[image: image1]Comparing Multi-Arm Robotics for In-Space Assembly

		ORIGINAL RESEARCH
published: 01 April 2022
doi: 10.3389/frspt.2022.702614


[image: image2]
Comparing Multi-Arm Robotics for In-Space Assembly
Katherine McBryan*
Naval Center for Space Technology, U.S. Naval Research Laboratory, Washington, DC, United States
Edited by:
Craig R. Carignan, University of Maryland, United States
Reviewed by:
Koki Ho, Georgia Institute of Technology, United States
Daniel Kruse, SRI International, United States
* Correspondence: Katherine McBryan, katherine.mcbryan@nrl.navy.mil
Specialty section: This article was submitted to Space Robotics, a section of the journal Frontiers in Space Technologies
Received: 29 April 2021
Accepted: 20 January 2022
Published: 01 April 2022
Citation: McBryan K (2022) Comparing Multi-Arm Robotics for In-Space Assembly. Front. Space Technol. 3:702614. doi: 10.3389/frspt.2022.702614

Robotic In-space assembly (ISA) is the next step to building larger and more permanent structures in orbit. Determining the best robot for ISA is difficult as it will not only depend on the structure being assembled but on how it is assembled. This analysis shows how changing some key design parameters can influence different robotic systems for ISA. This study focuses on the construction of a 20 m linear truss structure but also expands to a 10 and 50 m truss. Two categories of robots are included in this study: a stationary robot and a mobile robot which crawls along the structure. Both the stationary and crawling robotic systems utilize two planar dexterous manipulators to assemble individual truss pieces into a linear truss. In the case of the stationary robotic system a single long positioning leg is used to move the two dexterous arms into position. The crawling robotic system uses two planar manipulators to crawl along the truss. A systems level analysis is presented which details how the forces from the robotic systems drive the mass of the truss and also how the size of the truss segments drive the requirements of the robotic system. This analysis shows how changing some key design parameters can influence each of the different robotic systems and the truss design itself. The estimated masses of the robotic systems and the truss and the assembly time are presented. There are trade-offs to every robot design and understanding those trade-offs is essential to building a system that is not only efficient but also cost-effective.
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1 INTRODUCTION
Robotic In-space assembly (ISA) is the next step to building larger and more permanent structures in orbit. ISA is not a new concept; the International Space Station was assembled in orbit NASA (2011). ISA provides flexibility to many mission designs and should not be limited to very large structures constructed using multiple launches. One example is to construct an aperture telescope from panels in space, which eliminates the need for complex folding, and deployment schemes (Lee et al. (2016); Belvin et al. (2016); Mukherjee et al. (2019)). ISA should be an option for any structure that needs to be larger than its launch configuration, even if the launch configuration is limited to a small ride-share spot.
The ISS was assembled on orbit by astronauts performing extra-vehicular activities (EVAs) and robotic manipulators. The robotic manipulators were assistants and the primary assembly was designed for EVAs. Today, robotic ISA typically assumes there are no humans performing assembly tasks themselves; that the robotic system(s) alone are performing the assembly. This does not exclude the possibility that humans are operating the robots. Robotic ISA allows for complex structure to be assembled without the need for EVAs.
EVA assembled structures must be designed to be built around the limitations of humans in spacesuits. Regardless of the exact human performing the EVA there are limitations and design criteria that humans are naturally limited by. This provides a number of requirements for the systems designer; such as maximum force applied, time limits, and dexterity requirements, etc. Robotic ISA allows the designers to design both the structure and the robotic assemblers; opening up the design space. This paper focuses on identifying some of the differences when using these robotic systems for ISA.
The iSat study performed at NASA studied how a large aperture telescope could be assembled in space. This large 20 m diameter telescope will first be built up of structural truss pieces. After the main structure is assembled the mirrors and instruments are mounted to the structure (Mukherjee et al. (2019)). This method of ISA provides a large structure for instruments to mount to and it could also be used as a persistent platform for other types experiments or servicing (Doggett et al. (2018)).
Here ISA robotics is broken down into three categories based on the type of robotics: Stationary, Crawling, and Free-flyers. The first of these is the robotic system with a stationary base and is defined as having manipulator(s) that remain rigidly attached to a single location on the base structure. The workspace is directly linked to the length of the manipulator(s) and can result in very long manipulator(s) (Komendera and Dorsey (2017)). These long manipulators can result in large forces/torques at the base of the robotic system.
Free-flying robotic systems are not attached to the base structure, thrusters are used to move the robot body around the workspace, (Wenberg et al. (2017)). In this case the workspace is not limited by the length of the manipulators but by the amount of propellant. These types of robotics consist of two parts; the manipulator(s) and the free-flying base. The base can be thought of as a satellite capable of communicating with the main structure, performing maneuvers, and must be able to determine where it is relative to the structure. Forces and torques are not transferred to the structure as the Free-flyer moves to new locations.
A Free-flyer system is not physically attached to the main structure. While the lack of attachment points avoids exerting forces and torques on the structure, additional safeguards must be in place to ensure safe operations. A thruster failure could result in the Free-flyer becoming lost or possibly colliding into the structure it is building. The necessary additional subsystems and redundancy needed for a Free-flyer makes estimating the mass beyond the scope of this study.
The final category is a Crawling robot, also referred to as a walking robot. A Crawling robotic system remains attached to the main structure at all times but is still able to relocate the robot base (Lee et al. (2016)). They can attach to the base using a number of methods such as designated footholds, grasping other structural members, or even using adhesives. These systems are typically made up of more manipulators than the other categories as they require manipulator(s) to move the robot body along the structure. Depending on the structure and the robotic system, the robot may receive power and communication via the footholds, or it may be required to provide its own power and communication.
2 OVERVIEW
This study focuses on comparing Crawling and Stationary robotic systems for ISA. To truly compare different robotics systems they must be capable of accomplishing the same task. Here, each of the two robotic systems are designed to assemble identical linear trusses. This study focuses on how the number, size, and acceleration of the individual truss pieces affect the overall system for each of the robotic systems.
Defining the requirements and task for the system is a very difficult task and involves more than just defining what the final structure will be. It also includes defining how the structure is assembled. The assembly process must include the order in which segments are placed, how fast each segment moves, what are the maximum forces allowed, etc. Section 3 describes the simulation and how the task definitions are translated to robotic design requirements.
Once the assembly task has been sufficiently defined and the robotic systems designed, there is the question of how to compare different robotic systems. There are many different performance metrics which can be chosen and weighed together. This analysis looks at the assembly time, the mass of the robotic system, mass of the structure, and the total system mass. The forces applied to the truss depends on a number of variables including: the mass of the individual truss segments, the type of robot used, and the trajectory of the truss segments. Not only is the mass of the robot an important performance metric but the mass of the truss structure is necessary as well. Section 4 and Section 5 describe the time and mass estimates needed for to compare each system.
These assembly process requirements can greatly affect both the robotic system and the final structure. Section 6 presents a case study showing how the two robotic systems assemble a 20 m truss while Section 7 expands the study to include other truss lengths. Section 8 compares two different acceleration values, demonstrating how the assembly process can influence the final overall design.
3 SIMULATION OVERVIEW
A simulation was developed in MATLAB for assembling a planar linear truss (McBryan (2020)). Utilizing Peter Corke’s Robotics Toolbox (Corke (1996)), this simulation computes the trajectories, kinematics, and dynamics of the assembly process. In each of the two robotic systems the truss segments are lowered into place from the payload bay by two dexterous arms. The payload bay not only contains the un-assembled truss segments but also acts as the robot body, connecting the dexterous arms and the position leg(s). After placing the truss segment into the truss assembly, the dexterous arms return to the payload bay. The payload bay is then relocated to the next segment location. This relocation either takes place by moving the single large stationary leg or using the two positioning legs of the crawling robot, see Figures 1A, B.
[image: Figure 1]FIGURE 1 | (A) Stationary robotic system (B) Crawling robotic system.
The crawling robotic system uses the same payload bay and dexterous arms as the stationary robotic system, see Figure 1B. Two positioning legs move the payload bay into place rather than the one stationary leg. The two positioning legs move from mounting point to mounting point, located at the edges of the truss segments. The positioning legs move one at a time, ensuring the robotic system remains attached to the assembled structure at all times. They work together to move the payload bay into position.
Figure 2 shows the major components of the simulation starting with defining the truss requirements. These are the structural design parameters that drive the completed structure, e.g., the total length, required natural frequency, and the allowable maximum deflection. These are the driving design parameters which can be used to calculate the height and width of the final truss. From there the truss can be divided into a number of different equal length segments.
[image: Figure 2]FIGURE 2 | Simulation flow diagram.
Once the number and size of each truss pieces has been calculated, the trajectory for each piece is determined, see Section 4 for details. In addition to defining the trajectory of the truss segments, the payload bay location and the trajectory of the feet which attach to footholds are calculated for the entire assembly simulation. This is done using a trapezoidal trajectory design which calculates the position, the velocity, and acceleration for each component. Using this information, the Cartesian trajectory for each end-effector is calculated, see Eqs 1, 2. F is the force-torque vector of the task, which is acting on an end-effector. X is the Cartesian coordinate vector representing position and orientation for the manipulator with a Cartesian mass matrix Mx. Vx is the vector of velocity terms and Gx is the gravity terms (Craig (2005)).
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The joint torques, τ, are related to the force applied at the end-effector via the Jacobian, J(θ). The Jacobian is a function of the instantaneous geometry and thus changes as a function of time.
[image: image]
The joint trajectory for each manipulator is based on the desired end-effector position, velocity, and acceleration. An optimization is done to ensure the joint angles will result in the desired end-effector position while minimizing the movement from the previous time-step. This ensures a smooth motion. As the complexity of the robot manipulators increases, the complexity in calculating the joint trajectory can also increase. For a redundant manipulator constraints can be added to avoid singularities, collisions, and even minimize base torques. The shaded boxes in Figure 2 indicate an optimization is being done, such as calculating the manipulator trajectory in order to minimize the change in joint angles.
Joint torques are calculated based on the joint trajectories, which are used to estimate the mass of each manipulator. The mass estimation relation was found using heuristics and a constrained optimization scheme to find the thickness of each link length, details are presented in Section 5. Once the mass of each manipulator is estimated then the force on each truss segment and the force on the truss assembly are able to be calculated.
The mass of the truss structured is then calculated to survive the assembly forces placed on it by the robotic system. An iterative process is required as the joint torques are a function of the mass of each truss segment and the manipulator mass. This simulation results in the total system mass, mechanical energy, and assembly time for each robotic system as they assemble the same linear truss.
4 TIME ESTIMATION AND TRAJECTORY DESIGN
The total maneuver time is the duration it takes to assemble the truss and then return to the robot’s original starting position. This estimate is limited to the time it takes for the robot manipulators to perform large maneuvers. Other motions such as grasping and verifying all connections are not included. These are highly dependent on the end-effector and sensors which are assumed to be the same for both robotic systems.
The total maneuver time is dependent on the path of each truss segment, motion of the payload bay, and the motion of each positioning leg. In order to calculate how long the assembly takes the assembly process must first be defined, including where and how each truss segment is placed. The total maneuver time is driven by the distance, maximum velocities, and the maximum accelerations, all of which must be defined for both the crawling and stationary systems.
This simulation uses a simple trapezoidal trajectory for moving each truss segment and the payload bay from one position to another. The joint trajectory for each manipulator is calculated based on the movement of the grasping locations, which can be calculated based on the geometry once the trajectory for the truss segment, and the payload bay have been defined. The total assembly process is made up of a series of these trapezoidal trajectories being executed sequentially.
Each trapezoidal trajectory is defined by three segments: the first segment is defined by having a constant acceleration, the second segment is one of constant velocity, and finally the third segment has a constant deceleration. The length of the constant velocity section depends on the maximum allowed velocity, total distance traveled, and the magnitude of the acceleration.
This simulation assumes that the initial and final velocity for each trajectory is zero. Not only does this simplify path planning, this allows the system time to confirm that the motion has been completed as expected before moving onto the next trajectory.
The use of a trapezoidal trajectory allows the position and orientation to be calculated along the entire path. The trajectory design of the each truss segment depends on the location of the payload bay relative to the final position. Here, the payload bay is placed such that a truss segment can be lowered down vertically into its final position. The robotic manipulators grasp the payload bay and the truss segments; these trapezoidal trajectories not only provides the end-effector location as a function of time but also the velocity and acceleration.
The payload bay and truss segments have the same velocity and acceleration for each of the two robotic systems. In both systems the positioning leg(s) move the payload bay into place and the dexterous arms lower the truss segments in the same amount of time. Defining the payload bay motion and the dexterous arm motion independent of the robot type results in the crawling robot always having a longer total maneuvering time than the stationary robotic system due to the additional maneuvers required to relocate the positioning legs.
5 MASS ESTIMATION
Mass is often used as a performance metric for space systems. Here, the total mass of the system consists of the mass of each of the manipulators, the total mass of all the truss segments, and the mass of the payload bay. Each of these is dependent on the length and number of the truss segments. The following subsections provide details for estimating the mass of each of these components.
5.1 Manipulator Mass
The mass of each manipulator is calculated by estimating the mass of the motors, harmonic gearing, and the structure. It should be noted that these manipulators are sized based on the joint torques necessary to accomplish each trajectory in the space environment, they are not designed to operate in earth-gravity. The manipulators here are sized to specifically accomplish the defined assembly task; this represents a lower-bound mass estimate which will be used for comparison purposes.
The motor mass estimation is found using a heuristic based on commercially available high end brushless DC motors, similar to ones used for space robotics. Eq. 3 is the motor mass estimation depending on the required output torque, T in Newton-meters, and the motor speed, S in thousands of revolutions per minute (kRPM), for small and large motors. Details on this mass estimate relation can be found in (McBryan (2018)).
[image: image]
Each joint is assumed to use harmonic gearing to reduce the required motor torques; this example uses 160:1 for simplicity. Other single stage gearing will have a similar mass relationship. The gear ratio can be optimized in order to minimize the total manipulator mass; though each is dependent on the output required output torque which is a function of the truss segment trajectory and size. Eq. 4 shows the mass relationship between the rated output torque, To, from the harmonic gearing to the harmonic mass. The total actuator mass for each manipulator is a sum of the motor mass and the harmonic mass.
[image: image]
The structural mass of each manipulator link is added to complete the manipulator mass estimation. The manipulator links are sized to ensure the tip deflection is within an acceptable range when the maximum expected force is applied; ensuring any deflection from the link lengths is within an acceptable bounds. Figure 3 shows the outstretched manipulator in one of the worse case poses. The link lengths must be sized to handle a maximum force and torque without resulting in too large of a deflection. The expected force, P, and moment, M, are based on the truss segment mass and acceleration. A constrained optimization to minimize the total structural mass while ensuring the maximum deflection constraint is performed, (Cheng et al. (2015)).
[image: Figure 3]FIGURE 3 | Manipulator as a cantilever beam for mass estimation of each link.
5.2 Truss Mass
Rectangular truss segments are attached together to form the final linear truss. Each of these segments are identical in length, width, and height. The length of the truss segments depends on the assembled truss length and the number of segments it is divided into. The height and the width are identical, forming a square base, and are calculated based on the desired frequency of the completed truss.
Mikulas et al. (2006) shows the impact of the truss diameter on structural mass, stiffness, and strength, see Figure 4. The moment of inertia is a function of the longeron diameter, d, and the total diameter, D. The total diameter is used to define the height and width of the truss. Eq. 5 shows the moment of inertia of the truss as it relates to the total diameter and the total area in the longerons, Atotal. This is found using the parallel axis theorem, and assumes that the diameter of the longeron is much smaller than the total diameter, D, and thus the higher order terms are neglected.
[image: Figure 4]FIGURE 4 | Inscribed truss segment profile used in estimating the frequency.
The natural frequency, f, is calculated from the moment of inertia, I, the length of the truss, L, the total mass, M, and the boundary conditions. The boundary conditions are accounted for in α, which is 22.4 based on the free-free boundary conditions (Blevins (2015)).
A longer truss must have a greater height in order to maintain the same frequency as a shorter truss. The final assembled truss in this simulation was designed for a minimum natural frequency of 5 Hz. This is for the truss, acting as a beam, without any payloads or other masses acting on it. In addition, this method ignores the effect of any strings or diagonal members which maybe present in the truss.
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The total truss mass is the sum of every longeron, which is a function of the number of longerons, area of the longerons, Alongeron, and the density, ρ. Eq. 7 shows the relationship between the total area, Atotal, and the total mass, Mtotal.
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Combing Eqs 5–7, it becomes clear that the total diameter is a function of the density, length, and desired stiffness, see Eq. 8. Geometric constraints then provides the height and the width of the truss based on the desired requirement.
[image: image]
It is assumed that the outer diameter of each longeron is the same for all the truss segments. Should the robot need to grasp the individual longerons this will simplify the interaction. The inner diameters are sized such that the truss will not buckle if a truss segment hits the end. Typically the robotic system will decelerate each truss segment and mate it to the truss with very little force. However, the truss itself should be sized to withstand an impact in case the robotic system fails and the truss segment collides with the truss. Safety precautions should be put in place to ensure this will not occur and testing should be done to verify that it cannot occur.
The final part of the mass estimation is to include a measure of the attachment hardware. More hardware and connection points are needed as a truss is divided into more segments. A 5% mass penalty is included with each additional segment to account for this hardware. The final truss design is based on the desired frequency of the final truss, sized so that it will not buckle if a truss segment is pushed into it at the maximum allowable acceleration, and the mass-penalized for requiring additional attachment hardware.
5.3 Payload Bay Mass
The payload bay is a simple rectangular frame that contains all the truss segments before they are placed. It is assumed the truss segments are stored in a non-deployed state which allows them to collapse to 1/10 of their deployed state. The payload bay length and width are assumed to be 10% bigger than that of a single payload segment, and the height is sized to hold all the non-deployed truss segments in their collapsed states. The dexterous arms and positioning legs are connected to the payload bay.
6 CASE STUDY 1: 20 M LINEAR TRUSS
The first case study looks at a 20 m linear truss; 20 m represents a large ISA satellite such as the iSAT design (Mukherjee et al. (2019)). This truss is made up of rectangular truss segments with a desired stiffness of 5 Hz, which results in each truss segment having a height and width of 0.45 m. Both a Stationary robotic system and a Crawling robotic system are designed to assemble this truss. As described above, trapezoidal trajectories are used to define the trajectory for each truss segment, and here each truss segment is accelerated at 10 mm/s2.
As expected the Crawling robotic system takes more time to complete the assembly than the stationary robotic system. The two positioning legs must relocate whereas the stationary system does not, see Figure 5. This time estimate only includes the large motions for the dexterous arms and legs, such as lowering the truss segment into position, moving the payload bay, and relocating the legs. The additional time to actually grasp the truss segments, release the segments, and or verify any mechanical or electrical connections are not included in this estimate. The speed at which those tasks can be accomplished with depend on the sensors, computing power, and software efficiency. With these additional considerations, the time difference between the robotic systems will only increase.
[image: Figure 5]FIGURE 5 | Time to complete large motions for the assembly of a 20 m linear truss.
6.1 Stationary Robotic System
Figure 6 shows the average mass for each truss segment. As expected, the larger truss segments pieces are individually heavier; however there are fewer of them. The mass for each truss segment is not identical; there is some variation depending on the location along the truss. The furthest truss segment does not need to withstand large moments like the ones closest to the base structure.
[image: Figure 6]FIGURE 6 | Average truss segment mass for individual pieces of a 20 m linear truss.
A detailed look at the mass of the stationary robotic system is found in Figure 7. Figure 7A shows the total truss mass as the number of segments increase. The total truss length is fixed at 20 m; as the number of truss segments increases the length of each piece decreases. As the number of pieces increases, more connecting hardware is required. This is reflected in the 5% mass penalty.
[image: Figure 7]FIGURE 7 | Stationary Robotic system mass analysis when assembling a 20 m linear truss: (A) Total truss mass for an assembled 20 m linear truss; (B) length of each of the two dexterous arms and the single positioning leg; (C) total robotic mass; and, (D) total system mass.
The stationary positioning leg moves the payload bay into the correct location above the center of each truss piece being placed. This allows the dexterous arms to vertically lower a truss piece into place. As the truss segments become shorter and more numerous the center of the final truss piece is further from the truss base. As such, the length of the positioning leg increases as the number of segments increases, see Figure 7B. This increase in length results in higher moments even when the individual truss segments are lower mass. In all of these simulations the length of the positioning leg is greater than 10 m.
Truss segments are lowered into place by the dexterous arms; the distance the end-effectors move is dependent on the truss segment height. The height is based on the total truss length and required stiffness; the height does not vary depending on the number of segments. The lengths of the dexterous arms are a function of the height of each truss segment rather than the truss segment length. However, the motor and structural mass of each dexterous arm is influenced by the truss segment mass which is dependent on the segment length. The dexterous arms move the individual truss pieces and as the mass of each piece decreases the required joint torques also decreases. A reduction in the truss segment mass results in a reduction in both the actuator and the structural mass in both the dexterous arms.
The total robotic mass is the combination of the two dexterous arms and the positioning leg, see Figure 7C. As the number of truss segments increase, the dexterous arms become lighter; requiring smaller actuators, and a reduction in the structural mass. Conversely, the positioning leg becomes longer resulting in a higher structural mass. Here, the mass of the robotic system is driven by the structural mass of the positioning leg. Assembling the truss with six truss segments, each 3.3 m, results in the minimum robotic system mass. It should be noted that this robotic system is specifically designed to only work in the space environment to perform these assembly tasks.
Combining the robot mass, truss mass, and the payload bay mass, results in the total mass, see Figure 7D. It is clear that the total mass is driven by the truss mass and that the robot system is only a small fraction. This is a case where continuing to minimize the mass of the robotic system alone may not have a major impact on the system.
6.2 Crawling Robotic System
Figure 8 shows the detailed mass analysis for a crawling robot. Like the stationary robotic system the truss segments decrease in mass as the number of truss segments increase Figure 8A. Unlike the stationary robotic system, as the number of payload segments increase the length of the positioning legs decrease, Figure 8B. The length of each of the positioning legs is driven by how far it must reach when positioning the payload bay and when taking a step to relocate to the next foothold. Each step is the entire length of a truss segment; each leg moves one at a time and releases their grasp on the foothold at one end of the truss and moves to the other end and grasps onto the next foothold. The decrease in the length of the positioning legs results in the mass of the robotic system decreasing as the number of payload segments increase. Not only does the structural mass of the positioning legs decrease with length but the actuator masses do as well.
[image: Figure 8]FIGURE 8 | Crawling Robotic system mass analysis when assembling a 20 m linear truss: (A) Total truss mass for an assembled 20 m linear truss; (B) length of each of the two dexterous arms and the dual positioning legs; (C) total robotic mass for all manipulators; and, (D) the total system mass.
The dexterous arms have the same design constraints as that of the stationary robotic system; the mass and length of the dexterous arms are based on the truss segments and their design is independent of the type of robotic system used. The reduction in the overall robot system mass is from the reduced size of the positioning legs, Figure 8C.
Figure 8D shows that the total system mass is driven by the truss mass. This is even clearer here than in the case of the Stationary robot; the robotic mass is a very small percentage of the total overall mass. In this case, in order to truly make a mass efficient design one should try and reduce the truss mass and then the robot mass.
6.3 Comparing Robotic Systems
This section compares the Stationary robotic system to the Crawling system as they are each designed to assemble identical 20 m trusses. Figure 9A shows the difference in the positioning leg lengths. The Stationary positioning leg must reach further as the segment length decreases, whereas the crawling legs become shorter as they are required to take smaller steps. The length of the positioning leg(s) is greatly dependent on the segment length and on the type of robotic system.
[image: Figure 9]FIGURE 9 | Crawling robotic versus Stationary robotic system mass analysis when assembling a 20 m linear truss: (A) length of the positioning legs; (B) total robotic mass for all manipulators; (C) total truss mass for an assembled 20 m linear truss; and (D) describes the total system mass.
As the length of the truss segments increases, the robot mass also increases and drives the mass of the actuators for all the manipulators. Figure 9C shows the mass of each robotic system. If the truss is assembled using two large truss segments then stationary robotic system has the lower robot mass. As the number of truss segments increases the crawling system becomes the more mass efficient option.
The most mass effective robotic system is the crawling robot, designed to take small steps and move small truss segments. However, Figure 9B shows the mass comparison of two assembled trusses. Unlike the Stationary robot, the Crawling robot moves along the truss which results in the truss carrying forces and high moments. The Crawling robot places additional forces on the truss from relocating each leg. The truss assembly must be able to handle all these forces as they occur at the multiple footholds along the truss length. The Crawling robot results in higher forces and moments at the truss base, which results in a higher truss mass than the Stationary robot.
Despite having a lower robot mass, the Crawling robotic system has a higher total system mass than the Stationary robotic system, Figure 9D. The forces on the truss from the crawling robot results in a higher truss mass and, in this scenario, a higher total mass.
This first study case focused on assembling a 20 m linear truss in order to compare a Stationary robot with a Crawling robot. There are many ways of comparing the two systems; time, robot length, robot mass, truss mass, and total system mass, etc. Which robotic system is preferable depends on the driving performance criteria; there was no single robotic system which was overall better. However, it is clear that a robotic ISA system should be viewed as a system; not as a robotic system and the assembly structure. A change in the length or mass of the truss segments will greatly influence the robotic design. The second case study expands this study to look at various assembled truss lengths.
7 CASE STUDY 2: VARYING LENGTH TRUSSES
Rather than focus on a single 20 m truss this study includes a 10 m and 50 m truss. Each of these trusses are sized using the methods described above. In order to maintain the same stiffness the 50 m linear truss requires a much taller truss than the 10 and 20 m. The additional height requirement results in a significantly more massive system. Similarly, the 10 m truss has a significantly lower mass than the 20 m truss.
Figure 10 shows the height and the mass of the different length trusses. As the length of each truss segment decreases the number of truss segments must increase. A 5% mass penalty is included for each additional segment in order to account for the increase in attachment hardware and mechanisms that would be necessary. This mass penalty is the reason why the truss mass does not continue to decrease as the segment lengths decrease. Each of the different length truss has an a point at which using more shorter truss segments results in a heavier truss.
[image: Figure 10]FIGURE 10 | Height (A) and mass (B) of the payload, individual truss segment, as a function for the individual truss segment length and robot type for different assembled truss lengths.
Except for the case where each truss is assembled from two segments, the Crawling robot is always less massive than the Stationary robot, see Figure 11. The Stationary robotic system is only more mass efficient when a few large truss segments are used to complete the assembly. The mass of the Crawling robot decreases as more truss segments are used.
[image: Figure 11]FIGURE 11 | Total robot mass for assembling a 10, 20, or a 50 m truss.
The robot mass is not the only consideration when optimizing a robotic ISA system; the total system mass should always be considered as well. This becomes clear in Figure 12. There are times when the mass difference between the two robotic systems mass is very small, particularly with the 10 m truss where the Crawling robot is slightly more mass efficient. This occurs when the additional structural mass required for Crawling robot is less than the mass difference of the two robotic systems.
[image: Figure 12]FIGURE 12 | Total system mass for assembling a 10, 20, or a 50 m truss.
The Crawling robotic system requires a higher truss mass. This is due to the fact that the crawling robot is applying forces along the length truss rather than at the truss base, as the Stationary robot does. These forces are not just from the walking motion but every motion; keeping the payload bay steady as the dexterous arms perform assemble new truss segments and from moving the payload bay into place. These required tasks are also done by the stationary robot. The main difference is the location at which the robots are applying forces and moments to the truss.
As the total truss length increases the entire system becomes much heavier. The height and width of each truss segment must increase to maintain the same required structural frequency. In addition, the outer diameter and thickness must increase in order to meet the buckling requirements. All of these factors results in a large mass increase as the assembled truss increases in length. Moving these larger truss segments drives the mass up for both robotic systems.
8 CASE STUDY 3: DECREASE PAYLOAD ACCELERATION
The two previous cases show that a Crawling system has the lower robot mass but a higher truss mass. This typically results in an overall heavier system. The increase in the truss mass is a direct result of applying forces along the truss rather than just at the base of the truss.
The forces and moments required to complete the assembly are not only highly dependent on size of the truss but also on the chosen payload trajectory. Reducing the payload acceleration will reduce the joint torques required to perform the maneuver and thus decrease the forces being applied to the truss by each of the robotic systems. This case study focuses on how the overall system changes when the payload acceleration is reduced from 10 mm/s2 to 2.5 mm/s2.
Figure 13 shows the robot mass for each robot type for the different accelerations. It is clear that reducing the acceleration will reduce the robot mass. This difference is most notable when the assembled truss is composed of only a few large truss segments.
[image: Figure 13]FIGURE 13 | Comparison of the total robot mass for assembling a 10, 20, or a 50 m truss at a payload acceleration of 10 mm/s2 and 2.5 mm/s2.
Regardless of the robotic system used, reducing the truss segment acceleration will reduce the mass of the truss. The truss is sized to ensure it does not buckle if a truss segment collides with the truss assembly. Reducing the allowable maximum acceleration will reduce the buckling criteria on the truss itself allowing for smaller truss pieces, see Figure 14. While the Crawling robot still requires a heavier truss the difference between the truss mass for the two robotic systems is significantly less at the lower acceleration.
[image: Figure 14]FIGURE 14 | Comparison of the total truss mass for assembling a 10, 20, or a 50 m truss at a payload acceleration of 10 mm/s2 and 2.5 mm/s2.
As before, the system mass is comprised of the total truss mass, the payload bay mass, and robot mass. Previous cases showed that the Crawling robot requires a heavier truss, resulting in a heavier overall system. At a reduced acceleration the increase in the truss mass is greatly reduced. Figure 15 shows the system mass for all three lengths of trusses as they are assembled at the nominal and reduced accelerations Figure 15A.
[image: Figure 15]FIGURE 15 | (A) Comparison of the total system mass for assembling a 10, 20, or a 50 m truss at a payload acceleration of 10 mm/s2 and 2.5 mm/s2 (B) Enhanced view of the 20 m linear truss system for segment lengths between 1 and 7 m.
At the reduced acceleration the Crawling system is now the more mass efficient system for the shorter 10 m truss. Figure 15B shows an enhanced view of the 20 m truss. This shows that both robotic systems are very close in mass and which one is more mass efficient depends on the individual truss segment length. For longer trusses ([image: image]20 m), the stationary robot is still the more mass efficient selection. However, it is clear that the mass of the system is highly dependent on the speed at which the truss is assembled.
9 FUTURE WORK AND CONCLUSION
There are many variables which will influence a robotic ISA system, here the effects of changing the length of the truss, the number of pieces, and the acceleration were examined. Each of these variables has a large impact on both a Crawling and Stationary robotic system. There are many more variables which will influence the system such as the number of truss segments being carried at a time, the trajectory of each manipulator, and the force to attach the truss segments, etc. All of these variables will influence each category of robots differently.
This study was done with planar 3° of freedom (DOF) manipulators whereas moving to a non-planar case would allow full 7-DOF redundant manipulators, as would typically be used in an ISA operation. Non-planar cases also increases the number of variables and allow out-of-plane forces to be examined. This would also allow a full truss system to be analyzed, including foot placement and force distribution between manipulators.
Mass efficiency is a large factor in any space system. However, it is not the only factor; time, size, and power are also major factors in a well-designed space system. Reducing the acceleration was shown to reduce the mass of the system, however, it will also increase the assembly time. Defining the task should also include defining how the system is evaluated. In order to truly compare two robotic systems the task must be well-defined; this includes defining the final structure, each assembled pieces, and how the assembly is done.
This study focused on assembling planar trusses in order to compare Stationary and Crawling robotic systems. From the limited cases presented, it is clear that a robotic in-space assembly system, and the structure should be viewed as a single system. Here, it was shown that, in terms of robotics, the Crawling robot is a lighter-weight option than a rigidly mounted Stationary robot. However, the Crawling robot also requires the truss to be able to handle higher forces and torques; resulting in a higher overall system mass. Examining the structure or robot alone does not provide enough insight into the overall system. Robotic ISA occurs in a highly structured and known environment, where the robot and the structure are both being designed, and built by humans; as such both aspects can be controlled.
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