A Planar Model of a Standing Human

Simulated With Simbody
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Model
In this project we have modeled the human body as a 3-bar linkage to determine the joint torques necessary to stand up against the force of gravity and move to several different positions.  The model, shown below in Figures 1 and 2, includes three uniform rigid bodies to represent the shank (lower leg), thigh, and head, arms, and torso (HAT).  All joints are assumed to be frictionless, pin joints.  The reference frame, ground, is the fixed Newtonian frame, with nx pointing to the right, which corresponds to anteriorly anatomically (towards the front of the body), and ny directed vertically upward, which correspondes to superiorly anatomically (towards the top of the body).

To define the relationships between the bodies we have used the Simbody convention of defining inboard and ourboard frames in each body to relate with a mobilizer.  All mobilizers are pins, which allow one degree of freedom, specifying rotation about the z-axes.  The three mobilizers are described in Table 2, below.  Proximal indicates relatively closer to the body center and distal indicates relatively farther from the body center.  For example, the distal end of the shank is at the ankle and the proximal end is at the knee.

	Mobilizer
	Inboard Frame
	Outboard Frame
	Degree of Freedom

	shankToGround
	Ground reference frame
	Origin at distal end of shank; y-axis along length of shank
	Ankle angle

	thighToShank
	Origin at proximal end of shank; y-axis aligned with shank.
	Origin at distal end of thigh; y-axis aligned with thigh
	Knee angle

	HATToThigh
	Origin at proximal end of thigh; y-axis aligned with thigh.
	Origin at distal end of HAT; y-axis aligned with HAT
	Hip angle


Identifiers

See Excel file identifiers.xls for model identifiers.
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Physics and Simulation
Falling Under Gravity

The first step in validation of our model was to set it in an initial configuration (qAnkle = -10°, qKnee = 10°, qHip = -10°  with zero initial velocities and accelerations) and apply gravity as the only external force.  Since there are no constraints to prevent the segments from passing through the floor, the system acts like a 3-body compound pendulum.  Also, since the joints are modeled as frictionless pin joints, there is no energy dissipation.  Mechanical energy is conserved, and the segments will continue to oscillate for the length of the simulation since there is no damping.  

A surprising result was that the simulation crashed around 0.5 seconds.  This may be due to the large relative mass of the HAT segment (30 kg compared to 8 kg of the thigh and 2 kg of the shank) potentially causing this to be an ill-conditioned problem.  

Figure 3: Joint Angles of Three Linked Bodies Falling With Gravity
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Reducing the mass of the HAT segment (to 23 kg for this particular subject) allows the simulation to proceed without problem.  

Figure 4: Joint Angles of Three Linked Bodies Falling 
With Gravity After Mass Reduction
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We created an identical model in Autolev to compare the simulation results.  Comparing these results to the same simulation in Autolev reveals that this is a chaotic system.  Small changes in the states due to numerical round off lead to slightly different initial conditions at some time step which cause large deviations in the motion of the system.  If the integration tolerance is changed to a smaller value, the solutions match up for a longer period of time before diverging.

Figure 5: Comparison of Simbody and Autolev Simulations
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Standing Using Computed Torque Control

Since the equations of motion and the mass and inertia properties for the model are known, we have implemented feed-forward control to help the model track a desired configuration. The equations of motion were obtained by creating an identical model in Autolev.  The equations of motion were solved to get expressions for each of the joint torques, which were solved to find the computed torques in our torque control algorithm.
Control law utilizes an error correcting feed back loop based on the equation:
q’’ = qdesired’’ + kD * (qdesired’- q’) + kP * (qdesired- q)
Where:

q = a joint angle

kD = 2ξωn
kP = ωn2
We chose ξ = 1 so that the system would be critically damped and reach the desired configuration quickly with no oscillations.  We selected ωn = 60 because ωn = 2π/T and the T = 0.1 is the accepted activation time constant for human muscles.

We conducted an experiment to determine the robustness of the controller in the event that the feed-forward model was not perfectly accurate.  The mass and inertia properties of each segment used in the feed-forward model (UserForceControlJointTorques.h) were calculated for a female with a total weight of 56.7 kg and a height of 1651 mm.  However, the mass and inertia properties of the actual system were varied by changing the total height and weight of the female by 3x, 6x, 0.7x, and 0.4x.  

The model was set in an initial configuration of every joint angle at 0° and zero initial velocities and accelerations.  We specified desired angles, angular velocities, and angular accelerations by fitting a cubic spline between the initial position and two later positions at t = 10s and t = 20s (qAnkle = -45°, qKnee = 90°, qHip = -45° and qAnkle = -10°, qKnee = 20°, qHip = -10°, respectively).  The computed torque algorithm used the slightly inaccurate feed-forward model and feedback proportional and derivative control to determine the appropriate joint torques to track the step input of joint positions.  The plots below illustrate the resulting joint angles for these cases.
Figure 6: Sensitivity of Ankle Angle to Changes in System Mass
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Figure 7: Sensitivity of Knee Angle to Changes in System Mass
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Figure 8: Sensitivity of Hip Angle to Changes in System Mass
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When the mass and inertia properties of the system and feed-forward model were identical, the control scheme was able to track the step input joint positions with no steady state error and a well-damped response.  If the system had total height and weight larger than the feed-forward model, the controller overshot the desired angle and had some oscillations, but was able to track fairly well up to 3x body weight.  However, if the system had total height and weight less than the feed-forward model the torques still tracked the desired motion well, but the system was stiff and required a smaller time step for integration. 

The following plot illustrates the joint torques applied to the model corresponding to the exact mass scenario

:

Figure 9: Joint Torques to Achieve Cubic Spline Motion [image: image9.emf]0 2 4 6 8 10 12 14 16 18 20
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Insights

Our goal for this project was to use Simbody to make a simple model of a human and use computed torque control to determine the joint torques necessary to stand and move under the influence of gravity.  We used this model to investigate how accurately a control law must represent the physical system in order to produce the desired motion.  We found that with a controller natural frequency corresponding to the muscle activation constant in humans, the system could track desired motion even with 0.4 – 3x difference in estimated v. actual body mass and height.
One limitation of this model is that our control law follows a relatively smooth trajectory (cubic spline fit) with critical damping.  This may or may not accurately represent the motor control a human would use in this motion.  Future studies should examine using motion capture data for position, velocity, and acceleration data and determining the torque needed to match these motions.
Another advancement for this model would be to apply muscle actuators that apply force across the joints instead of using joint torques.  If the model included muscle redundancy (as occurs in life) this would require optimization to determine each muscle contribution since there would be many different solutions to achieve the required torque.

Figure 12:
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We will prescribe a crouched position and joint angle trajectories and use computed torque control to move the model to these positions.
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The ankle is pinned to the floor to simulate a flat foot.





We will use computed torque control to calculate the joint torques that enable a person, modeled as a 3 bar linkage to stand opposing the force of gravity.





Figure 2: Crouched Model
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Figure 1: Standing Model
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