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Theme

A SCALING equation is presented for predicting the met-
abolic rate of astronauts performing extravehicular activi-

ties in weightless conditions by underwater simulation. To
determine the additional energy consumed during underwater
maneuvering, a mathematical model representing the suited
subject and composed of simple geometric shapes, has been
constructed so that the integral equations of drag can be ex-
pressed in terms of motion vectors at the joints of the body.
Also discussed are the limitations and feasibility of the pro-
posed method, computer programs for executing the entire
scaling analysis, and recommendations for a Data Acquisition
System and experiments for determining the drag coefficients.

Content

Various simulation techniques have been considered for the
study of pressure-suited astronauts performing extravehicular
maintenance and assembly functions in weightless conditions.
Of these, water immersion offers the greatest promise because
it permits a neutrally balanced state approaching the free fall
condition to be achieved for extended periods of time. How-
ever, the water immersion technique is not without weaknesses.
The viscous nature of water as a suspension medium detracts
from simulation fidelity as rates of rotation, translation and
body movements associated with work exceed 2-3 fps. A
scaling equation is therefore needed to define the relationship
between astronaut tasks performed under weightless conditions
and identical tasks under neutrally buoyant conditions simu-
lating the real world.

The scaling analysis involves the calculation of the addition-
al energy expenditure during underwater maneuvering for
overcoming drag which is assumed to be the main difference
between the underwater and the actual weightless space
environment. Because of the restraints imposed by the pres-
sure suit and the concern for mission safety, extravehicular
activities are performed at low speed. A detailed analysis of
the drag problem has led to the conclusion that it is the prin-
cipal factor detracting from water immersion as a high-fidelity
simulation technique.

To predict the metabolic rates EMS of astronauts performing
space tasks by simulation, the physiological data and the
motion histories of the underwater maneuvering subjects
should be recorded. It will be left to the life scientists to
decide on what type of physiological data they want to record
and work out the metabolic rates EMw for doing the same tasks
under water. The scaling equation for determining EMS is

EMS = EM w — ED

where ED is the additional energy consumed due to drag.
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Fig. 1 Mathematical model.

In order to evaluate the drag energy ED, the mathematical
model shown in Fig. 1 has been used in the analysis. The
segments are assumed to be rigid, homogeneous bodies of
simple geometric shape, and hinged at fixed pivot points to
resemble the human body. By attaching accelerometers at
the joints of the body segments as shown in Fig. 2, the motion
histories of the subjects can be easily recorded.

A typical segment of the body is shown in Fig. 3 with the
velocity and position vectors shown at its end joints. The
drag energy can then be expressed in terms of these vectors as

ED = 7T Z ^ I dCD(t) f kWk(x)(AkX2 +
2 k = i Lk Jo Jo

Bkx + Ck)(akx2 + bkx f cky/2 dx dt

where Lk's are the length of the segments, p is the density of
water, td is the duration of a planned task, and

a = (\/L2)\(VA-VB)x(XB-XA\2

b = (2/L)[VA X (XB - X^)] • [(¥B - VA) X (XB - X^)]

c= \VAx(XB-XA)\2; A = (l/L2)\VA-VB)\2

B=(2IL)VA-(VB-VA); C = | V ^ | 2

In these expressions, the symbols x and • stand for cross and
dot products of vectors, respectively. Computer programs
have been written to evaluate the integral equation ED using
recorded motion histories of the body joints as input.

Fig. 2 Positions for Attach-
ment of accelerometers measur-
ing motion in three perpen-
dicular directions.
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Fig. 3 Velocity and
cross-sections along
the axis of a typical
body segment.

C(x)

Based on the available information1-2 regarding drag
coefficients for human body, some calculated results of drag
areas are presented in Tables 1 and 2. When the velocity of
motion is below 2 fps, it is found that the drag coefficient CD
of a human body immersed in water is between 1.0 and 1.3.
For producing reliable scaling results, more extensive drag
tests are recommended. Experiments pertinent to the
scheduled movements of underwater tasks should be con-
ducted to determine the drag coefficients of basic constituent
attitudes moving at various velocities. These results would
enhance interpolation of the other attitudes needed for the
scaling analysis.

Also recommended is a Data Acquisition System3 capable
of generating motion data on a standard IJ-mil by J-in.
polyester-base magnetic tape in the binary-code decimal
digital format. Automatic data recording would eliminate

Table 1 Comparison of drag Area,0 AD = CDA = D/q, ft2

Body Water-immersion Aircraft trajectory Schmitt's
position simulation simulation Investigation

Standing
Crouch
Prone

8.7
2.4
1.2

9
2.4
1.15

9
2 to 3

1.2
a In arriving at the results, the densities of water (1.94 Ib-sec2/ft4) and for air

at 10,000 ft (0.00176 Ib-sec2/ft4) have been assumed.

Table 2 Average drag area0 of clothed subjects, AD, ft2

Body position Yaw angle, i/j AD

Standing
Sitting
Supine

0°
0°

180°

8.70
5.74
0.962

a Because of the suit constraints, it is unlikely that either of the two squat positions
of Schmitt's investigation can be achieved.

the inefficient and time-consuming preparation of input data
from the accelerometer recordings of underwater motions.
The DAS tape can be directly read by the computer in the
calculation of the drag energies.
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