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Introduction

OMPUTATIONAL multibody dynamics were used to simu-

late astronaut extravehicular activity (EVA) involving manip-
ulation of a large-mass payload. This research effort starts to fill a
current gap in quantitative analysis of EVA by solving the equations
of motion, with emphasis on Kane’s method. The applicationof dy-
namic simulationto EVA was prompted by the realizationthat phys-
ical microgravity simulators have inherent limitations: viscosity in
neutral buoyancy tanks, friction in air-bearing floors, short duration
for parabolicaircraft,and inertiaand friction in suspensionsystems.
A specific EVA, namely, astronaut circular trajectory manipulation
of a1201-kgpayload, serves as the subjectof the two dynamic simu-
lations described herein. These simulations are modeled after an ac-
tual large-mass-handlingEVA performed on Space Shuttle mission
STS-63 in February 1995 when astronauts manipulated the Spartan
astronomy payload as practice for future space-station EVAs.

Our contributions include a multisegment astronaut model and
dynamic analysis of EVA tasks, thereby enhancing existing EVA
simulations that produce either high-resolution, three-dimensional
computerimages based on anthropometricrepresentations"> or em-
piricallyderivedpredictionsof astronautstrengthbased onleanbody
mass and the position and velocity of the body joints>* without
physics-based dynamic analysis of EVA tasks. Our physics-based
methodology predicts astronautjoint positions and torques required
to perform an EVA task but does not yet account for the mechanical
effects of a space suit.

Methods

The astronaut model consists of seven segments with an addi-
tional eighth segment representing the large payload being manip-
ulated. Motion was restricted to a plane of symmetry (sagittal), and
the limbs on each side of the body executed identical movements.
The astronaut model (Fig. 1) includes geometry and mass proper-
ties; the trunk and legs initially were set to the neutral body posture
for weightlessness> The astronaut’s feet are considered fixed in
an inertial frame called “ground” (assuming the foot restraint, Re-
mote Manipulator System, and the Orbiter are infinitely stiff and
massive).

An objective of this simulation was to specify the motionin terms
of endpoint coordinates alone by specifying the position and orien-
tation of the astronaut’s hand in terms of global coordinates, similar
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to the way that EVA tasks are describedin training, e.g., “Move the
Spartan payload 1 m forward.” To prescribe endpoint (hand) mo-
tion, the model incorporates a virtual planar joint between ground
and the c.m. of the hand. This joint has three degrees of freedom:
X displacement, Y displacement,and Z rotation. The joint position
and velocity initial conditions are required for inverse kinematics
and dynamics calculations.

A systemdescriptionfile specifies each limb segment, the name of
the inboard segment, the type of joint, whether the motion of the
joint is prescribed, the mass of the segment, the moments of inertia,
a vector from the limb segment’s c.m. to the joint axis, a vector from
the inboard segment’s c.m. to the joint axis, and a vector indicating
the direction of the joint’s axis or axes. The system description
file serves as input to the dynamic equation formulation program
(SD/FAST, Symbolic Dynamics, Inc., Mountain View, California)
and the output is a set of functions (subroutines) in C code that
implicitly represent the equations of motion of the system. The
equations of motion of the multibody system are formulated as

Mi=F o))

where M is an n x n positive-definite mass matrix, F is a 1 x n
force vector, and u represents Kane’s generalized velocities (& de-
notes accelerations). Kane’s method utilizes the following, highly
efficient, formula for obtaining the mass matrix elements:
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Fig. 1 Astronaut model for fixed-lower-body EVA computer simula-
tion.
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where m, is the mass of the segment k, vf* is the partial linear
velocity for k, wf* is the partial angular velocity, B is the total
number of segments, and /; is the central inertial dyadic of body k
(Ref. 6).

The velocity of the endpoint segment, i.e., the c.m. of an astro-
naut’s hand, can be calculated from the velocities of the joints of all
segments by means of a Jacobian matrix J, providing the geometri-
cal relationshipbetween the endpointcoordinatesystem, referenced
to aninertialframe of reference,and the jointcoordinates,referenced
to the inboard joint’s coordinate frame, and is expressed as

p=1Jq 3)
where p and ¢ are the multibody linkage endpointand joint velocity
vectors, respectively. The positionsof the endpointand joints can be
obtained by integrating these velocities over time. In contrast, joint
kinematics are determined using only the endpoint kinematics, by
inverting matrix (3). Employinginversedynamics,the valuesof joint
position, velocity, and acceleration calculated during the inverse
kinematics phase are used to prescribe body joint motion rather
than the planar joint connecting the hand to the ground. For each
time step, the amount of torque required in each joint to bring about
the prescribed kinematic system state is calculated. Animation and
data plots are displayed simultaneously to correlate the numerical
results with three-dimensionalimages.

In the initial large-mass-handling simulation, the astronaut ma-
nipulates the payload along a prescribed circular trajectory using
counterclockwise arm motions [15-cm radius in 10 s, ® = 0.628
rad/s (36 deg/s)], whereas the legs and trunk of the astronautremain
fixed. Using inverse kinematics, the angular position, velocity, and
acceleration of the c.m. of the hand were prescribed in endpoint
coordinates by

0=rm+ ot

{x =x, +7r(l +cosb)

Xem, = —r sin 0
Yem. = Yo +rsin0

@)

YVem, = @F cOS 6

{jéc.m. = —w’rcos @

Vem = —?rsin @

where 0 is the endpointangular position, w is the angular velocity,
denotes time, r is the radius, x. ,, and y. , are the c.m. x and y end-
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point positions in global coordinates, respectively; x, and y, are the
initial x and y positions, respectively; and the dots denote deriva-
tives. The values for the joints were calculated using an inverted
Eq. (3) at each time step.

In the second simulation the astronautagain manipulatesthe large
payload in a circular trajectory, but realism is improved and exces-
sive wrist motion and torque are minimized. The hip, knee,and ankle
joints are allowed to move and are no longer fixed, resulting in ad-
ditional degrees of freedom and a nonunique solution. We utilized
a linearized least-squares root finder to determine the joint angles
(and their derivatives) required for the prescribed endpoint motion
and to avoid multiple solutions. Torsional springs and dampers were
implemented at the hip, knee, and ankle joints to apply torques in
proportion to the displacement and angular velocity of these joints.
The controlled lower-body joint torques are modeled as

L= _K(q - qdes) - Bq (5)

where v is the passive joint torque, g is the joint angle measured
from the reference position, gqes is the desired joint angle, g is the
joint angular velocity, and K and B are the spring and damping
constants, respectively. The starting configuration of the astronaut’s
body was enhanced by setting the wrist angle to 0 deg, the elbow to
90 deg, and the shoulderto 0 deg, i.e., alongside the trunk, placing
each joint approximately halfway between its mobility limit, thus
reducing the astronaut’s available work envelope, so that the radius
of the manipulation trajectory was reduced by half to 7.5 cm. To
further reduce torque requirements, the speed of the trajectory was
reduced by half to 1 revolution every 20 s.

Results

First Simulation: Fixed Lower Body

The payload manipulationis accomplishedsolely by the wrist, el-
bow, and shoulder because the lower body joints are fixed. Figure 2
shows arm joint angles (solid lines, left axis) and calculated joint
torques (right axis) vs time. The results were compared to published
space-suit mobility limits> and an astronaut-physiologcal-strength
database >* The elbow and shoulderangles are within mobility lim-
its, but the wrist joint significantly exceeds the negative angle limit
of —28 deg, reaching as much as —68 deg (denoted by pluses). The
calculatedlimb joint torques reveal smooth sinusoidal curves partly
because of the circular manipulation trajectory and partly because
the torques are distributedamong the joints. The hip, knee,and ankle
joints reveal the amount of torque required to fix these joints at the
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Fig. 2 Limb joint angles (——) and torques for hip, knee, and ankle (-----) and wrist, elbow, and shoulder (——-) vs time.
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Table1 Compliant-lower-body simulation of joint angles, velocities, accelerations, and torques

Current study
Refs. 4 and 5 Velocity, Acceleration,
Angle, deg Torque, Nm Angle, deg deg/s deg/s? Torque, Nm
Joint Max Min Max Min Max Min Max Min Max Min Max Min
Wrist 228 283 13.1 —-17.2 21.0 —9.0 52 —4.6 4.6 —-5.2 33 -33
Elbow 130.0 0.0 45.6 —48.1 100.0 51.0 9.7 —13.2 10.3 —18.3 45 —4.5
Shoulder  180.0 0.0 71.2 —66.4 25.0 -5.0 8.6 —9.7 12.0 —6.9 5.0 —5.1
Hip 0.0 —70.0 — — —-51.0 =560 0.6 -1.7 10.9 -2.3 5.0 —5.1
Knee 120.0 0.0 — — 49.0 46.0 1.2 —-1.2 1.7 —4.6 4.7 —4.2
Ankle 40.0 —40.0 — — 23.0 19.0 2.3 —-1.2 2.3 -1.7 6.1 -5.0

specified angle, and the ankle-joint torque reaches a maximum of
52 Nm. The elbow- and shoulder-jointtorques remain within limits,
but the wrist joint significantly exceeds physiological strength lim-
its. The 26-Nm maximum calculated wrist torque is well above the
13-Nm limit, and the maximum negative torque of —26 Nm is sig-
nificantly beyond the limit of —16 Nm (denoted by multiplication
signs).

Second Simulation: Compliant Lower Body

Joint-angle time histories and joint torques were calculated for all
six body joints, and Table 1 provides a summary of the maximum
and minimum joint angles, velocities, accelerations, and torques for
the compliant-lower-bodysimulation. The wrist and elbow angular
excursionsremain well within the space-suitlimits, but the shoulder
joint deviates slightly beyond the lower limit of O deg by 5 deg. The
lower-body joint angles are no longer fixed and exhibit slight fluc-
tuations in accordance with the modeled compliance. All calculated
joint torques fall within physiologicallimits and are approximately
one-eighth of their values in the first simulation.

Discussion

The seven-segment planar astronaut model and large-mass-
handling task for our two dynamic simulations provide a new
methodology for EVA research. The simulated motion is described
in endpoint coordinates, allowing for comparisons to actual EVA
training tasks. The correspondingastronautmodel joint motions are
calculated by inverse kinematics, yielding joint position, velocity,
and acceleration. The torque requiredin each joint for the prescribed
kinematic motion is calculated through inverse dynamics.

In the first simulation with fixed lower-bodyangles, the wrist joint
exceeded the space-suit range of motion by 40 deg, and the torque
values demanded of the wrist were twice that of human capability
becauseof the size and speed of the trajectory and the inertial proper-
ties of the payload. The first simulation was modified so thatit could
be accomplished within the bounds of human capability, illustrating
a primary simulation objective: to identify problems that might be
masked by the limitations of physical simulators before they are en-
countered during an actual microgravity EVA and to assist mission
designers and trainers.

The second simulation addressed these problems by starting with
the arms in a more reasonable position, allowing the wrist to remain
within its range of motion, and reducing the radius and speed of
the manipulation trajectory by half so that the torque levels remain
within limits. The realism of the first simulation is enhanced in the
second by modeling the passive impedance characteristics of mus-
cles, tendons, and ligaments in the legs via mechanical analogs, i.e.,
torsional springs and dampers. This results in a significant improve-
ment over previous astronaut models, incorporating biomechanics
literature’® into EVA task analysis for the first time. Upon detailed
inspection of the results, the astronaut’s body was seen initially to
tilt backward as the payload was pushed along the lower half of
the circular trajectory and then to tilt forward as the payload was
pulled along the upper half of the trajectory, reflecting accurate in-
ertial modeling of the microgravity EVA large-mass-handlingtask.
There were no available data on ankle-joint torque limits, but a
value of 52 Nm is relatively large and may give analytical insight

into numerous astronauts’ complaints about ankle fatigue during
EVA tasks. Our 1-g optimized human body, specifically, our small
antigravity ankle musculature, is not designed to counteract the
large-momentarm induced through the ankles when an astronautis
performing upper-body arm tasks during microgravity EVA while
constrained in foot restraints.

Conclusions

Thisresearchdemonstratesthe feasibilityand utility of simulating
EVA tasks by means of computational methods. The advantages
include the ability to obtain quantitative dynamics data of interest,
i.e.,jointangularexcursionsand torque requirements;the avoidance
of the limitations of physical simulators; and the ease of running
successive simulations with modifications.
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