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Abstract

:

Three-dimensional (3D) printing has gained increasing attention for its unique ability to create geometrically complex designs, which not only can be used for mass manufacturing but also has environmental and economic benefits. Additionally, as far as the food industry is concerned, this emerging technology has the potential to personalize products in terms of shape and/or nutritional requirements creating a wide range of food items with specially made shapes, colors, textures, tastes, and even nutrition using suitable raw materials/food components. In the future, 3D food printing could make complex food models with special interior design. This review gives attention to intelligent food packaging. Point-of-use machinery for manufacturing smart packaging, with a 3D printing approach, enables the use of multifunctional smart components and is self-identifying and highly sensitive, while using biocompatible non-toxic materials is cheaper than traditional manufacturing methods. This would create smart food packaging and in turn prevent customers from purchasing unsuitable food and thus reduce food waste. Future studies can make the process more compatible and efficient with a wide variety of materials that could be used to improve the 3D printing process.
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1. Introduction


Three-dimensional (3D) printing or additive manufacturing is a technology that has been studied in the scientific community and applied in many fields for almost forty years, but in the last ten years, there has been a huge interest and increase in popularity [1]. All manufacturing processes rely on the innate tendency or inspiration of some people observing a natural process (or object) to create a production process (or product) that would function in the same way. This trend has been fueled by the extraordinary capabilities of 3D printing and has sparked a new era of innovation thanks to its accessibility, customization, efficiency, and affordability. The digital revolution has created a data-rich environment facilitating the ability to transform digital data into innovative physical products through the use of new technologies such as 3D printing [2].



Three-dimensional printing has gained increasing attention for its distinctive ability to create geometrically complex designs, which can be applied for mass manufacturing while having environmental and economic benefits. This technology enables transformations in material composition and structure through a printed object. Depth-changing patterns, porous films, thin films, regular gratings, fine-diameter lines, and dots can be formed with multiple heterogeneity or continuity in functionally planar patterns. Various parameters can be adjusted such as surface roughness, shape optimizations, bubble thickness, and novel topology. Throughout the variety of 3D printing, a few fabrication mechanisms provide discrete control between layers (for example, vat polymerization and powder bed fusion) or within a layer (for example, ink writing and material extrusion), and few platforms can enable point-by-point material variants (for example, binder jetting and material jetting) [3].



Three-dimensional printing technology in food industries offers new possibilities to make food more nutritious, more accessible, or more appealing. This emerging technology makes it easier than ever to create personalized meals based on one’s caloric intake and specific nutritional needs. Three-dimensional printing can be used to create food products by controlling nutrition contents applicable to each individual or specific consumer group, including young and elderly people, pregnant women, and athletes. Via 3D food printing, a new opportunity is offered for people with exact nutritional benefits, for example, patients or the elderly who have problems swallowing or eating [4].



As food additives are necessary to improve the printability of food, their use has expanded significantly [5]. The knowledge of the effects of food additives on food texture and shape can improve the design and production of personalized meals by reducing reliance on trial-and-error design processes for designing novel food products [4]. Food-grade additives could be used to enhance the proper thickness of a liquid, i.e., a natural substance, and printability. Hydrocolloids such as sugars, starches, proteins, and carbohydrates could be used to enhance printability [6].



A disruptive alternative, 3D printing could account for over ninety percent of plastics made from pure scraps of life-form raw materials. By reusing plastics (after operations such as extruding, shredding, drying, and cleaning), 3D printing could be used advantageously to make excellent food packaging. The only limitation is the necessity for new tactical processing and planning systems different from the existing ones. It has the potential to change working conditions and reduce energy input in digitized production chains in terms of energy impact [7].



Synthetic plastics are convenient and versatile materials. They can be utilized to make a variety of helpful products, but the excessive use of plastic damages the environment irreparably. As a result, great efforts have been made toward the advancement of more environmentally friendly and biodegradable materials. Starch seems like a suitable alternative to synthetic polymers among the various alternatives. This is due to the following characteristics: good film-forming properties, high biocompatibility, complete biodegradability, low cost, and abundant supply. However, to improve the practical use of starch-based materials, there are some technical difficulties that need to be overcome [8].



Three-dimensional printing has been also involved in packaging fields. There are many forms of innovative packaging, such as unique shapes and die-cuts, sensory packages, and smart packages that have been constructed with this method [9]. The feasibility and efficiency of coaxial 3D printing were used to build smart food-packaging systems to monitor the environmental conditions and quality of packaged food in real time to meet the ever-increasing consumer demand for safe food [10]. The use of 3D printing is also an interesting challenge for the creation of biodegradable packaging starting from agro-food waste in terms of the best printing conditions, such as tiny pieces of rice husk of various dimensions. The addition of guar gum was useful in changing the non-printable rice husk into a printable type, resulting in a 3D-printed box for food use [11].




2. Advantages and Disadvantages of 3D Printing


A 3D printer generally works identically to a standard inkjet printer; however, instead of printing layers of ink onto paper, it uses materials to make a three-dimensional object. This method is completely innovative and has the potential to significantly replace traditional manufacturing methods due to many distinct advantages which are summarized in the following points [12,13]:




	
Three-dimensional printers leave a smaller environmental footprint than conventional manufacturing systems. Relatively limited waste is produced due to the high recyclability of the raw materials and the fact that no mechanical processing is required. The raw materials can be reused over the course of several production runs.



	
Three-dimensional printing can adapt physical morphologies accurately (for example, the orientation of constitute building blocks).



	
The use and selective deposition of a wide range of multifunctional materials (polymers, ceramics, composites, food powders) during printing a product can be purposely designed.



	
The restrictions that traditional manufacturing normally imposes do not exist in 3D printing. It enables complex dimensions and geometries in a wide range of quantities (for example, undercuts, substructures, and topologies).



	
Three-dimensional printing offers greater design flexibility and improved manufacturing adaptability (for example, foams, lattices, and cells). The only barrier is the minimum project size that can be accurately printed.



	
The procedure of copying the original is easier and faster (for example, fewer requirements are needed for mold, die, or component tools). Three-dimensional structures are reproducible and impossible to make by hand alone.



	
With conventional methods, parts are constructed in several steps while 3D printing manufactures parts in a single step, significantly amplifying the efficiency from design to production.



	
The ability to verify a design by printing a production-ready prototype before financing expensive construction equipment (e.g., molds, accessories, and tooling) minimizes risk and financial loss during the prototyping process.



	
Most 3D printers do not require highly skilled staff making labor costs much lower than traditional manufacturing. The machine works in a fully automated way to produce the part according to the file uploaded by a single operator.








As with any other process, there are also limitations and disadvantages of 3D printing technology that should be mentioned [14,15]:




	
The rheological and mechanical properties of most raw materials must be modified through the addition of flow enhancers to obtain an extrudable paste-like material.



	
Another drawback of 3D printing is the composite material itself. Τhe different chemical properties and storage requirements (temperature and humidity) of each component and how they are affected by the presence of the remaining components must be considered in combination when designing and piloting the 3D printing method.



	
Some raw materials may be easy to extrude but cannot withstand a 3D structure, as is the case with vegetables which have a high water content.



	
A lot of 3D products do not have the ability to withstand post-processing operations without losing the 3D intricate design due to cooking loss/shrinkage.



	
Conventional techniques are still much faster than 3D printing. For example, a normal production line can produce up to nine thousand kilos of pasta per hour, while the printer can currently produce about four kilos per day [16].



	
Three-dimensional printers currently have small print chambers which restrict the size of products that can be printed.



	
Another potential problem with 3D printing is directly related to the type of machine or process used. If a printer has lower tolerance, the final product may differ from the original design. This can be fixed in post-processing but will have a negative impact on production time and cost.



	
The shelf life of 3D-printed food products is limited to a few hours, while the corresponding products of traditional methods can be consumed even after 9–12 months.









3. Evolution of 3D Printing


In recent years, 3D printing has attracted global interest as an emerging process of manufacturing complex and innovative 3D objects that find application in various fields such as healthcare, biomedical and mechanical engineering, aerospace, architecture, education, consumer goods industry, textile industry, and food industry. New methods and advancements are regularly created to overcome the obstacles that arise when applying it to each field. To build a physical model, 3D printing technology has been used directly from 3D modeling without any mold assistance. This technology more than twice has been used to manufacture an intricate and complex part that was required in each industry.



More and more, the unprecedented properties and outstanding advantages of 3D printing have attracted the interest of food researchers at the laboratory and industrial levels worldwide. When we talk about 3D printing in the food industry, we are referring to the process of creating food using 3D printing technology. This technology makes use of food ingredients that are relatively viscous to confirm that, after extrusion, the material will retain the desired shape and appearance. In the future, 3D food printing could make complex food models with special interior design. The technique includes selective laser spraying and sintering (liquid binding) as well as extrusion-based printing. Food materials such as chocolate, gelatin, and sugar are used to create layer-based patterns [5,17]. Every food is a different intricate system consisting of several components. These components interact with each other during processing and form the microstructures that determine the characteristics of food such as shape, color, texture, taste, and stability [6].



Three-dimensional printing is defined as a technical operation in which the final product of a precise geometric shape is formed layer by layer by depositing material such as plastic, resins, graphite, carbon fiber, ceramics, paper, or food on a platform. It applies the same specification and layout as that of the three-dimensional computer-aided design (CAD) model or scanned model of the product. Before the printing process, the model is saved as an STL (Stereolithography) file, which is then converted into a geometric code, popularly known as a G-code. This is a programming language that the printer “understands”, and it controls actions such as where the print head goes, what the temperature of the extruder will be, when to pause, how fast the print head moves, and more. The G-code controls the movement of the printer head which is responsible for the release of material in the 3D printer. The movement takes place in three axes, X, Y, and Z—left to right, front to back, and up and down, respectively—as the object is being printed depending on the information embedded in the G-code. This pattern information is separated layer by layer and finally assembled during printing according to a defined 3D pattern [7].



Three-dimensional printing has no resemblance to other manufacturing processes. A major technical advantage of 3D printing is the ability to switch from conventional printing to new production technologies. This technique ensures the fast design and cost-effective on-demand production of prototypes and molds that can be used to manufacture strong yet lightweight parts with complex geometry. It is an automated production process carried out in one step using a single piece of equipment, needing no additional accessories and requiring little or no human supervision. Only the materials needed for the part itself are needed, and the 3D printer has the ability itself to create multi-component systems with minimal waste [8].



Τhe method of 3D printing is a relatively recent discovery. Its birth was placed in the early 1980s, but it became more widely known at the beginning of the following decade. Professor Hideo Kodama from Japan is considered the first to develop a rapid prototyping method, and Charles (Chuck) Hull of 3D Systems from California is the one who invented the stereolithography equipment. Kodama of the Municipal Industrial Research Institute in Nagoya, Japan, at the end of the 1980s developed the earliest 3D printing manufacturing when he invented two additive methods for fabricating 3D models. Kodama’s early work in laser-cured-resin rapid prototyping was completed in 1981. His invention was expanded upon over the next three decades, with the introduction of stereolithography in 1984. Chuck Hull invented the first 3D printer in 1987, which used the stereolithography process. Its use was based on a method of creating solid objects by layering materials using a computer-generated design. This was followed by expansions such as selective laser sintering (SLS) and fused deposition modeling (FDM). Both methods had their first approved patents filed in 1988. The cost of 3D printers built over the next decade was quite high and began to drop dramatically when the patents expired in 2009. This allowed many more users to experience the new achievement of technology [11].



The rapid prototyping (RP) technology grew into additive manufacturing (AM). AM is a more advanced type and can create complex 3D objects layer by layer, either using plastic polymer filaments and metal or, in the recent past, edible materials such as chocolate and sugar. Specialized food 3D printers are designed specifically for the food industry, and 3D printing is beginning to be applied to food production. Apart from RP, according to [18], there are some broadly used technologies in AM such as selective laser sintering (SLS), fused deposition modeling (FDM), and stereolithography (SL). In addition, there are several research studies and plans in 3D food printing in a large number of areas, according to [4]. These studies range from the advancement of conceptual and inspirational thoughts to the in-depth understanding of material goods.



The most advanced 3D food printer allows the customer to choose one of the pre-loaded recipes on board and also allows the user to remotely design their food on their computers, phones, or certain IOT gadgets [19]. A plan to achieve 3D food printing is constructed from inkjet-printing food materials and expulsion-based printing, such as gelatin and sugar used with chocolate [20]. Being founded with regard to the rheological calculations of their stiffness gives a large enhancement to the dimensional soundness of 3D food objects [21]. Issues such as the mechanical properties of 3D printing and computational micro-design should be addressed. The above will help us enhance the quality of food printing [22]. Three-dimensional printing, while advantageous, will have to overcome some obstacles, the first of which is speed. It requires ingredients to cool first, and it uses different patterns from what food printers often print. Furthermore, customers need time to get used to the concept of food printers and not confuse it with synthetic food.



Tan et al. evaluated fourteen different food printing systems (Figure 1) based on their advantages (i.e., easy cartridge refilling, continuous operation, self-cleaning, temperature control, layer correction) and limitations in use (i.e., low capacity, small printing area, time-consuming, no heating ability) [23].



The authors summarized the characteristics of the ideal food printer in terms of operational efficiency, operational speed, food safety, and functionality and concluded that printer development should be designed with a specific application in mind.




4. Three-Dimensional Printing Processes


Three-dimensional printing processes have been generally categorized into seven groups by ISO/ASTM 52900 additive manufacturing (general principles) terminology. All forms of 3D printing fall into one of the following process types based on the various related technologies that have been studied in each group: (a) binder jetting (powder bed and inkjet heat, plaster-based 3D printing), (b) direct energy deposition (laser metal deposition), (c) material extrusion (fused deposition modeling), (d) material jetting (multijet modeling), (e) powder bed fusion (electron beam melting, selective laser sintering, selective heat sintering), (f) sheet lamination (laminate object manufacturing, ultrasonic consolidation), and (g) vat polymerization (stereolithography, digital light processing) [24]. This classification was only applicable to non-food prints. An extensive study of recent publications in the field of 3D printing shows that 3DP techniques applied to food production can be classified into four main groups [20]: (1) selective laser sintering (SLS); (2) hot air sintering (HAS); (3) liquid binding; and (4) the extrusion method. The last one is the method that most research groups/labs around the world use [7]. The main methods used in 3D food printing will be discussed next.



4.1. Selective Laser Sintering (SLS)


Selective laser sintering (SLS) is an additive manufacturing process that belongs to the powder bed fusion group. This method can be applied to create multiple layers of the food matrix where each layer contains different food material components. It uses a laser as the power and heat source to sinter powdered material. A presentation of this technology is depicted in Figure 2.



Firstly, a layer of powder is deposited on a build platform and leveled by a roller or blade. Secondly, powder particles are locally fused by a laser which is directed automatically at points predetermined by a 3D model. The next step after the first layer reaches a certain thickness is to lower the platform to start depositing the second layer and so on until all layers are deposited and the final 3D object is created [25]. Examples of 3D printing constructs based on SLS technology are shown in Figure 3. The successful printing of a product is affected and dependent on raw material properties such as the particle size and shape, density, coarseness, porosity, and texture of the powder. Furthermore, the arrangement of the particles and their behavior in relation to temperature greatly affect the flowability of the powder. SLS has advantages over other techniques for processing complex macroscopic designs because the unsintered powder provides the necessary support in designs that include vacancies and protrusions while supplementary support structures must be printed in extrusion printing, the most used method for the 3D printing of food [26].
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Figure 2. Simplified schematic presentation of the SLS process. Picture taken from an article by Qin et al. [27]. 






Figure 2. Simplified schematic presentation of the SLS process. Picture taken from an article by Qin et al. [27].
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4.2. Hot Air Sintering (HAS)


In this technique, the raw material is mixed under the influence of a low speed and regulated flow of hot air passing through a narrow beam, thus creating the first two-dimensional (2D) form of a homogeneous powder. At first, the powder bed is slightly lowered, a thin flat layer of particles is spread to the top of the bed, and the fused powder is selectively fused in the new layer. The newly printed 2D object is actually merged with any overlapping connected regions in the first layer. By repeating this procedure, a 3D object is progressively formed. When the construction of the 3D structure is completed, the bed returns to its original position, the molded product is separated, and the unused raw material (powder) is not discarded but retained to be used in the next manufacturing cycle [25].



This method has the advantage that printing is completed in less time compared to other methods because the hot air is applied directly to the powder material without requiring any movement of the printer bed. The same applies to the SLS method too. These two methods require no post-curing and use confined auxiliary means. On the other hand, the HAS method cannot be used for printing fresh food ingredients since it is only limited to powder materials [20]. Moreover, in this method, the final step of post-processing may be necessary to remove the remaining quantity of food powder and to improve the surface roughness and mechanical properties (strength and ductility) of raw material [28].




4.3. Liquid Binding


During this method, the printer head ejects a liquid binder (ink) which is precisely deposited onto a thin layer of powder following a cut 2D profile created by a 3D computer model. The binder joins adjacent particles, thus creating a three-dimensional structure. Cohesion is due to different mechanisms such as sintering, chemical reaction, and the formation of liquid bridges [24]. The liquid (such as flavor liquids and colors) is vital in this method as it binds certain areas of a given layer of the powdered material (such as sugar) [18]. A diagram of this technique is depicted in Figure 4. As shown in the figure, there are two chambers: one is filled with construction material powder which is fed into the second chamber by a leveling roller, and the second chamber is used to implement the 3D model. The 3D model is made by gluing the building material into powder using the liquid binder. The powder is poured on top of the building platform which has been lowered to a depth equal to the height of the first layer to be created. The liquid adhesive binder is supplied through an inkjet print head at a controlled rate while the head moves along the horizontal plane. After the first layer is spread, the platform is lowered again to a depth equal to the height of the second layer, and more powder is rolled out from the first chamber. All successive layers are built in a similar way.



The advantages of binder jet 3D printing compared to other 3D printing technologies are mainly the ability to create products with high solid content, manufacturing with flexible material compositions, and easy color printing on different parts. The greatest progress of this technology is the short printing time to produce a 3D object [30]. The disadvantage of this technique is the poor smoothness of the printed food, which requires post-treatment operations such as high-temperature curing. The food, which is usually fabricated food, is made of sugar and starch powders [31].



The feasibility of binder jet 3D printing, instead of the most commonly used extrusion-based method, to create protein-rich foods using calcium caseinate (CaCas) powder was investigated by Zhu et al. [30]. They successfully printed foods using powder mixtures of CaCas, starch, and medium-chain triglyceride (MCT) powder. The addition of native starch to calcium caseinate enhanced printability during powder bed printing. Printed foods with different texture properties were obtained by changing the ingredients, binder composition, and post-treatment by heating. By changing the deposited binder amount and CaCas content in the dry powder mixtures, food textures obtained ranged from crumbly to springy. According to the authors, this technology provides new opportunities for the preparation of personalized protein-rich healthy snacks, such as protein bars having a springy wine-gum-like texture.




4.4. Extrusion Method


Extrusion-based food printing is the most popular method used in food printing due to its simplicity and the fact that extrusion is commonly used in conventional food processes [32]. This technique can be further classified into room-temperature extrusion, fused deposition manufacturing, and gel-forming extrusion, according to different printing material states [31]. In extrusion-based 3D printing, the ability of the material to be squeezed out of the nozzle in a continuous manner (called extrudability) and the stability of the printed shape are the two main concerns [33]. Extrudability refers to the initiation of flow and the formation of a stable filament during printing, while stability relates to shape fidelity and shape reservation over time after printing.



The process has been outlined to follow the steps below [34]. Τhe first step involves designing a virtual 3D model. Τhis model is translated into individual layer patterns and ultimately generates machine codes for printing (second step). The third step involves selecting a food recipe, and during the fourth step, the actual printing starts. The extruded material is dispensed either by moving the nozzle over an automatic platform or by moving the platform under the nozzle to form a layer. This platform can be heated for extra adhesion. Once the first layer is completed, the extruder and the platform are parted away, and the second layer can then be directly deposited onto the growing object. One layer is deposited on top of a previous layer until the object’s fabrication is complete (fifth step). Finally, the food after deposition can undergo cooking (baking, frying, or drying). A schematic presentation of the extrusion process is illustrated in Figure 5. The final step, or post-processing, may be needed to maintain the shape of the product, assure microbiological safety, extend shelf life, or make it aesthetically acceptable to consumers [35].



A big challenge to 3D-printed food is to maintain the shape stability during cooking. There are two main ways to solve this problem: formulation control and additives. For example, it has been shown that the addition of transglutaminase to the scallop meat paste allowed the printed sample to remain stable, and the fried product retained most of the original shape (Figure 6), with very thin areas of deformation [31].



Another study showed that the viscosity and mechanical properties of lemon juice gel differ with the addition of various types of starches (potato starch, sweet potato starch, wheat starch, and corn starch). As shown in Figure 7, 15% potato starch provided a smooth surface, fewer defects, and no compressed deformation on the printed object while less or more of this starch resulted in low and high viscosity, respectively, and thus the final shape was not successful [37].



Kim et al. investigated the printability of vegetable (broccoli, spinach, and carrot) inks produced using various hydrocolloids (xanthan gum, guar gum, locust bean gum, and hydroxypropyl methylcellulose) with different powder contents (10% and 30%). When the powder content was increased to 30%, the hydrocolloid with the lowest water hydration capacity, hydroxypropyl methylcellulose, showed the greatest differences in rheology and printability when different vegetable sources were used [5]. The results are shown in Figure 8.



Many edibles and flowable materials can be employed in extrusion-based printing such as potato starch, gelatin, pectin, xanthan and gellan gum, sodium alginate, and methylcellulose. Among printed food that has been reported are cheese [38], mashed potatoes [39], cookie dough, protein gel, surimi, tomato paste, chocolate [32], snacks formulated by wheat flour enriched with edible insects as a novel source of proteins [40], and cereal-based food structures containing probiotics [41]. To create “printable” recipes, we need to consider key parameters such as pH, temperature, nozzle diameter, viscosity distance between the nozzle and the printing bed, layer height, the speed of the x, y, and z axes, pressure, and low speed [7]. These parameters can be optimized depending on the desired texture and how accurate the printed object is, in other words, how well it matches the size and shape of the original design [38]. Many researchers mentioned that the viscosity of food also affects the quality of 3D-printed food products. It is valuable to consider the rheological properties of the materials because appropriate viscoelastic properties are crucial to allow them to be extruded through the nozzle [35].



Liu et al. prepared whey protein isolate (WPI) and milk protein concentrate (MPC) powders at different ratios in paste using an extrusion-based 3D printing system [42]. It was reported that as the WPI content increased, the printing quality of the protein pastes improved, and the printed objects became complete and without imperfections. The protein paste with a ratio of MPC and WPI at 5:2 presented the best printing performance, i.e., the extrusion was successful, and the paste retained its space structure and showed a better match to the designed 3D models.



A nutritionally customized fruit-based snack designed for children was also obtained by means of this technology [43]. The printed snacks matched the features of the designed structure to a large extent. This report proved that it is possible to obtain new foods with the desired shape and dimension. Moreover, printed food can be improved to perfectly fit the designed structure, considering that food materials have complex structures with vast differences in physicochemical properties both before and after the printing process.



The relationship between the rheological properties and printability of three types of starch (potato, rice, and corn starch) for hot-extrusion 3D printing (HE-3DP) was systematically investigated [44]. The authors indicated that concentrated starches present shear thinning and strain responsiveness, which were printable as HE-3DP materials. The results obtained from this work could provide, according to the authors, useful information for the selection of starch-based food materials and the optimization of 3D printing parameters for developing next-generation individualized food.



Fruits and vegetables have been successfully used to fabricate 3D food products using hot melt extrusion. Three-dimensionally printed objects from a mixture of orange concentrate (OC), wheat starch (WS), and gums are shown in Figure 9. One of the results of this study was that the gums (guar, k-carrageenan) enhance the apparent viscosity and storage coefficient of the mixture, while gum arabic causes the opposite effect [37].





5. Intelligent Food Packaging


Food packaging protects food from tampering or contamination from physical, chemical, and biological sources to extend shelf life and provide the consumer with good-quality food. Packaging also presents branding and nutritional information and promotes marketing [45]. With traditional food packaging, potential food adulteration or fraud may not be detected. Smart food packaging, however, provides real-time communication about the condition of food and ensures that consumers receive higher-quality food products. An intelligent packaging system indicates and monitors parameters (i.e., freshness, temperature, pH, gas) related to the physicochemical condition of the product during transport and storage. Additionally, this technology prevents food loss to a large extent, and therefore it reduces food waste. However, current intelligent food-packaging products are not affordable in the food industry, as the conventional technologies used today increase the cost of the product, and consumers do not seem willing to bear it. An additional drawback is the availability and use of safe food-friendly materials to produce smart packaging components such as sensors that monitor and record the parameters the consumer is informed about. So, the global scientific community has been looking for alternatives in recent years.



Three-dimensional printing has been used to create sensors that can monitor food quality, ensure package integrity, and verify food authenticity [46]. Various advantages have been reported, such as simplicity, versatility, low cost, high accuracy, high strength, the wide adaptation of materials, simple maintenance, and colorful printing. This is a viable technology for making smart components that can be integrated into conventional food packaging to create intelligent ones. A 3D printing approach to intelligent food packaging has been recently reported by Tracey et al. [8]. They described additive manufacturing based on two aspects: stereolithography and as a cost-effective solution for the fabrication of smart packaging systems. The comparison of conventional technologies with additive manufacturing showed that the latter excels in terms of high resolution, complex geometry, simultaneous multi-material printing, and suitability for large- and small-scale manufacturing while the disadvantages are that the extrusion-based 3D printing technique was time-consuming and stereolithography was rather expensive. However, it should be noted that the initial cost of printers for stereolithography can be relatively high as 3D printing is still a new technology, but already in the last decade, the prices of printers have shown a significant decrease due to the development of newer models of printers [47].



The three-dimensional printing approach to point-of-use machines and the fabrication of intelligent packaging allow multifunctional smart components, self-indicating, and the development of high sensitivity, utilizing biocompatible non-toxic substances which are cheaper than traditional fabrication techniques. This would make intelligent food packaging more widespread and, subsequently, prevent customers from purchasing inadequate food items and lessen food waste [8].



Both intelligent and active packaging systems comprise smart packaging. The aim is to give the consumer more accurate information concerning the prevention of food spoilage and the product, using antioxidant and antimicrobial agents [48].



Food freshness indicators (FFIs) are a cost-effective intelligent packaging approach that uses as-it-happens detection. It observes the spoilage/freshness conditions of food, also informing the customers of the food status. Suitable FFIs should make the difference between typical spoiled food, medium fresh, and fresh visible to the naked eye. Few enhanced parameters such as polymers and halochromic colorants are utilized in the FFIs. In addition, the technique of preparation can directly influence the performance of that food. However, the creation of FFIs has well-established conventions; the application of novel methods for preparing FFIs and the utilization of natural coloring materials from different sources in the development of FFIs have grown because of the increasing research in this field [49].



Developing biodegradable packaging from renewable resources is important to solve the environmental problems caused by using synthetic plastics. Due to their safety and abundant resources, food packaging based on polysaccharides, anthocyanin, and essential oils has attracted much attention and will be discussed next.



Polysaccharide films used as smart food packaging ensure biodegradability, safety, and renewability. Although many works have been published on food packaging using alginate, chitosan, and other polysaccharides, there are few studies on polysaccharide film printing. This aspect is under research probably due to many requirements for edible ink and the lack of a suitable printing method [50]. An edible screen-printing ink with chitosan solution that can be used in the food package printing industry has been described [51]. According to the researchers, it not only has the excellent properties of traditional ink such as fineness, viscosity, initial dryness, tinting strength, and adhesion to the substrate, but it is edible as well.



Caro et al. developed new active packaging films based on chitosan and chitosan/quinoa protein with chitosan-tripolyphosphate-thymol nanoparticles via thermal inkjet printing [52]. It was concluded that these films improved the water vapor barrier, acted as a good platform for the delivery of active compounds, and increased antimicrobial activity against relevant microorganisms such as Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. This technology could enable the development of new packaging materials to extend the shelf life of fresh fruits.



Chitosan–starch films with natural extracts were developed by Lozano-Navarro et al. [53]. They showed that films with fruit and vegetable extracts (beetroot, cranberry, and blueberry) exhibited the best antimicrobial activity against various bacteria and fungi in comparison with the original chitosan–starch film. It was also found that the chitosan coatings composed of starch or gelatin and their mixture with thymol and geraniol prolonged shelf life during storage and protected strawberries against fungal decay [54].



Anthocyanins are natural water-soluble pigments that are gaining more and more attention due to their excellent properties such as potential health-promoting properties, biocompatibility, and different colors at varying pH. In smart food-packaging systems, they have a very high probability of being considered as a suitable pH indicator. These innovative films have been illustrated to enhance the relative excellence of food items made and the food safety. They could be used as a fast, accurate, and reliable tool monitoring the progress of freshness and/or spoilage. Anthocyanins have countless potential advantages as a powerful tool to fulfill one of the goals of smart packaging which is observing food freshness. [55].



Much research is being conducted, in addition to anthocyanins, into the various types of applications of essential oils in food packaging. For example, shikonin extracted from Lithospermum Erythrorhizon root has been utilized as a dye added to the cellulose membrane in order to create a color-rendering film [56]. However, no actionable relevance has been established in this research. Therefore, whether it can be applied to food packaging is currently uncertain. The preservation effect of essential oils can only be achieved by the careful study of different food points, although there are many studies that have placed them in packaging substances and used essential oils as an additive that preserves food. In this way, some analyses have been conducted on using essential oils and natural anthocyanin dyes in food packaging as well. Essential oils can increase the shelf life of foods as antimicrobial antioxidants. The pH value of the environment determines the color of anthocyanin, which is the first food preservation reaction in observing the effectiveness of the essential oil. However, in this study, the dual indicator membrane has great application prospects [57].



In [57], chitosan, mulberry anthocyanin, and lemongrass essential oils were used as an interlayer using a 3D printer. Further, cassava starch was used as a protective layer to form indicator films. The antioxidant and antibacterial properties of indicator films containing lemongrass were noteworthy, and furthermore, the release rate of essential oils increased with a rise in pH.



Μeat and meat products are prone to microbial contamination and the oxidation of their lipids and proteins. To ensure food safety and maintain quality, many intelligent packaging systems have been tested [58]. Among the most used devices in this type of packaging are gas indicators. These are small devices that can be printed on packaging films and respond to changes in the internal gas composition, thus stipulating a scheme for monitoring the quality and safety of food products.




6. Recent Applications of 3D Food Printing


In the last decade, 3D food printing has attracted the interest of researchers worldwide, which is reflected in the published research papers. Figure 10 compares the number of publications returned by a search containing the keywords “3D printing” or “three-dimensional printing” and those for “3D food printing” or “three-dimensional food printing”, from 2010 to 2023 (by the end of January), in the Google Scholar database. There is a continued increase in publications related to 3D printing in general, except for the years 2021 and 2022 possibly due to the impact of COVID-19 on global scientific development in all areas not directly related to the pandemic. However, when it comes to publications related to 3D food printing, which account for an average of 31% of citations, the increase is continuous. Figures for the first month of 2023 show that an extremely high number of publications is expected by the end of the year.



Some characteristic recent examples of the application of the studied technology in food preparation are described below while Table 1 shows some basic food products obtained with 3D technology from the beginning of the application of the method until today.



Three-dimensional printing undoubtedly offers both flexibility in design and many improvisational possibilities. An innovative way of utilizing this flexibility to generate customized ready-to-eat sweetmeats with varied textures was presented by Bareen [69]. A finite element analysis simulation and the characterization of the rheological properties of the printed material were used to improve the predictability of the complicated 3D printing process. The authors proposed heat acid coagulated milk (HACM) semi-solids, a traditional East and Southeast Asian milk product, which is widely used in the preparation of various conventional sweetmeats and polyol composites (HACMP) to be used to print light food products. The printability of these creations was evaluated by studying the influence of the intricate structure on rheological properties, microstructure, and printing performance. Results indicated that both nozzle diameter (d) and infill density alter the weight and void fraction of the printed fabrication to a significant extent. In contrast, the above parameters do not seem to be affected by the layer design. Changing the layer orientation pattern resulted in noticeable differences in the hole volume, hardness, and stickiness of the printed structure. Furthermore, what appeared to significantly affect the rheological characteristics, length, consistency, and void fraction of the printed structures was the increased polyol concentration. Modeling and simulating deformation and internal stresses inside the structure in 3D-printed geometries described in this study may have applications in 3D food printing.



Another recent study described a method to facilitate the rational design and fabrication of plant-based edible inks which are used for the development of personalized foods with unique properties. The aim was to improve the gelling properties of peanut protein and achieve 3D printing by combining it with two natural polysaccharides, carrageenan (Car) and gellan (Gel) gum, to prepare cold-set composite hydrogels (Figure 11) [70]. The addition of these polysaccharides improved both the mechanical strength and toughness of hydrogel. The printed objects can be recycled due to the thermo-reversible cold-set properties of the two polysaccharides used, which may help reduce waste and production costs. The color response of the printed object to pH was realized by incorporating natural pigment (anthocyanin-rich purple sweet potato flour) into the composite hydrogels. These pH-sensitive materials may be useful in 4D food printing applications in cases where the ink is not stable but changes after printing.



Qiu et al. produced stable high-internal-phase Pickering emulsion (HIPPE) gels with enhanced performance, which could be used as 3D printing inks for future food creations and nutrition delivery systems [71]. Particularly, they successfully fabricated zein-glycyrrhizic acid composite nanoparticles, which were then used as a stabilizer to prepare HIPPEs containing 75% oil, which were resistant to creaming and had gel-like properties. Satisfactory levels of stability and the optional rheological properties required for 3D printing were achieved by adding magnesium chloride. This increased strength was mainly attributed to electrostatic screening and salt bridge formation by the polyvalent magnesium cations, which enhanced the interactions between the particle-coated oil droplets and the particle network in the aqueous phase. The high-internal-phase Pickering emulsions developed in this study may facilitate their widespread use in food manufacturing where semi-solid state printing inks with rheological properties that do not hinder but facilitate the process are required.



Qiu successfully developed a novel 3D-printed dysphagia diet containing apples and roses with the addition of xanthan gum (XG) and basil seed gum (BSG) and tested it for printability [72]. Both gums were chosen for their unique properties. XG is one of the most extensively investigated texture agents used in the development of dysphagia foods because it can improve the texture, consistency, appearance, and taste of many foods, while BSG can act as a stabilizing, emulsifying, foaming, and thickening agent, and in addition, it can retain a large amount of water. Different blends and concentrations of the above-mentioned gums were incorporated to improve printability and to create chewing or swallowing behavior acceptable and desired by the consumer. The results showed that all gum-added inks improved the hardness, stickiness, stiffness, and self-supporting ability of the printed food except for the ink with only xanthan gum added. The combined addition of XG and BSG at a mixing ratio of 2:1 presented the best printing accuracy and led to steady structures with improved surface smoothness.



Another study described an innovative technique based on 3DP technology to fabricate porous spherical beads from corn starches that are different in amylose content [73]. The beads had a porous internal structure while the technique eliminated the use of surfactants, organic solvents, and additional extraction steps. The authors investigated the effect of amylose content on the 3D printability and structural properties of starch gels which were prepared using two different drying methods (freeze-drying and supercritical carbon dioxide (SC-CO2)). By varying the rheological properties of the starch-based inks, three-dimensional beads with large differences in shape and dimensions were obtained. Higher gel strength, lower shrinkage, and lower density were achieved for the product with the highest amylose content. Corn starch with a high amylose content resulted in beads with the smallest 3D-printed size, which was estimated to be ~980 μm. The use of high-amylose starch combined with the SC-CO2 drying method resulted in final printed products with excellent properties such as high surface area, ultra-low density, and high porosity. The difference in specific surface area values between pellets dried by the SC-CO2 method and lyophilized ones reaches 175 m2/g.



Another research group created good-quality 3D-printed chocolates by replacing high-fat cocoa butter with gum arabic emulsions. The products had low fat content and desirable melt-in-the-mouth behavior [74]. Optimal 3D printing ability was found to have a cocoa butter: icing sugar: cocoa powder ratio of 2:1:2.5. Cocoa butter was replaced by water-in-cocoa butter emulsions at different concentrations (25%, 50%, and 75%) which were formed from different water/oil ratios (2:8, 3:7, 4:6). The reduced-fat chocolate formulations possessed the desired polymorphic V form of cocoa butter and rheological properties that facilitated the printing process. The snap quality of the chocolate increased after the incorporation of high emulsion content. Even reduced-fat chocolate that replaced up to 75% cocoa butter with 2:8 water/oil emulsions or 50% cocoa butter with 3:7 water/oil emulsions gave 3D chocolates with good print quality.



Without a doubt, most of the above-described applications are the product of research at the laboratory level and have not been implemented on an industrial scale. Presently, 3D food printing is mostly used in decorating and fabricating food products such as chocolate, cookies, and cakes; however, the actual printing of the food is done in a few areas only and by few companies. Some characteristic examples are presented in Table 2 [75,76] along with the company name and the applied method of 3D printing.




7. Conclusions


Although 3D printing has mainly focused on the production of plastic products, it has been a revolutionary method in food production as well. The main innovation with 3D food printing is that it can be done in a highly controlled manner, offering endless possibilities in terms of texture and taste that can be exploited when developing food products that are both appealing and of high quality.



The quality of 3D food printing is operation-based rather than operator-based as in traditional food processing, so processing parameters must be optimized to achieve high-end printability. These parameters include pH, temperature, nozzle diameter, viscosity distance between the nozzle and the printing bed, and layer height. Optimization of the above parameters should be performed keeping in mind a targeted application.



As a result, 3D food printing is a dynamic technology that has the potential to simplify food manufacturing processes and establish high material use efficiency in terms of minimizing waste, portion control, and the production of well-structured, nutritious, and tasty food products. Food ingredients such as carbohydrates, fats, fiber, functional components, proteins, sugar, and hydrogels such as alginate and gelatin can be used in the right manner for making healthy and tasty food. A variety of 3D printers can be used to print food by improving the capabilities of each printing method (extrusion, sintering, melting, etc.) depending on the material, eliminating existing limitations and incorporating new capabilities.




8. Future Recommendations


The biggest challenge in 3D food printing is its application on an industrial scale. Currently, most studies focus on developing printable materials or adjusting printing parameters to improve printing accuracy and product stability. However, limited studies refer to the development of a new technology or the modification of an existing one that will give access to large-scale production systems. This is still a work in progress and requires a lot of research and time to successfully integrate 3D printing into commercial applications.



Any study related to the possibility of using 3D printing in the food industry should take into account in advance the modified or new food value chains, products, and services that will emerge in the coming years. Such an innovative preparation technique should not follow developments but precede them.



Traditional food preparation techniques seem unable to be completely replaced by the new method on an industrial scale. In addition to the other limitations, we also need to move beyond shape printing to food texture printing, which has slowly begun to appear in the scientific community. Τhe future of 3D printing is 4D printing that will produce food products whose shape and size will change according to environmental conditions. Four-dimensional food printing has not acquired yet great focus from the industrial and academic fields compared to other fields of 4D printing. The use of smart materials that exhibit self-assembly, versatility, and self-healing properties and can change the shape and design of printed food according to their environment must be extensively studied.







Author Contributions


Overall evaluation, writing, and editing, A.E.G. and C.E.S.; internet database search, A.L., S.G., V.K.K., A.K. and G.K.; writing, A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the funding program “MEDICUS”, Project F.K. 81541, of the University of Patras, Greece.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Horvath, J. A Brief History of 3D Printing. In Mastering 3D Printing; Horvath, J., Ed.; Apress: Berkeley, CA, USA, 2014; pp. 3–10. ISBN 978-1-4842-0025-4. [Google Scholar]

	



Rindfleisch, A.; O’Hern, M.; Sachdev, V. The Digital Revolution, 3D Printing, and Innovation as Data. J. Prod. Innov. Manag. 2017, 34, 681–690. [Google Scholar] [CrossRef]

	



Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive Manufacturing (3D Printing): A Review of Materials, Methods, Applications and Challenges. Compos. Part B Eng. 2018, 143, 172–196. [Google Scholar] [CrossRef]

	



Sun, J.; Zhou, W.; Huang, D.; Fuh, J.Y.H.; Hong, G.S. An Overview of 3D Printing Technologies for Food Fabrication. Food Bioprocess Technol. 2015, 8, 1605–1615. [Google Scholar] [CrossRef]

	



Sandeep, B.; Kannan, T.T.M.; Chandradass, J.; Ganesan, M.; John Rajan, A. Scope of 3D Printing in Manufacturing Industries-A Review. Mater. Today Proc. 2021, 45, 6941–6945. [Google Scholar] [CrossRef]

	



Holland, S.; Foster, T.; MacNaughtan, W.; Tuck, C. Design and Characterisation of Food Grade Powders and Inks for Microstructure Control Using 3D Printing. J. Food Eng. 2018, 220, 12–19. [Google Scholar] [CrossRef]

	



Agunbiade, A.; Song, L.; Agunbiade, O.; Ofoedu, C.; Chacha, J.; Duguma, H.; Hossaini, S.M.; Rasaq, W.; Shorstkii, I.; Osuji, C.; et al. Potentials of 3D Extrusion-Based Printing in Resolving Food Processing Challenges: A Perspective Review. J. Food Process Eng. 2022, 45, e13996. [Google Scholar] [CrossRef]

	



Tracey, C.T.; Predeina, A.L.; Krivoshapkina, E.F.; Kumacheva, E. A 3D Printing Approach to Intelligent Food Packaging. Trends Food Sci. Technol. 2022, 127, 87–98. [Google Scholar] [CrossRef]

	



Elkhattat, D.; Medhat, M. Using Technology in Smart and Intelligent Food Packages as a Communicational Tool with Consumers. In Proceedings of the 2021 World Conference on Computing and Communication Technologies (WCCCT), Dalian, China, 23–25 January 2021; pp. 108–114. [Google Scholar]

	



Zhou, W.; Wu, Z.; Xie, F.; Tang, S.; Fang, J.; Wang, X. 3D Printed Nanocellulose-Based Label for Fruit Freshness Keeping and Visual Monitoring. Carbohydr. Polym. 2021, 273, 118545. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J. A 3D Food Printing Process for the New Normal Era: A Review. Processes 2021, 9, 1495. [Google Scholar] [CrossRef]

	



Xu, W.; Jambhulkar, S.; Zhu, Y.; Ravichandran, D.; Kakarla, M.; Vernon, B.; Lott, D.G.; Cornella, J.L.; Shefi, O.; Miquelard-Garnier, G.; et al. 3D Printing for Polymer/Particle-Based Processing: A Review. Compos. Part B Eng. 2021, 223, 109102. [Google Scholar] [CrossRef]

	



Attaran, M. The Rise of 3-D Printing: The Advantages of Additive Manufacturing over Traditional Manufacturing. Bus. Horiz. 2017, 60, 677–688. [Google Scholar] [CrossRef]

	



Dick, A.; Bhandari, B.; Prakash, S. 3D Printing of Meat. Meat Sci. 2019, 153, 35–44. [Google Scholar] [CrossRef]

	



Singhal, S.; Rasane, P.; Kaur, S.; Garba, U.; Bankar, A.; Singh, J.; Gupta, N. 3D Food Printing: Paving Way towards Novel Foods. An. Acad. Bras. Ciênc. 2020, 92, e20180737. [Google Scholar] [CrossRef] [PubMed]

	



Barilla Continues to Develop Pasta 3D Printer, Envisions Gourmet Customization—3DPrint.com. The Voice of 3D Printing/Additive Manufacturing. Available online: https://3dprint.com/151348/barilla-pasta-3d-printer/ (accessed on 17 February 2023).

	



Mantihal, S.; Prakash, S.; Bhandari, B. Textural Modification of 3D Printed Dark Chocolate by Varying Internal Infill Structure. Food Res. Int. 2019, 121, 648–657. [Google Scholar] [CrossRef]

	



Mueller, B. Additive Manufacturing Technologies—Rapid Prototyping to Direct Digital Manufacturing. Assem. Autom. 2012, 32. [Google Scholar] [CrossRef]

	



Afoakwa, E.O.; Paterson, A.; Fowler, M. Factors Influencing Rheological and Textural Qualities in Chocolate—A Review. Trends Food Sci. Technol. 2007, 18, 290–298. [Google Scholar] [CrossRef]

	



Mantihal, S.; Kobun, R.; Lee, B.-B. 3D Food Printing of as the New Way of Preparing Food: A Review. Int. J. Gastron. Food Sci. 2020, 22, 100260. [Google Scholar] [CrossRef]

	



Nijdam, J.J.; LeCorre-Bordes, D.; Delvart, A.; Schon, B.S. A Rheological Test to Assess the Ability of Food Inks to Form Dimensionally Stable 3D Food Structures. J. Food Eng. 2021, 291, 110235. [Google Scholar] [CrossRef]

	



Derossi, A.; Caporizzi, R.; Oral, M.O.; Severini, C. Analyzing the Effects of 3D Printing Process per Se on the Microstructure and Mechanical Properties of Cereal Food Products. Innov. Food Sci. Emerg. Technol. 2020, 66, 102531. [Google Scholar] [CrossRef]

	



Tan, C.; Toh, W.Y.; Wong, G.; Li, L. Extrusion-Based 3D Food Printing—Materials and Machines. Int. J. Bioprinting 2018, 4, 143. [Google Scholar] [CrossRef] [PubMed]

	



Standard Terminology for Additive Manufacturing Technologies. Available online: https://www.astm.org/f2792-12.html (accessed on 19 January 2023).

	



Godoi, F.C.; Prakash, S.; Bhandari, B.R. 3d Printing Technologies Applied for Food Design: Status and Prospects. J. Food Eng. 2016, 179, 44–54. [Google Scholar] [CrossRef]

	



Jonkers, N.; van Dommelen, J.A.W.; Geers, M.G.D. Selective Laser Sintered Food: A Unit Cell Approach to Design Mechanical Properties. J. Food Eng. 2022, 335, 111183. [Google Scholar] [CrossRef]

	



Qin, T.; Li, X.; Long, H.; Bin, S.; Xu, Y. Bioactive Tetracalcium Phosphate Scaffolds Fabricated by Selective Laser Sintering for Bone Regeneration Applications. Materials 2020, 13, 2268. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, M.; Bhandari, B.; Wang, Y. 3D Printing: Printing Precision and Application in Food Sector. Trends Food Sci. Technol. 2017, 69, 83–94. [Google Scholar] [CrossRef]

	



Nikhil, A. 3D Printing Processes—Binder Jetting (Part 4/8). Available online: https://www.engineersgarage.com/3d-printing-processes-binder-jetting-part-4-8/ (accessed on 3 February 2023).

	



Zhu, S.; Vazquez Ramos, P.; Heckert, O.R.; Stieger, M.; van der Goot, A.J.; Schutyser, M. Creating Protein-Rich Snack Foods Using Binder Jet 3D Printing. J. Food Eng. 2022, 332, 111124. [Google Scholar] [CrossRef]

	



He, C.; Zhang, M.; Fang, Z. 3D Printing of Food: Pretreatment and Post-Treatment of Materials. Crit. Rev. Food Sci. Nutr. 2020, 60, 2379–2392. [Google Scholar] [CrossRef]

	



Zhang, L.; Noort, M.; van Bommel, K. Chapter One—Towards the Creation of Personalized Bakery Products Using 3D Food Printing. In Advances in Food and Nutrition Research; Zhou, W., Gao, J., Eds.; Functional Bakery Products: Novel Ingredients and Processing Technology for Personalized Nutrition; Academic Press: Cambridge, MA, USA, 2022; Volume 99, pp. 1–35. [Google Scholar]

	



Schwab, A.; Levato, R.; D’Este, M.; Piluso, S.; Eglin, D.; Malda, J. Printability and Shape Fidelity of Bioinks in 3D Bioprinting. Chem. Rev. 2020, 120, 11028–11055. [Google Scholar] [CrossRef]

	



Sun, J.; Zhou, W.; Yan, L.; Huang, D.; Lin, L. Extrusion-Based Food Printing for Digitalized Food Design and Nutrition Control. J. Food Eng. 2018, 220, 1–11. [Google Scholar] [CrossRef]

	



Tejada-Ortigoza, V.; Cuan-Urquizo, E. Towards the Development of 3D-Printed Food: A Rheological and Mechanical Approach. Foods 2022, 11, 1191. [Google Scholar] [CrossRef]

	



3D Printing—Additive—Make. Available online: https://make.3dexperience.3ds.com/processes/3D-printing (accessed on 3 February 2023).

	



Waghmare, R.; Suryawanshi, D.; Karadbhajne, S. Designing 3D Printable Food Based on Fruit and Vegetable Products—Opportunities and Challenges. J. Food Sci. Technol. 2022. [Google Scholar] [CrossRef]

	



Ross, M.M.; Crowley, S.V.; Crotty, S.; Oliveira, J.; Morrison, A.P.; Kelly, A.L. Parameters Affecting the Printability of 3D-Printed Processed Cheese. Innov. Food Sci. Emerg. Technol. 2021, 72, 102730. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, M.; Bhandari, B.; Yang, C. Impact of Rheological Properties of Mashed Potatoes on 3D Printing. J. Food Eng. 2018, 220, 76–82. [Google Scholar] [CrossRef]

	



Severini, C.; Azzollini, D.; Albenzio, M.; Derossi, A. On Printability, Quality and Nutritional Properties of 3D Printed Cereal Based Snacks Enriched with Edible Insects. Food Res. Int. 2018, 106, 666–676. [Google Scholar] [CrossRef]

	



Zhang, L.; Lou, Y.; Schutyser, M.A.I. 3D Printing of Cereal-Based Food Structures Containing Probiotics. Food Struct. 2018, 18, 14–22. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, D.; Wei, G.; Ma, Y.; Bhandari, B.; Zhou, P. 3D Printed Milk Protein Food Simulant: Improving the Printing Performance of Milk Protein Concentration by Incorporating Whey Protein Isolate. Innov. Food Sci. Emerg. Technol. 2018, 49, 116–126. [Google Scholar] [CrossRef]

	



Derossi, A.; Caporizzi, R.; Azzollini, D.; Severini, C. Application of 3D Printing for Customized Food. A Case on the Development of a Fruit-Based Snack for Children. J. Food Eng. 2018, 220, 65–75. [Google Scholar] [CrossRef]

	



Chen, H.; Xie, F.; Chen, L.; Zheng, B. Effect of Rheological Properties of Potato, Rice and Corn Starches on Their Hot-Extrusion 3D Printing Behaviors. J. Food Eng. 2018, 244, 150–158. [Google Scholar] [CrossRef]

	



Yan, M.R.; Hsieh, S.; Ricacho, N. Innovative Food Packaging, Food Quality and Safety, and Consumer Perspectives. Processes 2022, 10, 747. [Google Scholar] [CrossRef]

	



Xu, Y.; Wu, X.; Guo, X.; Kong, B.; Zhang, M.; Qian, X.; Mi, S.; Sun, W. The Boom in 3D-Printed Sensor Technology. Sensors 2017, 17, 1166. [Google Scholar] [CrossRef] [PubMed]

	



Justino Netto, J.M.; Ragoni, I.G.; Frezzatto Santos, L.E.; Silveira, Z.C. Selecting Low-Cost 3D Printers Using the AHP Method: A Case Study. SN Appl. Sci. 2019, 1, 335. [Google Scholar] [CrossRef]

	



Chen, S.; Brahma, S.; Mackay, J.; Cao, C.; Aliakbarian, B. The Role of Smart Packaging System in Food Supply Chain. J. Food Sci. 2020, 85, 517–525. [Google Scholar] [CrossRef]

	



Almasi, H.; Forghani, S.; Moradi, M. Recent Advances on Intelligent Food Freshness Indicators; an Update on Natural Colorants and Methods of Preparation. Food Packag. Shelf Life 2022, 32, 100839. [Google Scholar] [CrossRef]

	



Wu, S.; Wang, W.; Yan, K.; Ding, F.; Shi, X.; Deng, H.; Du, Y. Electrochemical Writing on Edible Polysaccharide Films for Intelligent Food Packaging. Carbohydr. Polym. 2018, 186, 236–242. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, X.; Mou, X.; Li, N. Preparation and Performance of Edible Screen-Printing Ink with Chitosan. In Advanced Graphic Communications, Packaging Technology and Materials; Ouyang, Y., Xu, M., Yang, L., Ouyang, Y., Eds.; Springer: Singapore, 2016; pp. 977–983. [Google Scholar]

	



Caro, N.; Medina, E.; Díaz-Dosque, M.; López, L.; Abugoch, L.; Tapia, C. Novel Active Packaging Based on Films of Chitosan and Chitosan/Quinoa Protein Printed with Chitosan-Tripolyphosphate-Thymol Nanoparticles via Thermal Ink-Jet Printing. Food Hydrocoll. 2016, 52, 520–532. [Google Scholar] [CrossRef]

	



Lozano-Navarro, J.I.; Díaz-Zavala, N.P.; Velasco-Santos, C.; Martínez-Hernández, A.L.; Tijerina-Ramos, B.I.; García-Hernández, M.; Rivera-Armenta, J.L.; Páramo-García, U.; Reyes-de la Torre, A.I. Antimicrobial, Optical and Mechanical Properties of Chitosan-Starch Films with Natural Extracts. Int. J. Mol. Sci. 2017, 18, 997. [Google Scholar] [CrossRef]

	



Badawy, M.E.I.; Rabea, E.I.; El-Nouby, M.A.M.; Ismail, R.I.A.; Taktak, N.E.M. Strawberry Shelf Life, Composition, and Enzymes Activity in Response to Edible Chitosan Coatings. Int. J. Fruit Sci. 2017, 17, 117–136. [Google Scholar] [CrossRef]

	



Oladzadabbasabadi, N.; Mohammadi Nafchi, A.; Ghasemlou, M.; Ariffin, F.; Singh, Z.; Al-Hassan, A.A. Natural Anthocyanins: Sources, Extraction, Characterization, and Suitability for Smart Packaging. Food Packag. Shelf Life 2022, 33, 100872. [Google Scholar] [CrossRef]

	



Roy, S.; Rhim, J.-W. Fabrication of Cellulose Nanofiber-Based Functional Color Indicator Film Incorporated with Shikonin Extracted from Lithospermum Erythrorhizon Root. Food Hydrocoll. 2021, 114, 106566. [Google Scholar] [CrossRef]

	



Li, S.; Jiang, Y.; Zhou, Y.; Li, R.; Jiang, Y.; Alomgir Hossen, M.; Dai, J.; Qin, W.; Liu, Y. Facile Fabrication of Sandwich-like Anthocyanin/Chitosan/Lemongrass Essential Oil Films via 3D Printing for Intelligent Evaluation of Pork Freshness. Food Chem. 2022, 370, 131082. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Z.; Zhao, Y.; Warner, R.D.; Johnson, S.K. Active and Intelligent Packaging in Meat Industry. Trends Food Sci. Technol. 2017, 61, 60–71. [Google Scholar] [CrossRef]

	



Severini, C.; Derossi, A.; Ricci, I.; Caporizzi, R.; Fiore, A. Printing a Blend of Fruit and Vegetables. New Advances on Critical Variables and Shelf Life of 3D Edible Objects. J. Food Eng. 2017, 220, 89–100. [Google Scholar] [CrossRef]

	



Le Tohic, C.; O’Sullivan, J.J.; Drapala, K.P.; Chartrin, V.; Chan, T.; Morrison, A.P.; Kerry, J.P.; Kelly, A.L. Effect of 3D Printing on the Structure and Textural Properties of Processed Cheese. J. Food Eng. 2018, 220, 56–64. [Google Scholar] [CrossRef]

	



3D Food Printing: Creating Shapes and Textures. Available online: https://www.tno.nl/media/5517/3d_food_printing_march_2015.pdf (accessed on 17 February 2023).

	



Dick, A.; Bhandari, B.; Prakash, S. Post-Processing Feasibility of Composite-Layer 3D Printed Beef. Meat Sci. 2019, 153, 9–18. [Google Scholar] [CrossRef]

	



Yang, F.; Zhang, M.; Prakash, S.; Liu, Y. Physical Properties of 3D Printed Baking Dough as Affected by Different Compositions. Innov. Food Sci. Emerg. Technol. 2018, 49, 202–210. [Google Scholar] [CrossRef]

	



Mantihal, S.; Prakash, S.; Godoi, F.C.; Bhandari, B. Optimization of Chocolate 3D Printing by Correlating Thermal and Flow Properties with 3D Structure Modeling. Innov. Food Sci. Amp Emerg. Technol. 2017, 44, 21–29. [Google Scholar] [CrossRef]

	



Hao, L.; Mellor, S.; Seaman, O.; Henderson, J.; Sewell, N.; Sloan, M. Material Characterisation and Process Development for Chocolate Additive Layer Manufacturing. Virtual Phys. Prototyp. 2010, 5, 57–64. [Google Scholar] [CrossRef]

	



Noort, M.; Bommel, K.; Renzetti, S. 3D-Printed Cereal Foods. Cereal Foods World 2017, 62, 272–277. [Google Scholar] [CrossRef]

	



Multi-Material Three-Dimensional Food Printing with Simultaneous Infrared Cooking—3D Printing and Additive Manufacturing. Available online: https://www.liebertpub.com/doi/abs/10.1089/3dp.2018.0042 (accessed on 17 February 2023).

	



Lipton, J.; Arnold, D.; Nigl, F.; Lopez, N.; Cohen, D.; Norén, N.; Lipson, H. Multi-Material Food Printing with Complex Internal Structure Suitable for Conventional Post-Processing. In Proceedings of the 2010 International Solid Freeform Fabrication Symposium, Austin, TX, USA, 9–11 August 2010. [Google Scholar]

	



Bareen, M.A.; Sahu, J.K.; Prakash, S.; Bhandari, B.; Naik, S. A Novel Approach to Produce Ready-to-Eat Sweetmeats with Variable Textures Using 3D Printing. J. Food Eng. 2023, 344, 111410. [Google Scholar] [CrossRef]

	



Lin, Q.; Hu, Y.; Qiu, C.; Li, X.; Sang, S.; McClements, D.J.; Chen, L.; Long, J.; Xu, X.; Wang, J.; et al. Peanut Protein-Polysaccharide Hydrogels Based on Semi-Interpenetrating Networks Used for 3D/4D Printing. Food Hydrocoll. 2023, 137, 108332. [Google Scholar] [CrossRef]

	



Qiu, C.; Wang, C.; Li, X.; Sang, S.; McClements, D.J.; Chen, L.; Long, J.; Jiao, A.; Wang, J.; Jin, Z. Preparation of High Internal Phase Pickering Emulsion Gels Stabilized by Glycyrrhizic Acid-Zein Composite Nanoparticles: Gelation Mechanism and 3D Printing Performance. Food Hydrocoll. 2023, 135, 108128. [Google Scholar] [CrossRef]

	



Qiu, L.; Zhang, M.; Bhandari, B.; Chitrakar, B.; Chang, L. Investigation of 3D Printing of Apple and Edible Rose Blends as a Dysphagia Food. Food Hydrocoll. 2023, 135, 108184. [Google Scholar] [CrossRef]

	



Ahmadzadeh, S.; Ubeyitogullari, A. Generation of Porous Starch Beads via a 3D Food Printer: The Effects of Amylose Content and Drying Technique. Carbohydr. Polym. 2023, 301, 120296. [Google Scholar] [CrossRef] [PubMed]

	



You, S.; Huang, Q.; Lu, X. Development of Fat-Reduced 3D Printed Chocolate by Substituting Cocoa Butter with Water-in-Oil Emulsions. Food Hydrocoll. 2023, 135, 108114. [Google Scholar] [CrossRef]

	



Food 3D Printing Archives. 3D Print. Media Netw. Pulse AM Ind. 2023. Available online: https://www.voxelmatters.com/category/food/# (accessed on 17 February 2023).

	



The Top 10 Companies in 3D Printed Food. Available online: https://all3dp.com/1/3d-printed-food-top-companies/ (accessed on 18 February 2023).








[image: Nanomanufacturing 03 00006 g001 550] 





Figure 1. Various pictures of 3D food printing systems. (A) Procusini 3.0 Dual, (B) Choc Creator V2.0 Plus, (C) Discov3ry 2.0 paste extruder paired with the Ultimaker 2+, (D) Foodini, (E) F3D, (F) Fab@Home, (G) Sanna, (H) Model F5, (I) QiaoKe chocolate printer, (J) BeeHex printer, (K) PancakeBot 2.0, (L) The 3D everything concept printer, (M) Barilla 3D pasta printer, (N) Zmorph 2.0 VX multitool 3D printer. Picture taken from an article by Tan et al. [23]. 
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Figure 3. Examples of 3D printing technique based on SLS technology: (a) sugar, (b) Nesquik, and (c) curry cube, paprika pyramid, cinnamon cylinder, and pepernoot pentagon constructs. Picture taken from an article by Godoi et al. [25]. 
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Figure 4. Simplified schematic presentation of the liquid binding process. Picture taken from an article by Nikhil [29]. 
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Figure 5. Simplified schematic presentation of extrusion-based printing. Picture available online [36]. 
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Figure 6. (a) Three-dimensional printing of scallop meat; (b) 3D-printed samples before frying; and (c) 3D-printed samples after frying. Picture taken from an article by He et al. [31]. 
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Figure 7. Various structural designs of 3D-printed lemon juice gel product at varying potato starch percentages: (a) 10%, (b) 12.5%, (c) 15%, (d) 17.5%, (e) 20%. Picture taken from an article by Waghmare et al. [37]. 
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Figure 8. Image of xanthan gum and hydroxypropyl methyl cellulose products containing 10% and 30% vegetable powder. Picture taken from an article by He et al. [31]. 
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Figure 9. Three-dimensionally printed samples of OC-WS and OC-WS-gum blends. (a) Hollow triangle, (b) cylinder, (c) hollow cylinder, (d) hollow square, (e) hollow triangle, and (f) hollow square. Picture taken from an article by Waghmare et al. [37]. 
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Figure 10. Number of publications from 2010 to 2023 (until the end of January) on 3D printing in all fields and in the food industry. The inset shows the average % distribution for the period 2010–2022. 
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Figure 11. Schematic diagram of peanut protein-polysaccharide semi-interpenetrating network hydrogel fabrication and 3D printing. Picture taken from an article by et Lin et al. [70]. 






Figure 11. Schematic diagram of peanut protein-polysaccharide semi-interpenetrating network hydrogel fabrication and 3D printing. Picture taken from an article by et Lin et al. [70].



[image: Nanomanufacturing 03 00006 g011]







[image: Table] 





Table 1. Types of food products obtained with 3D technology.
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	Food Product
	Description
	Ref.





	fruit
	Fruit-based snack; provides 5–10% of energy, Ca, Fe, and vitamin D for 3–10-year-old children.
	[43]



	vegetables
	Smoothie of selected fruit (kiwi, pears, avocado) and vegetables (carrots, broccoli); more appreciated appearance than the non-printed smoothie.
	[59]



	cheese
	Processed cheese; 3D printing substantially affects its structural properties (texture, rheology, microstructure).
	[60]



	pasta
	Various printed pasta shapes (e.g., rose-shaped).
	[61]



	meat
	Multi-constituent composite meat products using beef paste and lard; suitable for sous-vide post-processing.
	[62]



	bread dough
	Different composition of water, sucrose, butter, flour, and egg contents; formulation invented specifically for 3D food fabrication.
	[63]



	chocolate
	Samples of hexagonal

shape, with parallel, cross-sectional, and no internal support.
	[64]



	
	Three-dimensional prints (heart shape and logo) with suitable quality

by varying the deposition parameters.
	[65]



	cereal foods
	Cookies; innovative food texture, modulation of taste perception, and sensory sensations.
	[66]



	ready-to-eat meals
	A pyramid of

sesame paste with chicken and shrimp paste with simultaneous infrared cooking.
	[67]



	
	Multi-material constructs of turkey meat, scallop, and celery.
	[68]



	potato
	Printed mashed potatoes with different concentrations of potato starch.
	[28]
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Table 2. Commercially available food products obtained with 3D technology.
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	Food Product
	Company Name/Process





	Smoked Salmon Fillet
	Austrian Revo Foods/Extrusion



	Fruit-Flavored Droplets
	Dovetailed Design Studio’s/the world’s first liquid-based 3D printer



	Pasta (unique shapes)
	Italian Barilla in collaboration with

the Dutch company TNO/Fused Deposition Modeling



	Chocolate and Cocoa Products (unique shapes and exclusive flavors)
	Mona Lisa 3D Studio/

Extrusion



	Pizza, Burgers, and Cookies
	Printer Foodini/

Extrusion



	Edible Sweet Decorations
	Printer ChefJet/

Extrusion



	Meals (proteins, carbs, other nutrients), Pizza
	NASA funded Systems and Materials Research Corporation (SMRC)/Extrusion



	Pizza
	BeeHex Pizza Printer/Method



	Chocolate
	Mondelēz & 3P Innovation/Cadbury Dairy Milk 3D printer/Melt-extrusion



	Chocolate (various shapes, sizes, and geometries)
	Hershey Company in collaboration with D Systems/CocoJet, chocolate 3D printer/Extrusion



	Products of Sugar
	CandyFab/Selective Hot Air Sintering and Melting (SHASAM)



	Vegan Meat (burgers, kababs, and sausages)
	Redefine Meat/Extrusion
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