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Abstract

:

Additive manufacturing has drawn significant attention in both academia and industry due to its capabilities and promising potential in various sectors. However, the adoption of this technology in large-scale construction is still limited due to the numerous existing challenges. In this work, a comprehensive review of large-scale automated additive construction, its challenges, and emerging advances with a focus on robotic solutions and environmental sustainability is presented. The potential interrelations of the two topics are also discussed. A new classification scheme of available and emerging robotic solutions in automated additive construction is presented. Moreover, the vision of environmental sustainability is explored through three lenses: process, material, and printed large-scale structures/buildings. Finally, the current challenges and potential future directions are highlighted. The provided state of the art and challenges can be used as a guideline for future research on large-scale automated additive construction.
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1. Introduction


Additive manufacturing (AM), also known as three-dimensional (3D) printing, has drawn significant attention in different industrial sectors, including aerospace [1], soft robotics [2], automotive [3], electronics [4], medicine [5], and construction [6]. In this layer-by-layer manufacturing process, a wide range of materials, such as metals, polymers, ceramics, glass, and sand, have been used [7,8,9]. Among the several benefits of AM is the rapid fabrication of geometrically complex products at a relatively lower cost. According to the ASTM international committee [10], AM has been classified into seven categories: binder jetting, material extrusion, direct energy deposition, material jetting, sheet lamination, powder bed fusion, and vat photopolymerization. In the context of large-scale automated additive construction, also frequently referred to as additive construction, i.e., the adoption of AM techniques for large-scale construction, such as the construction of walls, buildings, and bridges under automated computer control [11], extrusion-based and powder-based techniques are recognized as the most promising processes [12]. Due to the automated nature of the AM process, the adoption of AM in construction not only leads to fewer errors, fewer waste materials, and a reduction in relevant costs, but also enables the construction of smart structures using functional material. Moreover, applications of AM in the building and construction industry can lead to a significant reduction in the global total carbon dioxide emissions.



Concrete is known as the most common construction material; it has been utilized over the years and is still used in modern buildings [13]. Based on the distinctive properties of concrete and its variants (e.g., compressive strength, fire resistance, and durability), it has been used in a diverse set of applications, such as offshore structures, residential buildings, bridge construction, dams, and driveways [14,15,16,17]. Since the consumption of more than 40% of the worldwide resources is associated with the construction industry [18], advances and progresses in this field can lead to large impacts and significant changes in different domains. For instance, optimization in construction projects has a great influence on energy consumption and climate change. Considering the capabilities and benefits of AM, it is expected that this technology can open up new opportunities for large-scale construction. Nonetheless, despite various attempts, research in the field of automated additive construction is still in its preliminary stages.



Due to the importance of automation in the construction industry and to enable future innovations in these areas, a review of the current literature is critical. Despite some available review papers on the topic [19,20,21,22,23,24,25,26,27,28], in this work, the authors aim to provide a comprehensive review of the existing relevant literature and emerging topics on large-scale automated additive construction with respect to robotic solutions and environmental sustainability. Moreover, discussions on the interconnections of the two topics of robotic solutions and sustainability in automated additive construction (currently not well addressed in the literature) are presented. First, an introductory overview of large-scale additive construction, its general applications, and its materials utilized is presented. Next, a new classification scheme of the robotic solutions in additive construction is presented based on available and emerging topics, followed by a review of the literature within each class. Third, the environmental sustainability research in additive construction is viewed from three different lenses: process, material, and printed structures. The process lens considers the environmental sustainability (e.g., energy consumption) of the process, including the adopted AM technology and the robotic solution/platform. The material lens categorizes the available studies based on the type of the construction material, while the lens of printed structures deals with post-construction sustainability. Finally, existing gaps and future research directions are highlighted. It should be noted that although the terms “automated additive construction” and “additive construction” are used interchangeably in the literature, the manuscript uses ‘‘additive construction’’ for consistency. Moreover, although the definition of sustainability is broad and can point to environmental, social, and economic impacts, in this manuscript, the term “sustainability” refers to environmental sustainability.



The rest of this paper is organized as follows: Section 2 presents the adopted systematic review methodology. In Section 3, a brief introductory overview of AM in large-scale construction and its evolution through the years is presented. Applications of robots in this field have been reviewed and summarized in Section 4. In Section 5, the state of the art on the sustainability and environmental impacts of additive construction is reviewed and studies are clustered into three groups. Next, in Section 6 current challenges and prospects are outlined. Finally, the conclusion is presented in Section 7.




2. Review Methodology and Paper Structure


This review aims to address the following research questions:




	-

	
Motivational research question 1: What robotic solutions have been found suitable for the purpose of additive construction and what are their advantages, disadvantages, limitations, and emerging challenges so far?




	-

	
Motivational research question 2: How does the current research tackle the environmental sustainability challenge in the domain of additive construction and what are the current emerging topics and limitations?









To answer the above questions, a systematic literature review is adopted to identify the literature with a focus on the papers published between 2000 and 2022. Two separate searches of the literature were conducted for each of the two aspects of robotic additive construction and sustainability in additive construction and were then filtered and studied. The majority of studies were found to be focused on only one of the above topics. The detailed steps of the search and selection mechanism are described as follows.



The scientific published works in different databases and libraries, including ScienceDirect, SpringerLink, ASME digital collection, Scopus, ACM digital library, Wiley online library, ASCE, and PubMed, have been reviewed. The adopted search keywords include but are not limited to “concrete 3D printing”, “sustainability”, “life cycle impact”, “large-scale additive manufacturing”, “robotic 3D printing”, “automated construction”, and their combinations (as shown in Figure 1). The search results generated over 500 documents, which were further narrowed down based on the title, abstract, and content. Among the search results, papers that were not relevant to this study were removed, and the published original research that was peer-reviewed and written in the English language was selected to review in this paper. Moreover, some of the excluded documented research works satisfying the following criteria were included to the search and have also been analyzed to identify challenges and future research directions:




	(i)

	
Pioneering studies in the field of additive construction published prior to the year 2000;




	(ii)

	
Advances on robotic AM with applications in the domain of additive construction (on a larger scale);




	(iii)

	
Advances on sustainable material with applications in the additive construction domain. The overview of the paper’s structure per the above methodology is shown in Figure 2.










3. Evolution of 3D Printing in Large Scale Construction


Although AM was introduced in 1980s [29], the literature review indicated that one of the first attempts in cement-based 3D printing towards large-scale additive construction was made by J. Pegna [30]. Given that majority of traditional construction formwork and components are made from cement-based material, the terms “cementitious” or “concrete 3D printing” are frequently adopted in the literature to refer to the field of additive construction and are also the focus of this Section for the purpose of introducing the field. Nonetheless, other types of material, including clay, ceramics, wax, foam, polymers, combinations of these, and even metals (as both structural reinforcements and building components, such as window frames), have also been studied by the literature [31,32,33]. Considering the beneficial impacts of AM in construction industry, its applications have progressively increased in this field. In the following subsections, a brief introductory overview of existing methods, applications, and materials of large-scale AM is provided.



3.1. Methods


Utilizing AM in construction has provided numerous benefits. For instance, it has led to a significant reduction in worker injuries as it is less dependent on a human workforce. Moreover, due to the time-saving and capability of AM in fabrication of geometrically complex components, it is a cost-effective technique [34]. It is noteworthy that, some AM technologies and robotic platforms have the potential to be used in the construction industry under different weather conditions, which can potentially reduce the negative effects of weather on traditional construction [35]. Nonetheless, controlling the print quality remains a critical aspect in such scenarios.



Currently, there are different methods of cementitious or concrete 3D printing in the construction industry, as summarized in Table 1. The main criteria used for each category are the adopted AM technology, resolution of printed features, scale of the components, and the fabrication site. Brief details of these methods are listed below:




	-

	
Contour crafting: an extrusion-based technique suitable for the construction of a building in a short time [41]. In this method, a gantry system is installed at the construction site to carry the nozzle. The first layer is created by the nozzle movement and after curing it is hard to support the next fresh layer of cement [42]. In Figure 3 several advantages of contour crafting are presented.




	-

	
Concrete printing: in this method, cement-based parts are produced layer-by-layer without using trowels. Hence, the resolution of the final structural elements is lower than that of the contour crafting technique. However, in concrete printing, a better control of dimensions is achievable [43].




	-

	
Concrete on-site printing: developed at the TU Dresden, Germany, and intended to bring 3D concrete printing directly into the building sites. High geometrical flexibility and the utilization of commonly used construction machinery are advantages of this technique [44].




	-

	
D-shape printing: a powder-based printing method that is suitable for the offsite construction of small-scale structural components [45]. In this technique, the component is built up by bonding of the powder and a binder. In this respect, a printing head with several nozzles must be used to spread the solid powder and the binder. Figure 4 shows a six meter side D-shape 3D printer and print heads.




	-

	
Emerging object: uses the powder-based technique to selectively harden a proprietary cement composite formulation by the deposition of a binding agent [46]. This technology was developed in the USA and used to manufacture a tall freestanding tempietto with a footprint composed of 840 customized 3D-printed blocks [47].




	-

	
It is noteworthy that additional supports are required for concrete printing and the D-shape technique, which consequently increases the production time and waste material. In this case, additional deposition equipment must be used, which can be considered a drawback of these two methods [22]. In addition to the above, the limited printing dimension and low process speed for concrete printing and the D-shape technique, respectively, are among some of disadvantages of these techniques.
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Figure 3. Main advantages of contour crafting. 
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Figure 4. D-shape 3D printer with 300 nozzles (left), and print head (right) [48,49]. 
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3.2. Applications


Among the different applications of AM in large-scale construction are the fabrication of small- and large-scale building components or structures (both on-site and off-site), the printing of acoustic structures, and precast components. In the structures fabricated based on D-shape printing, heat treatment as post-processing can improve durability and the strength of the parts [48]. In Figure 5 some examples of 3D-printed components based on three of the mentioned printing techniques in Table 1, as well as a printed digital grotesque, are illustrated.



Cost reduction is one of the advantages of AM in construction compared with traditional construction. AM is a construction technology that does not use a conventional formwork, while in traditional construction, the formwork represents 35–60% of the overall cost of the concrete structure. Moreover, using AM in construction can reduce the quantity of the workforce associated with development. Consequently, there is a reduction in the cost of servicing staff, for instance, in transportation, cooking, and protection. Although waste materials can be used in AM for construction and it reduces the cost, doing post-processing is unavoidable in some cases, which increases the cost of 3D-printed structures. As AM has been receiving great attention in recent years, further investigation is required to determine the cons and benefits of AM in the construction and building industry.



The qualities and structural performance of 3D-printed parts depend on several factors, such as resolution, printing trajectory, nozzle geometry, printing speed, and post-processing [50]. In many cases, the optimization of these parameters can increase the printing quality [51]. Additionally, there are several parameters that should be determined and defined prior to printing [52], for example, pump pressure, support material, and dimensional parameters (e.g., maximum bead layers) for different printing regions. A comparison of printing techniques shows that the powder-based AM method has significant advantages. More specifically, the powder-based AM method has been considered without limitation in the design phase of structural components. Furthermore, in powder-based AM, structural complexity has almost no effect on the production time. Currently, attempts are being made to answer demands and overcome size limitations in all the AM techniques.




3.3. Material


Based on the several favorable characteristics of cement (e.g., superior mechanical and chemical properties), it is the most used initial component in the construction industry, and consequently among the most popular materials in additive construction. Conventional concrete is easily and readily prepared using cement and some additives, but it cannot be directly utilized in AM applications. In order to use the material for printing purposes, a sufficient yield stress is necessary. Indeed, the material must be able to hold the next deposited layers on the previous layer without deformation. In [53], the properties of 3D printable cementitious materials are explained. There are several specifications that must be met to confirm the usability of concrete in AM. For example, extrudability, pumpability, and level of reliability must be considered and checked before practical applications. In [54], the properties of 3D printable cementitious materials are described. Low viscosity behavior and high yield strength can be obtained by printable materials with thixotropic properties. This type of material can be smoothly extruded, and the final shape of the printed part can be retained after extrusion [55].



Parallel to the advances in printing technology, attempts have been made to improve the mechanical properties of cement-based 3D printing materials. In this context, fiber reinforcements have been performed and different materials, such as polymers, glass, steel, and carbon fibers, have been used [56,57,58]. In a study by Kosson et al., carbon nanofibers have been used in the fabrication of 3D-printed cement composites [59]. Other experimental [60] and numerical finite element modelling approaches [61] for evaluating different reinforcement strategies, e.g., a concrete beam reinforced with a 3D-printed, bioinspired primitive scaffold, and for predicting of structural failures under various stress cycles have been reported recently. A review of these reinforcement strategies and technologies for the 3D printing of concrete is presented in [62]. Figure 6 illustrates some of the different active and passive reinforcement methods in large-scale AM. In conventional methods of concrete reinforcement, rebar is used, but in AM, special fibers are required which should be sufficiently small in diameter.



Among the adopted material, ordinary Portland cement was used in most of conducted research projects [67,68,69]. In a few studies, non-Portland binders (e.g., calcium aluminum cements, sulfur-based cement, and limestone calcined clay cements) were used [70,71,72]. Several recent studies focused on the improvement of material properties and buildability of 3D-printed concrete [73,74,75]. For example, two technologies for improving buildability in concrete 3D printing were reviewed and discussed in [76]. In the first method, buildability is enhanced during the initial mixing of concrete, while the second technique can improve the buildability at the print-head. The latter includes mixing accelerators, heating, and magnetorheological control at the print-head to increase the yield strength of the material. Moreover, the effects of AM parameters, such as nozzle height and head speed, have been investigated in previous studies [77,78,79]. For instance, in [80] it was documented that the increase in printing time gap had led to a decrease in bond strength.



Although hybrid printing systems have been used to reinforce 3D-printed concrete and improve mechanical properties, a review of research progress indicated that the development of green construction materials is necessary to decrease energy consumption and minimize environmental impacts. These materials must present suitable flowability, buildability, and extrudability to meet AM requirements. Advances in cement-based printing materials are one of the essential pillars tied to the application of AM in the construction industry.





4. Application of Robots in Large-Scale Additive Construction


Industrial robots are important components of today’s manufacturing systems and have been adopted in a wide variety of applications, including manufacturing [81,82], inspection [83], assembly [84], recycling [85], and material handling [86]. An emerging trend in the smart manufacturing of the future is robotic AM [87,88,89], which introduces numerous advantages in the fast, efficient, and sustainable printing of high-quality customized products. More specifically, in the field of automated construction and large-scale AM, robots have found to be key enablers and extremely beneficial as they are reliable and versatile, thus enabling multiple tasks or processes at the same time by adjusting the end effector [90].



Figure 7 summarizes the different aspects, using which the current studies and developed robotic solutions for automated additive construction in the literature can be classified, with the “platform” as the most commonly used category of classification. However, when it comes to the unique aspects of such robotic solutions, consideration of the locomotion and teamwork methodologies in addition to the adopted platform should be explored. Consequently, in the following subsections, we explored these three aspects individually. Moreover, given their lower significance, fewer available studies, and their connection, the aspects of process, application site, application, and material of robotic solutions are explored jointly in one subsection. The robotic solution is found to be suitable to print components of different sections, such as the foundation, the walls, and the roof. Moreover, the print materials and parameters can be adjusted/changed from one section to another to address their requirements. For example, one may decide to integrate the hollow section inside the walls to accommodate for the installation of insulation, cables/wires, and pipes. In that case, the infill pattern and path plan are adjusted to create the required hollow structures. Moreover, the fabrication site of those sections (on-site/off-site), material, and the height and size of the components could also guide one in identifying the proper robotic solutions, such as the type of the robotic solution (e.g., gantry versus articulated) and mobility.



4.1. Platform


The adopted robotic platforms for automated additive construction include gantry/crane robots, articulated robots, cable-suspended robots, and more recently proposed flying and climbing robots.



Gantry and crane robots: Traditionally, gantry and crane robots have been adopted in industrial settings for a large number of tasks due to their stability and ability to handle high workloads [91]. Consequently, the majority of existing large-scale AM platforms reported in the literature are based on stationary gantry or crane systems/robots equipped with an extruder and material feeding system. Gantry-based 3D printers are equipped with actuators that control the linear movements along the X, Y, and Z directions of the cartesian coordinate. Cranes or one-legged gantry robots, on the other hand, are capable of rotational movements in addition to the vertical and horizontal movements. Nonetheless, both robotic systems can only print structures that are encompassed within their build envelope. Examples of these additive construction platforms include gantry-based contour crafting [92], D-shape or selective binding processes [48,49], and concrete printing [50,93]. Figure 8 illustrates crane and gantry robots and their application in large-scale AM.



Although the programming, planning, and control of these robotic solutions towards automated sustainable construction are challenging tasks [97,98,99], they are still considered relatively easy when compared to other types of robotic platforms, such as articulated, cable-suspended, flying, or collaborative printer robots. However, the limited reachability and degrees of freedom (DOF) of gantry or crane robots (i.e., generally three) limits the direction of build and types of structures they can fabricate. In order to ensure the quality of print, and minimize the risk of collision, recent studies has focused on the integration of smart sensors and vision systems to the gantry or crane robot solutions for real-time monitoring and control [100].



Articulated robots: Another popular robotic platform for additive construction is based on articulated robots. In most cases, commercial robots are adopted due to their availability and pervasive technology advances, and AM end effectors are designed and mounted on the robot arm. The application of robotic arms for AM instead of overhead crane or gantry systems has received significant attention in the past few years [101,102]. For example, a large-scale printer robot arm for the fabrication of ultra-high performance concrete was developed in [103] based on a novel tangential continuity slicing method. Kwon et al. [104] later developed a stationary articulated 3D printer robot for the mold-less fabrication of carbon fiber-reinforced thermoplastics. Chan et al. [105] adopted a stationary robotic arm for AM based on the direct ink writing process and investigated the effect of the solids volume fraction of an aqueous clay paste suspension on its printability. Virdis3D [102] is a stationary particle-bed 3D printing robotic platform with an accuracy of 0.01 inch and capable of fabricating sand molds, mold cores, and investment casting patterns. Powder-based robotic printers are generally less studied or addressed compared to extrusion-based robotic printers due to the more complex nature of the process, higher maintenance requirements, and higher volatile organic compound emission potentials.



Cable-suspended robots: Cable-suspended robots are among the less expensive and more transportable solutions towards large-scale AM [106] compared to the previous approaches, but have a few drawbacks with respect to control and accuracy [107], especially under extreme weather conditions, which are less explored [108]. These parallel robotic solutions generally consist of an end effector attached to an external frame using multiple cables. The end effector is manipulated by retracting/extending the attached cables using a set of motors. Additionally, the frame can be easily reconfigured, disassembled, and reassembled to modify the workspace. One of the first cable-suspended robots proposed for automated large construction and AM is based on RoboCrane [109], a crane-type robotic platform proposed by a group of researchers at NIST. Bosscher et al. [106] proposed a fully automated cable-suspended robotic solution called Contour-Crafting-Cartesian-Cable (C4), a robot for contour crafting. Barnett and Gosselin [107] introduced a six DOF cable-suspended parallel robot with unique features, including geometric feedback and support techniques with promising potentials for large-scale AM. Izard et al. [110] further showcased the limited collisions from the cables of these platforms for large-scale AM applications. To enable large-scale fabrication, a novel system design was recently proposed by Jung [111] which could minimize cable inference while maximizing the workspace. One of the tallest commercial parallel robotic solutions has been developed by WASP, a 3D printing company based in Italy [112]. Their “BigDelta WASP 12m” model, shown in Figure 9b, is a 12 m high and 7 m wide printer with a payload of 200 kg, and has been frequently adopted in the field of low-cost sustainable housing construction. SkyBAAM [113] is another cable-driven robotic platform for large-scale fabrication developed by the Oak Ridge National Laboratory (ORNL) and studied in detail with respect to its kinematics [114]. Although cable-driven 3D printers are promising in the field of construction, future research in the areas of vibration reduction, the accurate control of cable motions especially in outdoor environments, the integration of online vision systems for real-time quality control, and system design improvements to simplify the vertical motions for printing tall structures are required.



Flying robots: Drone technology or unmanned aerial vehicles (UAVs) are frequently adopted for surveillance of construction or mining sites, collecting asset data, monitoring construction progress, inspection, and even assembly/construction by picking and placing material [115,116,117,118,119]. Nonetheless, combining AM with flying robots for construction purposes is far less explored. The aerial maneuver capability makes 3D printing flying robots extremely beneficial for the in situ repair of large-scale structures, such as bridges, or for accessing areas that are generally inaccessible by the robotic solutions (particularly ground-based robots) discussed above. Hunt et al. [120] were among the first group of researchers to develop a 3D-printed flying robot prototype for midflight printing and demonstrated its potential for repairing damaged structures and bridging gaps in terrains. Dams et al. [121] further demonstrated the feasibility of aerial 3D printing, using drone technology for repairing civil engineering structures using expanding polyurethane foam. To realize large-scale additive construction using flying robots, several challenges need to be addressed with respect to the limited suitable material availability, low payload capacity, stability issues affecting print accuracies, short battery life of existing flying robots, as well as limited efficient material delivery and refill solutions between print cycles. In addition, due to the small size of the available flying robots and the relatively slower print speed, the fabrication of large structures would probably be ideal only if a team of flying robots are assigned to the task. Consequently, the majority of existing research on 3D printing with flying robots is limited to repair applications and proof of concepts.



Climbing robots: More recently, the idea of climbing 3D printing robots to address the printing size limitations was explored. Koala 3D [122] is among the first continuous climbing 3D printers that can navigate vertically along an object being fabricated, thus producing objects that are larger than itself. Although the authors only printed small-scale structures using the developed climbing robot, the potentials of this approach for large-scale construction were discussed and highlighted. Climbing robots, similar to flying robots, are expected to have more flexibility and less limitations with respect to the maximum size of the structures they can fabricate when compared to other terrestrial mobile printing robotic solutions. Moreover, they are expected to be more stable compared to flying robots because of their anchoring capability. However, as this is an emerging concept especially in the field of large-scale fabrication, a significant amount of research is still required to address the following challenges: (i) the effect of robot weight, the anchoring mechanism, and anchoring points on the deformation of printed objects, especially in cement-based material; (ii) the multi-stage recalibration requirements after re-anchoring stages to increase accuracy and precision; (iii) the existing print speed limitations; and (iv) feasible path-planning strategies and climbing mechanisms for complex objects.




4.2. Locomotion


The existing robotic solutions for additive construction can be categorized into mobile and stationary based on their locomotion properties. Stationary robots are grounded robots which can only operate within their build/reach envelope. Mobile robots, on the other hand, can reposition themselves (during or in between processes) in order to reach different locations or regions and expand their working volume. Mobile robotic solutions generally require a more advanced vision and control system for navigation, localization, and relocation [123] to eliminate collision, reduce print inaccuracies, and address fine tolerances. In addition, while relocation during the process (i.e., printing while repositioning) can provide much larger continuous work volumes compared to relocation in between processes (i.e., printing while stationary but repositioning in between builds), it requires a full body motion planning which is generally more sophisticated and thus less explored in the literature [124,125].



In the context of large-scale additive construction, the majority of the adopted robotic solutions (e.g., gantry or cable-suspended robots) are stationary due to their grounded base and can only print structures that are located within their build envelope. This translates into the large size of these platforms since they should be large enough to fully encompass the construction structure. On the other hand, few studies have explored the application of mobile robots, mainly mobile articulated robots, in large-scale additive construction, as illustrated in Figure 10. A mobile robotic platform named “ATHELET: All-Terrain Hex-Limbed Extra-Terrestrial Explorer” was proposed in [123] for the large-scale AM of walls, hard paving, domes, etc., using materials extracted from the local environment. In [126], a sensor- and camera-equipped holonomic mobile platform with ArUco markers was adopted for the localization, odometry, and repositioning of the robot arm during the printing process. The digital construction platform (DCP) proposed in [124] is a material- and process-independent platform based on a mobile compound robotic arm system with a radial reach of over 10 m and load capacity of 158 kg. The platform is composed of a large mobile aerial lift system (Altec AT40GW), a smaller six DOF electric robotic arm (KUKA AGILUS KR 10 R1100 sixx WP) mounted at the aerial lift’s endpoint, and a laser sensor, mounted on the KUKA wrist, for environment sensing, platform control, and repositioning. So far, the motion planning and control of these mobile compound robotic platforms and the closed-loop control for high accuracy printing based on advanced image processing and machine learning techniques remain as the most critical challenges in this field [127,128]. Moreover, multi-axis tool path planning and topology optimization are among the other directions of research [129,130].



While mobile articulated robotic arms can expand their working and reach envelop, their vertical reach is still limited as their mobile platform (either a wheeled carrier, aerial lift, or holonic platform) is still considered to be grounded. In addition, ground mobility can be easily compromised in rough terrains or routes. Consequently, mobile robotic solutions that can access the targets using an aerial path, such as drones/UAVs, have become popular.




4.3. Teamwork


One of the rather more effective and economical solutions for AM of large-scale components in a short amount of time is using a team of robots, also commonly referred to as swarm robotics or collaborative robots, instead of a single robot. The vision to adopt an “army of mechanical ants” in the field of large-scale additive construction, was first introduced by Pegna in 1997 [30]. In this approach, multiple coordinated (generally mobile) robotic agents work together efficiently to perform the assigned task, i.e., printing the structure in our case. However, optimal coordination and planning among such systems towards higher efficiency and print accuracy/quality remain open challenges in the literature. Traditionally heterogeneous and homogeneous swarm robotics (Figure 11) have shown promising potentials in many construction and non-construction applications [133], including assembly and bricklaying [134,135,136] and continuous fiber or filament winding [137,138,139], as well as hazardous or extra-terrestrial environments. In the field of additive construction, however, multi-robot systems are rarely studied in the literature.



The feasibility of large-scale AM using a team of ground-based mobile robots was recently explored by Zhang et al. [126] and Shen et al. [140]. In [126], each entity consisted of an articulated robot arm mounted on a holonic mobile platform, as shown in Figure 12b, which could move around the component. In addition, the different modules for optimal segmentation, robot positioning, motion and trajectory planning, navigation, localization, task assignment, and deposition were discussed. On the other hand, Shen et al. [140] adopted a parallel positioning of stationary articulated robots located on opposite sides of the geometry, as shown in Figure 12a, enabling the continuous extension of the platform from the sides. Both studies observed superior efficiency of their multi-robot platforms for additive construction when compared to single-robotic solutions. Sustarevas et al. [141] developed a mobile robotic printer called “YouWasp” and explored different methods and algorithms towards task decomposition, allocation, and collision-free printing between a team of autonomous printing entities using both simulation and physical experiments. In addition, they investigated the accuracy of the print and highlighted the necessity of a multi-scale sensing and layered control system for a higher accuracy of the print structure. The segmentation and scheduling tasks of multi-robot cooperative 3D printers were also addressed by Poudel et al. [142,143] for collision-free 3D printing. The potentials of adopting multiple robots/drones for assembling droxels, a novel 3D-printed block-based construction structure, was also recently proposed and experimentally studied via a ground-based articulated arm [144].




4.4. Application, Fabrication Site, Process, and Material


Application and fabrication site: The different application domains of robotic solutions for additive construction can be summarized as follows: on-site fabrication of the main large-scale structures [41,92], off-site prefabrication of full-scale components for construction of buildings, including panel and walls [145,146,147], fabrication of formwork [148,149,150], and repair of construction structures [120]. The fabrication site and application aspects are generally tied to the adopted robotic solution, including the platform, locomotion, and teamwork capability. As an example, although crane/gantry or cable-suspended robots might be a more suitable option for the on-site fabrication of buildings when compared to an articulated robot, a team of collaborative articulated and flying robots with mobility might be considered an acceptable replacement strategy depending on the maturity of existing technologies, case-specific requirements, and budget constraints. On the other hand, a flying robot would be a more cost-effective option for the repair of infrastructures compared to a gantry. In other words, gantry/cranes and cable-suspended printer robots are currently the most cost effective in the factory setting for the off-site pre-fabrication of large construction components, and their adoption for the on-site fabrication of full-scale buildings is limited due to their economic concerns, their limitations to printing structures larger than themselves, inefficiency to print overhangs and some other complex features, and instability under extreme weather conditions.



Process: In addition to the printing of large-scale structures using various AM technologies, the adoption of robotic solutions for the surface finishing of large-scale structures or surfaces, in form of a hybrid process, have been explored in a few studies. As an example, the FreeFAB process [148], is a gantry-based robotic system for coarse 3D printing and the subsequent milling of complex formwork and molds up to 30 m × 4 m × 1.5 m in dimension. The hybrid additive and subtractive manufacturing capabilities led to significant cost and time savings compared with traditional approaches. For example, in an attempt to reduce the need for surface finishing or post-processing, Lim et al. [151] demonstrated the feasibility of curved-layered concrete printing for the fabrication of large-scale construction components with smooth surfaces. It is noteworthy to mention that although studies on hybrid AM techniques are abundant in the literature [152,153,154], their applications for large-scale additive construction and their challenges are rarely explored. Thus, further investigation is needed to shed light on the practical problems in this field.



Material: With respect to the material research tied to the robotic solutions, the development of lightweight reinforced material with high durability and possibly expansion capabilities for the repair of construction structures is necessary given the low payload capacity of existing flying robots, as also highlighted in the literature [121].





5. Environmental Impacts and Sustainability of Additive Construction


Based on the literature, the existing studies on environmental impacts and sustainability of large-scale additive construction can be classified into three distinct categories: (i) sustainability of the process, (ii) sustainability of the material, and (iii) sustainability of the printed structures. The following subsections summarize the ongoing research within each of these categories.



5.1. Environmental Impacts of the Additive Construction Process and Adopted Robotic Solutions


Due to the proliferation of AM in a wide range of applications as well as increasing environmental concerns, AM’s environmental impacts and sustainability have become an important issue in the community [155]. Although additive construction is generally reported as an environmentally friendly alternative to traditional construction techniques [156], detailed research on different aspects, such as energy consumption, waste materials, and air pollution of the additive construction process and the adopted robotic solutions, should be considered. The LCA method is among the most popular approaches in the literature to evaluate and compare the environmental impacts of the additive construction. For example, Agustí-Juan et al. [157] compared the sustainability of robotic additive construction with the conventional construction method through the life cycle assessment (LCA) method according to ISO 14040-44:2006 [158]. In this regard, several factors, such as human toxicity, freshwater eutrophication, freshwater ecotoxicity, water depletion, and metal depletion, were considered. Another recent study used the LCA method to study and compare the environmental sustainability of a hybrid additive–subtractive concrete printing process based on a cable-suspended robot with traditional injection molding process [159]. It was observed that in mass production scenarios, both the hybrid and conventional approaches have similar environmental impacts due to the potential re-use of the mold. More recently, Batikha et al. presented a comparative study and reported that 3D concrete printing behaves similar to cold-form steel and produces approximately 32% less CO2 emissions compared to other construction techniques [160]. Table 2 presents the most recent studies that used LCA to determine environmental effects of AM for concrete construction.



More recently, analytical efforts towards characterizing and minimizing the environmental impacts in additive construction have been reported. For instance, Haghighi et al. [165] proposed a framework for energy-efficient multi-robotic AM in large-scale construction based on a team of articulated robot arms equipped with automated guided vehicles for horizontal motion and relocation. The concept of the reciprocal energy map was adopted for the optimal positioning and relocation of printer robots to minimize the energy consumption.



The environmental benefits of AM are more visible in the construction of complex structures. Indeed, geometrically complex structures can be constructed without significant additional environmental impacts, as also reported in [157]. Therefore, the benefits of AM in construction industry increase proportionally based on the complexity of the structural elements. In contrast, in conventional construction techniques, higher complexity generally leads to more waste materials. As AM is energy-intensive, the application of renewable energy sources in the 3D printing of concrete can make this process more sustainable economically and environmentally. Moreover, the environmental prospective of AM in the construction industry depends on other factors, such as greenhouse gas emissions, energy generation, and transportation methods, hence, further research is required to determine the effects of these factors in detail.




5.2. Sustainability of Materials for Large-Scale AM


The mechanical performance of a 3D-printed structural component depends on a mix of design (e.g., cement type, water to cement ratio), printing parameters (e.g., printing speed, extrusion pressure), and external environmental conditions. Therefore, the type of material has a significant effect on the sustainability of the final product, and optimized parameter values are required to obtain sustainable 3D-printed parts. In [89], it has been documented that AM has a great potential for the reduction in material usage in the construction industry. This is achievable through the construction of complex geometries without supporting materials based on topology optimization. Large-scale AM generates less material wastes compared to traditional techniques and raw materials with low embodied energy must be used for optimization purpose. In [166], two types of construction material in large-scale AM were compared. To this aim, LCA was used to study concrete and cob (a sustainable earth-based material). The evaluation indicated that cob-based construction followed by AM leads to lower environmental impacts. A series of recent studies has investigated 3D-printed materials in the construction industry [167,168]. For instance, in [167] a feasibility study was performed on sustainability of magnesium potassium phosphate cement paste for 3D printing. In this respect, researchers used magnesium potassium phosphate cement with different ratios of fly ash and evaluated the different properties (e.g., buildability, porosity, and compressive strength) of the 3D-printed samples. It was concluded that using waste cementitious materials increased sustainability. There are several studies which considered earth-based materials (e.g., cob) as sustainable construction materials for large-scale AM [169,170,171]. Cob consists of sand, clay-rich soil, water, and straw and exhibits high indoor air quality and sustainability benefits.



Over the past few years, there has been a significant increase in the amount of research on the use of geological and recycled materials in large-scale AM. For instance, the AM of geo-polymer concrete for sustainably built environments has been investigated in [172,173,174]. The AM of geopolymer as a promising technology was introduced in [172]. Indeed, application of fly ash based geopolymer cement for 3D printing of structural elements was evaluated. Based on the experimental results, it was reported that the mechanical properties of 3D-printed geopolymer are dependent on the loading direction, and this material can be used as green material. Sustainable cement-based composites have been examined in [175]. In fact, a cement-based composite containing microcrystalline cellulose was developed and tested. Experimental practices confirmed that microcrystalline cellulose improved the rheological properties and increased yield stress significantly. The microcrystalline cellulose is considered sustainable, because of its renewability and biodegradability. Later, in [174] the life cycle of geopolymer concrete was investigated. Although utilizing 3D printing geopolymer concrete can reduce the carbon footprint, it has a negative influence on abiotic resources. Researchers found that a reduction in silica in the recipe of the geopolymer can improve sustainability and environmental benefits. A study by Bhattacherjee et al. [176] explores the sustainability aspects of binders used in concrete 3D printing. To this aim, the literature on the different binder systems used for producing 3D printable mixtures is reviewed. In fact, the researchers emphasized the influence of using supplementary cementing materials for improving the sustainability of 3D-printed structures.



Currently, material waste is one of the main problematic issues in the construction industry and recycling is as an effective solution. In [177], Dey et al. presented a review of 3D-printed concrete made with industrial wastes. Utilizing recycled materials in large-scale AM can solve different problems, which has been investigated in previous studies [178,179,180,181,182]. For example, in [180], waste material was used in mortar–polymer laminar composite. Fly ash was added to normal mortar and a series of compression tests were conducted on the 3D-printed lattice-like sheet specimens. A comparison of the results indicated that specimens containing recycled material offer a lower cost and higher sustainability. At the same time, a solid waste was utilized in 3D printable concrete [181]. In short, different types of municipal solid waste were used in concrete mixtures, and different mechanical tests were carried out to determine the properties of printed parts. The obtained results showed that yield stress was enhanced by utilizing waste materials. Moreover, it was reported that added waste materials have a favorable influence on the rheology of printing concrete. A recent study investigated magnesium oxide (MgO)-activated slag as a cementless material for sustainable AM [183]. Indeed, MgO as an alternative to slag was used for spray-based AM. Based on a series of experimental practices, the dynamic and static yield stresses were determined. Considering the results, it was claimed that the developed mixture can be used as a sustainable material for AM in the construction industry. Recently, researchers quantified the sustainability potential of recycled concrete in 3D-printed buildings [184]. More specifically, key sustainability aspects were identified, and it was reported that the increase in utilizing recycled aggregate has led to less pollutant emissions. In [185], researchers developed eco-friendly mixtures with a high environmental sustainability while retaining the mechanical performance. In particular, three printable eco-friendly mixtures were prepared in which 60% of the cement was replaced with silica fume and fly ash. In recent studies [186,187], recycled glass and aggregate micro fines were used in 3D-printed concrete, respectively. Experiments indicated that the addition of glass particles increased the flexural strength of the 3D-printed concrete. Moreover, the dosage of aggregate micro fines has an influence on the printability of the mixtures, and utilizing aggregate micro fines can improve the compressive strength of 3D-printed concrete.



As documented in [188], the construction industry has a crucial role in the environment worldwide (e.g., 40% solid waste generation, 40% energy consumption); therefore, optimization efforts in this industry have led to significant impacts on its environmental effects. Although utilizing robots and high-tech construction equipment leads to an increase of energy consumption, material scientists have showed the effects of material optimization on the environmental impacts of large-scale AM [189]. Indeed, it has led to the improvement of the energy efficiency of the final building and a better environmental performance over the entire service life. It is also noteworthy that the environmental influence of large-scale AM is different from one location to another, according to the source of energy consumption and its pricing. In detail, when electricity generation is based on fossil fuels, the environmental impact is greater. In [190], different mixtures (modified with reactive and inert mineral additives) were designed for AM and examined. Particularly, the mixes were evaluated in terms of their rheological and mechanical properties as well as their environmental impact. The obtained results proved that a suitable material modification of mixes for AM can significantly reduce the negative impact on the environment without hindering the required AM properties.



Since properties of 3D-printed concrete play crucial roles on the performance of printed structures, the testing and evaluation of the properties are important. In this context, different testing measuerements are developed to examine the printability, durability, and mechanical properties of 3D-printed concrete. Although several conventional workability testing measuerements cannot be used for the evaluation of 3D-printed concrete, slump and slump flow can be used to determine a suitable range of printing. Moreover, measuring the properties of components during the printing process is another method to measure the printability of concerte. The peneration test measures the mechanical properties of fresh 3D-printed concrete. In addition, ultrasonic pulse velocity can be used as a non-destructive method to measure the fresh mechanical properties of 3D-printed concrete. The test methods which are currently used for conventional concrete can be utilized by determining the mechanical properties of hardened 3D-printed concrete; however, the specimen preparation could be different.



Although 3D-printed structural elements have been used in different applications, there are no specific documents about the structural performances of these elements under different weather conditions and severe environments. Due to the global growth of 3D printing, the above-mentioned area needs further research and practical investigation.




5.3. Sustainability of Large-Scale 3D-Printed Structures


While analyzing the sustainability of both process and material in large-scale AM is critical, the sustainability of the printed buildings or constructions is equally important. More specifically, with the advances of existing large-scale AM techniques, it is envisioned that many residential or non-residential buildings of the future can be constructed with such technology. Consequently, it is important to evaluate the sustainability and energy efficiency of these structures [191]. Few efforts to compare the sustainability of 3D-printed buildings with conventional techniques during construction are found in the literature. For example, a comprehensive environmental assessment of 3D-printed building elements can be found in [192]. In detail, LCA was applied for two case studies to evaluate the environmental impacts of AM and the traditional construction method. The first case was the “Sequential Roof” which is a wooden roof of Arch Tec Lab. The second case study was the concrete–sandstone composite (CSC) slab prototype, as seen in Figure 13 (both cases from ETH Zurich). The material and fabrication information was collected to evaluate the environmental impacts. The LCA results were divided into different building components: suspended ceiling and structure. Moreover, the analysis presented the global warming potential of building elements.



According to the results, significant environmental benefits were obtained during production in both case studies. It was concluded that a minimum of 30 years should be taken into account for the service life of the multi-functional building elements in order to provide environmental benefits. Additionally, the investigation indicated that the amount and type of building material play important roles in life-cycle environmental impact. In fact, utilizing recycled materials is very beneficial, but a lack of quality standards can lead to health risks which has a big effect on the demand for recycled materials. Han et al. [184] also used the LCA method to evaluate and compare the pollution as a result of concrete printing and conventional construction for the fabrication of two hypothetical building models. The pollution caused by AM was found to be more severe due to the higher concentration of cement content. Moreover, the increase in the cost of electricity caused by AM was reported to be insignificant when compared to the savings in formwork and labor. In [194], a cradle-to-grave LCA analysis was performed for a comparison of a terraced-type building (with a 60 m2 floor area and potentially 2–3 occupants) fabricated by AM and conventional construction techniques. The results confirmed the lower environmental impact of 3D-printed buildings.



Another interesting analysis is with respect to the sustainability of 3D-printed buildings at the design and application stages. This would include the assessment of different design strategies, internal printed features, and semi-hollow structures on the thermal insulation of printed structures/buildings and their overall energy efficiency. Mahadevan et al. [195] adopted a simulation-based approach to compare the thermal comfort and building energy efficiency of a simple house using three different materials, including 3D printable concrete, M25 concrete, and conventional brick masonry. It was pointed out that despite the lower environmental impact of AM during the construction stage, the energy costs of 3D-printed buildings in long term as well as the net annual CO2 emissions are generally higher when compared to conventional constructions with traditional material. Consequently, an additional comprehensive investigation on the entire life cycle of 3D-printed buildings is required. Moreover, the adoption of thermal insulating cement or material [196,197] in 3D printing for increasing the environmental sustainability of buildings can be investigated. In order to investigate the environmental sustainability of 3D-printed buildings, thermal comfort and building energy efficiency should be considered.



He et al. [198] proposed and fabricated a modular building envelope with an integrated vertical greenery system, named the 3D-Printed Vertical Green Wall (3D-VtGW), using concrete 3D printing technology. Additionally, the energy saving potentials of a small commercial building assembled from the proposed green walls were studied considering the weather data of Nanjing, China. Interestingly, it was observed that the combined effect of plant shading, evapotranspiration, and heat storage from soil contributed significantly to the building’s energy savings.



Based on increasing demands and current environmental circumstances, adaptation in AM is required as this technology is sustainable for the construction industry. In this respect, further attempts, such as developing an instrument for evaluation of sustainability of 3D-printed building products, are needed.





6. Challenges and Future Prospects


The application of AM in construction of complex structural elements is a relatively new concept and has been confronted with several challenges. Here, we have summarized the main challenges and future prospects of utilizing AM in the construction industry with respect to the existing robotic solutions and environmental sustainability issues.



6.1. Automated Robotic Additive Construction


Design and Hardware: Most of the existing literature is focusing on proof of concepts and the development of various robotic solutions for efficient and controlled 3D printing of structures based on different designs and hardware (robotic solutions, tools, as well as deposition and locomotion mechanism). Although significantly valuable, these studies rarely account for weather conditions and their impact on the ideal design of robotic solutions, as most of the prototypes are either tested in laboratories and off-site closed environments, or under normal weather conditions. As an example, the functionality of cable-suspended robots or flying robots could be easily tested under extreme weather conditions [108]. Moreover, some of the existing robotic designs or mechanisms (e.g., flying robots) are still incapable of efficient controlled printing for large-scale construction due to their hardware limitations (e.g., limited battery life, inability to carry the construction material due to their weight limitations, or inability to print mid-relocation). Therefore, novel robotic prototypes and designs considering the existing challenges need to be developed. Finally, as the economical concern is one of the main focuses in further development, additional efforts are required to propose additive construction solutions with reasonable costs of production and maintenance in the construction industry.



Software and control: In addition to the hardware design and printing mechanism, the establishment of standard control software and protocols towards the efficient printing of large-scale structures with acceptable quality using single or multiple robotic solutions would be necessary. Nonetheless, such computational framework and standardization efforts are rare and thus, would significantly hinder the widespread adoption of robotic solutions in additive construction. It is also expected that due to complexity of the planning tasks in additive construction, machine learning and data analytics solutions would play an important role in establishing such computational frameworks.



Collaborative robotic solutions: multi-robot collaborative robotic solutions (capable of collaborating with other robots as well as construction workforce) are among the emerging topics in the field with many unanswered questions, including the optimum planning, assignment, and scheduling of tasks among the parties considering sustainability, print quality, and safety concerns [126,140]. Studies on multi-robot additive construction are currently rare and mainly limited to the development of such prototypes with less attention given to the above planning challenges. Therefore, establishing an analytical and computational framework for the energy efficient collision-free process planning of such multi-robot additive construction platforms, including optimum part segmentation, task allocation, scheduling, trajectory planning, and relocation, based on the characteristics of the robotic solutions and the adopted AM processes, is necessary. Moreover, despite the existing studies on human–robot collaboration in the general field of manufacturing (e.g., assembly tasks), human–robot collaboration in the field of additive construction (e.g., construction workforce adding metal bar reinforcements mid-printing) and its safety challenges for the efficient and safe collaboration of both parties are currently not addressed in the literature.



Material and material feeding mechanism in mobile robots: in addition to the development of necessary software and control systems, the development of novel material feeding mechanisms for construction scenarios involving mobile robots is critical to minimize print interruption and collision of such material feeding systems with existing construction equipment, workers, and other robots. Moreover, utilizing flying robots for the repair of construction structures is an emerging field with many challenges yet to overcome and few studies available. In these cases, the development of lightweight material with high durability and possibly smart expansion capabilities (e.g., by leveraging the 4D printing material) is necessary, given the low payload capacity of existing prototypes [120].



Quality quantification: The decisions on the adopted robotic solutions and planning/scheduling tasks can impact the quality of the print. Although there are several analytical models and methodologies for quality characterization in different AM techniques and common printing materials, the unique quality challenges in large-scale robotic additive construction are not currently addressed in the literature. As an example, the segmentation of a large-scale structure into smaller pieces, with each assigned to one robot for printing, can create unique quality challenges that do not exist when the whole structure is printed using a single 3D printer. Examples of such quality issues are the quality of print (bonding strength) at the touching boundaries of two individually printed segments or print accuracy issues due to robot relocation and motion. Consequently, there is an urgent need for identifying and quantifying the quality of print and various challenges that can rise as a result of robotic solution-specific decisions and planning using analytical models.



Hybrid robotic solutions: Hybrid manufacturing technologies (those integrating multiple manufacturing processes into one single platform) are traditionally known for their unique capability of leveraging the advantages of all those processes while minimizing their drawbacks. As an example, a hybrid additive–subtractive process has shown potentials in producing complex geometries with a higher achievable print accuracy (compared to an AM process) as a result of the subtractive process. Consequently, in the field of additive construction, the adoption of hybrid robotic solutions, i.e., robotic solutions that can perhaps perform multiple processes in addition to the AM process, can introduce unique benefits.



Extraterrestrial additive construction: because of specific conditions in space, robotic solutions can be considered as a practical method for extraterrestrial additive construction. Therefore, research regarding the design and fabrication of reliable robotic solutions and AM mechanisms for extraterrestrial additive construction under environment-specific challenges (e.g., low or no gravitational force and extremely high or low temperatures) would be necessary. Moreover, the potentials of adopting local materials for the AM process can also be considered.



Workforce training: Given that robotic control and planning is generally a task that requires expertise, and that all construction planning activities and decisions can impact the quality of the final printed large-scale structures, standardization, workforce training, and employing skilled workers would be necessary in the field of additive construction and are among the existing challenges. In order to keep the pace with the increasing growth of this field, the re-training of workers might also be necessary in the future.



Selection guidelines and standards: It is currently not clear which specific robotic platforms, designs, and their associated capabilities are suitable for various applications in the additive construction field. More specifically, it would be of interest to identify the most appropriate robotic solution under different constraints of application, fabrication site, quality, material, process, environmental impacts, and cost.




6.2. Environmental Sustainability in Additive Construction


Analytical modeling: while additive construction is generally reported as an environmentally friendly alternative to traditional construction techniques [156], and there have been research efforts to theoretically formulate and model the environmental impacts under various processing and weather conditions, the adopted robotic solutions are currently lacking in the literature and need to be established in addition to the frequently performed LCA analyses for various large-scale components or materials. More specifically, formulations of the environment and life cycle impacts should take into account the contribution of various system elements, including the construction material, as well as AM process-specific and robot-specific properties. This is however, as mentioned, currently lacking in the literature with majority of the studies focused on either evaluating the environmental impacts of construction material or comparative studies between various materials or construction mechanisms (e.g., additive construction versus traditional construction).



Emerging robotic solutions: The environmental sustainability of collaborative or hybrid robotic solutions in the field of additive construction is not currently addressed in the literature, perhaps due to the fact that these emerging platforms are currently under initial development phases as proof of concepts. Therefore, as these solutions become more mature, efforts towards quantifying their environmental sustainability and establishing systematic process planning and scheduling methodologies for the efficient and sustainable operation of such systems should also emerge [165].



Standardization: To promote the AM technology in the construction field, general standards and protocols addressing the environmental sustainability of the process should be further developed and documented [155]. These standards will guide decision makers in selecting the right material and process mechanism with respect to their applications, considering their impacts on the environment.



Material recycling and local material extraction: Although beneficial to the environment, the potentials and challenges of material recycling in additive construction, including the development of standard recycling processes and the evaluation of the impact of recycling on the mechanical properties of the printed structures, are not fully explored yet in the current literature [179,184]. Moreover, research regarding the use of locally extracted material mixtures toward higher sustainability would be necessary.



Pre- and post-construction sustainability: per the provided categories from the literature, given that the large-scale structures fabricated using AM techniques belong to residential or non-residential buildings, evaluating the post-construction sustainability of those structures in addition to pre-construction sustainability is critical. However, the majority of the current literature is focusing on environmental sustainability analyses at the pre-construction phase and efforts towards addressing post-construction sustainability are still minimal in the literature. Moreover, pre-construction decisions (e.g., the design of the AM infill pattern within the printed walls) can impact the insulation capabilities of such structures at the post-construction phase. Thus, an ideal construction planning methodology is expected to take into account the impact of such decisions in the post-construction phase.



Design for sustainability: Based on upcoming industrial revolution, we can locate the technological innovations which can contribute to transforming the design process into a more sustainability-aware procedure. This is since the design of structures can affect sustainability issues both for material selection and the construction process. Such design methodologies are also expected to consider the integration of building features, such as cables and electrical wiring, water pipes, insulation layers, etc., as well as the necessary support structures and their effects on the environment and material efficiency. In addition, the fragmentation of communications between experts can be reduced by using previously analyzed information. This can support designers in making design choices with a greater awareness of the influence on the result in regards to sustainability.



Sustainability versus quality: The most sustainable option might not necessarily provide the best quality. The potential tradeoffs between such decisions towards ensuring the quality and functional requirements of constructions should be considered. The majority of the existing research on sustainability in additive construction neglects this interrelation at the present moment.



Transportation of off-site constructed components: minimizing transportation efforts can clearly benefit the environment by reducing the carbon footprint [38]. Inventions for the on-site fabrication of structures are thus critical to minimize avoidable relocation/transportation of off-site constructed components.



Print quality has always been a challenge. Some quality aspects are due to failures of the print mechanism (e.g., mechanical failure of the extruder or possible clogging of the nozzle) but some are due to the intrinsic nature of the process (e.g., layer by layer mechanism which transfers variation in one layer to another, deformation of layers, etc.). Destructive tests are frequently adopted for quality control (generally after the print) however, non-destructive quality control mechanisms for the real-time in situ monitoring and control of such quality issues are increasing in popularity. These are mainly achieved through adopting cameras, advanced computer vision, artificial intelligence, and signal/image processing techniques.





7. Conclusions


This paper reviews the current progress and future challenges in the field of large-scale automated additive construction with a focus on the environmental sustainability (from three lenses of AM processes, material, and 3D-printed structures) as well as available and emerging robotic solutions, including hybrid and collaborative solutions. Among the various general challenges and research gaps highlighted, the following aspects are found to be less explored by the literature: (1) systematics approaches for sustainable planning in hybrid platforms and collaborative robots for additive construction; (2) decision support platforms to identify the most suitable AM process and compatible robotic solutions for a given application by characterizing the impact of various combinations of material, AM processes, and robotic solutions on the environment as well as the quality of the print; and (3) the evaluation of the lifecycle impacts and environmental sustainability of printed structures, especially in the post-construction phase in addition to the construction or pre-construction phases (the current focus of the literature). Moreover, with the majority of the literature focused on proof-of-concept studies, establishing a computational framework and standards is necessary to help promote this technology in the construction industry. It is expected that with future advancements and standardizations in this field, and consequently the reduction of additive construction costs and uncertainties, we will observe a significant proliferation of the AM in the construction industry.
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Figure 1. Selected keywords for the search process. 
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Figure 2. Paper’s structure and review methodology. 
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Figure 5. Full-scale printed structures through (a) D-shape printing, (b) concrete printing, (c) contour crafting process [43], and (d) printed digital grotesque [48]. 
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Figure 6. Different reinforcement methods for 3D-printed concrete (a) AM via introducing a steel cable into the concrete layer [63], (b) early version of reinforcement entrainment device [64], (c) contour crafting combined with vertical steel reinforcement [65], and (d) reinforcement in contour crafting [66]. 
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Figure 7. Categories and different aspects of the adopted robotic solutions for automated additive construction. 
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Figure 8. Gantry and crane robots for large-scale AM (a) illustration of a gantry robot printer and its three axes—COBOD [94,95], (b) illustration of a crane robot printer and its three axes—ApisCor [96], (c) concrete printing using a gantry robot [37], and (d) concrete printing using an ApisCor crane robot [94,96]. 
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Figure 9. Cable-driven large-scale 3D printers (a) Cogiro cable-driven parallel robot with a Pylos extruder [110] and (b) BigDelta WASP [112]. 
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Figure 10. Different categories of articulated robots for large-scale AM (a) stationary articulated robots [131], (b) horizontally mobile articulated robots [126], (c) vertically mobile articulated robots [132], and (d) both horizontally and vertically mobile articulated robots [124]. 
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Figure 11. Illustrations of different categories of multi-robot solutions for non-AM based construction (a) homogenous, i.e., uniform entities [135], and (b) heterogeneous, i.e., diverse entities [139]. 
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Figure 12. Developed multi-robot 3D printing system by (a) Shen et al. [140] with stationary robots, and (b) Zhang et al. [126] with mobile robots. 
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Figure 13. 3D-printed prototype of CSC slab (Digital Building Technologies, ETH Zurich, Switzerland) [193]. 
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Table 1. Cement-based AM technologies for large-scale construction.
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	Techniques
	Advantages
	Country
	Ref.





	Contour crafting
	Superior surface finish
	USA
	[36]



	Concrete printing
	Smaller resolution of deposition
	UK
	[37]



	Concrete on-site printing
	Lower dependency on skilled workers
	Germany
	[38]



	D-shape printing
	Construction of complex geometries
	Italy
	[39]



	Emerging object
	Construction of interior structures
	USA
	[40]
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Table 2. Utilized LCA for evaluation of AM in concrete construction.
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Material

	
AM Process

	
Main Environmental Effects Contributor

	
Ref.






	
Concrete

	
Extrusion-based

	
Concrete

	
Printing system

	
-

	
[161]




	
Concrete

	
Extrusion-based

	
Concrete

	
Electricity

	
Formwork

	
[162]




	
Cementitious

	
Extrusion-based

	
Electricity

	
Carbon emission

	
-

	
[163]




	
Concrete

	
Extrusion-based

	
Concrete

	
Electricity

	
Transportation

	
[164]
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