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Task Description:

	The overall project goal is to produce computerized human performance measurement, evaluation, and modeling techniques for IVA and EVA activities. Performance modeling is needed to assess task feasibility and human workload for routine, novel, or unexpected tasks in space. Crewmember tasks include EVA suited as well as unsuited activities. The target is to make tangible progress toward non-invasive video motion capture of astronaut activity for real-time task analysis, workload monitoring, and safety assessment based on computer modeling and computer vision techniques. Performance measures encompass kinematic (range of motion), kinetic (joint torques or end effector forces related to strength), and workload analysis (metabolic load, stamina, and fatigue). Performance models will be based on both empirical and simulation data: empirical or existing data from NASA studies and sources, and simulation data from physics- and control-based computer human motion simulations. Control regimes may vary according to the needs of different task components. Gaps in empirical data, such as detailed EVA suit characteristics, will be noted for possible NASA data acquisition experiments. The developed software will permit modular insertion of suit and crewmember data, and the convenient substitution of various performance models. Applying biomechanical modeling and physics-based dynamic simulation will establish analytic and predictive measures for IVA and EVA space human factors. Such simulations will therefore provide direct inputs to force feedback devices for VR-based training. This project will build on existing dynamic, anthropometric, and kinematic models for human motion and EVA activities developed by the investigators at the Massachusetts Institute of Technology and the University of Pennsylvania. 

	We are designing an integrated IVA/EVA modeling system that is based on data acquired from previous astronaut activities and will use modern sensing techniques to aid in various space-related tasks. This project will build on existing dynamic and kinematic models for human motion and EVA activities developed by the investigators. 

To date, our research has focused on the development of efficient methods for the forward dynamic simulation and control of virtual humans. We have developed a physics-based system for the guided animation of virtual humans and other articulated figures. Based on an efficient recursive dynamics simulator, we have developed a robust feedback control scheme and a fast two-stage collision response algorithm. A user of our system provides kinematic trajectories for those degrees of freedom (DOFs) of the figure they want direct control over. The output motion is generated using forward dynamics. The specified motion trajectories are the input to a control system which computes the forces and torques that should be exerted to achieve the desired motion. The dynamic controllers, designed based on the Model Reference Adaptive Control paradigm, continuously self-adjust for optimal performance in trajectory following. Moreover, the user is given a handle on the type and speed of reaction of the figure’s controlled DOFs to sudden changes in their desired motion. This system should provide a platform for generating and studying realistic user controlled motion of articulated objects at interactive rates. We require minimal user involvement in specifying non-intuitive parameters. Actual IVA/EVA human performance may be used to determine control parameters in the next stage of work. 

We have also developed a novel method for modeling dynamic systems with open- and closed-loop dynamics such as ladder climbing in simulated virtual worlds. This work is a generalization of our previous research involving the control of dynamic systems with open loops. To model closed-loop dynamics, we use the Lagrange multiplier method which results in a system of differential algebraic equations (DAE). We also use the Lagrange method for the dynamic formulation of the forward dynamics. To simulate a human performing a task where closed loops are involved, the input to the algorithm is a given forward velocity, step length, step frequency, and a chosen gait. The algorithm then determines some kinematic aspects of the motion pattern (e.g., the timing for the stance phase, the double support and swing phases in case of ladder climbing). These positions are fed into the dynamic formulation of our system to determine the motion of the human between the initial and final positions. We employ an iterative numerical analysis technique which uses the Newton-Raphson method to find the vector of joint torques that drives the dynamic system from the initial position to the final position. The stability problem during the iterative numerical integration is addressed by applying the Baumgarte stabilization method. 

Although ladder climbing is not a typical microgravity activity, the mathematical and software basis for managing multiple points of contact under dynamic propulsion conditions is a crucial aspect of microgravity locomotion. These techniques are almost ready to be extended to that domain. Thus we are currently working on extending the above framework to incorporate optimal control methods within a recursive dynamics formulation. This extension will allow the computer-based planning of astronaut motion in space under the minimization of certain criteria (e.g., exertion of minimal torque by the astronaut during a desired set of motions). 

	The overall project goal is to produce a realistic human performance modeling technique tailored to IVA and EVA activities. This technique would be used to measure and evaluate task feasibility as well as develop new methods of task assignment in space related activities. This will enhance ground-based IVA and EVA procedure design as well as predict payload handling difficulties. Moreover, the potential predictive power of workload models will enhance our computational understanding of other Earth-bound activities. 


Year:

1998

	Task Description:

	The overall project goal is to produce computerized human performance measurement, evaluation, and modeling techniques for IVA and EVA activities. Performance modeling is needed to assess task feasibility and human workload for routine, novel, or unexpected tasks in space. Crewmember tasks include EVA suited as well as unsuited activities. The target is to make tangible progress toward non-invasive video motion capture of astronaut activity for real-time task analysis, workload monitoring, and safety assessment based on computer modeling and computer vision techniques. Performance measures encompass kinematic (range of motion), kinetic (joint torques or end effector forces related to strength), and workload analysis (metabolic load, stamina, and fatigue). Performance models will be based on both empirical and simulation data: empirical or existing data from NASA studies and sources, and simulation data from physics- and control-based computer human motion simulations. Control regimes may vary according to the needs of different task components. Gaps in empirical data, such as detailed EVA suit characteristics, will be noted for possible NASA data acquisition experiments. The developed software will permit modular insertion of suit and crewmember data, and the convenient substitution of various performance models. Applying biomechanical modeling and physics-based dynamic simulation will establish analytic and predictive measures for IVA and EVA space human factors. Such simulations will therefore provide direct inputs to force feedback devices for VR-based training. This project will build on existing dynamic, anthropometric, and kinematic models for human motion and EVA activities developed by the investigators at the Massachusetts Institute of Technology and the University of Pennsylvania. 

	Dynamic Analysis Modeling 

Simulated astronaut manipulation of satellites has resulted in a 12-segment astronaut model with 31 degrees of freedom and satellite objects. Results from the Intelsat VI simulation show that the capture bar exhibits adverse yaw motion when manipulated by the astronaut, due to its asymmetrical center of mass; the satellite translates out of the astronaut’s reach in about 6 seconds, thus allowing little time for the capture mechanism to be triggered; and the satellite is significantly destabilized by the capture bar interaction and exhibits a slowing of its spin rate as well as undesirable yaw and pitch rates. The simulation corroborates the difficulties that the astronauts experienced during the actual STS-49 extravehicular activity. This technique was able to predict mission performance, and should be valuable for ISS and future planetary astronaut activities. 

Preliminary results of the EVA hysteresis modeling of a space suit show that the shoulder joint work required for a suited astronaut while performing typical arm motion tasks (representative of moving a satellite) from an inefficient posture can result in forces almost an order of magnitude greater than the unsuited condition. Peak torque differential between the unsuited and suited conditions occurs during the payload deceleration phase at t = 8.05 sec; these values are tabulated below. 

Preliminary model of astronaut task unsuited and suited. 
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Shoulder

Suited
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--- 

These torques were then used to calculate total work performed during the task. Cumulative work time histories at individual joints were calculated. The two joints with significantly higher work levels, a full order of magnitude larger than the rest of the joints, are the ankle joint in the suited condition (1.7 Nm) and the elbow joint in the unsuited condition (1.5 Nm). The hip joint performs almost identical work, at a low level, for both conditions. The knee, shoulder, and elbow all perform greater work in the unsuited condition, while the ankle stands out as the high workload joint in the suited condition. Next, a posture more accommodating to the astronaut and suit’s neutral position was simulated and resulted in the astronaut task with a minor 3% increase in shoulder work. However, to compensate for reduced upper-body mobility the ankle joint was forced to use its long lever arm to manipulate the mass (satellite), resulting in ankle work three times greater than in the unsuited condition. These results agree with anecdotal evidence of astronaut post-activity ankle fatigue, and suggest promise for both the space suit model and the overall proposed analytical simulation technique. 

The space suit robotic tester preliminary work is a proof-of-concept for the software and modeling work leading to a human/robotic system to: (1) verify the modeling effort, and (2) demonstrate the validity of the robotic technology. In order to demonstrate the feasibility of installing an EVA pressurized space suit on the robot, a suit was brought to MIT to perform a fit check. The suit neck ring is designed to mate with the ring on the base of a helmet. It will be necessary to fabricate a neck ring fitting that will interface between the robot and the EMU neck ring. This fitting could be made out of aluminum and must have the proper angle change, as the top of the robot neck and the suit neck ring lie in different planes. This angle change is approximately 20 degrees, and the length of the fitting is a cylinder of approximately 6 cm. The aluminum plate (approximately 20 cm in diameter) on the robot that must seal to the neck ring fitting is designed so that its angle may be changed to adjust for any imperfections in the construction. The conclusion of the suit fit test was that it would be possible to install a pressurized suit on the robot without too much difficulty. 

Efficient and Robust Dynamic Simulation of Astronaut Movement 

Simulation of dynamically-correct astronaut movements can potentially become a very important tool in several applications including astronaut workspace ergonomic design, optimal and safe task planning for both intra-and extra-vehicular activities, and training purposes. Dynamically correct simulation is also important since our terrestrial limb-movement intuitions are not necessarily valid in a low-gravity environment. For a simulation tool to be useful it must be reasonably fast, error-free, robust, and open for generalization and extension. We are developing such a simulation package and have begun conducting validation trials in virtual environments. 

The backbone of the approach is recursive dynamics, which is known for its efficiency, coupled with an analytical gradient-based optimization technique. Recursive dynamics makes the simulation of large degrees of freedom systems possible (as opposed to variational approaches), and obviates the need to recalculate the dynamic equations for each articulated figure (as opposed to Lagrangian methods). Compared to the other non-linear programming techniques the gradient-based method ensures a reliable convergence. Moreover, the description of dynamics employs screw theory thus making the descriptions of force-motion and constraints concise and less error-prone. Finally, this approach is suitable for implementation using an object-oriented programming language. 

The human model comprises kinematic chains -- serial, closed-loop, and tree-structured -- as well as the inertia properties of the segments. In order for the model to possess biomechanical fidelity, the parameters are chosen from an anthropometric database. To generate a task trajectory the user may choose an optimality criterion appropriately. Most of the current effort is focused on the minimum joint torque criterion due to its biomechanical motivation. 

Simulations based on the above method are demonstrated for a variety of human motion tasks. The simulation system is first validated by comparing its torque output to that of a passive pendulum, which has a torque-free motion. By instructing a controlled pendulum to follow the path of the passive pendulum while minimizing torque results in a torque-free motion. In a more complicated case, the algorithm computed the minimum torque path of a double pendulum rising from the horizontal to the vertical configuration. The result is in harmony with the common sense (may also be mathematically confirmed) expectation that the combined moment of inertia at the base joint must be minimal. The simulation shows a folding of the double pendulum while it is in motion. The technique is further implemented to simulate more realistic motions as arm and leg movements, weight lifting and weight propelling (climbing). 

A particularly interesting application of the simulation package, the study of self-rotation of an astronaut in space, is currently under study. The initial objective is to develop and simulate a simple model that is nevertheless capable of exhibiting the self-rotation maneuver. 

	The overall project goal is to produce a realistic human performance modeling technique tailored to IVA and EVA activities. This technique would be used to measure and evaluate task feasibility as well as develop new methods of task assignment in space related activities. This will enhance ground-based IVA and EVA procedure design as well as predict payload-handling difficulties. Moreover, the potential predictive power of workload models will enhance our computational understanding of other Earth-bound activities. 

	FY98 Publications, Presentations, and Other Accomplishments:

	Newman, D.J. and Schaffner, G. “Computational dynamic analysis of extravehicular activity (EVA): Spartan payload manipulation.” J. Spacecraft Rockets (1998). 


Year:

1999

	Task Description:

	The overall project goal is to produce computerized human performance measurement, evaluation, and modeling techniques for IVA and EVA activities. Performance modeling has been completed by MIT to assess task feasibility and human workload for routine, novel, or unexpected tasks in space. Crewmember tasks include EVA-suited as well as unsuited activities. The target is to make tangible progress toward non-invasive video motion capture of astronaut activity for real-time task analysis, workload monitoring, and safety assessment based on computer modeling and computer vision techniques. Performance measures encompass kinematic (range of motion), kinetic (joint torques or end effector forces related to strength), and workload analysis (metabolic load, stamina, and fatigue). Performance models will be based on both empirical and simulation data: empirical or existing data from NASA studies and sources, and simulation data from physics- and control-based computer human motion simulations. Control regimes may vary according to the needs of different task components. Gaps in empirical data, such as detailed EVA suit characteristics, will be noted for possible NASA data acquisition experiments. The developed software will permit modular insertion of suit and crewmember data, and the convenient substitution of various performance models. Applying biomechanical modeling and physics-based dynamic simulation will establish analytic and predictive measures for IVA and EVA space human factors. Such simulations will therefore provide direct inputs to force feedback devices for VR-based training. This project has been built on existing dynamic, anthropometric, and kinematic models for human motion and EVA activities developed by the investigators at the Massachusetts Institute of Technology and the University of Pennsylvania. 

We have previously shown that optimal control based on Lagrangian dynamics is computationally very expensive. To overcome the above computational limitations of Lagrangian dynamics, during the past year we have further developed and implemented an efficient optimal control-based dynamic motion planning method using recursive dynamic methods. 

To incorporate biomechanics research results stating that humans execute certain motion plans by selecting through their central nervous systems a minimum torque trajectory, we have developed an efficient minimal torque motion control method using a compact “screw” quantity. Using such a quantity, one recursive vector equation is sufficient for solving the dynamics of the system, which contain both translational and angular motions. Therefore, this approach is significantly more efficient than a Lagrangian formulation. 

Depending on the application, we model virtual humans as a combination of articulated topological mechanism structures that form open serial chains, tree-structures and closed loop chains. We have then developed a systematic method for the dynamic motion control of these structures. Compared to the variational approach, our method makes the simulation of a system with many degrees of freedom possible. Compared to other Nonlinear Programming techniques, our gradient-based method is robust and efficient. This is due to the computation of the gradient vector in a recursive fashion using the screw concept. This recursive formulation is very similar in nature to the recursive formulation used in forward dynamics. 

The essence of our approach is the use of the screw theoretical method to represent the motion and effort of a virtual human required to execute a task. In this formulation, the motion and constraint equations are expressed concisely and the resulting recursive computation is very efficient. The input to our algorithm is an initial estimated kinematic trajectory and the inertia information. As opposed to a Lagrangian method, there is no need to re-derive the dynamic motion equations and their derivatives for different articulated figures. Finally, we use cubic splines to discretize the input kinematic trajectories. 

The above theoretical formulation has been implemented in Jack and we have performed extensive simulations to prove the correctness of our approach. 

	At Penn, we have further developed our software for optimal control based on recursive dynamics and we have tested its ability to model several tasks on zero and non-zero gravity situations. We have published results related to extensive simulations that demonstrate the performance of this method in a variety of astronaut related tasks in space. 

Performance modeling has been completed by MIT under the third year of this research effort. The culmination of the IVA modeling resulted in quantification of IVA motions, loads, and prescribed throwing tasks. The resulting IVA modeling effort provides a mathematical representation based on Bayesian probabilistic decision to capture both microgravity and 1G performances. The induction of certain ‘internal models’ by sensory feedback in the brain appears to play a central role in such motor adaptations to changes in the gravitational environment. However, learning an internal model does not guarantee optimal motor performance because there are infinite degrees of freedom for the execution of any motor task. To test the hypothesis, space flight data collected on board the Russian Mir space station was analyzed. It was found that exposing subjects to microgravity triggered sensorimotor adaptations that not only compensated for the loss of gravity, but also tended to minimize the variability of performance error in the weightless environment. 

Our latest EVA analysis focuses on the critical problem of astronauts performing tasks on exploration class missions. Locomotion in reduced gravity has been studied previously, but with a focus on energetics kinematics rather than skeletal loading. Furthermore, there have been no published studies on hip loading during locomotion or a potential fall condition in reduced gravity. Mathematical models were developed to examine peak loading during the stance phase of gait and during a fall from standing height. We hypothesized that during space suited locomotion tasks on the surface of Mars, shortly after space flight lasting as much as a year, an astronaut would experience joint loads that are safely below the estimated failure load. A three-link model was constructed and the equations of motion solved for exploration class EVA locomotion. The second hypothesis tested was that an astronaut who falls from standing height and lands on his greater trochanter would experience hip joint loads that could be sufficient to cause damage. Results show loading levels ranging from 2-3.5 times body weight for the locomotion simulations and impact hip loads up to 6 times body weight for sudden falls on Mars compared to maximum loads of 9 times body weight for the equivalent fall at 1G. The large loading levels should be of concern to space suit designers and human factors engineers, but the hypothesis of hip fracture can be dismissed for these simulations. 

	The overall project goal is to produce a realistic human performance modeling technique tailored to IVA and EVA activities. This technique would be used to measure and evaluate task feasibility as well as develop new methods of task assignment in space related activities. This will enhance ground-based IVA and EVA procedure design as well as predict payload-handling difficulties. Moreover, the potential predictive power of workload models will enhance our computational understanding of other Earth-bound activities. 
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