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Abstract

:

The construction industry is currently technologically challenged to incorporate new developments for enhancing the process, such as the use of 3D printing for complex building structures, which is the aim of this brief. To do so, we show a systematic study regarding the usability and performance of mobile manipulators as displaceable 3D printing machinery in construction sites, with emphasis on the three main different existing mobile platforms: the car-like, the unicycle and the omnidirectional (mecanum wheeled), with an UR5 manipulator on them. To evaluate its performance, we propose the printing of the following building elements: helical, square, circular and mesh, with different sizes. As metrics, we consider the total control effort observed in the robots and the total tracking error associated with the energy consumed in the activity to get a more sustainable process. In addition, to further test our work, we constrained the robot workspace thus resembling real life construction sites. In general, the statistical results show that the omnidirectional platform presents the best results –lowest tracking error and lowest control effort– for circular, helicoidal and mesh building elements; and car-like platform shows the best results for square-like building element. Then, an innovative performance analysis is achieved for the printing of building elements, with a contribution to the reduction of energy consumption.
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1. Introduction


Construction automation (CA) is defined as the integration of intelligent machines (e.g., building robots and/or embedded and dedicated systems) [1], printing methods (such as 3D printing, concrete printing, contour crafting, D-Shape [2]), traditional construction methods [3] and advanced construction technologies (such as i) extrusion-based AM and ii)binder jetting) [4]. CA promises several benefits to the construction industry to enhance the productivity, quality, and sustainability of architectural practices and building construction [5].



Additive Manufacturing (AM) technologies allow the horizon of the 3D printing to be expanded in the construction sector. In this context, binder jetting AM is a technology that performs the selective deposition of a binder solution through a print nozzle onto a previously deposited powder layer [6]. Furthermore, the additive manufacturing of concrete extrusion-based has recently employed in the construction industry. This technology involves extruding the cement-based material with nozzles of different sizes to build a layered structure model [7].



The technology of 3D printing in construction applications can be considered as a process where various materials are successively solidified layer upon layer by extrusion, to form solid models [8]. The major applications of 3D printing in large scale infrastructure are divided into three scenarios: D-Shape [9], contour crafting (CC) [10] and concrete printing [11]. The former, D-Shape, is based on binder injection and, despite its high effectiveness, it is only used for customized constructions [12]. For the second case, CC, it is a computer-controlled method with portability and cost improvements: it enables to build smooth surfaces in a short time [13,14]. Finally, concrete printing is very similar to CC, but it is associated with the development of components without formwork [15].



The success of 3D printing in CA depends on the quality of the materials. The printable mixture is similar and varies in composition from the traditional cement paste. For this reason, the printing materials must have appropriate rheological and compositional properties that allow: easy extrusion, strong adhesion between the printing layers, avoid the collapse of the structure and maintain the printing pattern during and after the material deposition process [4]. In this context, [16] presents an ultra-high performance concrete (UHPC) developed to accelerate the printing process and to improve the mechanical strength for layer-by-layer construction. One of the main motivations to consider UHPC is the high mechanical performance to build concrete-based structures, which is an alternative to more traditional construction methods (see [17,18,19] for further details). Furthermore, to achieve structural integrity, durability, reliability, and robustness without any support structures. Thus, ref. [20] presents a 3D printing based on Engineered Cementitious Composites (ECC), whose advantages are sustainable mix design, rheology control, and long-term durability of the 3D printing.



Additive Manufacturing (AM) technology using the extrusion-based method has been improving with the integration of robotic systems; specifically, a robot manipulator handling the extrusor and controlling the material deposition [21,22,23]. For example, in [24,25] it is shown the customisation of a robotic arm in the construction industry, aimed at printing concrete walls of different geometries. The main advantage of using robot manipulators is their workload capacity, their accuracy in repetitive tasks and the flexible programming [26,27]. Nevertheless, robot manipulators in construction applications are mainly used as fixed machinery, without interacting with the environment or moving within the construction site [16].



The construction industry uses robots for assembly and disassembly of various components. In particular, ref. [28] identifies four stages for assembling building components: (i) no assembly components, (ii) assembly of a large element formed with several small components, (iii) placement of components in the final position, and (iv) assembly of non-printed external components. In this context, ref. [29] presents a Robotic Prefabrication System (RPS) that allows the automatic disassembly of a prefabricated structure and determinates the needs and gaps in knowledge in the current prefabrication.



Moreover, as a mechanical tools, robotic arms have advantages that attract the attention of the construction industry, such as their dexterity and their reachability. However, such advantages also restrict the scale size of the construction: when fixed in the ground, a robot manipulator with an extrusor (used for printing) can only print elements that fall within its workspace. Otherwise, the robot has to be manually displaced [30,31,32,33].



To overcome the later problem, in this work we propose to study the usability of a robotic arm mounted on a mobile platform (also robotic), to cover bigger areas of the construction site and to print convex geometries (for example, the walls of a room). By integrating a mobile platform to the robot manipulator used as 3D printer, we increase its dexterity, its workspace and its capabilities. However, since we use the same robot manipulator, we change the mobile platform to find which one is the most appropriate to be used in the construction site. In particular, we test the following configurations: unicycle, car-like and four wheeled omnidirectional with mecanum wheels [34,35]. We test the performance of the mobile manipulator mounted on the three different platforms in terms of error and effort, when printing several types of building elements. For the remainder of this work, we will refer to the robotic platform as the mobile manipulator.



The selection of proper machine and printing strategy according to the building pieces printed is crucial for a successful efficiency and versatility of this emerging technology for 3D-printed construction with robotic systems. In this context, the efficient use of robotic platforms is related to their operational power consumption [36]. When the robot performs a printing task, the power consumption varies significantly during the operation of the robot, and comprise the actuation systems that will interact with the environment and the construction process.



For example, the use of energy resources of the mobile manipulator depends on the interaction of the platform with the environment and the motion it executes. For this reason, their energy use is governed by the irregularity of the surface of the construction environment, the complexity of the print model, and the payload it supports. In this work, we relate the energy consumption to the cost function in terms of minimum trajectory tracking error with the motion speeds of the mobile manipulator.



As previously stated, this work is focused on studying the usability of mobile manipulator platforms as 3D printing machinery in construction sites, with emphasis in the different existing mobile platforms, in order to provide a novel review and suggest adequate methodologies for buildings construction. Previous work has been done on materials, machines and/or specific printing experiments, but lack of rigorous studies and general approaches about printing procedures with mobile robot platforms. Movement and operation of robots are complex tasks to be combined in a printing process of large pieces, and building execution requires a diversity of elements to be printed in different locations, then to test and define proper strategies is essential to develop the construction with robots. In this context, [8,37] exposes strategies of mobile systems for printing building elements but do not study the toolpath in relation to the machine type and piece design. Such procedure is relevant to develop the printing methodology and define effective approaches and equipments.



This work is organized as follows: Section 2 shows the trajectory profiles in the construction environment, the mathematical derivation of the mobile manipulator model, the strategy followed by the mobile manipulator trajectory tracking controller, and the metrics followed to find mobile platform performance. Section 3 presents the results using the mobile manipulator with the three different mobile platforms previously introduced for different building scenarios. Section 4 shows a discussion about the tasks performed by the mobile manipulator in the construction environments. Finally, the conclusions are shown in Section 5.




2. Materials and Methods


Figure 1 shows the general scheme of the architecture proposed in this work for evaluating the performance of mobile manipulators in the 3D printing case of building elements. To the left, we have two reference profiles: circular and square, in two different views: 2D (two dimensional) and 3D. Such profiles represent the building elements to be printed. When sent to the manipulator, the building elements are converted into path references to be tracked by the end effector (where the extrusor is located) of the manipulator. We consider three mobile platforms where the manipulator is going to be mounted: unicycle type, car-like type (Ackerman) and omnidirectional type (four wheeled with mecanum wheels). The trajectory references are then transformed into motion control commands through a linear algebra controller to ensure that the system mobile manipulator behaves as expected: its end effector—to which the nozzle is attached—moves describing the building element to be printed. In the following subsections, each part of Figure 1 is explained in detail.



2.1. Robot Manipulator


The robotic arm used to perform 3D printing of the building elements is the UR5, manufactured by Universal Robots. This manipulator has six degrees of freedom and a control unit that provides basic joints control as well as a companion computer-computational system in charge of data processing and broadcasting. It supports a payload of 5 kg; its maximum speed is  π  rad/s and its repeatability is ±0.1 mm. Table 1 shows the main features of this manipulator.



One of the main advantages of this robot is that it offers low-level programing with high cycle time. The robot can be modelled using Denavit-Hartenberg parameters or geometrical model and it has been used in novel applications in different industries [38]. Although we used the UR5 robotic arm in this work, the procedure followed and presented herein can be extended to other manipulators.




2.2. Mobile Robot


Table 2 shows the kinematic models in continuous and discrete-time of the non-holonomic (i.e., unicycle and carlike) and holonomic (i.e., omnidirectional robot) platforms studied in this work. We chose such three mobile platforms since they are the most used ones as reported in the literature [39,40,41]. However, as also stated for the UR5 case, if needed, the procedure presented in this work can be adapted to other types of platforms.



As it is shown in Table 2, the three robots have three degrees of freedom, named as   x ,  y   and  ψ , which apply to rotation and translation of the robot in the plane, considering only planar terrains. In the case of the unicycle robot, it can turn around its control point [42]; however, the car-like model has to follow a circle based path [43], making it impossible to turn without displacing [44]. On the other hand, the omnidirectional vehicle can displace at any direction in the plane. More information regarding the kinematic (and dynamic) constraints of each robotic type can be found in [45,46,47].



In Table 2,  μ  and  ω  are the linear and angular velocities of the unicycle and car-like robot; a is the distance between the centre of the platform and the centre of mass in global coordinates;  δ  is the heading of the car-like; L is the length between axles of the car-like robot and   ( l + d )   is the distance from the centre of the wheel to the centre of mass of the omnidirectional robot;   v 1  ,   v 2  ,    v 3  ,   v 4    are wheel velocities of the omnidirectional robot. Furthermore,  γ  is defined by   cos ψ − sin ψ   and  β  is defined by   sin ψ + cos ψ  . Suffix n represents sampling time.




2.3. Mobile Manipulator


As stated in Section 1, when the robot manipulator is attached to one of the mobile platforms mentioned in Section 2.2, the combined system becomes a mobile manipulator. Its kinematic is the result of also combining the manipulator kinematics with the mobile robot kinematics. Hence, we use the Denavit-Hartenverg convention to derive the mobile manipulator kinematic model, following the guidelines previously published by [38].



Table 3 shows the kinematic model of the robotic arm mounted on the three different mobile platforms. For unicycle and car-like configurations, linear and angular velocity defines the motion of the mobile platform. The orientation of the unicycle robot is defined by angular rotation. However, in the car-like configuration, the rotation is a function of the linear velocity and the length of the mobile platform. For the omnidirectional robot, rotation and linear velocity are a function of the angular velocity described by the wheels.



where,


  J =   ∂  h  e e     ∂ f  x , y , ψ ,  θ 1  , … ,  θ 5      



(1)




and    h  e e   =   [  x  e e      y  e e      z  e e   ]  T    is the position of the end-effector –with respect to some global reference frame–, and    [  θ 1     θ 2     θ 3     θ 4     θ 5  ]  T   are its joint angles. Furthermore,    [   x ˙   e e       y ˙   e e       z ˙   e e   ]  T   is the velocity of the end-effector;    θ ˙  1  ,    θ ˙  2  ,    θ ˙  3  ,    θ ˙  4   and    θ ˙  5   are angular velocities of the joints. Figure 2 shows the manipulator mounted on three mobile platforms (unicycle, car-like and omnidirectional with four mecanum wheels). Angles and velocities are represented according to a global reference frame G, R is the local coordinate of the mobile robot, M represents the local coordinate of the manipulator UR5 and the coordinate of the end-effector is   O e  . The manipulator links are represented by    d 1  ,   a 2  ,   a 3  ,   d 4  ,    and   d 5  , and the height of the mobile platform is   h 1  .



Workspace Restriction


Since this work is focused on analysing the usability of mobile manipulators in construction environments, it becomes necessary to also analyse the workspace surrounding the platform due to the fact that its motion is constrained by the environment layout, the terrain and the task restrictions, the later with the aim of guaranteeing the effectiveness and safety of the operation.



In our work, the first constraint impossed to the system is the restriction of the workspace, by two times the maximum extension of the robot manipulator. Thus, it limits the displacement of the platform by allowing it no more than one time the robot manipulator extension, to ensure the safety of the operation. Other criteria might apply since it is to be noted that the platform does not move freely in a construction site. In the end, the idea is to consider the design requirements and shapes of the building elements to evaluate the most appropriate workspace, to thus avoid excuting tasks at the maximum point of operation, or to invade an area beyond the printed building element [19]. Figure 3 summarizes the restrictions considered in this work for all the building elements studied, where the solid red line represents the outer limit imposed on the mobile platform, this limit may not exceed twice the maximum length of the robotic arm; the solid blue line is the inner limit and cannot exceed the maximum arm length.





2.4. Building Elements


The construction industry uses complex building element profiles to build houses and buildings. These surfaces result in high profile projects or iconic architecture designs. The main challenges of building element profiles are their complex geometries, size and repeatability of the task, which can affect the performance of the robotic systems [48,49]. Therefore the need of using mobile manipulators.



We generate four trajectory profiles following the guidelines presented in [26]. Such profiles are then converted into reference trajectories fed to the mobile manipulator, parametrized in time and discretized with sampling time of 0.1 s (however, other sampling criterion might apply). The building elements studied in this work are: circle, helical, mesh and square; which are also depicted in Figure 4.



We tested three different sizes of the above building element: small (length = 1 m, width = 1 m, height = 1.2 m); medium (length = 2 m, width = 2 m, height = 1.2 m); and large (length = 5 m, width = 5 m, height = 1.2 m), following the guidelines presented in [50,51]. Such building elements are uniform, except for the corners in square building elements, where the change is abrupt and might affect the orientation of the mobile platform. For the circle and helical case, the diameter proposed was of 1 m (small size), 2 m (medium size) and 4 m (large size).



The generation of the building elements is divided into 2D layers to generate 3D model geometries. Each building element is represented by circular and square geometries. Additionally, for printing purposes, we added the following constraints: printing speed between   0.01   and 1 ms    − 1    [52]; maximum mobile platform speed of 0.7 ms    − 1   ; and we limited the maximum angles of the joints to   − 2 π   to   2 π   rad [53].




2.5. Motion Control


In this work, we propose a trajectory tracking algorithm for the mobile manipulator to ensure 3D printing of building elements at constant speed. To this end, a trajectory tracking algorithm is implemented using the controller proposed by Scaglia et al. [54]. This controller guarantees velocity regulation between the end effector and the printing task.



The kinematic model presented in Table 3 can be expressed as follows:


   h ˙   t  = f  Γ ,   θ 1  ˙  ,   θ 2  ˙  ,   θ 3  ˙  ,   θ 4  ˙  ,   θ 5  ˙    



(2)







The control variables of the mobile platform are represented by  Γ . We then defined  Γ  for each mobile platform and replaced it in Equation (2), where   Γ = μ ,  ω   represents the control variables of the unicycle robot,   Γ = μ ,   μ L    is defined for a car-like robot and   Γ =  v 1  ,   v 2  ,   v 3  ,   v 4    represents the control signals of the omnidirectional robot.



The continuous system shown in Equation (2) can be rewritten discretized using an Euler approach as shown below, for the three models:


   h  n + 1   =  h  n   +  ∫  n  T o     n + 1   T o    f  Γ ,   θ ˙  1  ,   θ 2  ˙  ,   θ 3  ˙  ,   θ 4  ˙  ,   θ 5  ˙   d t  



(3)






   h  n + 1   ≅  h  n   +  T 0  f   Γ  n   ,  θ  1  n    ,  θ  2  n    ,  θ  3  n    ,  θ  4  n    ,  θ  5  n      



(4)






  f   Γ  n   ,  θ  1  n    ,  θ  2  n    ,  θ  3  n    ,  θ  4  n    ,  θ  5  n     =  J  n        Γ  n        θ  1  n         θ  2  n         θ  3  n         θ  4  n         θ  5  n         



(5)




where   J  n    is the discrete Jacobian matrix of J from Table 3 at each sampling time. The values of   h  t    at discrete time   t = n  T o   , where   T o   is the sampling period, and   n ∈  0 , 1 , 2 , …   , are denoted as    h  n   =    x  e e  n    ,    y  e e  n    ,    z  e e  n     T    and    h  n + 1   =    x  e e  n + 1    ,    y  e e  n + 1    ,    z  e e  n + 1     T   . The kinematic model of the mobile manipulator, is defined by:


         x  e e  n + 1    −  x  e e  n      T o          y  e e  n + 1    −  y  e e  n      T o          z  e e  n + 1    −  z  e e  n      T o       =  J  n    U  n    



(6)




where    U  n   =       Γ  n      θ  1  n       θ  2  n       θ  3  n       θ  4  n       θ  5  n        T   . The proposed control law is defined by:


   U  c  n    =  J  n  +        x  e e d  n + 1    −  k x    x  e e d  n    −  x  e e  n     −  x  e e  n           y  e e d  n + 1    −  k y    y  e e d  n    −  y  e e  n     −  y  e e  n           z  e e d  n + 1    −  k z    z  e e d  n    −  z  e e  n     −  z  e e  n         ,  



(7)




where   J  n  +   is the Jacobian pseudo-inverse matrix of the mobile manipulator, the position of the end-effector is defined by    [  x  e e ( n )      y  e e ( n )      z  e e ( n )   ]  T   framed in a global reference system, and   K =   [  k x     k y     k  z )   ]  T    is the set of tuning parameters. The desired path of the end-effector is given by    [  x  e e d ( n )      y  e e d ( n )      z  e e d ( n )   ]  T  . Furthermore,   U  c  n     represents the linear and angular velocities necessary to make the mobile manipulator move from the current state n to the desired one at   n + 1  , where n represents time instant.



Assuming perfect speed tracking, it has    U  n   ≅  U  c  n      and replacing Equation (7) in Equation (6), it is obtained:


        x  e e  n + 1    −  x  e e  n           y  e e  n + 1    −  y  e e  n           z  e e  n + 1    −  z  e e  n         =       x  e e d  n + 1    −  k x    x  e e d  n    −  x  e e  n     −  x  e e  n           y  e e d  n + 1    −  k y    y  e e d  n    −  y  e e  n     −  y  e e  n           z  e e d  n + 1    −  k z    z  e e d  n    −  z  e e  n     −  z  e e  n          



(8)







In Equation (7),   k x  ,   k y   and   k z   are tuning parameters (see [55] for further reading on how to tune such parameters).




2.6. Evaluation Metrics


To quantify the mobile manipulator performance, we used the cost function defined by the actuators effort to reach the reference trajectory [55] and the integral absolute error index (IAE) between the trajectory of the mobile manipulator and the desired trajectory [56]. In particular, we use the cumulative control effort and cumulative error defined by:


   C  μ , ω ,   θ i  ˙   Ω  =  1 2   ∑  t = 0   # Ω     μ 2  +  ω 2  + λ    θ ˙   1  2  +   θ ˙   2  2  +   θ ˙   3  2  +   θ ˙   4  2  +   θ ˙   5  2     



(9)






   C  x , y , z  Ω  =    1 2   ∑  t = 0   # Ω       ∫ |    x  r e f   −  x  e e     | d t   2  +    ∫ |    y  r e f   −  y  e e     | d t   2  +    ∫ |    z  r e f   −  z  e e     | d t   2    2   



(10)




where, Equations (9) and (10) show the cumulative controller effort and cumulative integral absolute error-index respectively;  Ω  is the desired trajectory given to the controller,   # Ω   the number of desired points.



Finally, the cumulative total cost can be defined as the sum of the cumulative control effort and cumulative integral absolute error-index, as shown in Equation (11):


   C  T o t  Ω  =  C  x , y , z  Ω  + α  C  μ , ω ,   θ ˙   1 … 5    Ω   



(11)




where  λ  (in Equation (9)) and  α  (in Equation (11)) are coefficients that allow the sum of terms from different dimensions. It is to be noted that both the control effort and the IAE index, can be considered as metrics of the effectiveness of the robotic process. We do not evaluate the quality of printing task per se, nor of its material.



The cumulative controller effort and cumulative integral absolute error-index are normalized in the range   0 , 1  , since the total cost is a non-dimensional value.





3. Results


To implement the trajectory tracking controller shown in Section 2.5, we first set the tuning parameters presented in Equation (7), presented in Table 4 below.



Figure 5 shows the computational analysis obtained in the experiments for the three mobile manipulators with the four trajectory profiles. The first column corresponds to the unicycle robot, the second and third column correspond to the car-like and omnidirectional robot, respectively. The reference trajectory of the end-effector is described by the solid blue line whereas the dashed magenta line corresponds to the actual tracked trajectory. In addition, we have included the trajectory of the mobile platform in the solid cyan line. The solid black line represents the outer limit imposed on the mobile platform, whereas the dashed black line, the inner limit.



The experiments in Figure 5 consisted of printing four medium-sized building elements (length = 2 m, width = 2 m). It is possible to observe that the tracked trajectory profile –dashed magenta line– converges to the reference path –solid cyan line– for each studied platform. The performance comparison of the mobile platforms as they are printing the building elements is shown in Figure 5a–c, corresponding to the unicycle, car-like and omnidirectional platforms, respectively. It is worth noting that the mobile robot trajectory is independent of the end-effector trajectory.



The second experiment consisted of printing a medium-size helical building element (length = 2 m, width = 2 m, height = 0.92 m), and are shown in Figure 5d–f. This profile is formed by 50 circular layers and the distance between layers is 0.01 m. The solid cyan line shows the displacement of the unicycle and car-like robot, as shown in Figure 5d,e. These two platforms have a circular motion that increases as printing progresses, without exceeding the proposed inner limit of the workspace. The omnidirectional platform follows a circular trajectory with a sinusoidal movement, as can be seen in Figure 5f.



The third experiment consists of printing a mesh profile, as shown in Figure 5g–i. The profile is of medium size (length = 2 m, width = 2 m, height = 0.55 m) and is formed by 50 square layers; the distance between layers is 0.01m. The displacement of the mobile platform is described by a solid cyan line. Figure 5g,h show the trajectory described by the unicycle and car-like robot, respectively. Both mobile robots have a nearly square trajectory with curves in the corners, in contrast to the omnidirectional robot that describes a square trajectory with sharp turns at the corners, as shown in Figure 5i.



The performance comparison between mobile platforms for a medium-size square profile of length = 2 m, width = 2 m, height = 0.26 m is shown in Figure 5j–l. The solid cyan line describes of displacement of the mobile platforms. Figure 5j,k show that the unicycle and car-like robot performs a quasi-circular trajectory. Both mobile robots have a transient before the desired trajectory is achieved. On the other hand, the omnidirectional robot describes a quasi-square trajectory without a transient, this result can be seen in Figure 5l.



The results obtained from the printing of building elements –circular and helical– of different sizes are summarized in Table 5. The statistical analysis was performed based on the cost function defined in Section 2.6. It can be seen that the omnidirectional robot has the lowest cost function.



For the square and mesh profiles, the platform performance is shown in Table 6. For small and large sizes of square profiles, the platform with the lowest costs is the omnidirectional robot. For the medium square profile, the car-like platform presents the lowest cost. The omnidirectional robot has the lowest cost function for all sizes of the mesh profile.




4. Discussion


In this work, we proposed a performance comparison of a robotic arm mounted on three different widely used mobile platforms. Table 7 summarises the capabilities and skills of the different mobile platforms considered in this work, showing their pros and cons in the problem faced herein. The analysis of results shows that the omnidirectional robot is the best option for 3D printing of building elements used in the construction industry. In terms of the cost function, the omnidirectional robot has the lowest cost function for the mesh and square trajectory. For circular and helical trajectory, the best platform is the omnidirectional robot.



The car-like robot has a high sensitivity to the initial state error of the robot, which produces an error at the beginning of the printing that is then corrected. However, the unicycle robot has a lower initial state error. The initial state of the robot varies with the trajectory (see [55] for further details).



Controlling the height between layers is an important parameter during printing to avoid deviation in either direction that influences the quality, geometry, and appearance of the final printed product. In this work, we considered a height between layers of 0.01 m, which is the minimum distance of printing in the construction process [57] and a vertical displacement of 0.50 m for our experiments.



A crucial factor in 3D printing is the velocity of operation of the robotic system. Our work tries to address this challenge, which is a function of the printing material. For all the tests carried out, we set the velocity to a maximum of 0.01 ms    − 1   . However, the velocity might vary depending on the trajectory shape, size and the complexity of the geometry profile. A pre-analysis of the effect of speed on the different trajectory profiles is an advantage in the area of construction to improve the performance of 3D printing.



The workspace is another important item to consider. In the experiments carried out, a square-shaped workspace is proposed, that establish the limits of operation of the mobile manipulator, considering that the end-effector does not invade the printing area. Under real site conditions, the system should be modified to avoid obstacles (e.g., people and construction tools).



This work proposes a kinematic model of the mobile manipulator, whose analysis is based on the application of 3D printing for the construction industry. This analysis does not consider the dynamic model of the system and the forces involved in 3D printing. Furthermore, a future analysis may be to study the effects of putting a nozzle on the end-effector, where variables such as weight, size and diameter of the nozzle are considered.




5. Conclusions


An experimental comparison of a robotic arm mounted on three mobile platforms in 3D printing applications was presented. The evaluation of the printing performance was based in two well known metrics used in robotics: the cumulative control effort and cumulative integral absolute error index. As a case study, we proposed four profiles (circular, helical, mesh and square), which are representative of the geometry of building elements usually printed using robotic technology. Three mobile platforms were used: unicycle like, car-like and omnidirectional with four mecanum wheels; combined with a robotic arm UR5. The experiments have shown that the printing error converges to zero for all three proposed trajectories and that the car-like showed the lowest cost for squared and mesh building elements. On the other hand, the car-like and unicycle showed the lowest cost for the circle and helical profile. The omnidirectional showed promising results, but the nature of its wheels makes the platform difficult to use in non-flat terrains, as it is in construction sites.



On the other hand, the greater effectiveness demonstrated by the mobile platforms studied to print circular and helical building elements is probably driving a preference for these architectural forms in the first printed constructions carried out. That suggests buildings with curved and sinuous walls that can have new spatial expressions.



Future developments will be focused on studying and modelling the dynamics of the system. As the performance of cooperative installations for the impression of constructive elements. As well as the effectiveness of different architectural forms.
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Figure 1. Construction process of a trajectory profile developed by a mobile robotic system. Mobile manipulator with three configurations for robot mobile. The robotic structure is formed of base mobile (unicycle, car-like and omnidirectional) and manipulator. 
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Figure 2. Mobile manipulator model: robotic arm with six degree freedom mounted in mobile platform; (a) shows the unicycle case, (b) shows the car-like case and (c) the omnidirectional case with four mecanum wheels. 
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Figure 3. Constraints of the workspace. The solid red line represents the maximum limit of operation of the mobile platform and the minimum limit is in a solid blue line. Therefore, the mobile robot should not trespass both squares. 
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Figure 4. Building elements proposed in this work. 
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Figure 5. The reference trajectory is in solid blue line, and the tracked trajectory in dashed magenta line. Each column represents the type of mobile robot used: unicycle, carlike and omnidirectional, respectively. Also, we consider two limits for the tests, the outer limit is in solid black line and inner limit in dashed black line. The trajectory of the mobile robot is in solid cyan line. The first row represents a circular trajectory. While the other three rows are helical, mesh and square trajectories respectively. 






Figure 5. The reference trajectory is in solid blue line, and the tracked trajectory in dashed magenta line. Each column represents the type of mobile robot used: unicycle, carlike and omnidirectional, respectively. Also, we consider two limits for the tests, the outer limit is in solid black line and inner limit in dashed black line. The trajectory of the mobile robot is in solid cyan line. The first row represents a circular trajectory. While the other three rows are helical, mesh and square trajectories respectively.



[image: Sustainability 12 04378 g005]







[image: Table] 





Table 1. Robot manipulator: UR5 main features.
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	Feature
	Value





	Weight
	18.4 kg



	Payload
	5 kg



	Reach
	850 mm



	Joint Ranges
	±2 π 



	Speed
	 π  rad/s



	I/O power supply
	24 V 2 A



	Communication
	TCP/IP 100 Mbit:IEEE 802.3u, 100BASE-TX



	Programing
	Polyscope graphical user interface



	Temperature
	The robot can work in a temperature range of 0–50 degrees
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Table 2. Kinematic model of each mobile platform.
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Model

	
Continuos Time

	
Discrete Time






	
Unicycle [39]

	
    x ˙  = μ cos ψ − a ω sin ψ   

	
    x  n + 1   =  x  n   +  μ  n   cos  ψ  n   − a  ω  n   sin  ψ  n     




	
    y ˙  = μ sin ψ + a ω cos ψ   

	
    y  n + 1   =  y  n   +  μ  n   sin  ψ  n   + a  ω  n   cos  ψ  n     




	
    ψ ˙  = ω   

	
    ψ  n + 1   =  ψ  n   +  ω  n     




	
Car-like [40]

	
    x ˙  = μ cos ψ − a ω sin ψ   

	
    x  n + 1   =  x  n   +  μ  n   cos  ψ  n   − a  ω  n   sin  ψ  n     




	
    y ˙  = μ sin ψ + a ω cos ψ   

	
    y  n + 1   =  y  n   +  μ  n   sin  ψ  n   + a  ω  n   cos  ψ  n     




	
    ψ ˙  =  μ L  tan  δ    

	
    ψ  n + 1   =  ψ  n   +   μ  n   L  tan   δ  n      




	
Omnidirectional [41]

	
    x ˙  =  1 4  γ  v 1  −  1 4  β  v 2  +  1 4  γ  v 3  +  1 4  β  v 4    

	
    x  n + 1   =  x  n   +  1 4  γ  v  1  n    −  1 4  β  v  2  n    +  1 4  γ  v  3  n    +  1 4  β  v  4  n      




	
    y ˙  =  1 4  β  v 1  −  1 4  γ  v 2  +  1 4  β  v 3  +  1 4  γ  v 4    

	
    y  n + 1   =  y  n   +  1 4  β  v  1  n    −  1 4  γ  v  2  n    +  1 4  β  v  3  n    +  1 4  γ  v  4  n      




	
    ψ ˙  = −   v 1   4  l + d    −   v 2   4  l + d    +   v 3   4  l + d    +   v 4   4  l + d      

	
    ψ  n + 1   =  ψ  n   −   v  1  n     4  l + d    −   v  2  n     4  l + d    +   v  3  n     4  l + d    +   v  4  n     4  l + d      
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Table 3. Kinematic model of the mobile manipulator.
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	Mobile Manipulator
	Kinematic Model





	Unicycle
	     [   x ˙   e e       y ˙   e e       z ˙   e e   ]  T  = J     [ μ   ω     θ ˙  1      θ ˙  2      θ ˙  3      θ ˙  4      θ ˙  5  ]  T    



	Car-like
	     [   x ˙   e e       y ˙   e e       z ˙   e e   ]  T  = J     [ μ    μ L      θ ˙  1      θ ˙  2      θ ˙  3      θ ˙  4      θ ˙  5  ]  T    



	Omniderectional
	     [   x ˙   e e       y ˙   e e       z ˙   e e   ]  T  = J     [  v 1     v 2     v 3     v 4      θ ˙  1      θ ˙  2      θ ˙  3      θ ˙  4      θ ˙  5  ]  T    
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Table 4. Adjustment of tuning parameters    k x  ,   k y    and     k z    of the proposed controller for unicycle, car-like and omnidirectional robots.
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	Size
	1 (m)
	2 (m)
	5 (m)



	Circular
	       0.70     0.70     0.70       
	       0.80     0.80     0.80       
	       0.65     0.65     0.65       



	Helical
	       0.75     0.75     0.75       
	       0.80     0.80     0.80       
	       0.80     0.80     0.80       



	Size
	   1 × 1   (m)
	   2 × 2   (m)
	   5 × 5   (m)



	Mesh
	       0.24     0.24     0.24       
	       0.24     0.24     0.24       
	       0.34     0.34     0.34       



	Square
	       0.76     0.76     0.76       
	       0.74     0.74     0.74       
	       0.80     0.80     0.80       
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Table 5. Analysis of control effort necessary to reach the desired helical and circular trajectory.
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Size

	
Profile

	
    C  x , y , z  Ω    

	
    C  μ , ω ,   θ i  ˙   Ω    

	
    C  Tot  Circle    

	
    C  x , y , z  Ω    

	
    C  μ , ω ,   θ i  ˙   Ω    

	
    C  Tot  Helical    






	
1 m

	
Unicycle

	
0.407

	
0.368

	
0.776

	
0.334

	
0.389

	
0.723




	
Car-like

	
0.329

	
0.361

	
0.691

	
0.365

	
0.383

	
0.748




	
Omnidirectional

	
0.263

	
0.270

	
0.533

	
0.301

	
0.228

	
0.529




	
2 m

	
Unicycle

	
0.283

	
0.368

	
0.651

	
0.333

	
0.406

	
0.739




	
Car-like

	
0.442

	
0.376

	
0.818

	
0.376

	
0.378

	
0.755




	
Omnidirectional

	
0.276

	
0.257

	
0.533

	
0.291

	
0.216

	
0.506




	
5 m

	
Unicycle

	
0.420

	
0.352

	
0.772

	
0.319

	
0.411

	
0.731




	
Car-like

	
0.318

	
0.371

	
0.689

	
0.403

	
0.410

	
0.813




	
Omnidirectional

	
0.261

	
0.277

	
0.538

	
0.278

	
0.178

	
0.457
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Table 6. Analysis of control effort necessary to reach the desired trajectory for square and mesh profile.
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Size

	
Profile

	
    C  x , y , z  Ω    

	
    C  μ , ω ,   θ i  ˙   Ω    

	
    C  Tot  Square    

	
    C  x , y , z  Ω    

	
    C  μ , ω ,   θ i  ˙   Ω    

	
    C  Tot  Mesh    






	
1 × 1 m

	
Unicycle

	
0.338

	
0.390

	
0.728

	
0.434

	
0.408

	
0.843




	
Car-like

	
0.345

	
0.341

	
0.686

	
0.297

	
0.402

	
0.699




	
Omnidirectional

	
0.312

	
0.269

	
0.581

	
0.268

	
0.189

	
0.458




	
2 × 2 m

	
Unicycle

	
0.378

	
0.391

	
0.770

	
0.440

	
0.415

	
0.855




	
Car-like

	
0.232

	
0.381

	
0.613

	
0.318

	
0.418

	
0.736




	
Omnidirectional

	
0.389

	
0.228

	
0.618

	
0.242

	
0.167

	
0.409




	
5 × 5 m

	
Unicycle

	
0.454

	
0.396

	
0.850

	
0.374

	
0.435

	
0.801




	
Car-like

	
0.323

	
0.450

	
0.773

	
0.327

	
0.441

	
0.767




	
Omnidirectional

	
0.223

	
0.154

	
0.377

	
0.299

	
0.1241

	
0.423
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Table 7. Analysis parameters of mobile robots (unicycle, car-like and omnidirectional).
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	Mobile Platform
	Complexity
	Available
	Power Consumption
	Controllability
	Applications





	Unicycle
	Medium
	Small application (laboratories, small spaces and low load)
	High
	Low (decoupled control variables)
	Mainly used for experimental applications.



	Car-like
	High
	Medium application (Industrial loads)
	High
	High (non-linear model)
	Platform used in industrial applications.



	Omnidirectional
	High
	Small application (proof of concept by size constraint)
	Low
	Medium (its complexity depends on the number of wheels and the type).
	Robot used in laboratory tests.
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