6 addresses the symmetry in the final part and
the inherent search for means to control the properties of the part that are related to the
microstructure. Finally, Section 7 contains a synthesis as a conclusion and Section 8 outlines
challenges and future lines of action.
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of articles in which symmetry is mentioned (source Google Scholar).

2. Metal Additive Manufacturing Technologies and Symmetry Concept

In the first part of this section, we closely examine the additive manufacturing pro-
cesses, describing and classifying them and then defining the concept of symmetry, its
types and fundamentals, and the stages where it has been found to be used in MAM.

2.1. Classification of Metal Additive Manufacturing

Within additive manufacturing, each type of technology consists of a particular combi-
nation of an energy source, filler material format, and specific machine kinematics, making
each suitable for a given application, as can be seen in Figure 2. According to the standard
terminology created by ASTM (ASTM F2792), additive manufacturing technologies are
classified into seven categories [21], with the first four being usable for the manufacture of
components in metallic materials [22]:

1. Powder bed technologies (power bed fusion, PBF)
2. Binder jetting (BJ)
3. Sheet lamination (SL)
4. Directed energy deposition (DED)
5. Material extrusion (ME)
6. Material jetting (MJ)
7. Stereolithography (vat photopolymerization, VP).

Regarding metal materials, there is a wide variety of traditional manufacturing tech-
niques. Among the most common are casting, forging, and machining, and these remain the
mainstays of the metal industry worldwide. In contrast, additive manufacturing in these
materials is relatively new (since the 1980s) and offers a number of automated techniques
based on layer-by-layer production. Initially, additive manufacturing in metals was only
developed for rapid prototyping; however, these additive techniques are being driven by
the demand for the manufacture of real engineering components having low to medium
volumes and with improved environmental and economic characteristics.
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Additive manufacturing processes based on metallic materials enable large material
and energy savings, reducing the cost and environmental impact of manufacturing various
components. Moreover, these techniques can be used to manufacture parts with complex
geometries (not possible with traditional manufacturing techniques) and even to repair
parts with high added value. In this way, parts with high geometric accuracy can be
obtained while maintaining adequate mechanical properties.

2.1.1. Powder Bed Technologies (Power Bed Fusion, PBF)

These are methods that start from powder material and consolidate it layer by layer
with the idea of generating a 3D part. In general, the basic principle of these technologies is
that thermal energy provided by an energy source (a laser beam or electron beam) fuses
or sinters selective regions of a powder bed. During the process, the first layer of powder
is first spread on the manufacturing platform by a roller and scanned using the energy
source, causing the powder particles to solidify according to the geometry of the part
to be manufactured in that layer [23]. The manufacturing platform is then lowered by
the thickness of one layer and another layer of powder is spread on top. This process
is repeated until the object is completely fabricated [24]. Once the part is finished, it is
removed from the powder bed and the necessary post-processing is applied.

In addition, operating costs are comparatively high in these technologies due to
high raw material and machine costs, metal powder recycling problems, difficult material
changeovers, the presence of inert gas, and safety requirements of the facilities. Another
main feature of these processes is that the technology is often in the hands of the major
machine manufacturers (EOS, GE Additive, Renishaw, SLM solutions, etc.) and a closed
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solution is offered, where the user not only receives the machine, but also the material,
technology, software, etc. [25].

PBF technology includes different processes for metallic materials, such as selective
laser melting (SLM) and electron beam melting (EBM). The SLM and EBM processes have
similar working principles: both melt the powder layer by layer through a laser or an
electron beam, respectively. In addition, EBM needs a vacuum chamber to work and SLM
can only be applied in protected atmospheres [26].

2.1.2. Binder Jetting (BJ)

The binder jetting process uses two materials: a powder material and a binder. The
printing process consists mainly of spraying the liquid binder onto the powder bed. For
this, the printhead moves horizontally describing the geometrical shape of the part to be
manufactured and the binder acts as an adhesive between the powder layers. Afterwards,
the build platform is lowered by the thickness of a layer as in the PBF process.

The next layer of powder is spread with a roller and the process is repeated until the
final part geometry is achieved. A heated build chamber can help speed up the printing
process by increasing the viscosity of the materials [27].

BJ powders are available in a wide variety of materials, such as metals, polymers,
and ceramics [28]. Furthermore, the build volume of Binder Jetting machines for metal
parts is among the largest on the market compared to other metal additive manufacturing
technologies (up to 800 × 500 × 400 mm) [29].

2.1.3. Sheet Lamination (SL)

SL technology uses sheets of material to fabricate 3D objects. In all these technologies,
the sheets are cut to the shape of the desired object, which are then joined together to obtain
a three-dimensional part [30]. Depending on the material of the sheets, there are different
SL technologies, e.g., for polymers, laminated object manufacturing (LOM); for composites,
composite-based additive manufacturing (CBAM); and for metallic materials, ultrasonic
additive manufacturing (UAM). The benefits of these technologies include high speed, low
cost, and ease of material handling.

2.1.4. Directed Energy Deposition (DED)

The directed energy deposition process is an emerging process, which has been under
development and industrialization for just over 15 years. DED technology includes all
those techniques where the energy source melts and feeds the material [31]. The main
advantage of this type of technology, compared to powder bed systems, is the possibility
of manufacturing larger parts in higher working volumes and the possibility of repairing
damaged parts [32].

In this type of process, a preform is obtained that is very close to the final geometry
of the part and the amount of material to be machined is greatly reduced. In addition, it
starts directly from a digital file containing the three-dimensional geometry of the part and
the metal material is added by melting it and adding it to the base material, generating
the geometry in layers. In some recent cases, it has been shown that savings in material,
cost, and energy consumption of more than 70% can be achieved, and lead times can be
significantly reduced compared to conventional manufacturing [33].

DED technologies include processes with a wire feed [6] and processes with a powder
feed [34]. The ability to use yarn as a raw material instead of powder reduces the price
per kilogram, increases the efficiency of material utilization, reduces the need for powder
recycling systems, creates an environmentally friendly process, and adds the possibility of
easy material handling by the operator without health and safety concerns [35,36].

The energy source for melting the material can be a laser, an electron beam, or an
electric arc. Thus, the energy source head and the material feeding equipment are mounted
on a machine with specific kinematics (a robotic arm, a Gantry machine, a Cartesian
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machine, etc.) and through it, the material is fed to where it is required [10]. Therefore, in
these technologies, there are usually no machine vendors offering closed solutions.

Furthermore, within the DED category, different types of processes are differentiated
depending on the nature of the energy source and the format of the material introduced:
laser material deposition (LMD), electron beam additive manufacturing (EBAM), and wire
arc additive manufacturing (WAAM) [7].

In this type of technology, energy is directed to a specific region to heat the substrate
and melt the material to be deposited. The resolution of the process depends on the type of
energy source used (laser > electron beam > electric arc) [37], while the fabrication speed is
related to the input rate (DML 1 kg/h < EBAM 10 kg/h < WAAM 10 kg/h).

In addition, the energy efficiency of the laser is low (35% maximum); that of the
electron beam is slightly lower (15–20%) but is not comparable to that of the electric arc,
which in some circumstances can reach 90% [6]. Compared to laser techniques, the electric
arc is a more efficient energy source for melting the material, especially in reflective metal
alloys such as aluminum, copper, and magnesium [38].

In general terms, a comparison of the main characteristics of dust bed and DED
technologies can be seen in Table 1.

Table 1. Comparison of main metal additive manufacturing processes.

PBF [24] DED-LMD [39] DED-EBAM [40] DED-WAAM [41,42]

Accuracy High: ±0.05–0.2 mm Mean: ±0.2 mm Need final machining Need final machining

Structural integrity
High: Vacuum

chamber/protected
atmosphere

High: Protected
atmosphere High: Empty chamber High: Protected

atmosphere

Productivity [7,14] Low: ~0.1–0.2 kg/h Average: ~0.5–1 kg/h High: 3–11 kg/h High: ~10 kg/h

Part size
Limited by working

space (max. 800 × 400
× 500 mm) [2]

Large, limited by
machine range

Large, limited by
machine range

Large, limited by the
range of the machine

Geometric complexity High Media Low-Medium Low-Medium

Industrial application Direct manufacture of
complex parts

Repair of parts,
coatings, direct

manufacturing of parts

Repair of parts,
coatings, direct

manufacturing of parts

Repair of parts,
coatings, direct

manufacturing of parts
Price of equipment High High High Under
Raw material cost Very High High Under Under

Therefore, when examining the possibilities and limitations of these methods (see
Table 1), it is concluded that additive processes for metal fabrication have many challenges
to overcome in the near future. For example, process variables such as the time and
temperature of the cooling process, the composition of the protective atmosphere, and the
solidification rate of the material must be controlled.

In fact, as a result of these variables, the final properties of the part are obtained, such
as microstructure, surface finish, mechanical strength, or fatigue resistance. In addition,
the effects of poor control of these variables, such as the appearance of defects in the
form of porosity, excessive residual stresses, poor adhesion to the base material, or loss of
mechanical properties must be considered [43].

Furthermore, today, in many cases, metal additive technologies are still limited to
prototyping, production of small, high value-added parts, and repairs [44]. To replace
traditional manufacturing methods and to become a core element of Industry 4.0, these
technologies will need to demonstrate that they can overcome the barriers they face and
adapt to mass production.

2.2. Symmetry Applied in Additive Manufacturing Processes

Symmetry, as such, is a very broad concept and is related to different disciplines such
as geometry, drawing, graphic design, architecture, and other arts. It can also be found in
sciences such as biology, physics, chemistry, and mathematics.
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Symmetry is defined as [45]: Exact correspondence in the regular arrangement of the parts
or points of a body or figure in relation to a center, an axis or a plane. The word comes from the
Latin “symmetrı̆a”, and this in turn from Greek συµµετρία (symmetría) where őύν “with” and
µέτρov “measure”.

It is a characteristic feature of geometric shapes, systems, equations, and other mate-
rial objects, or abstract entities, related to their invariance under certain transformations,
movements or exchanges.

Symmetry can be classified into the following types [46]:

1. Rotation. The rotation that every motif undergoes in a repetitive way until it finally
achieves the identical position it had at the beginning.

2. Folding. In this case, what is achieved is two equal parts of a specific object after a
180◦ turn of one with respect to the other.

3. Translation. This is the term used to refer to the set of repetitions carried out by an
object at an always identical distance from the axis and along a line that can be placed
in any position.

4. Expansion. It is used to show that two parts of a whole are similar and have the same
shape, but not the same size.

5. Bilateral. This allows the acquisition of a bilateral portrait that has as a backbone an
axis of symmetry. At the sides of this axis, equal shapes appear at the same distance
from it, which will be those that allow the creation of the aforementioned portrait.

In additive manufacturing, specifically in metal fabrication, different uses of symmetry
have been found, all of which are related to further optimization, better process control
(search for repeatability or tracking of manufacturing and results), and analysis of properties
or comparison between techniques. A search flow (following the manufacturing flow) was
developed to find the fields in which symmetry is used, as shown in Figure 3, to identify
the value that symmetry can add.
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Six different fields of application of symmetry within additive manufacturing of metals
were found; they are listed and detailed in Figure 3 with their corresponding stage of the
additive manufacturing flow.

Throughout the following sections, we show the use of symmetry in these fields based
on the literature review.

3. Use of Symmetry for Design in Additive Metal Fabrication

Additive manufacturing comprises the various production processes for manufactur-
ing three-dimensional objects from digital designs. It is based on rapid prototyping, i.e., the
modeling of a material layer by layer. The freedom of design and production is very wide
and it is precisely this property that is one of the great advantages of this technique. The
importance of a good design, according to each technique and material, is key to the success
of the manufacturing process. Moreover, material utilization is another of the advantages
of this technique, so the combination of design and optimization is crucial in the additive
manufacturing of metals.

Design with a symmetric constraint or assumption is the main use found in the
literature review; 57.1% of the literature related to MAM and symmetry relates to design
and is directly related to the optimization of the technique or the object of study. It has been
observed that, in most cases, symmetric constraints are used to simplify studies or results.

In general, studies that perform optimization do so by means of topological
optimization [47–54]; these recent studies show the use of topological optimization for
different additive manufacturing techniques, with the goal of weight reduction. The com-
bination of topological optimization and additive manufacturing makes it possible to
manufacture lightweight parts and reduce the number of parts in an assembly, which in
turn results in cost reduction and material savings [48].

This technique is included in the field of structural analysis. It is based on the mechan-
ical analysis of a component or assembly, and its objective is structural lightening while
maintaining the mechanical functionalities of the part or structure analyzed. Unlike other
types of structural optimization such as parametric or shape optimization, topological
optimization offers a new concept of structural design focused on those applications where
weight of the component is the determining factor (e.g., automotive or aerospace industry).
Topological optimization is more interesting compared to the shape optimization method
since the latter only allows changes “at the domain boundary”, which limits its fields of
application; the former, on the other hand, allows control of the domain of the structure
by means of voids or cavities, changing its density, in order to reduce the weight and,
therefore, the manufacturing costs [55]. With the advent of computational methods, it has
been possible to increase topological optimization to a more complex level of analysis at
the dynamic, plastic, static, impact, or modal level, among others, that can be considered
during the analysis.

This methodology also has a wide field of use for metal additive manufacturing
technologies where the geometry of the part or assembly is very complex, due to the great
possibilities it offers in terms of design. In addition, it is precisely here where it has been
observed that the concept of symmetry is applied, since applying symmetrical constraints,
either from the beginning or in the redesign, makes the object of study simpler and/or
acquires more optimal and technically favorable properties for its manufacture.

For example, a previous study [56] performed design optimization for additive man-
ufacturing of an industrial robot part. They first redesigned the part to make its shape
compatible with the requirements of the selective laser sintering technique. Subsequently,
they used topological optimization, using commercial software that is based on the solid
isotropic material with penalty (SIMP) method. This method predicts an optimal mate-
rial distribution within a given design space for given load cases, boundary conditions,
manufacturing constraints, and performance requirements [57].

As shown in the schematic in Figure 4, they used constraints applicable to additive
manufacturing, bar thickness, and symmetry, and avoided cavities and undercuts. They
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observed that, by applying symmetry and applying the other constraints, they were
able to achieve a 7% reduction in the mass of the part, while its strength and stiffness
remained unchanged.
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In contrast, another study [58] began with the design of the part by directly applying
symmetry, and then carried out the topological study. It was not strictly necessary, but they
observed that it is more convenient to have the center of gravity near the midpoint of the
mandrel, which made them impose symmetry from the beginning.

Therefore, we found that the symmetric geometry-driven topology optimization
process is a method that can exploit the shape complexity capability of AM to increase
the part yield. In fact, more and more topological optimization programs now provide
symmetry constraints to improve manufacturability by reducing the shape freedom for the
iterative solution [59]. Based on the current review, it was observed that, when designing or
redesigning, it is convenient to take into account symmetries, the effect of part thicknesses
and dimensions, and tolerances and difficulties of access to the technique in order to
accurately assess their influence and use them effectively.

Another application that has been found in design is the use of symmetrical models or
specimens for various studies. This application has not been observed to be very widespread,
but we believe that it can be very useful, for example, to make a comparative study between
additive manufacturing techniques of metallic material. This was the case in a previous
study [60], although not applied to metallic materials, in which fused deposition modeling
(FDM) technology was compared with masked stereolithography (MSLA). The symmetry of
the models allowed them to check the quality of the prints on each side in three planes. All the
cube-based models were symmetrical in point, axis, and plane. As shown in Figure 5, using
this wide range of geometrically patterned models, they were able to analyze the different
properties of both techniques by performing an in-depth comparison.

Similarly, an earlier study [61] used symmetry optimization by conveniently using a
quarter-symmetry test piece to perform a temperature distribution study based on variable
lattice density optimization in additive manufacturing using powder bed fusion. This
allowed them to obtain simplified and earlier results.

Finally, it has been observed that, in recent years, studies have been carried out
based on the symmetrical hypothesis to define models or prediction methods in additive
manufacturing [62–67]. These studies have developed the predictions of distortion in
laser-based MAM manufacturing; surface quality prediction in FDM; modeling and surface
roughness in wire arc MAM; or porosity in metal-based MAM, in general.



Symmetry 2022, 14, 1810 10 of 23

Symmetry 2022, 14, x FOR PEER REVIEW 10 of 25 
 

 

In contrast, another study [58] began with the design of the part by directly applying 
symmetry, and then carried out the topological study. It was not strictly necessary, but 
they observed that it is more convenient to have the center of gravity near the midpoint 
of the mandrel, which made them impose symmetry from the beginning. 

Therefore, we found that the symmetric geometry-driven topology optimization pro-
cess is a method that can exploit the shape complexity capability of AM to increase the 
part yield. In fact, more and more topological optimization programs now provide sym-
metry constraints to improve manufacturability by reducing the shape freedom for the 
iterative solution [59]. Based on the current review, it was observed that, when designing 
or redesigning, it is convenient to take into account symmetries, the effect of part thick-
nesses and dimensions, and tolerances and difficulties of access to the technique in order 
to accurately assess their influence and use them effectively. 

Another application that has been found in design is the use of symmetrical models 
or specimens for various studies. This application has not been observed to be very wide-
spread, but we believe that it can be very useful, for example, to make a comparative study 
between additive manufacturing techniques of metallic material. This was the case in a 
previous study [60], although not applied to metallic materials, in which fused deposition 
modeling (FDM) technology was compared with masked stereolithography (MSLA). The 
symmetry of the models allowed them to check the quality of the prints on each side in 
three planes. All the cube-based models were symmetrical in point, axis, and plane. As 
shown in Figure 5, using this wide range of geometrically patterned models, they were 
able to analyze the different properties of both techniques by performing an in-depth com-
parison. 

 
Figure 5. Geometrically designed models used to carry out the studies of the different techniques 
[60] 

Similarly, an earlier study [61] used symmetry optimization by conveniently using a 
quarter-symmetry test piece to perform a temperature distribution study based on varia-
ble lattice density optimization in additive manufacturing using powder bed fusion. This 
allowed them to obtain simplified and earlier results. 

Finally, it has been observed that, in recent years, studies have been carried out based 
on the symmetrical hypothesis to define models or prediction methods in additive manu-
facturing [62–67]. These studies have developed the predictions of distortion in laser-
based MAM manufacturing; surface quality prediction in FDM; modeling and surface 
roughness in wire arc MAM; or porosity in metal-based MAM, in general. 

In one example [67], the authors developed a generative method for the creation of 
geometrically complex and materially heterogeneous objects; they combined additive 
manufacturing and shape-finding design for multi-material 3D printing. This method de-
veloped an automated and controllable way to explore a set of symmetrical, complex, 
multi-material objects (referenced by color), making it a useful tool for design exploration 

Figure 5. Geometrically designed models used to carry out the studies of the different techniques [60].

In one example [67], the authors developed a generative method for the creation
of geometrically complex and materially heterogeneous objects; they combined additive
manufacturing and shape-finding design for multi-material 3D printing. This method
developed an automated and controllable way to explore a set of symmetrical, complex,
multi-material objects (referenced by color), making it a useful tool for design exploration
and prototyping. This method is based on symmetry and is believed to have wide potential
for development in the future of additive manufacturing.

Thus, we can confirm that, in the design phase, the relationship found with the
use of symmetry is clearly differentiated into three blocks, namely, the use of symmetric
constraints in design development or redesign after topological optimization; the use
of symmetric samples/probes for study or comparison of the technique; and the use of
symmetric hypotheses in the prediction of models/methods prior to fabrication.

4. Symmetry in the Geometrical Shape of the Deposited Layer

After the design, the control of the manufacturing process is a very important aspect
that determines the characteristics of the model or part. Thus, different studies have been
reviewed in which the technique and geometry of the layers, and their deposition, is crucial.
Performing this homogeneously and symmetrically guarantees a better control of the part
properties, and a better approximation to the 3D model.

The selection of the deposition parameters influences the bead geometry, so the
selection of these parameters and their control is decisive. In this sense, it has been
observed that multiple techniques can be used to control the deposition and geometry
during fabrication (which is also reflected in the following section on the symmetry applied
for process monitoring). However, it was considered appropriate to address, in a specific
section, everything related to bead geometry and layer deposition due to its extensive study
by the scientific community and its inherent relationship with symmetry.

In relation to the deposition process, the molten pool and its geometry have received
special attention [68]. In the same way, the geometry of the bead is also a widely studied
aspect, since the first articles [69], and, in the present day, its geometry and its follow-up in
fabrication are still being studied by vision techniques [70,71]. Its importance mainly lies in
the ability to fill the joint in the weld and its relevance is observed in the WAAM technique,
as it determines the outer geometry of the sample or part [72].

In recent times, many researchers have analyzed and developed the use of analytical
models to predict the geometrical parameters of the bead from the process parameters.
Most studies focus on statistical modeling of bead height and width, either by statistical
models (regression [73] or neural networks [74–79]), analytical models [80], or finite element
models [81], albeit zero-count. These models can be considered very suitable for the wire
arc additive manufacturing process since it was observed that the analysis of the first bead
for the determination of the correct wall parameters or the fabrication of parts by this
technique is widely studied [75,82–87].
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Figure 6 shows the process of controlling the bead geometry. One study [88] investi-
gated the effect of different process parameters and their influence on the bead geometry
during the arc additive manufacturing process.
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to determine the best parameters and transfer modes for additive arc manufacturing of
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and pulsed AC. This study raises the value of symmetry in the manufacturing process by
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Both studies relied on symmetry to perform the relevant analysis, so it was confirmed
that the study of symmetry in the deposition between layers is an aspect to be taken into
account. This is also necessary for controlling the technique and its behavior with the
material and the different manufacturing parameters, in addition to the dimensions of the
part and its final properties.

We can conclude that, after the analysis of the studies mentioned in this section, a
search and analysis of symmetry was carried out in each of them, either regarding the
prediction, the in situ monitoring of the manufacturing, or the subsequent control of the
part to be analyzed. In all three cases, the geometry of the layer and its deposition in the
MAM processes were examined.

5. Application of Symmetry to Additive Manufacturing Process Monitoring

As additive manufacturing continues to develop and become a standardized method,
the need for on-site process monitoring increases. Unlike traditional manufacturing tech-
nologies, MAM technology still has a long way to go in terms of quality and repeatability.
Quality assurance and quality control are two key aspects to overcome these challenges.

In situ control is a relevant aspect, as it minimizes possible internal defects (inherent
to each technique) and automates the production process.

Throughout the previous sections, we provided some insights into monitoring for
additive manufacturing in the different modalities of the review. However, in this section,
we more closely examine the different systems that currently exist and, by way of summary,
we synthesize the overview in Table 2. This table shows the main monitored entities, with
the equipment that is generally used and the system used by different authors.

Table 2. Summary of monitoring techniques for parameter measurement in MAM technology.

MAM Source Monitored Entity Signal and System Measurement Equipment Author

PBF
SLM

Integrated Laser power, coating
thickness, speed

Internal signals of the
heat source

Equipment specific to
each unit

Yadroitseu et al., Sun et al. and
Loh et al. [90–93]

External or
Integrated Geometry bath fusion

Coaxial monitoring
(area and emitted

radiation)

CMOS camera + photodiode/
illumination source Lott et al. [94]

External
Melting bath area,
overheating bath

melt, Pores and faults

Coaxial monitoring +
X-ray computed

tomography (Data
processing algorithm)

CMOS thermal infrared +
photodiode camera

Tamadalle et al., Cus et al.,
Balu et al., Wang et al.,

Unocic et al. and Doumanidis
et al. [95–100]

External Geometry bath fusion
Image processing

and electromagnetic
radiation

Add-ons: Sensors and
wide-angle camera Kleszczynski et al. [101]

External Melting bath
temperature

Image processing
and electromagnetic

radiation
CCD camera + pyrometer Chivel et al. [102]

External Melting bath
temperature

Temperature
distribution and max.

temperature
IR camera + pyrometer Bayle et al. and Doubenskaia

et al. [103–105]

External Layer by layer
defects

Image processing
and electromagnetic

radiation
CCD camera + pyrometer Schwerdtfeger et al. [106]

PBF
EBM

External Temperature field,
height, transmission Image processing IR camera Cheng et al. [107]

Integrated Temperature profiles
and discontinuities

Image processing
and electromagnetic
radiation (processing

algorithm)

IR camera with protection Rodriguez et al. [108,109]
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Table 2. Cont.

MAM Source Monitored Entity Signal and System Measurement Equipment Author

DED

External Melt pool
temperature and size

Coaxial monitoring
(area and emitted

radiation)
CCD camera + photodiode Bi et al. [110–112]

External Melt pool
temperature and size

Image processing
and electromagnetic

radiation
CCD camera + pyrometer Hua et al. [113]

External Discontinuities/cracks Acoustic emissions Acoustic sensor Wang et al. [114]

External Geometry of the
beads closed circuit

Coaxial monitoring +
image processing CCD camera + pyrometer Abdelrahman et al. and

Foster et al. [115,116]

External Fusion bath
geometry FPGA CMOS camera + optical filter Colodron et al. [117]

External Material flow rate Dissemination +
reflection Optoelectronic sensor Hu et al. [118,119]

External
Power—melt bath

geometry with
feedback

Control algorithm +
image processing CMOS camera Moralejo et al. [120]

External
Temperature—

height
distribution

Image processing
and electromagnetic

radiation
IR camera Karnati et al. [121]

External Microstructure

Bath temperature,
cooling rate and

temperature profile
information

IR camera Farshidianfar et al. [122,123]

As shown in the table above, in general, camera-based visual inspection methods are used
to identify manufacturing errors such as powder bed condition or geometric accuracy in PBF
processes. The above highlights that, in the case of the DED technique, closed-loop feedback for
build-height monitoring has been achieved by also using systems with visual inspection cameras.
Pyrometer and infrared cameras are mainly used for monitoring temperature gradients in MAM
processes; note that these systems have enabled constant temperature gradient monitoring in
PBF (although they have not yet been integrated into the machine).

Studio [124], for example, reflects the creation of an in situ non-contact 3D laser pro-
philometer inspection system that is able to automatically and visually monitor surface
defects. The system first converts the surface point cloud from 2D to 3D, and then identifies
surface defects after pixel classification using a support vector machine (SVM) model. For
the first step, the system relies on rotational symmetry to perform the conversion.

Similarly, another study [125] presents an in situ characterization system based on
laser profilometry (layer by layer) as a method to digitally reconstruct a multi-material
part. The data are collected by a laser profilometer and elaborate height maps and black
and white (grayscale) images, and these are modeled by software that reconstructs the part.
The digital reconstruction assumed square voxels spanned the entire height of the layer,
and the authors proposed that the relational symmetry of the filaments along their central
axis could be used to more accurately recover the morphology of individual filaments.

The review showed that control charts are used to examine and maintain part quality
and production operations. Traditional chart structures are based on a response variable
and do not incorporate any auxiliary data. To solve this problem, it was observed that
charts based on linear regression models can be designed, usually when the response
variable shows a symmetric pattern (i.e., normality) [126].

Finally, as already seen, the bead and wall geometry are key in the fabrication process.
A previous study can be highlighted [127], where the researchers sought to determine the
process parameters of the WAAM technique for the formation of the wall with correct
geometry. For this purpose, they used symmetry analysis to monitor the geometry of the
zero beads based on the analysis of the symmetry coefficient (between the longitudinal and
transverse planes), the symmetry of the final wall by laser scanning, and the evolution of
the molten pool due to graphic thermography.

Following the analysis of the studies mentioned in this section, it is shown that,
for advancing the additive manufacturing of metals, symmetry is supported for use in
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formulating constraints and hypotheses, mainly in processing control programs, either in
situ or post-fabrication to analyze the results.

6. Symmetry in the Microstructure of Additive Manufactured Materials

The physical and mechanical properties of a material determine its industrial application.
The microstructure of a material has a direct influence on these properties and, more specifically,
on toughness, strength, hardness, ductility, high/low temperature behavior, corrosion, and wear
resistance. In turn, the influence of the microstructure on the properties is determined by the
presence or absence of different defects [128] and by the geometry of the grain formation.

In the additive manufacturing of metals, the material goes through different states
that modify its microstructure. When the material acquires a certain temperature (specific
to each type of material), it is in a liquid state, and the atoms are in random motion and
do not maintain fixed positions. However, when the materials cool, they solidify and the
atomic motion decreases drastically, so much so that it can be considered null (since there
is still a minimum amplitude of motion), but this can be disregarded.

In the solid state, the atoms can acquire a defined three-dimensional arrangement, in
which case we speak of a crystalline structure (forming crystals). The structure of materials
that do not present an arrangement when they solidify is disordered, and these materials
are said to be amorphous. Metallic materials have a crystalline structure.

Our object of study is metals, which have a crystalline structure. This is an advantage
because, to some extent, the crystals follow a pattern of arrangement/shape, and it has
been observed that symmetry can play a very important role.

In some cases, simply changing the processing of the shape of the material directly
influences its microstructure, and thus changes the properties. The MAM covers different
processes and feed materials, and as a summary, Table 3 shows the type of microstructure
for each process and material, as it was described by [129], and the symmetry pattern that
would fit the search.

One example of the change in properties depending on processing is the titanium
alloy TiAl6V4.12, whose mechanical properties are improved by selective laser melting by
changing its microstructure [130].

Additive metal manufacturing is characterized by rapid and directional solidification.
The solidification rate typically increases from DED to E-PBF and L-PBF. The part evolves
during fabrication in a constant process (line by line and then layer by layer) that is
determined by the variability of the fabrication parameters, as discussed in previous
sections. The resulting microstructure is defined by these parameters, as they determine
the local solidification conditions, i.e., the solidification velocity v and the thermal gradient
G at the solidification front [131]. This is why the control of this microstructure is crucial in
metal additive manufacturing processes. In addition, the search for symmetry is inherent
to the technique, since it results in advantages in terms of the homogeneity of properties in
the model.

To measure microstructural features, morphology needs to be characterized. The most
commonly used technique for this is image processing, which can be used to quantify
morphology properties such as crystal orientation, morphology of inclusions [132], and the
vacuum [133] or volume fraction. In the review, many publications were found that control
the symmetry of the microstructure after fabrication [134–143].

Within these studies, it is worth mentioning the appearance in recent years of groups
of researchers who have made modifications in the composition of alloys with nanocrystals
to improve their properties. In these studies, it was observed that the inclusion of nanocrys-
tals and their symmetrical formation in the microstructure favors the improvement in
these properties. For example, the laser cladding (LC) technique has been found to be
favorable for icosahedral quasicrystal formations (phase I) with fivefold symmetry due to
the rapid cooling and solidification characteristics of Ni60A-TiC-NbC-Sb mixed powders in
additively manufactured (AM)TA1 titanium alloy, and this has resulted in extremely high
microhardness [142].
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Table 3. Comparison of microstructures resulting from different metal additive manufacturing
processes and their relation to the symmetry pattern to be searched.

Metal Additive Manufacturing Process Feed Material Final Grain Structure Symmetry Pattern Search

Additive friction stir deposition Rod or Powder
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Similarly, researchers [143] modified high entropy alloys with ultrafine nanocrystals
(UNs) by laser melt deposition (LMD) of mixed powders of partially yttria-stabilized
ZrO2 (YPSZ) and FeCoCrAlCu in an aviation turbine blade constructed using additively
manufactured (AM) titanium alloy TC17. The authors were able to observe nanoscale
icosahedral quasicrystals (phase I) with fivefold symmetry, which demonstrated improved
wear performance.

Finally, as part of this section, different modeling approaches were also found to
simulate the evolution of the AM microstructure of metals, as shown in Figure 8. In an
earlier study [144], the use of symmetry and the prediction of the microstructure reflecting
a sweep strategy with a symmetry and periodicity inherent to each technique was observed.
Therefore, we can see that the concept of symmetry is again important, not only to control,
but also to predict the evolution.
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This section shows that the use of symmetry is inherent in the analysis because this
involves looking for patterns. Support for the use of symmetry is determined by the desired
properties or characteristics.

7. Synthesis and Conclusions

In the main part of the article, the current state of additive manufacturing of metals is
reviewed by examining its classification and main applications. The exponential growth of
studies related to additive manufacturing in the last ten years is noted, in addition to its
constant relationship with symmetry, for which, as has been observed, interest has been
constant over the years.

In line with the development of AM technology oriented to the manufacture of metal
parts, one of the great advantages is the freedom of design. The incorporation of additive
technologies has enabled a quantum leap in reducing weight and material usage in the
manufacture of metal parts. Some of the technologies are better suited to this concept of
lightweight parts, such as binder injection or powder bed fusion, whereas other technologies
have greater restrictions when manufacturing parts with complex geometries, such as direct
energy deposition. The design concept for additive manufacturing has become highly
relevant in the industry and there are several applications with proven success. Within
this concept, topological optimization is one of the main design optimization strategies for
quality mass reduction in the final part. This concept moves the design away from general
symmetric part solutions; thus, it is increasingly observed that optimization programs use
symmetric constraints to add and maintain value in the part. Two intermediate uses of
pre-fabrication symmetry that have been found are the use of symmetric samples to perform
analysis of a given technology and to control pre-fabrication parameters (including compari-
son and selection of techniques); and the use of symmetric assumptions for programs that
make fabrication predictions. These two intermediate steps in the process are provided by
additive manufacturing and represent a great advantage over other manufacturing methods.

An issue related to the design of parts for additive manufacturing is the geometric
shape of the deposited layer. It is of great importance to know the geometry of the layers
that make up the final part in order to take the CAD design to the machine defining the
CAM paths. In this sense, the symmetry of the layers manufactured by most technologies
is clear and it is of general importance to have analytical models or numbers that allow us
to have a knowledge of the geometry. Most models that deal with both the melt pool and
the geometry of the layers take into account the symmetry assumption. This knowledge
reduces the period of time between design and fabrication, thus facilitating the scheduling
of the fabrication system (either with a dedicated machine or a robot).

On-machine monitoring for AM and, in particular, measurement of machine variables
and specially dedicated sensors, i.e., measurement while the part is being built, is one of
the most-researched topics. The attractiveness of in-process monitoring for AM lies in the
possibility of detecting problems and controlling the correct part generation phase during
the manufacturing process. This would allow controlled and optimized manufacturing,
resulting in better process utilization by avoiding the occurrence of defective parts. In this
sense, the use of symmetry in the form of hypotheses and symmetric constraints was found
in monitoring programs.

In the last phase, the importance of the microstructure in the properties of the manu-
factured part (either by predictive or post-production control) should be emphasized. A
homogeneous grain structure guarantees constant properties throughout the part, so it was
observed that the search for and study of symmetry in this section plays a very important
role. Depending on the processing of the metallic material, the crystalline structure changes,
so the symmetry pattern is specific to each technique and material.

By way of synthesis, Figure 9 was prepared, complementing Figure 3 presented in
Section 2.2 (which shows the search lines and the fields of application of symmetry) and
showing the results of the uses of symmetry found throughout the literature review.
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8. Challenges and Future Directions

The main limitations encountered in this study have mainly two origins. The first
comprises limitations derived from the novelty of the technology itself; at this stage of the
research, new materials and/or methods are being tested to make MAM a viable alternative,
but in-depth studies of the implications of symmetry are in their early stages. The other
limitation lies in the lack of knowledge of symmetry techniques that may be of great help
in issues such as monitoring, quality inspection, and process control.

This paper reviews a large part of the work related to the topic of symmetry in MAM.
It represents a reference document from which authors researching this topic can gather
ideas with their colleagues and inspire new lines of work that bring together symmetry
and additive manufacturing of metals.

Although an important effort has been made in the generation of standards that cover
the industrial needs for the widespread use of MAM technology, these standards are subject
to constant revision and growth given the novelty of the technology. New developments in
existing standards may affect related research, both in relation to the geometry of the desired
layers and the mechanical requirements affected by the crystallographic arrangement. This
translates into the need for increased research for industrialization of the process, where
techniques associated with symmetry can establish an important update to the current
state-of-the-art research.

Research in the design of additive manufacturing parts and symmetry considerations
is more active than ever, both for the construction of parts based on repeated morphologies
and geometric constraints for their interaction with parts of conventional technologies.
Regarding bead geometry and layer deposition, future lines should be directed towards
knowing the process variables that ensure a controlled and known layer geometry for fast
manufacturing. For this, we consider symmetry to be key.

The challenge of in-process monitoring for MAM is that the variety of technologies
and the non-deterministic nature of the process make it difficult to select the variables to be
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measured and to fine-tune the algorithms. In this regard, both the importance of applying
algorithms based on the mathematics of symmetry and the control of target variables,
such as the geometry of the molten pool or the homogeneous distribution of temperatures,
among others, should be investigated.

Finally, the main impact of symmetry on the microstructure of metallic AM materials is due
to the anisotropy in the microstructure of the fabricated materials. Current approaches to control
this effect are based on post-processing heat treatments (required in some AM technologies
by default), or on mechanical actuation on the part during the process. After fabrication, the
part/base plate assembly is removed and subjected to a heat treatment that determines the final
mechanical properties and final metallographic construction of the material. The knowledge
and optimization of manufacturing parameters, and the inclusion of techniques that allow time
and post-processing to achieve a more globular and homogeneous crystalline structure, is one
of the most important future directions of the technology.
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