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Abstract

:

Featured Application


Underwater 3D printing, including maintenance works.




Abstract


Additive manufacturing (AM), commonly named 3D printing, is a promising technology for many applications. It is the most viable option for widespread use in automated construction processes, especially for harsh environments such as underwater. Some contemporary applications of this technology have been tested in underwater environments, but there are still a number of problems to be solved. This study focuses on the current development of 3D printing technology for underwater applications, including the required improvements in the technology itself, as well as new materials. Information about underwater applications involving part fabrication via AM is also provided. The article is based on a literature review that is supplemented by case studies of practical applications. The main findings show that the usage of additive manufacturing in underwater applications can bring a number of advantages—for instance, increasing work safety, limiting the environmental burden, and high efficiency. Currently, only a few prototype applications for this technology have been developed. However, underwater additive manufacturing is a promising tool to develop new, effective applications on a larger scale. The technology itself, as well as the materials used, still require development and optimization.
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1. Introduction


Additive manufacturing (AM), commonly named 3D printing, is a promising technology with many applications, including usage in the aerospace industry [1,2,3], biomedical applications [4,5], the construction industry [6,7], and many others [8,9,10]. One particular application is 4D-printed advanced solutions [11,12,13]. In the case of producing a physical object using 4D printing additive technology, it should be understood as a group of technical solutions where the layers of material respond to physical factors as well as other multi-materials with various properties, especially in time. As a result of manufacturing in 4D printing technology, materials often change shape, size, or pattern depending on factors such as the temperature, moisture, and stress relaxation in the material [11,12,13]. AM technology has a number of benefits, one of them being automatization and the possibility to work in harsh environments, including in space [14,15] or underwater [16].



Using AM technologies for underwater applications brings a number of advantages—for instance, increasing the safety of the work, limiting the environmental burden, and high efficiency [16,17]. The design and development of AM technologies for underwater applications require a different approach than in the case of surface technologies. In some ways, this new environment can support the process, such as with better cooling properties, but, in many cases, it brings more challenges than in 3D printing in the air [18,19]. Additionally, the design of modern filaments for effective application in a harsh water environment requires a complex approach [20]. Currently, only a few prototype applications for this technology have been developed as real elements eligible for underwater 3D printing [21,22]. Most of the ideas presented as “underwater 3D printing” are simply technologies using AM as a tool for the manufacturing of elements for further underwater application [16,23]. Sanchez-Gonzalez et al. [24] mention 3D printing technology as one of the most important for the marine industry as a whole. The authors pay attention to a small number of studies provided in this area and show this direction as one of the most prospective [24]. However, underwater AM is a promising means to develop new, effective applications on a larger scale. The technology itself, as well as the materials used, still require development and optimization.



The main focus of this study lies in the current development of 3D printing technology for underwater applications, as well as underwater applications involving part fabrication via AM. In particular, the article describes the technologies based on extrusion for concrete and the laser deposition molding of titanium powder as technologies tested in the laboratory for underwater 3D printing. Some contemporary applications for this technology have been tested in underwater environments, but there are still a number of problems to be solved. The improvements in the technology itself and new materials are discussed. The article is addressed to researchers and practitioners, to demonstrate the state of the art in the field of underwater 3D printing and to help them to obtain useful information to conduct research in this field. It also shows the most promising directions for further development in this area.




2. Research Methodology


The systematic review was performed using Scopus as the main search tool and the following databases: ScienceDirect, ACS Publications, Wiley Online Library, IEEE Xplore Digital Library, and Google Scholar. It was conducted between September and December 2023. The used keywords were “3D printing” and “underwater” combined. The research results in the Scopus database showed 1051 documents (Figure 1). They were checked, and the most relevant publications were selected for this review.



The analysis of the literature showed that the topic was very new. The first publication was in 2009, and, prior to 2015, there were fewer than 10 publications per year in this area. Rapid growth began in 2019. This shows that this research area is quite innovative and it has been intensively developed in the last few years (Figure 1a). This topic has a clear multidisciplinary nature, which can be observed based on document statistics about the subjects. The first two places are occupied by engineering and material science, but there is a large variety of other covered subjects (Figure 1b). According to the type of document, the most represented are original articles—more than 66% of all publications. Review articles represent 15.5% and conference papers 14.2%. The other types are books, book chapters, notes, short surveys, etc. This is a quite typical proportion for a relatively new research area. It is also worth noting that the majority of publications were produced by teams from China, with 449 publications, and the USA, with 226 publications. There is quite a large difference between the two first countries and the rest of the list: in third place is the UK, with only 64 publications. The dominant position is occupied by countries considered to be leading in the case of innovative technologies.




3. Materials


Different groups of materials have been tested for underwater applications. The most widely used at present are polymers, as in the case of traditional 3D printing in the air.



3.1. Ceramics, Concrete, Geopolymers, and Similar


The most intensive research was carried out on the 3D printing of concrete materials for underwater application in the area of infrastructure, as well as coral reef recultivation [18,26]. Moreover, 3D printing technology was developed only for concrete in situ. AM technology supports the direct manufacturing of concrete structures underwater, offering a more convenient and efficient way to build [21,26,27]. However, while this technology seems to be very promising, the investigation of materials printed in situ underwater shows some challenges—see Table 1.



Additionally, it is worth noting that the buildability in the case of 3D printing technology is a critical aspect. It requires special attention because the buoyancy of water reduces the material’s deformation and density and influences the interlayer bonding [26,32]. Moreover, the factor of printability seems to be crucial, due to interlayer adhesion [26,29]. The research also shows that the behavior of the samples in time is different for 3D printing in the air and underwater. In the air, the interlayer adhesion of 3D-printed samples is correlated with the speed of printing. In the case of samples 3D-printed underwater, the interlayer adhesion first decreases and then increases with the speed limitation [26,29].



The results confirm that obtaining elements of satisfactory quality requires more effort for 3D-printed elements [18,19,29]. During 3D printing underwater, more defects and discontinuities occur compared with specimens 3D-printed in the air. Additionally, when the same material is used, the samples 3D-printed underwater have worse mechanical properties than those 3D-printed in the air, especially compressive strength [29]. To reduce the above phenomenon, it is possible to modify the concrete mixture, especially through the reduction of the water/cement (W/C) ratio and the selection of proper admixtures, including superplasticizers and anti-washout components—for example, cellulose and Welan gum [26].



It is also worth mentioning that slightly different behavior is observed in the underwater investigation of concrete mixtures produced in freshwater and seawater. These investigations are focused on the washout resistance [33]. The results confirm the good mixture efficiency in terms of washout resistance in both freshwater and seawater. However, seawater shows higher resistance to washout than freshwater [33]. No information on such tests for 3D-printed materials is available in the literature.



Moreover, some comparative works have been provided on the topic of underwater applications of geopolymers and cement concrete for 3D-printed artificial reefs [27,34]. Besides the two most popular materials, others have been tested for the 3D printing of artificial reefs—for example, calcium carbonate, plasters, sandstone powder, ceramic clay, terracotta, and diatomite sand with magnesium oxide—by other research groups [16,35].



The possibility of the usage of in situ resources such as seawater and marine sediments for AM technology was investigated by Li et al. [31]. The provided research confirms the possibility of obtaining mortar/cement by using coral sand and seawater with some additives. The properties of the prepared mixtures, especially those reinforced by glass or basalt fibers, were acceptable for the design of cement-based materials for construction in remote islands and coastal areas [31]. Currently, trials in this area have been conducted only in air. It is worth considering the implementation of this approach for underwater 3D printing, especially for significant depths, where the usage of in situ materials will be particularly valuable.




3.2. Polymers


Organic polymers represent the group that is most often used for 3D printing purposes [1]. A similar situation is seen in underwater applications, where polymers represent a wider and more diverse group. However, while there are a number of 3D-printed polymer products for underwater applications, the actual underwater printing technology was developed recently [36]. Moreover, except for some manuals on popular websites, no information on scientific research in this area is available in the literature.



Among the polymers used for underwater applications, it is worth mentioning polyurethane (PU) [37], acrylonitrile butadiene styrene (ABS) [23,38,39,40], polylactic acid (PLA) [38,41,42], high-density polyethylene (HDPE) [43], polyethylene terephthalate glycol (PET-G) [41,44], polycarbonate (PC) [44], and different bioplastics used for artificial reefs [35]. Most of these materials are thermoplastic polymers. Less frequently, for underwater applications, thermosets such as EPX82 resin [45] or special resins such as photosensitive resins are used, with the excellent dispersion properties of Cu2O antifouling agents [46]. Moreover, this group of materials is very often modified by other components, including glass micro-balloons (GMB) [43], or by the foaming process [43,47], or they are protected by using coatings with special hydrophobic or hydrophilic properties [48].



During the usage of polymer materials in underwater applications, some interesting results have been provided. One of them was delivered by Ryley et al. [20]. The team investigated biofouling on common 3D printing polymers: polycaprolactone (PCL), printed using fused deposition modeling (FDM), and two commercial polymer materials: VisiJet® SL Clear, printed by stereolithography, and VeroClear™, printed by PolyJet [20]. The 3D-printed samples were also compared with two materials manufactured by traditional methods: polydimethylsiloxane (PDMS) and glass [20]. The obtained results showed the best antifouling properties for PCL and the worst for glass. In general, 3D printing polymers have less microalgae and more encrusting bryozoans than reference materials [20]. This research confirms the potential of PCL as a material for marine applications [20].




3.3. Metals


Only a few metals have been investigated for application in underwater 3D printing [22,49]. The most advanced work was performed with titanium alloy Ti-6Al-4V for the site repair of marine equipment in underwater environments, using laser metal deposition (LMD) [49]. For this purpose, the researchers used a specially designed drainage nozzle, which ensured a local dry chamber for this process [49]. The obtained results show that this technology can be useful for the fabrication and repair of tailored components or parts with complex shapes in underwater environments [49]. The same material and LMD technology were also used by Fu et al. [22] for the production of thin-walled Ti-6Al-4V alloy parts to check the possibility of repairing underwater structures [22]. In the case of this technology, the backflow of water was prevented by the improper nozzle construction and the shielding gas flow, creating a stable local dry cavity for printing [22].



The titanium powder—the Ti-6Al-4V alloy—was also used for the 3D printing of hemispheres dedicated to underwater vehicles [50]. The elements were produced using an electron beam melting (EBM) system [50].



A less popular metal used for underwater purposes is stainless steel. It finds application in AM technology for the parts of underwater robots and in propellers for an outrunner motor composed of 316L steel [51]. Stainless steel is also used as a simple and fouling-mitigating membrane, created using 3D printing technology for underwater applications [52]. This material was also applied for the manufacturing of miniature marine structures for crashworthiness verification [53].



For underwater applications, aluminum was also tested as a material for powder-based 3D printing. This material was tested for an underwater acoustic transducer [54]. The usage of 3D printing technology allows the production of elements with complicated shapes that are not possible with traditional methods. It positively influences the efficiency and size of the device [54].




3.4. Biomaterials and Others


However, bioprinting is not typically developed for underwater applications as the environment is very often associated with wet conditions. One of the most important areas for this research is enhanced adhesion in wet conditions for different materials. This type of test was performed i.a. for a photo-crosslinkable bio-ink containing a mixture of gelatin methacryloyl (GelMA), methacrylated hyaluronic acid (HAMA), and mesenchymal stem cells (MSCs) [55]. This material shows sufficient adhesion on diverse substrates, including biological tissues, and also in different aqueous environments [55]. It also offers the possibility of using similar mixtures for underwater bioprinting.



In addition, hydrogels have been tested for the possibility of underwater adhesion because they are suitable for this environment [56,57], including in parts for soft robots, such as suckers [58]. An important advantage of their application for biomedical purposes is their good underwater adhesion, but this can be decreased by the material’s swelling and the formation of a water molecular layer on the surface of the hydrogel [56]. In this area, some eutectogels have also been tested as a potential material for underwater electrodes [59].



Other materials of this group are used rarely for 3D printing applications. Non-typical, successful trials were performed for a gradient-index phononic crystal lens based on the hyperbolic secant index profile, applied as an acoustic material for underwater applications, including ultrasound [60].



In the literature, there is only a small number of studies on the possibilities for the 3D printing of multi-material compositions in one process, as well as a limited number of investigations on the application of composites in AM for underwater applications [61].





4. Technologies


The technologies are classified, according to the type of material used, into three main categories [62]: solid-, powder-, and liquid-based.



4.1. 3D Printing Technologies


4.1.1. Technologies Based on Solid Filaments


This group is the most widely used technique for 3D printing. Among the particular technologies in this category are fused deposition modeling (FDM), laminated object manufacturing (LOM), and wire and arc additive manufacturing (WAAM). In the case of underwater applications, some investigations have been performed with FDM technology. They prove the possibility of its use underwater for polymer printing [36]. However, these trials have no scientific nature; they only show the potential of this solution for further research. FDM and other technologies based on paste extrusion have also been investigated for artificial reef manufacturing and the creation of marine infrastructure in situ [35].



Another trial was performed on the development of systems for cementitious materials. This technology was primarily connected with a robot arm to print concrete materials underwater, layer by layer. This makes it possible to transform design drawings directly into real infrastructure elements [21,26,27]. Currently, the devices dedicated to the underwater research of cementitious materials are most often located in the air and only a nozzle works underwater (Figure 2).



This technical solution applied to the device means that the main works connected with improved 3D printing for underwater applications focus on nozzle construction [30]. The presented solution (Figure 2) is built upon conventional technology for the 3D printing of concrete materials, which is based on paste extrusion by a nozzle. In the first step, suitable ingredients are premixed and then pumped through the hose to the hopper. From the hopper, the material is delivered to the nozzle, which is located in an underwater environment (water tank). After leaving the nozzle, the material comes into direct contact with the aqueous environment, where the layers are joined to obtain the appropriate shape of the printed element. The material is cured in the water [29].




4.1.2. Technologies Based on Powders


The second important group of AM technologies comprises solutions based on powder deposition; among them are [22,49] laser metal deposition (LDM), selective laser sintering (SLS), selective laser melting (SLM), and electron beam melting (EBM).



This type of technology is usually applied for more demanding applications using metal powders [49]. The general idea of this system is to protect the last part of the process against the presence of water and to place it into a special chamber with air (Figure 3). This solution previously was used in the underwater welding process and has a strong basis in this area.



Moreover, powder-based technologies such as binder jetting have been investigated for the creation of other elements that require high precision or have complicated shapes—for example, artificial reefs [35]. In this case, the construction was printed in the air and then submerged.




4.1.3. Technologies Based on Liquid Filaments


The other group of technologies, based on liquids, includes vat photopolymerization–stereolithography (SLA), material jetting (MJ), digital light processing (DLP), and others. As a printing material, this technology typically uses a liquid resin that is hardened under different actors—for example, UV light [16]. This group has not been yet tested for the technology of printing in situ in the underwater environment. Nevertheless, it has been used for the manufacturing of some elements for underwater applications, such as housing for monitoring elements that work underwater [45,63], membranes for water treatment systems [64], or other advanced solutions such as an underwater magnetic nanofluid droplet-based generator (designed to convert the mechanical energy of sliding droplets in to electricity), which was inspired by shark skin [65].



In this area, an interesting experiment was performed by Phillips et al. [63], who confirmed the possibility of using SLA technology aboard a moving vessel at sea [63]. Thanks to the application of passive stabilization to support SLA printing, it was possible to manufacture high-resolution models that were fully solid and impervious to water elements for underwater applications, including sealed housings [63]. This type of approach can be beneficial in supporting marine engineering development, especially shipboard maintenance, and other applications that require the fast repair of non-typical elements for marine applications, including underwater ones [63].





4.2. Remotely Operated Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs)


The 3D printing technology is quite popular for the manufacturing of specific parts for remotely operated underwater vehicles (ROVs) or autonomous underwater vehicles (AUVs) [16,40]. This technology is useful in the case of investigations of these vehicles, including their technical improvement in different fields. It also helps to obtain a high level of flexibility in their design and gives the possibility of adding individual solutions while ensuring a reasonable cost and speed of execution [66,67].



The area of usage of these vehicles is expanding each year. Currently, they are applied in biological research [68,69], rescue activities [68], technical education [67,70], fishery inspections [71], exploration [72], and many others. These devices are also very often inspired by biological solutions, such as fish motion, to increase their efficiency [68,73]. ROV and AUV systems are particularly used in hard-to-reach places, including those located at considerable depths [74]. These vehicles can perform most of the needed tasks autonomously.



However, technologies such as ROVs and AUVs seem to be naturally suitable for underwater 3D-printed applications, especially for maintenance work at significant depths. Nonetheless, today, there is no information in the literature about such usage of these vehicles. It seems to be a promising area of further research and exploitation for this technology, especially taking into consideration that their air equivalents—drones—are widely applied in the construction industry [75].





5. Areas of Application


Each year, underwater 3D printing becomes more popular, including the usage of AM for the printing of elements for underwater applications, as well as trials for in situ printing in underwater environments. In Table 2, we present the most important areas of exploitation of this technology. It is worth noticing that, among them, only two areas—the repair of marine structures and 3D-printed marine structures—have been investigated regarding the usage of partly submerged 3D printers (nozzle area).



5.1. Infrastructure


The building, maintenance, and repair of underwater and offshore infrastructure seems to be one of the most important areas in the usage of underwater 3D printing. This technology can provide a reliable solution in many areas, including underwater pipeline repair, offshore wind power foundations, submarine tunnels, artificial islands, and other activities connected with ocean engineering [26,28]. This technology also aids in modeling some marine infrastructure’s behavior and its investigation under different conditions [81]. It also is a promising solution for coastal and nearshore construction infrastructure, where it overcomes the limitations connected with traditional building technologies [7]. However, further solutions still require research work, including the development of new materials with unique properties, suitable concrete pumping equipment, and proper construction parameters [26].



In some cases, polymer parts are also used as a form of infrastructure; for example, a printed ABS material was developed as a floating antenna for coastal ocean monitoring [39]. Moreover, stainless steel was applied as a material for the 3D printing of models of marine infrastructure for crashworthiness verification [53].



In the case of infrastructure building, some futuristic ideas have also been considered, such as using AM as an unconventional technology for offshore oil production on the Arctic shelf [82]. The authors consider the potential cost of subsea drilling units and all construction technology necessary for exploration and estimate it to be between 127 and 137 billion US dollars, in the case of using 3D printing as an alternative to traditional technology [82].




5.2. Artificial Reefs


Artificial coral reefs aid in restoration and reformation strategies that support coral ecosystems. The use of 3D printing techniques, in this case, helps in supporting structural complexity and biodiversity through better-fixing structures for the needs of local flora and fauna [21,27]. The usage of AM supports provides additional space for organisms to settle and grow. It increases the local biodiversity and stimulates the recovery of ecosystems [27,83,84]. AM technology improves the efficiency of the recultivation process in comparison with traditional artificial reefs (concrete molds with simple geometric shapes) [85].



Despite the abundance of different materials suitable for use for artificial reef creation, there is only a small number of investigations into how the physical and chemical properties of different materials influence particular species [86]. Some works in this area were provided by Leonard et al. [86]. They investigated the coral recruitment success and early benthic community development depending on the used materials, such as 3D-printed concrete, polyvinyl chloride (PVC) with and without a chitosan coating, a fiberglass polymer, flax-based polylactic acid, and Portland concrete [86]. The results suggest that different materials should be selected according to the recultivation purposes. Meanwhile, porous concrete was characterized by the high abundance of non-coralline encrusting red algae, and the PVC with a chitosan layer supported coral recruitment [86].



Ly et al. [27] investigated different cementitious materials, such as geopolymers and cement concrete, taking into consideration biofouling (the colonization of a structure by biological organisms) and the durability of these materials in seawater [27]. The results showed that cement seems to be a better material for artificial reef construction in the 3D printing method, because of its better mechanical properties and lesser biofouling in the medium term [27]. Contrasting results were obtained by Yoris-Nobile et al. [34]. They showed, after three months of underwater tests, that geopolymers had better biological receptivity compared to cement [34].



There is a relatively large amount of investigation into the use of 3D printing for reef restoration [35]. However, there is no information in the literature about possible restoration in situ, as well as works connected with so-called mezzo reefs (the deepest reef formations).




5.3. Membranes


One of the most promising areas of application for AM technology is in the different types of membranes used for water treatment purposes [77,87]. In this case, AM technology helped to obtain a lattice structure for membrane elements. It was combined with the hydrothermal method and liquid phase deposition (LPD) to obtain multi-functional and multi-material structures for oil–water separation and wastewater treatment [87]. In particular, such materials as TiO2 and Cu2O were used to achieve suitable efficiency in organic pollutant removal [87].



The main goal of most of the membranes created with the use of AM technology is water purification, especially removing organic dyes, acids, and alkalis, as well as metal ions [88]. The 3D printing technology in this case allows the creation of more efficient and cheaper systems—for example, those that are used in solar water evaporation [88]. It is also worth noting that this type of membrane could have wider application also in desalination systems [78] and as an element for gas–water separation [89].



Among the many materials dedicated to effective 3D-printed solutions for water treatment [90,91,92,93], a work that is particularly interesting, from a material point of view, is that of Chen et al. [94]. In this case, a 3D printing ceramic material–alumina was combined with in-situ-grown aluminum borate whiskers [94]. This advanced technological solution allowed them to obtain high-efficiency separation, a high flow rate, increased durability in cycling tests, and resistance to harsh environments. Moreover, the obtained solution was easy to regenerate through high-temperature heat treatment [94].



Another interesting possibility is the automatization of water treatment, especially for the specific needs of the identification and deactivation of pollutants that are present underwater. For this purpose, You et al. [95] developed a specific approach by using small robots with green-fuel-driven thumb-sized motors produced using 3D printing methods, for the identification of underwater pollutants and elimination of contamination [95]. This type of solution has the potential to enable in situ underwater remediation [95].




5.4. Parts for Underwater Vehicles


One of the most promising areas is in parts for underwater activities, including scientific research that requires some specific, individual solutions, such as housing [38] or grips. These elements are usually produced by traditional FDM technology in the air and used for different underwater applications. As a material for their production, the most popular types of polymers are used, including PLA and ABS [38]. It is also worth noting that this was one of the first applications of 3D printing for underwater purposes [23]. Other items produced using 3D printing technology and used as parts for underwater vehicles are [16,96] propellers for high-drag vehicles, wings and tails for low-drag AUVs, legs and frames for multi-rotors, other motor transmission parts, robotic underwater gliders, robotic hands for underwater manipulation, components for a modular propulsion system, and other components.



Other popular 3D-printed solutions that are useful for underwater vehicles are different types of grips and other sampling systems. Among them is a system for discrete water sample collection, constructed thanks to AM technology in a compact form, which is useful also in extreme underwater environments [97], as well as special grips for the collection of soft deep-sea organisms at depths above 2000 m [74]. This system makes some biological research possible thanks to the implementation of a new solution, which is necessary in a narrow area of specialization [98].



Another approach was applied in the case of the creation of an underwater superlimb [99]. In this prototype, 3D printing technology was also applied; however, the main purpose of this work was to create a wearable robot that provides divers with mobility assistance and gives the additional possibility of manipulating tools in the underwater environment [99].



As an element for more advanced application in the area of deep-sea exploration, 3D-printed syntactic foams were also investigated [43]. The main aim of this application was to design better materials for improved buoyancy in underwater vehicles [43]. The results show that functionally graded foams based on the GMB/HDPE combination are a good material for this application [43].



Moreover, the usage of 3D printing technology for the manufacturing of pressure housings was investigated. These can be an element for underwater vehicles [50]. In this case, more durable materials have to be used, such as titanium alloys, which also require other technology. In this case, titanium hemispheres were created using LMD technology and tested for their resistance to external pressure [50]. The main advantage of using 3D printing technology for this purpose was the possibility of obtaining complex-shaped elements and enhancing the freedom of design—for example, the optimal geometry of penetration holes in the housing to support proper buoyancy in an underwater vehicle [50]. AM technology also provides an opportunity to obtain functionally graded materials (changing the composition and properties of the materials over the volume) [50]. These works demonstrate the feasibility of building pressure housings in AM [50].



Another less demanding housing system was manufactured using digital light synthesis (DLS) technology with EPX82 resin [45]. This type of housing is dedicated to complex coral reef monitoring and thus will be stacked with electronics. It can be used as a supporting system for vehicles or as a monitoring system placed on a reef for a certain period of time [45].



The 3D printing technology, in the context of creating underwater small vehicles such as drones, can be also used for modern fiber battery production [100]. The advantages of this solution are the light weight and structural power. The form of fiber allows also for the multi-functionality and multi-dimensionality of this solution, including the possibility of obtaining the battery in different shapes, such as fiber, fabric, and 3D object electronic systems [100].



AM is also used for the development of small underwater robots for different purposes. Some research in this area has been conducted by He et al. [101], who designed the mother–son robot system [101]. This system is combined with an amphibious spherical robot as the mother and some micro-robots as sons, produced via the 3D printing method [101]. The whole system is dedicated to different underwater tasks.




5.5. Sensors


Important applications for underwater purposes are different types of sensors, including whole systems such as fish tracking tags (optimizing a surface) [16]. In this area, the use of 3D printing technology helps in manufacturing more precise devices that better fit specific needs, particularly in the case of scientific activities [102]. An example in this area is the work by Zhang et al. [79], who designed a new bio-inspired sensor based on the lateral-line system of fish [79]. It was produced using 3D printing technology as a prototype solution. The main purpose of this sensor was to detect underwater flow disturbances [79]. The research confirmed the usefulness of this solution in underwater environments [79].



Another group of sensors for underwater applications was inspired by phocid seal whiskers [103,104]. Their main task was to sense an upstream wake. The results confirm the ability of whisker-inspired sensors to detect a high signal-to-noise ratio, indicating its efficiency in long-distance contexts [103]. This makes this invention potentially useful for application in underwater robots, especially in areas of poor visibility [103]. A similar design was presented by Gul et al. [105]. It was based on the pinniped group: they designed their sensors in the form of whiskers to detect and track the vortices inside the water [105]. The whiskers were fully 3D-printed and produced using a PU core and graphene cover in the form of different patterns. The results proved the applicability of this solution for underwater soft robots [105].



Moreover, not only single sensors are produced by 3D printing technology, but also whole systems—for example, non-invasive electroencephalography (EEG) sensors for zebrafish monitoring for the investigation of some diseases [106,107]. Thanks to AM, the material cost and fabrication time could be reduced significantly in comparison to the traditional method of manufacturing [106,107]. Another example in this area is the design of an underwater 3D scanner and its manufacturing with this technology [108].




5.6. Biological Research


The devices connected with biological research are probably the most diverse group according to the level of complexity. They include very simple devices for eco-monitoring, such as a 3D-printable instrument designed to measure the Secchi depth and water color [109], and also complicated systems of replicas of living organisms for hydrodynamic tests—for example, benthonic organisms and shark skin membranes for the analysis of marine animals’ behavior [110]. This group also includes different biomechanic robots that mimic efficient natural swimmers (e.g., boxfish, seahorse, snailfish) [16]. Another area of inspiration is the locomotion of cephalopods and jellyfish. This type of motion is the inspiration for some underwater vehicles [23,111,112,113]. For the design of this type of vehicle, 3D printing technology is necessary, because it requires non-typical elements [23,111]. The same applies for other bio-inspired soft robots [114,115,116].



An important element of soft robots is also the source of energy. It should be waterproof and sustainable in the long term [117]. As a solution to this problem, AM can be useful. Zou et al. [117] have researched this topic [117]. They developed a bionic, stretchable nanogenerator for underwater energy harvesting that was based on marine fauna, namely an electric eel [117]. They confirmed that the designed solution has the potential to be an effective power source for soft underwater robots as well as wearable electronics used underwater [117].



In the area of soft robots, research was also provided by Soomro et al. [76]. As a source of inspiration, they used the morphology of Anura, such as Rana esculenta (a semi-aquatic frog) [76]. As a result of this work, a prototype solution, using AM technology, of a bio-inspired frog robot was created. Its capability for underwater synchronous swimming was confirmed. This robot is dedicated to underwater environmental monitoring [76].



This type of activity can be useful not only for the research of modern animal species but also in understanding evolution. Peterman and Ritterbush [118] used 3D printing technology for the simulation of the motion of ancient sea animals (externally shelled cephalopods—Baculites compressus) to investigate their functional morphology and ecology over geological timescales [118]. This research is particularly interesting, because this type of animal has no modern analogs that allow for a comparison of the possible means of moving [118]. The use of 3D-printed models allows us to verify possible means of movement of this organism and select the most probable theories about their life habits. The provided experiments give some first-order constraints in this area [118].



In addition, plants can be a source of inspiration for the use of 3D printing for underwater purposes. Xiang et al. [119] designed a new hydrophobic material based on the structure of the leaf Salvinia [119]. The biomimetic artificial surface successfully imitated the super-repellent capability of the leaves and also fully retrieved air mattresses created by nature [119]. The results of this work allow us to better understand the mechanisms of the water-repellent property and, on this basis, design materials for underwater applications [119].



Another solution that is potentially useful in biological research, supported by 3D printing technology, is untethered stimuli-responsive soft materials with programmed sequential self-folding [120]. This type of solution, composed of hydrogels and elastic polymers, displays reversible self-folding properties without changing the chemical composition or structural dimensions, which makes its application possible many times [120]. The designed solutions can capture, hold, and fasten objects in the underwater environment, which can be useful in many areas for the investigation of small objects [120].




5.7. Other Applications


Another application for biomimetic structures is artificial muscles, with potential application in walker vehicles, exoskeletons, prosthetics, and stealthy undersea propulsion [80]. In particular, Colltelli et al. [80] show the two main areas for the underwater application of this 3D-printed invention [80]. The first is connected with the biomimetic method of propulsion for ROVs and AUVs (based on squid and octopi’s reactive propulsion). The second is the possibility of using artificial muscles for the simulation of the motion of pelagic fish (the slow motion of a large back fin), which also can be used in the construction of ROVs and AUVs to achieve stealthy propulsion [80].



In the area of bio-inspired inventions useful for underwater technology, it is also worth mentioning adhesive discs produced by 3D printing technology [121]. The inspiration for this work was the fish Guizhou Gastromyzontidae, which has developed a strong adhesive system for wet and slippery rocks [121]. A copy of this solution is potentially useful in underwater robotics [121]. Similar solutions were introduced by Zhou and Wu [122] based on different species, such as Hillstream loaches (Beaufortia kweichowensis) [122]. Moreover, the usage of 3D printing in underwater acoustic areas was described, such as curved piezoelectric single-crystal composite transducers [123] or other devices designed using metamaterials for underwater sound control [115,124].



Another area of application for 3D-printed elements is underwater sound absorption. This can be achieved with the usage of different types of thermoplastic polyurethanes [37]. The obtained results confirm the good sound absorption performance of the designed materials under normal pressure as well as under hydrostatic pressure changes [37].





6. Challenges, Limitations, and Predicted Directions of Development


While AM is developing very rapidly, there are still a number of limitations and challenges connected with 3D printing underwater. Among the main areas that require further research, the most important seems to be the development of machines for totally submerged objects and material issues. The experiment must be conducted in a difficult underwater environment, which creates challenges for their proper design and the appropriate construction of supporting tools. This requires new solutions in the area of construction. Moreover, the usage of the materials creates some limitations, especially in a real environment, where the external conditions can change. Some of the material problems have been recognized and partly solved by using admixtures—for example, for concrete—but other materials, such as metal powders, still need to be isolated from an underwater environment to obtain the desired effect [49].



In the literature, there are only a few works that mention the further development of 3D printing. This is usually in the general context of the whole marine industry. Most of them confirm that 3D printing technology is one of the most important for the marine industry as a whole [24,125], but they do not specify the particular application or only mention it briefly. The applications mentioned as being connected with future trends are AM for the production of custom or small-batch components for both yachts and sailboats [125] and 3D-printed spare parts, tools, and accessories in the marine industry [126].



The presented areas of application illustrate these trends well. They show the great potential of AM for underwater applications. However, there are visible gaps in this area that require further research, and the main motivation for development is often the low cost and accessibility of solutions [127]. The analysis shows that AM is also a technology that has the potential to contribute to the invention of the most advanced and complex solutions. Examples in this area are 4D printing technology and smart devices for underwater applications [13].



The other, not previously mentioned visible trend in the research is the increasing concerns about the environment and trials to quantify these data. The first research made use of some tools, such as life cycle analysis, providing an example of work connected with the life cycle estimation of an underwater drone hull to study the Arctic [128]. Other analyses are connected with the environmental footprint, including estimations of the possible reduction of CO2 emissions or its capture by using proper materials for artificial reef structures [129].




7. Conclusions


The main findings show that the usage of AM in underwater applications can bring a number of advantages—for instance, increasing the safety of the work, limiting the environmental burden, and high efficiency. Currently, polymers are the most important materials used in underwater applications; however, other groups of materials are also being intensively developed. Despite the widespread interest in this technology’s application in the marine industry, thus far, only a few prototype products have been developed. Only two technologies find real underwater application (titanium alloys and concrete) for scientific purposes. However, some tests also show the possibility of the 3D printing of polymer materials in this environment.



Moreover, underwater AM is a promising tool to develop new, effective applications on a larger scale; nonetheless, the technology itself, as well as the materials used, still require development and optimization. This article identifies the following areas as the most promising for future development:




	
The development of knowledge about the used materials—for example, there are no washout tests for 3D-printed materials described in the literature;



	
The improvement of 3D printing technologies in situ according to the efficiency and quality of the obtained products;



	
The development of underwater 3D printing in situ and the application of the technology, especially for deep-sea works, including the maintenance of infrastructure or possible restoration in situ of so-called mezzo reefs (the deepest reef formations);



	
The design and modification of AM technologies for the 3D printing of multi-material compositions in one process for underwater applications;



	
The employment of technologies such as ROVs and AUVs for underwater 3D printing applications, including process automatization;



	
The development of 3D printing for advanced solutions, including 4D printing utilized for the fabrication of smart devices for underwater applications;



	
The enhancement of data-based environmental analysis to confirm the real burden of this technology.
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Figure 1. Search results in the Scopus database: (a) published documents by year; (b) published documents by subject area [25]. 
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Figure 2. The technical solution used during testing of underwater 3D printing for materials in the laboratory. Source: [29]. 
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Figure 3. The test setup. (a) Schematic diagram of the underwater printing system; (b) diagram of the underwater laser–material interaction process; (c) the actual manufacturing process of underwater LMD. Source: [49]. 
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Table 1. Investigations of cementitious materials for application in underwater AM.






Table 1. Investigations of cementitious materials for application in underwater AM.





	No.
	Material
	Investigated Properties
	Main Findings
	Reference





	1
	OPC (CEM 1 52.5 N) + superplasticizer + anti-washout admixture
	Assessment of the feasibility of underwater 3D printing.

Compressive strength (CS).

Young’s modulus (YM).
	Decrease of 7% in CS and 11% in YM when comparing 3D-printable mortar specimens in water with those printed in the air.
	[28]



	2
	OPC + viscosity-modifying agent
	In the fresh state: printability and buildability.

Samples after curing: density, CS, interlayer bond strength, flexural and splitting tensile strengths.
	An increased number of defects and discontinuities occurred in samples of 3D printing underwater.

The buildability decreased—reduction in the layer height due to changes in weight and pressure underwater.

The density and CS of the elements printed underwater were smaller than in those printed in the air, but the interlayer bond strength was better for those printed underwater.

The flexural tensile strength was also better for samples printed underwater.
	[29]



	3
	42.5 sulfoaluminate cement (SAC) + superplasticizer + anti-washout admixture
	Buildability and interlayer bonding.
	The interlayer adhesion for samples printed underwater was 20.4% less than for the samples printed in air.

Proper permeability coefficient supports interfacial bonding; excessive water penetration can decrease interlayer bonding.
	[26]



	4
	Cement + sand + silica fume
	Nozzle construction optimization and material properties during the printing process.
	Worse surface quality for

printing underwater compared to printing in the air.
	[30]



	5
	Seawater and marine sediments (coral sand) + glass/basalt fibers
	Possibility to use for in situ 3D printing of marine resources for design mortar or cement.
	Composites exhibited good buildability.

The 3D-printed composites had worse properties than those produced using traditional casting technology; however, they had sufficient properties for use in remote areas for infrastructural projects.
	[31]



	6
	42.5 R sulphoaluminate cement + superplasticizer (polycarboxylate) + carboxymethyl starch + Welan gum
	CS, anisotropy, interlayer bonding, microstructure.
	The 3D-printed samples and samples in a water environment had 20% and 15.1% lower CS, compared to air-cast samples.

Samples 3D-printed in the air and underwater had different anisotropic variations.
	[18]



	7
	Concrete with coarse aggregates + fibers
	Evaluation of the mechanical properties of 3D-printed samples in air and underwater.
	CS of the underwater samples was about 72% of that of the air samples.
	[19]










 





Table 2. Selected applications for underwater AM.
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	No.
	Area
	Technology Readiness 1
	Reference(s)





	1
	Rapid prototyping of different components of underwater vehicles for ecological monitoring
	Prototypes for scientific applications
	[38]



	2
	Replicas of living organisms for hydrodynamic tests—for example, benthonic organisms and shark skin membranes
	Models for investigation (prototypes)
	[16]



	3
	Investigation of biomechanics, such as mimicking efficient natural swimmers (e.g., boxfish, seahorse)
	Models for investigation (prototypes)
	[16,76]



	4
	Coral reef restoration, including artificial reefs
	Prototype underwater installations
	[21,27]



	5
	Pressure housings
	Laboratory tests for small elements, computer modeling
	[50]



	6
	Repair of marine structures (underwater)
	Laboratory tests for small elements, computer modeling
	[49,50]



	7
	3D-printed marine infrastructure (concrete)
	Laboratory tests for small elements, computer modeling
	[29]



	8
	Membranes for water treatment
	Prototypes and small-scale solutions
	[77,78]



	9
	Sensors—for example, 4D whisker sensors
	Prototypes and small-scale solutions
	[79]



	10
	Artificial muscles for stealthy undersea propulsion
	Laboratory tests for small elements, computer modeling
	[80]







1 In the case of many studies on the selected topic, the one with the highest technological readiness has been chosen.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
i
|
L

Water tank -« -

-’





nav.xhtml


  applsci-14-01346


  
    		
      applsci-14-01346
    


  




  





media/file2.png
Documents

500

400

300

200

100

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

(a)

Year

Other (6.4%) \

Energy (2.3%)

Mathematics (2.9%) P g En