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Abstract

:

The United Nations (UN) 2030 agenda on sustainable development goals (SDGs) encourages us to implement sustainable infrastructure and services for confronting challenges such as large energy consumption, solid waste generation, depletion of water resources and emission of greenhouse gases in the construction industry. Therefore, to overcome challenges and establishing sustainable construction, there is a requirement to integrate information technology with innovative manufacturing processes and materials science. Moreover, the wide implementation of three-dimensional printing (3DP) technology in constructing monuments, artistic objects, and residential buildings has gained attention. The integration of the Internet of Things (IoT), cloud manufacturing (CM), and 3DP allows us to digitalize the construction for providing reliable and digitalized features to the users. In this review article, we discuss the opportunities and challenges of implementing the IoT, CM, and 3D printing (3DP) technologies in building constructions for achieving sustainability. The recent convergence research of cloud development and 3D printing (3DP) are being explored in the article by categorizing them into multiple sections including 3D printing resource access technology, 3D printing cloud platform (3D–PCP) service architectures, 3D printing service optimized configuration technology, 3D printing service evaluation technology, and 3D service control and monitoring technology. This paper also examines and analyzes the limitations of existing research and, moreover, the article provides key recommendations such as automation with robotics, predictive analytics in 3DP, eco-friendly 3DP, and 5G technology-based IoT-based CM for future enhancements.
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1. Introduction


The United Nations has set a target of achieving the sustainable development goals (SDGs) by 2030 in order to establish a sustainable environment [1]. Concerning the construction industry, the SDGs are “Build resilient infrastructure, promote inclusive and sustainable industrialization and foster innovation (SDG 9)”, “Make cities and human settlements inclusive, safe, resilient and sustainable (SDG 11)”, “Ensure sustainable consumption and production patterns” (SDG 12), and “Take urgent action to combat climate change and its impacts (SDG 13)” [2]. Moreover, the construction industry is contributing approximately 13% of the world’s gross domestic product (GDP) [3,4]. As per the United Nations (UN), the construction industry is responsible for 12% of global drinking water consumption, 40% of global energy consumption, 40% of solid waste production, and 28% of global greenhouse gas emissions (GHG) [5,6]. The reports indicate that there is a necessity to implement sustainable technology for reducing the impact on the environment. Generally, in the construction industry, the amount of waste and energy generated is high [7], so with the evolution of 3D printing (3DP), some of the work processed in traditional mechanisms, such as concrete mixing, building blocks, and labor, can be replaced with 3DP. Professionals, government officials, and academics conclude that sustainability in the construction industry is a top priority [8] in dealing with environmental and ecological issues, as well as social, economic, and technological sustainability issues for sustainable development [9]. Therefore, sustainability in construction is typically viewed in terms of the tripartite domains: environment, society, and the economy. Unlike the traditional construction process, 3DP technology has been proven to be an efficient approach in architecture, engineering, and construction (AEC). Moreover, 3DP is of significant assistance in terms of economic development, environmental safety, manpower, time reduction, and customization of the complex architectural designs [10]. At present, 3DP technology (also called additive manufacturing or rapid prototyping) has emerged as a fast-growing technology due to its efficient manufacturing abilities and wide applications in different sectors. This technology creates physical objects by layering the materials based on the digital model [11,12]. As such, 3D printing services are feasible for geometrically complex and small-batch products. Moreover, the necessity for design information in 3DP to be available in a digitized format (.STL file), encourages us to realize digitization more generally. Moreover, the Internet of Things (IoT) and cloud manufacturing (CM) empowers us to implement digitization throughout the 3DP process [13] Additionally, to expand the efficiency of 3DP resource utilization and the variety of 3DP services, a cloud platform has been established [14,15,16]. CM is a modern network manufacturing mechanism that combines manufacturing technology and IT, including cloud computing [17,18] Big Data [19,20], and the IoT. Depending upon the concept of collaboration, intellectualization, materialization, servitization, and virtualization [21], CM provides high-quality, reliable, on-demand and cost-effective services across the network of manufacturing for complete cycle [22]. The most significant aspect of cloud manufacturing is the accumulation and vast exchange of manufacturing tools. Contemporary manufacturing methods require process design from design to machining, but the design of processes does not require standardization and several iterations for the team of design and machining. Complex computing in conventional manufacturing encounters significant challenges in the in-depth research of CM [23].



This article discusses the importance of the integration of 3DP and CM in the construction field. Moreover, research directions and trending applications of 3D printing and CM are summarized. The structure of this paper is as follows: Section 2 covers the overview of construction. Section 3 discusses the brief background of 3D printing. Section 4 addresses 3D concrete printing (3DCP) for sustainability in the construction, with the parameters involved in concrete printing. Section 5 discusses real-time 3D manufacturing. Section 6 presents the integration of CM and 3DP in construction and covers the architecture for 3D printing cloud platform services, the advantages of 3DP and CM for construction, and the cloud printing service system. Section 7 addresses the challenges and also provides recommendations for the extensive implementation of 3DP for construction.




2. Overview of Construction


Construction is a primitive industry that combines extensive equipment with manual work. The rate of building automation is considerably lower than that of other sectors, which ultimately hinders efficiency and establishes risky environments for working. The impact of implementing semi-automated technology in construction has been considered a significant transformation in construction. Steam cylinders, machinery for drilling the piles, hydraulic excavator, bulldozers, conveyors, and pumps are significant semi-automated technology implemented to optimize the workforce with maximum throughput. However, the evolution of new and advanced technologies has encouraged the implementation of vision, mapping, sensing, and localization features to automate construction activities. Predominantly, robots are utilized for different construction activities such as wall construction, cleaning, inspecting, prefabrication and beam assembly, etc. The implementation of robots in the construction industry has led to automation in the industry; however, a few challenges still hinder the progress of this implementation. Generally, in the construction of walls, the precise placement of the brick is necessary. However, the challenge arises to a robot when the orientation and size of the brick need to be changed. Here, the coordination between the human and robot plays a crucial role for effective, widespread implementation of robots in construction.



Moreover, the adoption of robots requires high-end technology which causes costs to increase, so it is not affordable for small- and medium-scale industries. The other challenges of utilizing the robots are the incompatibility of the technologies, the nature of the construction industry, technological usability, technology adoption by workers, resources, and retraining of workers. However, the challenges of working with robots can be overcome with emerging technology, i.e., 3DP, which utilizes a 3D printer for making each block required for the construction of the building.




3. 3D Printing (3DP)


The construction industry requires a technology that could enhance productivity and automation with minimum impact on the environment. At present, the mechanism and method following in the construction industry are generating a large amount of waste that has a considerable effect on the environment and the cost of the projects. Formworks in traditional construction are a major source of expenses due to higher labor costs, machinery, material costs, and waste materials. Generally, forming a basic geometrical configuration during a formwork costs around 35% of the total cost of the project [24]. The productivity of the workforce for formwork faces challenges during the establishment of complex geometrical shapes. The fundamental activities involved in the conventional construction are presented in Figure 1. Given the amount of concrete mixing, the number of blocks is not accurately measured during their construction and, moreover, this requires a skilled workforce and many tools.



A large amount of the waste is generated due to inaccurate calculation and planning during the construction. The rise of 3D printing technology provides assistance for replacing concrete mixing, building blocks, labor, and tools, as these activities are the primary causes of increases in cost and the generation of large amounts of waste. 3DP technology cuts down the cost of the workforce on the project by 25% [25] and cuts the material cost by 65% compared to conventional construction methods [26] The widespread utilization of the 3DP also enhances the workers’ productivity and safety in high-risk activities. 3DP’s primary reliability rests on printing technologies, material properties, and the expert management of the work [27,28]. A typical feature of the various processes in the additive manufacture is the development of a limited number of steps in the fabrication process for transforming the ‘idea’ from the production to a finished product [29]. Figure 2 illustrates the phases/steps that are involved in the 3DP process. Initially, we need a conceptual model on the 3D CAD application; after that, a .STL file (Standard Triangle Language or Standard Tessellation Language) and G code are generated. After these stages, the manufacturing process is initiated and, in the final stage, cleaning and post-processing will be completed.



3DP technology can be regarded as eco-friendly technology that offers infinite opportunities to realize geometric complexity [30,31]. 3DP can be used in the construction sector to print whole houses or to produce building parts [32,33]. With 3DP, organizations facilitate the following features: quick, inexpensive design and visualization of the virtual building, prevention of delays, and help identifying any problem areas [34]. Simultaneously, 3D printing technology allows construction engineers and their clients to interact more quickly and clearly. Many of a customer’s demands are derived from an idea, and 3D printing makes it easy to manifest the concept beyond the outdated system of paper and pencil [35] Apis Cor Printed House in Russia [36] and Canal House in Amsterdam are two examples of 3D printed houses.



Figure 3 presents the significant interdependency of multiple parameters of 3DP for construction. To effectively enforce 3DP in a large-scale structure, the following are three primary parameters to be discussed.



	(a)

	
Printable feedstocks: In the context of the essence of feedstock developments, the source structure, mix model with various additives, and specific size contribute to the effect. To maximize the effectiveness of mixing materials, an accurate opening time and setting time are needed for allowing the continuous extrusion and distribution to the dust. For maximizing the mixing of feedstocks, it is essential to provide the required open period and time to allow continuous extrusion and distribution to the nozzle.




	(b)

	
Printer: Pump-integrated printers are essential for the scale of production in the construction industry. The pressure and flow rate must then be examined following the various mixing designs. To obtain a reasonable output, i.e., smooth finish, square edge, and dimensional accuracy, the printer’s speed, and size are also essential. The deposition rate of feedstocks determines construction speed, and the reduction in the setting time will lead to a significant risk of hardness inside the printer system. An integrated printing device should continuously extrude the material with continuous feedstock materials to avoid the interface between the layers.




	(c)

	
Geometry: The custom design and the effects of the existing two criteria will be used for specifically applying smart self-reinforced geometry to complete realization of scaling building blocks/objects. The strength and rigidity of the printed object/blocks could then be obtained by the type of stiffness, deposited filaments and 3D curvatures, and truss-like structure [37].








4. 3D Concrete Printing in Sustainable Construction


In this section, the significance of 3D concrete printing for sustainable construction is presented. Moreover, this section also presents the parameters related to 3D concrete printing.



4.1. 3D Concrete Printing (3DCP)


3DCP has been studied more intensively to provide the sustainable construction process with more durability to the buildings, recycling of the printed materials, and also to protect the environment and economy relating to the construction process. A recent study revealed many aspects of sustainability for 3DCP with more focus on extrusion printing [38]. This study discussed the appropriate mix design of the cementitious materials concerning permeability, buildability, materials consistency, flowability, and workability parameters to maintain sustainability. Different reactive and inert mineral additives were trialed in this experiment and evaluated regarding the mechanical properties and their effect on the environment. Significant findings were achieved with the desired modification of material mixes, which can negatively impact the environment without compromising the construction quality [38]. The material plays a crucial role in 3DP for building the building blocks. It is categorized into three distinct categories: green and sustainable materials, functional construction materials, and functionally graded materials. Green and sustainable materials are materials that significantly reduce the impact on the environment. These materials also support the establishment of a green environment. Furthermore, new building materials such as fiber-reinforced concrete (FRC) and extremely bendable engineered cementitious composite (ECC) can be substituted in place of conventional concrete for sophisticated architecture design while maintaining energy efficiency, resilience, and protection [39]. Furthermore, functional materials such as FRC and ECC can be advantageous for 3D concrete printing because they have higher tensile and flexural strength than standard concrete. These properties are critical for the structural integrity of concrete structures. Due to high complexity and contradictory property requirements, functionally graded materials can be extended to AM [40]. By changing the printing technique, heavy and thicker content can be printed on the ground, and lighter materials can be printed on top of the structure, thereby lowering prices and materials as contrasted with structuring uniformly. At present, large-scale industries are utilizing the following materials for 3DP and they are concrete mix, natural material mix consisting of 25% rice husk, 40% straw chopped rice, 25% soil, and 10% hydraulic lime and concrete mix made up of geopolymer, cement, sand, sand and other additives.



If we look back at the historical perspectives of 3D concrete printing technology, it was developed for the first time with contour crafting by the researchers of South California university [41]. Another team of researchers from Loughborough University worked thoroughly on concrete printing and developed a printing method from the nozzle without troweling blades [42,43,44]. The major issue with 3DCP is the determination of the mix properties. After extrusion, the materials continue to harden, thus enhancing the compressive strength and stiffness over time. One of the parameters called buildability determines the quantity of stress transferred by lower layers due to the printing of subsequent layers over the lower layers. The buildability of the mixture can be determined by calculating the yield stress in rheometric tests; however, unanimous results were not observed by this analysis [45]. Extrusion caulking is an alternative approach for calculating buildability, which is a combination of extrudability and buildability assessment methods.



Moreover, it determines the correlation between the rheological and mechanical properties [46]. The loading of the subsequent layers depends upon the speed of extrusion and other printing parameters. Besides the load-taking capacity and material stiffness, the stability of the constructed structures should also be considered. The stability can be maintained within the range by maintaining the thickness of the deposited materials, or some additives can be mixed with the concrete material to enhance the stiffness.



Another issue presented in the building construction with 3DP is buckling due to self-weight during the printing process, which must be sorted out by choosing the appropriate concrete mix. The printing speed should also be considered as a critical parameter for a successful construction process. If the speed is more than the desired value, there will be a shorter time between the layers, and when the speed is less, the interlayer adhesion will be hampered. The adverse effect on the environment due to the traditional construction practices can be avoided by adopting 3D concrete printing technology. For this purpose, a concrete mix should be designed by the appropriate pathway. Sometimes, high cement content is used in the mixture. Still, it adds to the negative environmental impact and, to avoid this circumstance, mineral additives such as silica fume, fly ash, metakaolin, quartz powder, etc., can be used [47].



Moreover, chemical admixtures like superplasticizers, accelerators, retarders, or viscosity modifying components can be used to gain the required properties of the concrete mix [48]. Again, too many admixtures will add more cost to the concrete mixture. Hence, there should be a proper balance of different components to safeguard the environment without compromising the buildability value.



The compressive strength of the deposited concrete through the 3D printing method can be assessed by measuring the load-bearing capacity by implementing Linear Variable Differential Transformer (LVDT) displacement transducers, force transducers, and related software use [38]. The LVDT is an electromechanical sensor that converts mechanical motion or vibrations, especially rectilinear motion, into a variable electrical current, voltage, or electric signals. This study revealed that longer printing time and increased cycle time enhances the load-bearing capacity. Additionally, the concrete mixes modified with limestone powder showed a tangential rise in compressive strength. The 3D-printing technology is more reliable than the traditional approach of housing constructions in terms of sustainability because of its environmentally friendly executions, more opportunities for recycling of materials, ample possibilities for geometric complexity realizations, less cost and time involvement, minimal injuries on construction site, and minimal pollution to the environment. The contour crafting technique is expected to revolutionize the construction industry in the near future, producing vast opportunities for further progress [10]. One more advantage of 3D printing lies in eliminating the need for formwork, which ultimately decreases the material consumption, the time required for the construction process, labor requirement, impact of materials on the environment, and the cost involved [49] The accessibility of easy printing of the hollow core also provides opportunities for hybrid printing from the 3D printing technique and the conventional method of construction. Both the 3D printing and conventional construction process are comparable when the reinforced structures are developed as both approaches require a manual method of placing reinforcement [50].



Another advantage of 3DP is the continuous printing process with the minimal time required for the cleaning and maintenance protocols. However, time is used to set up, pump calibration, test the materials, and calibrate the printer [51]. Normally, after 45 min of printing, the materials solidify. One more advantage of 3DP technology is the ability to simplify construction logistics and management through shortening of the supply chain [30]. This technology replaces many tools and heavy pieces of equipment required for traditional construction, with the well-designed 3D printer device and a pump that can be transported to anywhere we want.



Moreover, through automation, there is a reduction in transport cost, manpower requirement, food, fuel, and energy consumption. Besides these advantages, the technology has minimal negative environmental impacts due to waste of materials, consumption of energy, and emission of greenhouse gases [52]. The material waste is eliminated as this technology is an additive process, using only the materials required for the structure and eliminating the need for material formwork. Electric printers rely on solar power or a generator for operation. Thus, this equipment can be used in isolated and remote areas, whereas the traditional approach needs more energy consumption, mostly relying on diesel-driven equipment. Additionally, the 3DP process can be driven by locally available resources or recycled materials, so fewer greenhouse gas emissions are associated with the construction technology [50].




4.2. Parameters of Concrete 3D Printing


Some specific parameters are related to scale, support, assembly strategies, and the environment, which are discussed below:



4.2.1. Cementitious Paste Extrusion


A system is required to develop the cementitious paste out of mortar and concrete by continuously flowing out through a moving opening process. Three steps are involved in this process such as mixing, transporting or pumping, and shaping. As with the layered extrusion technique and the slip forming technique, two approaches follow the cementitious paste extrusion process. However, there exists a difference in the extrusion scale, and this value for the layered extrusion technique is 1/1000 of the printed object size, whereas its value is 1/10 in the slip forming technique [53,54].




4.2.2. Extrusion Speed


Another critical parameter of concrete 3DP is the speed of extrusion, which is decided by the speed of the nozzle giving shape to the paste. This parameter is scale-dependent and has a direct link to the behavior of the concrete. As discussed in the last parameter, suppose slip forming extrusion technique is adopted for concrete printing. A large amount of paste is released in a short period through the nozzle; hence, more time is needed for the setting process. For this reason, the speed of the nozzle should be kept slow to the tune of few meters per day in the slip forming technique. However, if the extruding mortar laces around 1 mm, it is preferred to maintain the nozzle speed high and the high flow pumping methods. In this way, precise printing can be done quickly and can be implemented in the building industry.




4.2.3. Automation


Minimum human interference should be there, which will save manpower and expenditure. Robotic systems have tremendous potential in this aspect, and complex robots can be utilized to perform the functions of 3DP technology. The robotic system plays a vital role in the fabrication process in architecture with quality construction and expanded design in building constructions [55]. In housing constructions, robotics can be applied in the nozzles for smoothening, cutting, and handling large-sized or specially designed printed materials. The authors of [56] revealed the use of robotics in the construction industry to efficiently manufacture buildings by 3DP technology. In this study, more focus is given to the engagement of on-site robotics in the construction area. Cable robots are used with the 3D printers with Adobe, whereas drones are applied for real-time observation and monitoring of the construction works. This study revealed the tremendous potential for fusing robotics with 3DP technology for sustainable construction processes on site.




4.2.4. Environment


The printing environment can be of printing directly on-site. It can also be off-site printing with defined environmental conditions (such as temperature, hygrometry, etc.) and assembly of the printed materials in the desired site. The third category can be a prefab factory that imposes handling and transporting the printed materials to the site. On-site printing is categorized under direct printing, whereas the other two categories are indirect printing [57].






5. Real-Time 3D Manufacturing


The significance of 3D manufacturing means that it is replacing the traditional mechanism of constructing buildings. Many countries are adopting 3D manufacturing to meet the target of establishing sustainable infrastructure. Saudi Arabia was the first country to use 3D printing technology to develop a two-story building in its capital, Dubai. The 3D printed office (also called Office of the Future) at Dubai (Figure 4 and Figure 5) is a milestone achieved in the construction industry, revolutionizing construction technology.
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Figure 5. Interior view of “Office of the Future” in Dubai, manufactured by 3D printing technology [58]. 






Figure 5. Interior view of “Office of the Future” in Dubai, manufactured by 3D printing technology [58].
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Similarly, on-site construction of the “Apis Cor house” in Russia represents a remarkable achievement for this technology, and its ability to push the boundaries beyond expectation (Figure 6). This building was made in 24 h with an estimated cost of USD 10,000, which is far cheaper than the traditional methods of housing construction.




6. CM and 3DP Based Construction of Buildings


CM and 3D printing show tremendous impact in the design and manufacturing process and trending research areas in innovative manufacturing technology. In this section, initially, we will discuss the importance and working of CM and 3D printing. After that, we will address the 3D printing-based service architectures clearly, and finally, the section concludes with the cloud printing service system.



6.1. Cloud Manufacturing (CM)


CM is a network manufacturing mode that provides users various on-demand manufacturing services according to users’ needs [59,60]. This mode uses the network to organize the online manufacturing resources. CM is an Internet-based manufacturing mode that delivers users with a spectrum of on-demand manufacturing services to meet users’ needs [61,62]. This approach utilizes the network to coordinate online manufacturing tools. Figure 7 shows a representative CM architecture in current researches. The manufacturing service providers deliver all sorts of development tools in cloud service through perception and virtualization technology for the entire product life cycle [63,64]. Manufacturing service applicants apply manufacturing specifications for each level or different granularity development service requirements for the complete product life cycle to the cloud platform, seeking to identify manufacturing services that already exist on the cloud platform [65,66]. The customer’s responsibility as a manufacturing service provider or a requesting organization is dynamically evolving [66,67,68,69]. When one offers a production service, he is a retailer of services in the CM system. The cloud platform administrators control and run the cloud platform effectively and organize the interaction between the manufacturing service requesters and the manufacturing service providers. Operators can dynamically and flexibly ensure that service for resource users is based on access requests by resource users. The essence of the CM process is the delivery of production resources between supply and demand, and the operation of the cloud is primarily to manufacture as a service [38,60,70].




6.2. CM Assisted 3DP


Globally, the impact of the construction industry on the environment is very high in terms of energy consumption, waste generation and emissions of greenhouse gases [71]. Currently, society is aiming to find sustainable technologies which can reduce the burdens of traditional construction approaches. 3D printing has emerged as a sustainable technique for this purpose. More innovations will bring this technology into the mainstream of buildings formation and construction processes [72]. Through this technology, the additive construction strategies facilitate topology optimization, reduce the use of materials, produce complex geometries without supporting structures and, more importantly, accumulate and integrate complex technologies in a single platform. This practice is not possible in traditional construction mechanisms [73]. Customization is achieved in complex structures by computer-aided design and improved fabrication processes. The construction complexes have been possible through digital technologies and improved material science [74]. The industries involved in building construction are moving towards digitization and adopting the 3D printing technology to convert the virtual model into an accurate model. Productivity has been increased with a reduction in operating cost by this technology for building construction [53,75].



CM and 3DP research have been a topic of extensive research in recent years in manufacturing. The 3D printer-based cloud development system and underlying manufacturing equipment are essentially a modern mode of manufacturing that substitutes mass production.




6.3. Architecture for 3D Printing Cloud Platform Service


3DP integration with CM will foster the growth of potential intelligent networks of virtual 3D cloud printing and establish a modern service-driven 3D printing manufacturing mode to accomplish the mass customization options. The service mode demonstrates the cloud printing device architecture and service flow. 3D-PCP device architecture was classified into six layers based on parameters of resources and their access, layer CM application system, and task management and execution. The first layer comprises cloud scheduling, QoS management, evaluation monitoring manufacturing, and registry allocation. The second layer includes supply chain co-operation, portals commerce co-operation, manufacturing (Mfg) co-operation, and business co-operation. The third layer comprises communication Mfg resources, Mfg resources and capability perception, connection, and layer application on-demand use and co-operation. The fourth layer includes management service, interface service generation and aggression, IoT connection and communication knowledge, cloud security, wider network, and cloud computing-based Internet services. The system architecture is divided into five layers: the interaction layer, service layer, the core layer, task layer, and applications layer, in Selection Distributions Manufacturing mode (CDM) [76] suggested by the Academic Lu team of the Chinese Academy of Engineering.



The physical layer comprises the manufacturing resources, access, and virtualization, while the service layer operates in a similar context as the control layer, core layer, and task layer. At the same time, several architectures on the 3D cloud Printing Platform consider virtual resource layers as the core components of virtual resource pools for multiple homogenous nodes. The service aggregation layer permits the configuration of service and internal calls for virtual resource pools while delivering lifecycle resources, including workflows. In another architecture, all physical and interface devices are differentiated on distinct levels. The user tool layer is assigned as part of the service layer’s functionality [77]. In [78] an agent layer to the architecture establishes a bridge between the resource demand side and the supplier. The agent layer contains the supplier of the cloud output and the demand side of the operation, the system operating connection as shown in Figure 8. A service integration architecture was developed to complete service integration [79] and it includes a physical system layer, adapter layer, service layer, control layer, and application layer. The architecture is only for the convergence of services, and the first four layers include the virtualization, servitization, and control of manufacturing infrastructure and fulfil the resource layout and compete. On the other hand, the architecture of 3DP OS [80] and 3D framework [81] for manufacturing tools have been built based on IoT and presented; namely, the resource layer, perception layer, network layer, service layer, and application layer. Furthermore, several researchers have suggested the architecture of the associated service models in the field of training [82] conventional valve manufacture [83] miniature manufacturing [84] and other areas.



Figure 9 provides the detailed mechanism of the cloud printing service system. Cloud printing service customers and cloud printing service providers are represented as the users in this system [85]. Cloud printing service customers request the printing of a model by providing the printing requirements. The request is sent to the cloud print service search engine for pre-processing and the details are sent to the cloud print service search to initiate the printing [86]. The cloud service provider delivers a database, application interface (API), and registration support for utilizing the services. Here, the cloud print search sends the request to the database and API, where it receives a message for continuing the process further on in the system. The cloud service queue refers to an order or line of these tasks that are waiting to be handled.



3DP is adopted in various industries that are a part of Industry 4.0. The advantages of 3DP include less reduction in building time, reduced waste generation, and more flexibility in the manufacturing process to develop a complex design, which ultimately leads to a reduction of cost [87,88]. Additionally, automation in the construction process will help with better monitoring of the work, reduce manpower and manual labor involvement, and increase safety during the manufacturing process [89]. In addition, there are opportunities for the recycling and reuse of the printed materials when it is desired. Researchers have predicted that adopting this technology in the construction sector will open up incomparable design opportunities and merge construction technology with digital technology [90].



The 3DP process can be made more innovative by focusing on the technology-based research work with innovation, developing expertise in this sector, financial sustainability, unification, and encouragement of territorial equality [36]. The IoT can be incorporated in the construction technology for real-time monitoring of different parameters and the work area, enhancing safety precautions while the construction work goes on [37,91].



A sensor-based integration system is achieved in the IoT technology to gather and monitor the data remotely. There are many pieces of evidence that exist regarding the incorporation of IoT technology for smart building construction. Another digital technology that can help build construction is the artificial intelligence (AI) network [92]. AI in construction refers to machines involved in undertaking tasks as though they have human skills, planning, self-correcting, reasoning, etc.



One more piece of technology that can revolutionize the construction industry is big data analysis (BDA). Big data includes the information that the existing tools cannot store, retrieve, or analyze concerning the processing speed, volume, and the range of data [93,94]. It is predicted that big data can be used to improve the output of the BIM model and thus increase its efficiency [95]. Almost all core technologies in the 3D–PCP service period are included, as seen in Figure 10, in the five aspects of the study. The next section summarizes the emerging trends and service structures in the successful 3D–PCP global sector. We include a resource for researching 3D printing platforms via comparisons of each platform.





7. Challenges and Recommendations


In this section, we will be addressing the challenges and recommendations associated with 3DP technology and CM. Section ‘a’ addresses the challenges, and section ‘b’ address the recommendations associated with 3DP and CM.



7.1. Challenges


There are many challenges associated with 3DP technology, although it has widespread applications in various industries. Some of the challenges concerning the construction industry are discussed here.



	
The fourth industrial revolution, known as Industry 4.0, deals with computer technology and automation, which can revolutionize the construction processes by incorporating 3DP technology in the near future. Complex architectural design, precise execution of the design through 3D printing technology and computer technology will be the driving force of Industry 4.0. However, the present scenario has some challenges that need to be addressed to adopt this technology in the mainstream of developmental processes.



	
In the last three industrial revolutions, many developments have occurred with ignorance of the environment, leading to a major industrial contribution to global warming. The time has come to adopt changes through Industry 4.0 with more focus on sustainable development, without affecting the fine balance in the environment and the ecosystem. Some more challenges involve the lack of availability of skilled personnel to operate 3D printers in the construction of buildings, less investment in the AEC sector, and slow progress in the adoption of cyber-physical systems (CPS) for the fourth industrial revolution [96,97,98]. The operation of the CPS system is controlled and coordinated by computer algorithms integrated with the Internet. Thus, real-time data can be gathered and assessed with automatic linking to the virtual models allowing the collaborated work in the whole chain [99,100].



	
Exploring the printing materials for building constructions with the appropriate material mixture, buildability, pumpability, and printability is important [74]. Commercially produced ready-made material mix has disadvantages such as greater expense and difficulty in procurement in remote areas. The drawbacks associated with the structural design are the lack of codes and standards regulating the industry’s existing designs and construction standards which cannot be applied to 3D printing technology [101].



	
When we discuss process efficiency, the 3D-printed constructions are more susceptible to changes in environmental conditions than conventional construction processes. To cite an example, if it is a rainy weather condition, it will be more convenient to place a framework made up of wood in a traditional approach, rather than using printable concrete materials for the purpose [50]. Although automation has many advantages, there are certain circumstances where the demand for manual labor is more for socio-economic sustainability. This is necessary for the people who get their daily work from the construction industry [102]. Automation will reduce the employability opportunities in society. There are some studies where bagged materials are used for printing, but this approach lacks most of the logistical benefits under 3D printing construction technology. The transportation cost is added to the total cost, and there is additional manpower, labor, and time required, besides the cost involved in this process. Additionally, the bagged material mix can affect some of the benefits gained with 3D printing technology, such as the scope of cutting down the emissions by using fewer industrialized raw materials [5].







7.2. Recommendations


This article presents a detailed overview and analysis of the 3D–PCP in the global market and addresses issues in the existing operation mode and infrastructure, such as the lack of cloud technology and 3D printer network research and the constraint of advanced configuration technology. Eventually, there is evidence of future trends in service mode fusion, unit encapsulation technology analysis, and the macro-and micro-level phase of service processes. Indeed, several key technological problems need to be investigated on the 3D cloud printing platform [23]. Based on the studies on the role of 3D printing technology in the construction industry, some recommendations are highlighted here, which can further enhance the prospects of this technology in various sectors while safeguarding the environment and maintaining sustainable growth and development of society.



7.2.1. Automation with Robotics


Automation should be prioritized with the incorporation of robotics in 3D printing technology. Construction-scale robotic systems can be employed for complex formwork production through this technology. Significant benefits will be achieved in freeform manufacturing, cost, and reduced generation of waste materials by implementing robotics in 3D printing technology.




7.2.2. Predictive Analytics for 3DP


Monitoring the machinery’s performance in 3DP is necessary for detecting the imperfections in it. Here, the inclusion of sensor technology provides an opportunity for predicting the imperfections through data analytics. Data analytics with artificial intelligence (AI) techniques are applied to the sensors data for predicting the imperfections in machinery [103,104,105] Predicting the imperfections at an instant time avoids the degradation of the machinery with minimum cost.




7.2.3. Research for Integration of CM with 3DP


Integration of the CM with 3DP will be delivering high potentiality in the future for replacing traditional manufacturing. However, extensive research is required for overcoming the challenges; namely, 3DP service process control, 3DP service optimized configuration, and 3D printer networks. In 3D printers, enhancing the 3D printer access to the cloud platform is an area open to further research.




7.2.4. Eco-Friendly Printing


For sustainable growth, the printing processes should be more eco-friendly, safeguarding our environment and ecosystems. Overall, the 3D printing technology has ample opportunities to explore different manufacturing sectors further, and now society is moving towards 4D printing technology. Perhaps, in the near future, advanced versions will be adopted for holistic growth and development.




7.2.5. 5G Technology for IoT-Based Cloud Manufacturing


IoT-based cloud manufacturing requires continuous, fast, and reliable intercommunication between the machines and users. To meet the above requirements, 5G technology is the prominent solution for implementing high-end predictive analytics on the 3D printing machinery [106,107]. 5G technology provides less latency and allows more data to travel faster. 5G facilitates a secure means of transmitting the time-critical events in manufacturing, even in the predictive analytics of 3D printing.






8. Conclusions


The sustainable development goals (SDGs) were formulated by the UN, aiming to achieve a sustainable environment for global citizens by 2030. Concerning this goal, the construction industry requires more focus on sustainability in order to combat GHG emissions, generation of waste, and consumption of water and energy resources. Sustainability in the construction industry is possible with innovative 3DP technology and IoT-based CM. 3D printing technology has been proven to revolutionize the construction industry with more automation, less cost involvement, more design complexity, and, more importantly, an environmentally friendly approach. As the building model of the 3DP in the digitalized format, it provides an opportunity to utilize the IoT and cloud for establishing the digitalized services and environment. This paper highlights the research and development of core 3DP CM platform technologies; namely, access technology for 3D printers, 3D–PCP service architecture, optimization technology for 3D printing services, control, and scheduling technology for 3DP services, and assessment technology for 3D printing services. Additional important topics mentioned here include automation with robotics, predictive analytics for 3DP, research for enhancement of integrating CM with 3DP, eco-friendly printing and 5G technology for reliable and fast connectivity for IoT-based CM.
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Figure 1. Conventional mechanism vs. 3D printing (3DP) mechanism in construction. 
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Figure 2. Phases of the 3DP process [27]. 
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Figure 3. Relationship of systematic parameters for large-scale AM implementation in construction. 
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Figure 4. Front view and side view of “Office of the Future” in Dubai, manufactured by 3D printing technology [11]. 
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Figure 6. The 3D-printed building “Apis Cor House” was constructed in Russia [11]. 
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Figure 7. Architecture of CM system. 
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Figure 8. 3D-PCP framework in recent studies. 
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Figure 9. Cloud printing service system operation relationships [32]. 
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Figure 10. CM based 3DP platform. 
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