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Abstract

:

Additive manufacturing (AM) is a field with both industrial and academic significance. Computer-aided optimisation has brought advances to this field over the years, but challenges and areas of improvement still remain. Design to execution inaccuracies, void formation, material anisotropy, and surface quality are examples of remaining challenges. These challenges can be improved via some of the trending optimisation topics, such as artificial intelligence (AI) and machine learning (ML); STL correction, replacement, or removal; slicing algorithms; and simulations. This paper reviews AM and its history with a special focus on the printing process and how it can be optimised using computer software. The most important new contribution is a survey of the present challenges connected with the prevailing optimisation topics. This can be seen as a foundation for future research. In addition, we suggest how certain challenges can be improved and show how such changes affect the printing process.
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1. Introduction


Additive manufacturing (AM), also known as three-dimensional (3D) printing, is considered to be an essential component in the latest industrial revolution, Industry 4.0, where the integration of intelligent production systems and advanced information technologies is encouraged [1]. AM is a technique for the fabrication of a wide range of structures and complex geometries based on 3D computer-aided design (CAD) models. This technique builds a real physical object by stacking materials layer by layer [2,3,4].



There is an abundance of new and potentially revolutionary discoveries within the topic of computer-aided optimisation via software for AM. New research results and papers appear frequently, and researchers are in a race to solve AM’s many challenges. Due to this discovery rate, we seek to collect information concerning where computer-aided optimisation for AM stands from a research perspective.



In this paper, we survey the development of AM and its recent trends with an emphasis on computer-aided optimisation via software, focus on the challenges that the AM industry is currently facing, and suggest some topics for future research.



Section 1.1 starts by giving a brief description of the AM history with important key events that helped develop the research field as we know it today. Following this, Section 2 describes the printing process and the different printing methods. This information is further needed in the remainder of the paper due to the need to consider the context and intended use when dealing with optimisation. Section 3 builds on this by mentioning some of today’s optimisation topics, which may apply to different printing methods. A summary of the open general problems is given in Section 4. Section 5 connects Section 3 and Section 4, creating a basis for future research and development. The findings in Section 5 are then discussed and visualised in Section 6. Finally, in Section 7, some concluding remarks regarding the previous sections are given.



1.1. A Brief History of AM


AM and 3D printing are relatively new fields of research. This makes their history traceable through patents and research papers. We opt to divide the AM history into four major parts, which are briefly addressed in Section 1.1.1, Section 1.1.2, Section 1.1.3 and Section 1.1.4. Within these different time periods, we collect some important events that developed the AM research field to its current state. Figure 1 illustrates the events addressed in this section as a timeline. These key events are collected from a number of research papers; see [5,6,7,8,9,10].



1.1.1. Before 1980—The Beginning


AM and 3D printing are seen as recent fields of research, but their concepts, ideas, and fundamental exploration are considered to have started close to a century ago, when, between 1930 and 1940, Morioka started researching the combination of photosculpture and topography techniques. The technology available at that time was not mature enough to efficiently bring these ideas and concepts to life [5,6].



Throughout the 1950s and 1960s, the world developed rapidly and new technologies that would later be used for AM and 3D printing emerged. Some important events were the invention of digital computers in the late 1940s, DuPont’s development of photopolymer resins in the 1950s, commercially available laser technology in the 1960s, and the development of computer graphics and CAD in the 1960s. Even after these improvements and inventions, the 3D printing technology was still considered to be in its infancy, with no commercial market and little support for research and development activities [6].



Based on the previous advancements in combining photosculpture and topography, Munz filed a patent for an stereolithography (SLA) technique in 1951. This technique was very similar to the present dynamic light projection technique. By exposing a transparent photo-emulsion in a layer-wise manner, Munz was able to build a solid cylindrical object embedded with the image of the scanned object. This solid cylindrical object could then be carved, or chemically etched, to obtain a physical 3D model [5].



The accelerated development of primitive 3D printing systems began in the late 1960s and continued throughout the 1970s. Swainson was already employing the polymerisation of photosensitive polymers by 1968. This polymerisation was achieved by intersecting two laser beams to develop a 3D pattern. In 1971, a patent was filed for Swainson’s technique and the method termed photochemical machining. Shortly after, in 1972, Matsubara at Mitsubishi Motors made a technological leap when he used photo-hardening materials to shape a coherent solid sheet. This method became the foundation for many mature free-form fabrication techniques, including lithography and SLA, as we know them today [5,6].



At this point, the only explored 3D printing method was what today is known as vat photopolymerisation (VP). This changed when Ciraud, in 1972, patented a method of fusing powdered materials by partially melting the material using a thermal source like a laser, plasma, or an electron beam. What Ciraud had discovered was the start of today’s powder bed fusion (PBF) method. Then, in 1979, another method was invented. Prof. Nakagawa further developed a recently patented metal sheet binding technique by applying lamination and demonstrated the fabrication of different types of tools, such as banking, press forming, injection moulding, and punch tools. This marked the birth of today’s sheet lamination method [5,6,7].




1.1.2. The 1980s—The Rise of Modern 3D Printers


In the 1980s, the subject of AM and 3D printing started to truly gain traction, with some of the most important events in 3D printing history. In 1981, Housholder patented the first powder laser sintering process without having it commercialised; many consider this to be the first official 3D printer. During the same year, Herbert developed the earliest SLA system that used a computer to control the ultra violet (UV) laser beams [7].



In 1984, Hull filed a patent for his revolutionary SLA machine. This machine is generally credited as the first working robotic 3D printer. The patent for this robotic 3D printer was granted in 1986, the same year that Hull co-founded 3D Systems. During 1986, Deckard and Beaman patented another new printing method, selective laser sintering. In 1987–1988, 3D Systems commercialised Hull’s printer and released it and, at the same time, introduced the STL file format. Just a year later, in 1989, the Crump couple patented fused deposition modeling (FDM) and founded the printer manufacturer Stratasys, Ltd., Eden Prairie, Minnesota [7,8,9,10].




1.1.3. The 1990s and 2000s—A Period of Growth


The 3D printing research in the period between 1990 and 2010 seems to have mainly focused on improving the existing mechanical technologies. For this reason, there were not many specific historical events but rather steady growth, and technologies and ideas were patented and commercialised. In the early 1990s, various powder-based systems were patented. These systems were based on powder bed fusion but used a binder to glue the materials together, instead of melting them with a thermal source. This discovery offered the possibility for the usage of a variety of powder materials and is therefore considered to be the birth of binder jetting (BJ) [9].



In 1991, three different printing methods were commercialised, namely FDM, solid ground curing (SGC), and laminated object manufacturing (LOM). Two years later, in 1993, electro-beam melting was patented. Subsequently, all major printer companies released new printers and materials with slight differences and new improvements. One of the most noticeable was in 2001, when EOS announced its DirectSteel 20-V1. This product was a steel-based powder consisting of particles 20 microns (0.02 mm) in size. At the same time, EOS also introduced EOSINT 380, a laser sintering machine that offered speed improvements [8,10].



The physical printers and their technology were not the only part of AM that developed during the 1990s and 2000s. In 1994, a new standard for exchange between diverse CAD programs was approved; this was the birth of the Standard for the Exchange of Product Model Data (STEP). This data technology was further developed in the early 2000s, when the STEP extension, STEP-Compliant Numerical Control (STEP-NC), was introduced [11,12,13].



In 2005, another major event in AM history occurred. Several key patents regarding the Crump couple’s FDM technology expired. This gave the basis for the RepRap (a contraction of replicating rapid prototyper) movement and other open-source filament-based consumer printers [8,9].



The RepRap movement started when it occurred to Bowyer that it may be possible to produce a low-cost FDM printer and then print many of its own components and parts for another printer. Bowyer published the designs for the 3D printer parts on the Internet and encouraged others to further improve and update them. This open-source concept became the RepRap project. Bowyer’s team released their first printer, Darwin, in March 2007. The concept of improving files for printer parts evolved into producing complete printer kits available for purchase. Among the most well-known kits, we can mention the MakerBot Cupcake CNC, which was released in April 2009. At the same time, Bits from Bytes of England released their RapMan 3D printer kit. This kit was based on the RepRap open-source system, utilising an extrusion head similar to FDM, and included software for STL slicing and the transmission of the data to the machine in G-code format [9].



Another noteworthy event that occurred in 2009 was the release of Stratasys’ new SR-30 support material for their ABS M-30 build material. The SR-30 material dissolved about 50% faster than its predecessors, making the post-processing less time-consuming [10].




1.1.4. From 2010 to the Present


AM research in recent years has mainly focused on specialising and optimising solutions given a certain objective. An example of this optimisation is SMART Support, which was released with uPrint® Plus by Stratasys in January 2010 and could help to reduce the usage of support materials by up to 40%. Later in the same year, Stratasys extended its SMART Support capability to its entire line of Dimension and Fortus machines. This allowed the building time to be reduced by up to 14% [10].



Today, AM is used in various specialised fields, such as healthcare, biomedicine, aerospace, textiles, food, and construction [14]. By 2011, several industries were using AM as their main method of manufacturing. Manufacturers of in-the-ear hearing aids were the first to utilise AM in their industry for the production of custom-fit shells. The dental industry followed shortly after and began to experience the same pervasive growth in the usage of AM systems [10].



There is diverse industrial adoption of AM, including industries such as the aerospace, automotive, and medical industries [15]. With the different uses of the technology, many recently published AM research papers have focused on one specialised field or intended purpose [16,17,18,19,20,21,22]. Adaptations for specialisation are needed to further optimise AM technologies. For instance, the aerospace and automotive industries hold completely different standards for reliability and sturdiness than, for example, the healthcare sector.



Although the AM industry has grown massively over the last few years, it is expected to continue to grow, both in terms of usage and revenue [23,24]. The increased usage of AM has several benefits, as mentioned in [25]:




	
AM can create topologically optimised structures, which are difficult to manufacture with traditional casting or forging processes;



	
AM can be used to generate novel characteristics in materials, such as dislocation networks;



	
AM greatly improves the material utilisation rate.











2. 3D Printing Process, Methods, and Optimisation


Regardless of the selected AM method (see Section 2.2), the basic 3D printing process remains the same. It is illustrated as a flowchart in Figure 2. There is a minimum of five consecutive main steps that are required for the printing process to be completed. The first step is to have a 3D CAD model. This model is exported to the slicer software, commonly as an STL file, which is today’s standard file type for AM.



Slicing and G-code generation are usually performed by the same software. The slicer separates the CAD model into segments, while the G-code generator creates a code dictating the tool path for the given segments. Typically, these slicer segments are thin layers, which essentially makes each layer a two-dimensional (2D) problem. The G-code generator thus generates a tool path that creates the 2D layers.



The prepared G-code for the segments is then transferred to the physical 3D printer, which performs the specified actions, resulting in a printed physical object. Depending on the printer and the original CAD model, some cleaning and post-processing steps may be required. The finished product should be a physical realisation of the original CAD model, but deviations may occur due to errors and inaccuracies in the process.



2.1. From CAD to G-Code


The basic 3D printing process, as depicted in Figure 2, can be expanded depending on the printer in question and the purpose of the printed object. The most common additional step is post-processing, but there are several other important details and optional steps between having a CAD model and sending the G-code to the printer.



As mentioned already, STL is the standard CAD file format for AM and 3D printing. In this case, the physical object needs to be designed as a geometric solid model. The solid model is then tessellated by creating a simple boundary representation that covers the entire surface with triangles. This list of triangular facet data is stored in the STL file. STL is the most common file type, but there are cases where other file types are needed and used. STEP, STEP-NC, additive manufacturing format (AMF), and 3D manufacturing format (3MF) are some promising researched alternatives to STL [26,27]. It is recommended to evaluate which file type to use for each project.



Due to problems related to exporting the model for use by the slicer, it is recommended to perform the verification of the 3D model. This verification step can, for example, consist of a simulation step, followed by corrections of defects and artifacts after file conversion [28].



After verification, the model enters the pre-slicer stage, which can include steps to adjust the printing parameters and try out their effects in a simulation. The printing parameters include the printing orientation, layer size, and material selection. After setting the initial parameters, support structures can be generated. The model is then ready for slicing and G-code generation. These pre-slicer steps may be limited by the software in question and their compatibility, if several software systems are used.



An expanded process flowchart, where the extra steps mentioned above are included, is presented in Figure 3. It is still a generic workflow that is common for the majority of printers. More steps can be added, depending on the specific printing method, desired object criteria, and properties.




2.2. AM Methods


Today’s AM techniques can be categorised into seven main methods: BJ, material extrusion (ME), direct energy deposition (DED), material jetting (MJ), PBF, sheet lamination (SL), and VP [29]. The various types of printer techniques have their own principles for the building of the model. This leads to differences in the available materials, advantages, and disadvantages for each printing technique [30]. ME is the most commonly available and affordable type of 3D printing technology [31]. We therefore focus especially on ME-based 3D printing. Table 1 gives a brief description of each printing method’s process.




2.3. Optimisation


Customisation and optimisation are trending and important topics in today’s AM research communities. According to the Oxford English Dictionary, optimisation is the action or process of making the best of something. There are many areas of AM that can be optimised, e.g., the material used for printing [40,41], the physical printer and its parts [42], and the printer software and its functionalities [43,44].



The purpose of optimisation is the most important aspect. When optimising 3D printers, it is therefore important to determine the usage and criteria of the printed object. For example, the criteria for 3D prints in the aerospace industry are different from, for example, those in healthcare. A printer optimised for the aerospace industry would therefore be less efficient in the healthcare industry. Refs. [45,46] focus on AM in the aerospace industry, while [47,48] focus on the healthcare industry. These papers display the different aspects of the industries that need to be taken into consideration when optimising the 3D printers.



This survey focuses on optimisation applied in the areas between the CAD model and G-code from the flowchart in Figure 3. These areas consist mainly of the use of different software, data conversion, calculation, and the transfer of important aspects.





3. Trending Optimisation Topics


As mentioned already, this survey focuses on computer-aided optimisation applied to the steps between the CAD model and G-code, as outlined in Figure 3. For each of these steps, there are certain main topics that have dominated the AM research community recently. Many papers considering improvements or changes to the slicing operation and the STL format have emerged. G-code generation improvements have been mentioned but not prioritised in the same way; however, this topic has started to gain traction in the last few years. Simulations specifically tailored to AM are a new topic that has started to gain momentum.



In parallel to these different areas of research, there is an increasing focus on exploring the usage of artificial intelligence (AI) in AM. The research is not limited to a specific area of AM, but rather concerns how to apply AI to any part of the AM process. In this section, we focus on the mentioned topics, provide some details, and refer to interesting and relevant research for each of them.



3.1. The Usage of AI in AM Today


After the introduction of Industry 4.0, the topic of utilising AI in general has gained tremendous traction. Many researchers strive to find new and innovative methods to use AI in their respected fields. Combining AI with 3D printing is an active area of research where the number of dedicated publications is growing; see, e.g., [49,50,51,52,53,54]. It is believed by many that AI has great potential for the future manufacturing industry.



Machine learning (ML), which is a field of study in AI, can be divided into three main categories, namely supervised, unsupervised, and reinforcement learning. Figure 4, which is based on Figure 1 in [55], illustrates the taxonomy of ML with the corresponding applications within the AM field.



When it comes to the practical use of ML, neural network (NN) is the most widely used technique. It is classified as supervised, and it is suitable for AM due to AM’s clear targets and qualification methods [25]. NNs are classified as a supervised, layer-based ML technique [56], which means that the datasets need to be labelled [57].




3.2. STL


For the last few decades, the STL file format has been the industry standard for the transfer of information to additive manufacturing hardware. The STL file format does not include data about colour, texture, material, and there are no provisions for the definition of the physical units [58]. Due to these disadvantages, the current research involving STL in additive manufacturing mainly focuses on improving the post-processing tools to correct and improve the STL, while some suggest to simply replace or remove the usage of STL from the process. There is also a focus on analysing the inaccuracies that arise when converting data from the medical field, such as computed tomography (CT) and DICOM®—Digital Imaging and Communication in Medicine—into an STL file.



Refs. [59,60,61,62,63] all discuss additive manufacturing in the medical field. From this research, it seems that while additive manufacturing is used today, its full potential is far from being realised in this setting. One key issue is inaccuracies in conversion from DICOM® to STL. Refs. [59,61] especially mention this problem and state that a lot of post-processing is needed after conversion.




3.3. Slicer


Slicing is a crucial step in the AM process. The slicing software is highly unique and complicated due to its customisability. When choosing or creating slicer software, there are two important aspects that one needs to take into consideration: the software needs to be well suited for the 3D printing method, and the desired features of the printed product should be determined. For example, the tool path created for a ME printer should be different from one created for a VP printer. For the features of the printed product, the number of options is overwhelming. The study of specialised slicer algorithms to improve a certain problem or aspect dominates the slicer research.



Several papers present slicer algorithms that specialise in different areas. Ref. [64] deals with slicer algorithms that optimise the generation of support structures. Ref. [65] focuses on improving the slicer time for worst-case models, where a large percentage of triangles intersect with each slice plane for a triangulated model. Ref. [66] considers a helical slicing method that removes the seam defects found in the extrusion start–stop point. Ref. [67] investigates a slicer that avoids the creation of critical voids in the infill, since this can affect the mechanical properties of the parts.



G-code generation is directly connected to the slicing of the 3D model. The ongoing research that involves the G-code focuses on different solutions to a direct printing process. The idea of direct printing usually involves skipping the conversion to STL and directly slicing and/or creating the G-code. This type of process joins the slicing and G-code generation stages as a two-in-one process. Such simplification of the process could be useful in eliminating conversion errors, which are not unusual when converting data from one format to another. Refs. [68,69,70,71,72] are examples where various approaches to direct printing are explored.




3.4. Simulation


Simulations of the AM process can be applied to predict the result prior to printing. A simulation environment can also be used to test and improve the process, while the usage of time and material for physical tests is reduced. Most of the contemporary research that pertains to simulations in AM considers the usage of metal materials. These studies have distinct main targets, making the research unique despite their mutual focus on metal as a printing material. Refs. [22,73,74,75] explore the potential for reductions in cost, energy consumption, and carbon footprint in AM compared to conventional methods, and they connect the potential reduction to the minimisation of metallic material waste. With the principle that less material waste reduces the cost, energy consumption, and carbon footprint, a simulation with the potential to reduce faulty production steps can not only save time but also be cost-efficient and environmentally friendly.



Ref. [76] focuses on the simulation of flow and heat transfer in and around the molten pool formed as the powder bed is melted. Ref. [77] studies the usage of simulations to better understand the resultant microstructure from the rapid and directional solidification of metal materials. Being able to adjust specific microstructures offers the possibility to change the mechanical properties of the printed part. Ref. [78] investigates a similar challenge, with a focus on undesired distortions and crack initiation from the rapid solidification of melted powders in metal AM. In the mentioned work, the simulation requires the user to define even data, such as the element activation and heat input. Ref. [79] is an interesting work involving material deposition at the corners in extrusion AM. It focuses on investigating how smoothing the tool paths, material overextrusion on the corners, and rounding affect corner swelling. The paper suggests an optimal tool path achieved via a numerical simulation.





4. Challenges


Although AM is a versatile manufacturing method that has progressed significantly in recent years, there are still many remaining limitations and challenges with this type of manufacturing. The limitations and challenges can be divided into two groups: external issues and production- and process-related issues. External issues include high costs, material limitations, low manufacturing efficiency, a lack of test standards for printed objects, low suitability for mass production, and the low level of field maturity. Production- and process-related issues include part inaccuracy, void formation, anisotropic properties, appearance, under- and overextrusion, layer misalignment, and file format issues [80,81]. In this paper, we focus on production- and process-related challenges. The following five topics are chosen: the STL file format, design to execution inaccuracy, void formation, material anisotropy, and appearance. The selected challenges appear in most printing methods and materials, and they are not yet fully solved [2].



4.1. The STL File Format


STL is the file format most commonly used for 3D printing. The rationale behind the STL format is that the boundary of a CAD model can be approximated with triangles via tessellation [82]. The generation of triangles for the STL file has some disadvantages, since tessellation offers only an approximation of the original model and it contains only boundary information. Errors can occur from redundant triangles, missing geometry, ill-defined approximations, and a lack of technological information [82,83].



Although other file formats have been developed to store more information than the STL format, STL is still the de facto industry standard today, because of its simplicity and robustness [84]. A file format tailored to additive manufacturing, AMF, has been under development since 2011 by ISO/ASTM subcommittees. This format was developed to replace STL and solve many of the problems related to it. AMF contains more information than STL and has no process-specific information, which renders the format neutral and machine-independent. However, AMF is not well accepted in the market of additive manufacturing [84,85].




4.2. Design to Execution Inaccuracy


The main tool for the design of parts for 3D printing is CAD software. The process of designing these elements and printing the parts can introduce errors and inaccuracies that are not expected [2]. In [82], 3D printing errors are divided into three categories: data preparation, process, and material errors.



Data preparation errors are errors that occur leading up to the building of the part, in the pre-processing stage. Some of these errors originate from tessellation, slicing, path planning, and deciding on the orientation [82]. Since pre-processing happens before printing, there is great potential to minimise inaccuracies by changing the parameters and estimating the errors. Therefore, pre-processing has gained increased attention and is considered a key step in obtaining improved quality and performance [86]. One of the newest methods to minimise some of the pre-processing errors is the use of non-planar printing. However, although this topic is popular, its potential and efficient use are not yet fully apparent, and it has not been clarified whether these techniques have to be pre-loaded into the product and tolerance design [87].



In addition to errors in the pre-processing stage, errors can materialise in the physical printing process. Inaccuracy in this stage can come from speed variations in the machine tool, errors in the positioning system, or material errors [82]. Small errors that occur early in the printing process can propagate throughout the build time, and the printer has no means of recognising that an error has occurred. Sensors and cameras to monitor the process can help to detect certain errors. However, most 3D printers have yet to implement feedback systems, partially due to high costs and because the gathered data are insufficient to provide real-time feedback and correction [88,89].



Material errors are errors caused by variations in the material— for example, from differences between batches, improper storage, deterioration, shrinkage, and distortion [90,91]. These types of errors are challenging to predict and the current printers have no means of monitoring and correcting them [82].




4.3. Void Formation


Void formation between layers is one of the main disadvantages in 3D printing. It highly depends on the 3D printing method and the printed material. Voids are more common in methods that use filaments of materials, such as FDM or contour crafting [2]. Internal voids contribute to compromised mechanical properties, affect the visual quality and dimensional accuracy, and can lead to tearing, fractures, and fatigue in the printed part [92].



Because of the drawbacks of void formation, various methods to reduce voids have been given attention in research. For instance, diverse nozzle geometries have been tested [93,94]. Rectangular nozzles and star-shaped nozzles were found to reduce voids in concrete and polymers, respectively. Additional focus has been given to tool path optimisation techniques. Qiu and Langrana [95] created an adaptive tool path generation algorithm to locate and compute the sizes of voids in order to generate void-free tool paths. Kuipers et al. [96] minimised overfill and underfill by using contour-parallel tool paths with an adaptive bead width, while Lin et al. [97] examined maze-like path generation to optimise the mechanical features by reducing the gaps between filaments. Material modification has also been attempted by adding a low-molecular-weight additive to a polymer filament, which was proven to drastically increase the interlayer adhesion [98]. Heating and temperature-based methods have also shown promising results, e.g., using heated beds [99], a combination of heated beds and heated nozzles [100], or in-process laser heating [101]. Lastly, we note that a number of post-processing techniques have been examined. Yadollahi and Shamsaei [102] used pressure and temperature treatment on metal parts to fuse unmelted particles, thus decreasing the void size. Torres et al. [103] improved the infill density via post-process heat treatment. Meanwhile, Li et al. [104] strengthened the mechanical properties of 3D-printed parts by utilising ultrasonic vibrations.




4.4. Material Anisotropy


It is well known that AM materials suffer from anisotropic behaviour, because of the layer-by-layer manufacturing technique [105]. The printed parts are directionally dependent, and discontinuities can make the parts weak in the direction perpendicular to the print direction [106]. Multiple material properties can be affected by the direction of the printing [105,107], e.g., strength, elasticity, tensile properties, compression, and ductility. Anisotropy has been observed in different materials, such as polymers [108,109], ceramics [110,111,112], and alloys and metals [113,114,115]. However, the property is more significant in polymer components [105].



Because of the opportunities that come with additive manufacturing, efforts have been made to address the challenge of anisotropy in various materials. For polymers, it has been shown that exposing 3D-printed polymer blends to ionising radiation can increase both the ultimate tensile strength and strain capacity, which gives a dramatic reduction in anisotropy [107]. Another example is the use of a hybrid process consisting of a printing nozzle and foam-filling system. Here, the structure was toughened by an underlying soft polyurethane foam, which exhibited near-isotropic behaviour [116]. In additive manufacturing with ceramics, Li et al. [117] used a pore former and a triple sintering procedure to reduce the anisotropy when 3D printing ceramic cores. Moreover, in [118], the regulation of the lamellar structure of 3D-printed ceramic cores was suggested by optimising the slurry preparation process and improving the slurry spread system of the printer. Meanwhile, with metals and alloys, the anisotropy has been successfully reduced. For instance, inoculating AlSi10Mg powder with LaB6 nanoparticles gave it near-isotropic mechanical properties [119]; anisotropy in AlSi10Mg could also be effectively reduced with post-AM heat treatment [120]. Meanwhile, Hossain et al. [121] created isotropic stochastic porous structures in stainless steel and titanium alloys by overcoming the manufacturing limitations of low-angle struts in laser PBF.




4.5. Appearance


The appearance of printed parts has challenges when it comes to accuracy and surface quality. The 3D-printed models can exhibit a layer-by-layer appearance because of the layer-stacking nature of the printing process, and burrs can remain on the surface after support structure removal [122]. Some 3D printing methods are more likely to produce a layer-by-layer appearance than others. The methods that use a filament, like FDM, inkjet, and contour crafting, experience layer-by-layer appearances more often than powder bed or stereolithography methods [2].



To improve the appearance, different post-processing methods can be used, e.g., sanding, bead blasting, melting, acetone finishing, and polishing. However, these methods can create waste material, be damaging to the parts, take excessive time, and increase the cost [82]. Other methods to improve the appearance have been proposed in the literature, including optimising the building orientation to minimise part errors and support structures [123], reducing the number of layers and increasing the layer thickness [2], and increasing the number of layers and reducing the layer thickness [124]. All of these methods have their advantages and disadvantages, and the quality of the result varies.





5. Future Perspectives


Besides making a decision on a topic and its scope, several other aspects are important to consider for future development and research. Debating the idea and method employed to solve a problem, or to remove it, is crucial in the research and development of such processes as AM. In some extreme cases, improving or replacing a step in a process is simply not enough. It is possible that a previous error, misjudgement, or outdated practice biases the development in a negative way, where attempting to fix one problem leads to new problems. Moreover, in some rare and extreme cases, the development of an entirely new process from scratch may be necessary or desirable.



As established earlier, optimisation depends on the intended purpose and desired properties for the printing process and the resulting part. For AM, there are three highly sought properties: the printing time, the printed part’s accuracy, and its sturdiness. Depending on the purpose, the influence of these properties may vary from one project to another. In some instances, sturdiness and accuracy are very important, regardless of the printing time, while, in others, the printing time is of the essence.



The possibilities for future research within AM are numerous and seem to be unlimited. Solving or improving the challenges mentioned in Section 4 could be important for the industry, but any work aimed at optimising, shortening, or improving the steps described in Figure 3 could notably improve AM. The zones between the CAD model and the G-code are the most common areas of focus for computer-aided optimisation, and, with the aid of new and improved computers and algorithms, the possibilities for development and improvement are extensive. The topics mentioned in Section 3 can be considered as sources of inspiration for further research. In our opinion, addressing the challenges imposed by the STL file format, developing simulation steps, and considering customisations that combine AI and ML are intriguing topics with potential for future work.



5.1. STL


The challenges associated with the STL file format represent a clear example of why a debate on how to deal with a problem is needed. For example, one can ask whether future research should focus on fixing the errors caused by the STL conversion, or whether we should strive to remove or replace STL. STL is used and integrated in the industry, and it is simple and robust, which makes it difficult to find a suitable replacement. A potential new standard format must be thoroughly designed, tested, and documented. The results of these tests must unanimously state that the potential new standard is significantly better than the existing STL. In addition, such a new standard must be sustainable for the future, with the ability to be maintained and eventually updated.



Removing or finding an alternative for STL is a desirable first step in the direction of improvement. This could be achieved via direct slicing or simply by replacing STL with another file type, such as STEP or AMF. If these alternatives are unachievable for any reason, an additional validation program to correct and automatically adjust the STL file can be applied. We propose these alternatives for further exploration and comparison in future research.




5.2. Simulation


Simulations regarding the printing process have serious potential for further research and development. The usage of simulations is not only limited to the research topics mentioned in Section 3, but can be applied in new ways. As an example, simulation steps could be used to increase the sturdiness of a printed part, while reducing the time and material required for physical tests.



Infill structures are utilised for many printed parts. The infill structure could comprise solid overlapping layers, honeycombs, triangles, etc., and, in further research, a simulation could test these alternatives for a particular object. Simulations could indicate preferred infill settings for different desired part qualities, reduced printing times, improved sturdiness, and reduced material usage. A simulation could also contribute to improving the quality of the print and detect problematic and critical areas before the printing process starts. For example, detecting overhang, potential printer seams, and overextrusion near corners could improve extrusion-based AM tremendously and offer the opportunity for corrections and adjustments.




5.3. Customisation


One essential use of AM in the industry is to generate customised models and realise the desired parts. For this reason, it is necessary to have a wide variety of options, tools, and software available, to facilitate the customisation steps in the process. Customisation can be achieved in several ways—for example, by altering the printing process flow or via developing specialised tools.



We note here that establishing a short and customised AM process for the medical field would be a major breakthrough. Figure 5 shows an example of a customised process that could work in the medical field. In this example, the slicer can accurately handle DICOM® directly, which removes the possibility of conversion errors related to the STL format.




5.4. The Future Usage of AI in AM


We consider AI to provide tools to support the process, rather than a “solution” or a challenge. Such techniques can be applied to any of the future research areas mentioned above. When working with AI, it is important to analyse the problem or system to be optimised. Such analysis can be used to find the most suitable algorithm or model. AI can be used to generate unique and efficient tool paths, find the optimal infill structure, or decide on the printing orientation depending on different properties, such as sturdiness or the printing time. ML is especially known for its usage in image recognition. One idea for research is to apply image recognition algorithms and adapt them to AM-related file formats, such as DICOM®, STEP, or AMF.





6. The Potential for Optimisation


As previously mentioned, the entire process and equipment intended to be used need to be taken into consideration when optimising. The individual steps of the 3D printing process in Figure 3 differ depending on the material and type of printing method used. In fact, the internal structure of the steps following the validation step in Figure 3 are completely different and unique for each printing method. Therefore, the optimised solutions and their effects and efficiency vary for different printers and their process. As mentioned earlier, Ref. [79] investigated how smoothing the tool paths and material overextrusion affected corner swelling. This research specifically targeted the optimisation of ME and the solution would have no effect for other printing methods, such as SL or VP. It is therefore important to note that each printing method has different printing processes and therefore also distinct aspects and methods associated with its optimisation, but some general suggestions for areas of improvement and their effects can be predicted regardless of the printing method.



Figure 6, derived from Section 3 and Section 4, offers a short, comprehensive collection of general challenges and potential areas of improvement related to AM. The challenges and areas for improvement are based on their relevance to this paper and the authors’ personal research interests. Figure 6 is colour-coded according to Figure 3 such that the colours indicate the affected steps. We note here that the topics for future research are not limited to those mentioned in the table, whose main purpose is to systematise some possible alternatives; hence, it can be considered as a source of inspiration. Table 2 further connects the areas of improvement from Figure 6 to some of the potential optimisation aspects that may be achieved with said improvement.




7. Conclusions


A variety of interesting topics of research are trending within the field of computer-aided optimisation for AM. The use and adaptation of AI and ML techniques are very popular in many disciplines, including AM. Specialised slicers for a number of problems and challenges, such as infill structures, seam defects, time usage, and more, have caught the interest of many researchers and are constantly being explored. Simulations of the printing process can reduce the costs, energy consumption, and carbon footprint, due to the reductions in waste material and time resulting from the significant speed-up in the simulation when compared to real printing, as well as increased control and error handling during the process. In addition, simulations can also be used for testing and estimations of the final product.



Regardless of the continuous developments in AM, there remain many unresolved challenges. One of them is that STL is still the standard file format. There have been attempts to replace it with, for example, AMF or direct slicing, but none of the alternatives has gained significant interest from the community. Currently, many processes include the automatic and manual correction of the STL to compensate for the conversion errors. The problems with STL extend to two other well-known unresolved challenges, i.e., design to execution inaccuracies and appearance. When improving the data from the CAD system by replacing STL, or fixing or avoiding conversion errors, the design to execution inaccuracy and appearance can also be improved. Other options may be the verification and simulation of the printing parameters and tool paths. Void formation and material anisotropy are challenges with limited solutions regarding computer-aided optimisation; however, investigating the generation of tool paths may improve these aspects.



It is our hope that establishing this connection between trending optimisation topics and unresolved challenges will provide a foundation for new ideas, inspiration, and unexplored challenges that can be identified and considered for future research. Figure 6 is a considerable starting point as it encompasses the essence of this paper and its goals. This method of relating challenges to potential areas of improvement can be used further for specialised cases in future projects.
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Figure 1. A timeline of historical AM events. 
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Figure 2. Flowchart illustrating the basic 3D printing process with the minimum number of steps needed. The steps are categorised by colour. Red indicates CAD software, green is usually specialised 3D printer software, and blue is the physical printer and the real world. The left side describe the workflow, while the right side gives additional information. 
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Figure 3. Flowchart illustrating an extended version of the basic 3D printing process. The steps are categorised by colour. Red concerns CAD software, yellow can be performed in software ranging from CAD to specialised simulation software, green is usually specialised 3D printer software, and blue is the physical printer and the real world. The left part constitutes the workflow, while the right part provides additional information. The smaller boxes are additional steps directly related to the taller boxes of the same colour. 
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Figure 4. Illustration of the taxonomy of ML with the corresponding applications within the AM field. This illustration is based on Figure 1 in [55]. ML is shown at the top, branching out into the three main types of ML, reinforcement, supervised, and unsupervised learning, respectively. From the main types follow some specific methods, each of which can help to solve the AM-related problems indicated below. 
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Figure 5. Flowchart representation of an alternative printing process customised for the the medical field. The steps are categorised by colour. Red involves medical software, green is specialised software, and blue is the physical printer and the real world. 
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Figure 6. Table illustrating areas of improvement given different challenges. Each potential area of improvement is colour-coded according to which step in Figure 3 is affected. The colour categories are as follows: red for CAD, yellow for verification, and green for the slicer and G-code. All categories include additional steps, such as choosing the file type for CAD. 
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Table 1. A brief and systematic description of each printing method’s process.
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	Printing Method
	Description of Process





	Binder jetting (BJ)
	Deposits liquid binder onto a thin layer of powder particles, gluing the powder material to an object [32].



	Material extrusion (ME)
	Loads and liquefies the material, moving it through a nozzle to deposit a thin filament [33].



	Direct energy deposition (DED)
	Melts the material as it is being deposited from the nozzle. The deposited material can comprise wires or powder [34].



	Material jetting (MJ)
	Air-excluding tanks store the photopolymer material. The material is heated in a transition line and deposited as droplets, forming a very thin layer on the building area [35].



	Powder bed fusion (PBF)
	Uses one or more thermal source for fusion between powder particles; then, a new layer of powder material is applied. This process is repeated until the finished object has been created [36].



	Sheet lamination (SL)
	Builds the object using layers of metal sheets, essentially welding them together and removing excess material [37,38].



	Vat photopolymerisation (VP)
	A curing source invokes a polymerisation reaction in the photosensitive material, creating a layered object [39].










 





Table 2. Table illustrating potential improved aspects depending on area of improvement. Areas of improvement are connected to Figure 6 and potential improved aspects are linked to the research previously mentioned.
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	Area of Improvement
	Potential Improved Aspect





	Replace STL
	
	
Higher accuracy (fewer conversion errors, more detailed file type, etc.), e.g., [26,27,82,83].



	
Better aesthetic appearance (smoothness, details, etc.) e.g., [82,83].



	
More time-efficient (less time used in pre-processing and validation).








	Direct slicing
	
	
Higher accuracy (fewer conversion errors), e.g., [59,60].



	
Better aesthetic appearance (smoothness, details, etc.), e.g., [68].



	
More time-efficient (less time used in pre-processing and validation).








	Simulations
	
	
Higher accuracy (fewer production errors), e.g., [78].



	
Less material waste, e.g., [22,73,74,75].



	
More time-efficient (less time used in testing and printing prototypes), e.g., [22,73,74,75].








	Tool path generation
	
	
Higher accuracy (better support structure), e.g., [64].



	
Better aesthetic appearance (smoothness, tool path defects, better support structure, etc.), e.g., [64,68].



	
More time-efficient (less printing time).



	
Greater capacity for customisation, e.g., [68,69,70,71,72].








	File correction
	
	
Higher accuracy, e.g., [28].



	
Better aesthetic appearance (smoothness, details, etc.), e.g., [28].



	
More time-efficient (less time used in manual validation).
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