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Abstract

:

The robotic arm has emerged as an essential tool for the rapid construction of high-quality buildings due to its ability to repeat instructions, achieve precise positioning and fine operations. The robotic arm can also effectively replace workers to complete building construction under low temperature and short daylight conditions. Thus, it can be forward-looking to construct modular buildings in cold region, but how to realize the construction of modular buildings through human-machine coordination and remote operation is a significant issue. This article discusses the feasibility of robotic arm assembly design methods in the field of architecture by simulating the complete design and construction process of modular buildings. According to parameterized module design, a three-dimensional computer model is transformed into an electronic file that directs the action of the robotic arm to complete assembly via a custom processing program. This article details a theoretical and practical exploration of the construction of modular manipulators and has certain guiding significance for the intelligent design and construction of future buildings.
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1. Introduction


As a high-precision, multi-input, and multi-output, highly nonlinear, and strongly coupled complex system, the robotic arm is widely used in industrial assembly, hazardous environments, and other fields due to its unique operational flexibility. The progress of technology has prompted people to have higher requirements for their living environment, not only at the aesthetic level, but also in terms of functionality, requiring buildings to provide a safer, more comfortable, and more convenient environment. At the same time, the increasingly fast pace of life has catalyzed the efficiency of building construction. Therefore, higher requirements for buildings, such as standardized design, refined construction, and rapid construction have emerged as mainstream construction trends in recent years. The development of a standard construction process from computer digital modular design to robotic arm construction can facilitate the application and promotion of the robotic arm in the construction field to meet these demands.



1.1. Modular Design


The concept of modular design originates from industrial design and refers to the deconstruction of the overall product into a series of modular units based on different functional analyses within a certain range. Different design can then be formed through the selection and combination of modules [1]. Modular design is widely used in electrical appliances, machinery, aviation, and other fields, and is conducive to the serialization, combination, generalization, and standardization of industrial production [2]. Since Ford adopted the modular design method to build the production line in 1913, architects have attempted to employ modular design to realize the standardization and economy of buildings [3]. The modular construction of buildings is relevant in a large range of scenarios. It involves the combination of independent standardized units with similar sizes and properties through the design of a complete system to form a whole building [4]. Compared with traditional building design, modular design sometimes has the following advantages: (1) Economic advantages: building modules can be prefabricated in a factory, and the assembly line method greatly reduces building materials and construction time; (2) reproducibility: as modular design adopts a universal structure, the building modules can be replaced and recycled, and the building can also be reorganized; (3) ecological advantages: modular buildings use emergent design ideas, the buildings are variable, and the building area can be continuously adjusted according to the actual needs of the building’s functions. The traditional modular building construction process is based on the functional requirements proposed by the client in which the architect designs the modules, the factory prefabricated unit processing, and the construction party performs on site assembly. This form of multiparty cooperation creates a unified modular building pattern. An architectural plan that is too standardized will fail to adapt to the individualized and differentiated needs of modern society [5,6]. Therefore, a transformation from mechanical production to digital manufacturing is underway to meet these demands.




1.2. Robotic Arm


The application of automation and robotics in the manufacturing industry is profoundly affecting the development of architectural design. Robotic arms are the hallmarks of general-purpose machines. They can accept instructions to accurately locate a point in three-dimensional (or two-dimensional) space for operations and integrate advanced control technology and a memory system that can accurately complete complex motion instructions many times. As a combination of automation and robots, robotic arm construction technology can effectively liberate building design from the constraints of traditional architectural methods as an emerging technology in the field of building design [7]. The robotic arm can realize operations similar to that performed by a human arm and can replace humans in situations requiring heavy labor [8]. Compared with traditional manufacturing, robotic arms have the advantage of completing tasks more quickly and working uninterrupted 24 h a day. The robotic arm has higher accuracy, which can ensure that the structure and shape of the product are consistent in quality. It can also replace humans in complex and dangerous environments.



Connecting robotic arms with modular building design can provide revolutionary breakthroughs. A number of explorations and applications of robotic arms in this field have already occurred. In 1985, Warzawski pioneered the application of robotic arms in the field of construction engineering, discussing its advantages in high-quality construction, labor-saving, and risk reduction [9]. In the past 40 years of subsequent development, many excellent cases of robotic arm intervention in building design and construction have been presented. Dutch designer Joris Laarman used a robotic arm to build a 12-m long steel bridge, realizing the construction of complex shapes [10]. The team at Tongji University in China used human-machine collaboration to fabricate a bridge and realized the construction of a larger span [11]. A joint experimental project between America’s building design company SOM and Princeton University with Delft University in the Netherlands used a robotic arm to complete three-dimensional cast glass masonry [12]. The 3D printing company ICON and BIG building design company cooperated with NASA to design a lunar architectural plan based on 3D printing [13].



In theatrical aspect, Cambridge handbook in construction robotics book series provides a comprehensive, systematic and detailed discussion of the application of robots in engineering. Among them, robot-oriented design is more for theoretical perspective, which discusses the mechanized ideas in the processes of creativity, design, construction, and management [14]. The construction Robots discusses the types of construction robots and the combination of site construction from the perspective of specific applications [15]. A research team from Inha University explored the feasibility of robotic arms for building construction by conducting several experimental tests on robotic arms that perform building installation [16]. The University of Alberta scholars have also proposed a more efficient solution to the collision problem that robotic arms may face when building prefabricated modular components [17].




1.3. Advantages of Robotic Arms in Building Design and Construction


The robotic arm is highly applicable to modular design, which requires a high level of precision. The standardized preparation of modules and precise connecting of components can be completed using a manufactural robotic arm in a factory. This process is the foundation of the overall construction of a building. The robotic arm can also realize the high-precision and rapid assembly of modules. In this process, operating the robotic arm through the numerical control program can more accurately locate building modules and achieve precise equipment selection. Thus, combining a robotic arm with modular design can help achieve high-precision, low-cost, and rapid building construction [18].



In addition to realizing free form and precision machining, the robotic arm also has the capacity to innovate the conceptual design process. Architects can consider the construction process at the beginning of design and write computer “programs” to directly command the robotic arm to participate in design and construction. In this process, the theory, design, materials, manufacturing, and construction are considered together as a whole. As a result, mass production is naturally transformed into mass customization [19]. Thus, modern industrial machinery technology could realize the digital processing and manufacturing of nonstandard modules through control coding. Compared with the traditional modular building design and construction methods, the combination of robotic arms and modular building has the advantage of higher flexibility, which will improve the diversity of results [20].



The advantages of robotic arms in modular buildings located in cold region are mainly reflected in the following three aspects. First, the robotic arm can carry out construction in extreme environments and complex conditions, such as replacing workers in extremely cold or dark areas. Second, the robotic arm has higher construction accuracy. Compared with humans, the robotic arm can perform high-precision and repetitive tasks with minimal errors. Third, the robotic arm can carry out more complex construction, and combined with a generation program, it can realize the construction of complex shapes in a three-dimensional space.



This research aims to provide a complete design method for the robotic arm to intervene in the design of modular buildings in cold region to realize unmanned construction of modular buildings. Previous research into the subdivision of modular buildings using robotic arms has been carried out by university architectural research institutes, such as The Bartlett Faculty of the Built Environment BC4 research course at University College London. However, existing research results have largely focused on the masonry process of small bricks or blocks [21]. There remains a lack of research on the mechanical installation of the overall module. Thus, this research focuses on using the robotic arm to assemble the overall module and integrating the robotic arm concept into the entire building design process. In addition, as extreme weather in cold region presents higher requirements for the design and construction of manipulators, construction in cold region is another key aspect of this work.





2. Methodology


2.1. Work Flow


Before proposing a modular cold region building design method using robotic arms, it is necessary to analyze the similarities and differences between cold region construction and non-cold region construction. The construction of robotic arms in cold region mostly employs the remote operation mode. Thus, the program must be set in advance so that the robotic arm can complete the construction autonomously. Therefore, in addition to the construction function, the robotic arm should also have error monitoring and self-correction capabilities. In the construction environment, the construction manipulator should have the ability to build at ultra-low temperatures, and its electrical components should have a certain degree of self-deicing ability. In terms of the combination of modules, as most buildings in cold region have a centralized layout, multiple module groups should be closely integrated, and internal modules must be installed first. Therefore, the overall construction route needs to be reasonably designed in advance.



Based on the high correlation between modular design and robotic arm construction and its role in the design and construction of cold region, the design of modular cold region using robotic arms should adopt the following workflow.



	
Deconstruct the function of the building, establish the construction environment and the scale of the building through a systematic analysis of the overall building task, and dismantle the overall task.



	
Classify the functional space, disassemble the task functions of the building into different types of building modules, and configure the corresponding traffic and service modules.



	
Reconstruct the organizational order, set the parameters of the different types of building modules to be formed, determine the association and separation relationship, and set the proportion of the module in the overall building.



	
Generate the construction program, determine the construction space domain through the construction environment in the first step, and reduce the negative space to form an overall frame. Generate a continuous space sequence under the overall frame and reasonably fill the space sequence with modules.



	
Simulate module assembly by determining the storage space of the construction materials (modules) and the operating space of the robot arm. Employ this as a basis to combine the multi-manipulator coordination technology and error monitoring technology to realize the simulation assembly (Figure 1).







2.2. Man-Machine Collaboration Method


The six-dimensional robotic arm can be used to perform the construction tasks for the building boxes. To complete the tasks, the robotic arm must move in a predefined trajectory that avoids possible collisions with the other boxes and equipment. As shown in Figure 2, the red dashed line represents the desired trajectory with the start point    (   x 0  ,  y 0  ,  z 0   )    and the end point    (   x f  ,  y f  ,  z f   )   . The construction problem is then reduced to a control design that drives the robotic arm to follow the desired trajectory. To this end, the dynamics of the robotic arm described by a differential equation and a classic controller can be easily designed. First, the dynamic model of the robotic arm is given according to the following equation [22]:


  M  ( q )   q ¨  + C  (  q ,  q ˙   )   q ˙  + g  ( q )  = τ −  τ b   



(1)




where   M  ( q )    is the inertia matrix,   C  (  q ,  q ˙   )   q ˙    is the vector of centrifugal and Coriolis forces,   g  ( q )    is the gravitational forces,  τ  is the control torque, and    τ b    is the external torque imposed by the boxes. Let    s d    represents the desired trajectory, which can be inversed to the desired joint movement by making use of the following relationship:


   q d  = φ  (   s d   )  ,      s d   ( 0 )  =  (   x 0  ,  y 0  ,  z 0   )  ,            s d   ( t )  =  (   x f  ,  y f  ,  z f   )   



(2)




where the function  φ  represents the inverse kinematics of the robotic arm which can be determined based on the geometrical parameters and structure of the robotic arms. The joint position error


   q ˜  =  q d  − q    



(3)




which is measurable and employed to design the controller based on classic PID control and the advanced adaptive control methods. PID control refers to a control system that controls the proportion, integral and derivative of the error generated by comparing the information collected in real-time data of the controlled object with the given value in the industrial process control. PID control has the advantages of simple principle, strong robustness, and wide range of practicality. In the following, the PID-based control method is given according to the research results in [23]:


  τ = M  (   q d  −  q ˜   )   K 1   q ˜  + M  (   q d  −  q ˜   )   K 2    q ˜  ˙  + M  ( q )     q ¨   d  + C  (  q ,  q ˙   )   q ˙  + g  ( q )  +  τ b     



(4)




where    K 1    and    K 2    are the tuning control parameters, the tracking position error   q ˜  ,      q ¨   d   ,    τ b    can be measured or computed via sensors. With the control design, the robotic arm can finish the building construction with satisfactory performance, theoretically guaranteeing complex automatic construction in the cold region.




2.3. Case Study


The exhibition area of a typical cold museum building is used as the research case in this article. The site is selected for two primary reasons. First, there are different types of functional spaces in museum buildings, which can be summarized into four categories: exhibition space, service space, horizontal transportation, and vertical transportation. Fewer space types are the basis of modular building design. Second, according to different building types, buildings can be divided into strong control buildings and weak control buildings. Strong control buildings mean that the spatial function layout and flow organization of the building are greatly affected by the building type, and the building must comply with strict specifications. Thus, the design randomness is weak, such as in schools and hospitals. Conversely, weakly controlled buildings are those where the spatial layout and crowd organization are less affected by the type of building, and the design of the building has a certain degree of autonomy and randomness. Compared with strong control buildings, museum buildings are weak control buildings that provide a certain degree of autonomous operation for the reorganization of modules.



This article uses the location of Harbin, a cold region city in the northeast of China, as an example in our deconstruction of modular buildings that contain complex spaces. The building is broken down into modules with different functions and recombined after optimization. We explore a set of “codes” that conform to morphological generation and structural logic and use Grasshopper as the operating platform to direct the robotic arm to simulate assembly.





3. Robotic Arm Assembly Simulation Experiment


3.1. Modular Building Deconstruction and Classification


Modularity is the operational logic of top-down decomposition of a system layer by layer to solve complex problems, which aims to decompose complex system processing into more manageable modules. Drawing on this logic, the museum is first decomposed into 3 m × 3 m × 3 m conceptual modules based on its size, and then the decomposed modules are classified based on the different functions of the museum: functional space module, public space module, horizontal traffic module, vertical traffic module, etc. In order to make the deconstructed space more adaptable to the needs of modular architecture, we use the polyominoes and polycubes mathematical models [24] to make integrated functional modules with generalized, standardized, and adaptable properties for robotic arm construction. Different modules can be freely combined and expanded to produce a variety of spatial possibilities. In this scheme, the building modules can adopt a steel structure frame, using 10-mm thick variable cross-section L-shaped steel, and the main materials can be connected by cube members with a side length of 100 mm, and a cube module with a side length of 3 m can be formed finally, details shown in Figure 3.



The horizontal traffic module and functional space module are defined as families A and B, which can be arranged at ground level or 1/2 level locations. The vertical traffic module is defined as family C, which connects the ground level and the 1/2 level by stairs or elevators. The remaining modular spaces, i.e., public space modules, are defined as family D. Finally, the museum is simulated, and the modules of each family are connected to each other. The polyominoes and polycubes methods are used in the mathematical model [24] to make the integrated functional modules appear generalized and standardized. Adapt to the needs of robotic arm construction. Different modules can be freely combined and grown, creating a variety of space possibilities. These modules are only a simple simulation of the basic space of the building. However, the simulation results in this paper can be seen as an abstract “code” logic, and the realization of the real building will require further refinement and order reconstruction.




3.2. Modular Building Order Reconstruction


Combining the module parameters together is vital to further explore the logic of the “code” generation. We introduce a mathematical permutation algorithm based on the logic of combining multiple cubes in three-dimensional space to form an unknown architectural space. The process uses two generators in the VBScript, the Line and Point (L.P.) Generator and the Family Generator.



The design process is as follows. An L.P. Generator is used to generate random lines in a specific domain, and a cube is obtained based on the control points. The cube is replaced with modules, and the paths are interpolated and considered as combinations of different families. Using the family calculator, a combination of modules is selected, and the building is generated. Under this reconstruction logic, modules are free to grow, while realistic conditions and subjective ideas act as the only controlling factors. The method of generating modular buildings is deduced based on this logic. The complete space is formed as a solid by the division of the modular combinations, and the part that is divided out can be seen as a negative space, which is considered an outdoor area. The modules that combine the paths become the positive space of the traffic area if they are present in the indoor circulation space of the building, and the intermediate space between the positive and negative space can be used as a functional space. The robotic operation route is shown in Figure 4.



On the basis of the previous steps, the four families could be then developed into more precise modules to simulate actual buildings. Some parts are the connection space, where new families E, F, G are created as other traffic connection module. A total of eight groups and 20 modules are included in the system. Combining parameter modules is a key step to further explore the “code” generation logic. Here, we introduce the mathematics permutation and combination algorithm, based on multicube combination logic in the three-dimensional space to form an unknown architectural space. In this process, two calculators (generator) are used in the VBScript, the dot-line calculator (L.P. Generator) and the family calculator (Family Generator). Design process: Use L.P. Generator to generate random lines in a specific field, and get cubes based on control points. Replace the cubes with modules, intersperse paths, and treat them as a combination of different families. Use the family calculator to select a combination of modules to generate a building. As far as the first logic is concerned, modules grow freely, and realistic conditions and subjective ideas are the only controlling factors. Based on this logic, the generation method of modular building is deduced. The complete space is divided into cubes through the division of obstacles, and the divided part can be regarded as a negative space and as an outdoor space. If the module that combines the path presents the building’s indoor circulation space, it becomes a positive space and serves as a traffic space. The intermediary space between the positive space and the negative space can be used as a functional space.




3.3. Module Growth “Code” Design


The process of module “generating” can be summarized as follows:




	
Determine a reasonable spatial domain as the usable space of the building;



	
Subtract the negative outdoor space to get the indoor space;



	
Use the previous generator to design a reasonable continuous space as circulation space so that the remaining area can be used as functional space;



	
The positive circulation space, the middle functional space, and the negative outdoor space will constitute the whole building (Figure 5).








This design approach increases the freedom and diversity of modular building results. Among them, the generated modular building may produce many results because the shape and position of the module combination can be easily controlled, and the continuous space is randomly generated. The results can be optimized to enhance variation of the original single path forming a linear space, where the original modules can be replaced with a third interface to enrich the spatial variation by using specific polycubes (tetra-cubes). For modular buildings containing complex flow lines, in cases where multiple paths exist in the building, they can be calculated separately and combined and connected with X-modules as joint spaces at the intersections. The R module may be any of the previous race modules, and attention should be paid to its continuity in multiple directions. Thus, the “code” design of the modular building is completed.




3.4. Assembly Simulation of Modular Buildings


In this section, we simulate the assembly of a small museum. The entire building is in a cube of 15 m × 24 m × 9 m. The external space is removed to obtain the internal space, and then the appropriate continuous space is calculated as circulation space, and the rest is used as functional space. The functional space can be used as video rooms, storage, staff rooms, toilets, etc. The circulation space is the main exhibition space, which contains six different flow lines that can be combined to form a 3D exhibition traffic network. Figure 6, Figure 7 and Figure 8 show that the relationship between the various streamlines is close, and the spatial streamlines are rich and diverse.




3.5. Modular Construction and Assembly Using Robotic Arms


In the robotic arm assembly simulation experiment, the module is designed to be realistic and simple to operate, and the construction process is as close to reality as possible. The module is of medium size, with a side length of 50 mm. Three-dimensional printed sticks (linkage rods) and nodes are used as the structure of the module, both with magnets inside to increase the stability of the structure. Steel balls with a diameter of 10 mm are placed at the apex of the module as joints to connect the different modules. Interior floors, stairs, and walls are simulated with laser cut wooden panels. The ABB Robotics IRB 120 robotic arm, combined with the tool, is employed for the assembly. The tool magnetically attracts the joints of the cube using four steel screws and connects the steel balls using a large magnet with the middle screw.



As the computer randomly generates all positions of the different modules, a strategy for assembly needs to be developed for the path design of the robotic arm. First, a set including all six families and steel balls is designed. The specific operational paths are then designed with a computer using Grasshopper to simulate the generation of the module building by “code”. The numbers of all families of modules are translated into a process code that directs the movement of the robot arm to automatically calculate the route of all robotic arms.



Finally, the museum exhibition hall in Harbin is simulated by connecting modules of different “clans” together (Figure 9). These modules only perform a simple simulation of the basic space. Therefore, the simulation result in this article is only regarded as an abstract “code” standard, and the realization of the real architecture will require further refinement.





4. Discussion and Conclusions


The method described in this work provides a new way for manipulators to intervene in architectural design. It is a way to achieve a direct link between computer design models and modular construction. Thus, it requires the adoption of new design strategies and techniques.



The recommended design strategies for the design of modular buildings using robotic arms are summarized as follows. First, a prefabrication strategy should be adopted. The core modules of the building should be prefabricated in a factory to minimize operations on the construction site. Building modules should have a high degree of integration, including structures, maintenance walls, various equipment, etc., and should also be prefabricated in the modules in advance. Second, a standardized strategy should be adopted. Building modules with uniform standards can be replaced between different buildings, can be reused many times, and have material-saving efficiency. Third, sophisticated strategies should be adopted for building modules in all aspects of their design, production, and assembly. This will result in reduced errors in the module components so that they can be accurately assembled into a whole onsite.



The following design methods are recommended for modular building design using robotic arms. First, the method of man-machine coordination should be employed so that construction staff can control robotic arms in real-time and make quick adjustments to the preset programs according to the onsite situation. The mechanical arm should also have a certain protection function. Thus, when other people or equipment enter its operating range, it will automatically stop. Second, the module emergence method could be used. By combining the preset parameters, the intelligent emergence of modular combination methods through the program will form a variety of conceptual design schemes. The architect can then compare and optimize according to the generated schemes. Third, intelligent supervision methods can be used. Camera equipment can be set on the robotic arm and combined with cloud computing for automatic image recognition to check the construction process and avoid incorrect construction in real-time.



At present, the application of robotic arms to modular construction still has certain limitations. While manipulators have been widely used to replace human manual operations in the industrial production of automobiles and household appliances, their application in building construction faces continued challenges. As buildings are unlike industrial products and often unique in design, the robotic arm operating system must be repeatedly redesigned. In this case, the load of the robotic arm needs to reach 827 kg to carry the weight of a modular steel frame, and the span of the robotic arm needs to reach 8 m to realize the hoisting of the modular building. There are still challenges in using a huge robotic arm to achieve construction in cold region, and key technologies still need breakthroughs. Additionally, as the building module itself has a relatively large mass and volume, the assembly of the building module by a robotic arm requires a high load capacity. Finally, the precision operation requirements of construction have not yet been met. However, as the technology progresses, robotic arms will increasingly participate in construction to meet demands for high-quality environments, the industrial transformation of buildings, and construction technology development.



This article systematically discussed the development processes of modular building and robotic arm intervention in architectural design research and listed out the advantages of combining the two. A man-machine collaboration method using robotic arms to design modular buildings in cold region was put forward. Employing the case study of a museum in Harbin, the design and construction process was completely simulated, and the design inspiration and application limitations were discussed. This research provided a preliminary exploration of the involvement of robotic arms in the design of modular buildings in cold region to inform the design and construction of buildings through mechanical engineering experience.
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Figure 1. The workflow of modular building design. 
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Figure 2. Robotic operation route. 
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Figure 3. Module detail. (a) Module layout. (b) Components. (c) Components connection mode. 
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Figure 4. The module construction process. 
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Figure 5. Module growth code by grasshopper. (a) Constructive part; (b) Generative part. 
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Figure 6. Generated building frame type A. (a) Unabridged; (b) reduce 10; (c) reduce 15. 
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Figure 7. Generated building frame type B. (a) Unabridged; (b) reduce 10; (c) reduce 15. 
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Figure 8. Generated building frame type C. (a) Unabridged; (b) reduce 10; (c) reduce 15. 






Figure 8. Generated building frame type C. (a) Unabridged; (b) reduce 10; (c) reduce 15.



[image: Sustainability 14 01452 g008]







[image: Sustainability 14 01452 g009 550] 





Figure 9. One design proposal based on simulation result. 
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