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ABSTRACT

Methods and techniques to measure the
weight or the mass of objects were
developed thousands of years ago. There
has not been significant technological
advancement for many centuries, However,
the normal methods of weight measurement
are inadequate for microgravity conditions
or the near zero gravity environment asso-
ciated with space exploration and travel.
An instrument was developed which uses the

inertial properties . of mass to measure
that mass. The instrument can measure
specimens from less than one gram (0,002
pound) to over 10,000 grams (22 pounds)
with an accuracy on the order of 10,05
percent.

INTRODUCTION

Techniques and methods to measure the
weight or mass of objects date back to
early man. Measurement of weight was
extremely important in the development of
commerce. The balance or scales allowed
the weight or mass of unknown items to be
determined by comparison with known
weights or standards. However, techno-
logical advancement of the balance has
been venpy low through most of history.
Developments during the last century have
been directed to the ability to measure
very small quantities with extreme resolu-

tion (for example, to micrograms and
tenths of micrograms for microbalances)
and to increase the speed of measure-

ments.(1,2) .

The balance is an instrument which com-
pares the net vertical forces on objects,
including those from gravitational attrac-

tion, air buoyancy, and rotation of the
earth. However, on the surface of the
earth the forces from air buoyancy and
earth rotation are comparatively smaill.
The weight of an object is, then,

primarily the force with which a body 1is
attracted toward the earth.

However, with the advent of space travel,
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gravimetric-types of measurements of
objects were no longer satisfactory, i.e.,
gravitational forces (weights) vary to the
extent that gravity varies and effectively
may not exist. For example, for orbit
around the earth, gravitational accelera-
tion is counteracted by the radial accele-
ration of the spacecraft and its contents;
the result is weightlessness. However,
since mass is constant under these condi-
tions, characteristics of the masses of
objects have been utilized to determine
their weight equivalents.

Some laboratory and experimental models of
nongravimetric mass measurement equipment
were constructed by the Aerospace Medical
Division at Brooks Air Force Base, Texas
starting in 1965. William E, Thornton and
John Ord were involved with the Manned
Orbiting Laboratory (MOL) for the U. S.
Air Force and had determined that the
ability to measure weight during space
flight was extremely important in deter-
mining, monitoring, and analyzing the
health of astronauts. Southwest Research
Institute began providing engineering sup-
port in 1966, The MCL program was
canceled, but the National Aeronautics and
Space Administration (NASA) then had
applications for the developments.

Many tests, changes, and improvements
culminated in two types of mass measure-
ment devices, which were called specimen
mass measurement device (SMMD) and body
mass measurement device (BMMD), for use on
NASA's Skylab.(3-5) The SMMD was designed
to measure the mass of food residue, vom-
itus, and feces from 50 to 1,000 grams
(0.11 to 2.20 pounds); and the BMMD was
designed to measure the mass of astronauts
and had a capacity of 57 to 100 kilograms
(125 to 220 pounds).

The purposes of the mass measurement
devices for Skylab included demonstration
that accurate nongravimetric measurements
could be performed in space flight, vali-
dation of the theoretical behavior of the
devices, and to support biomedical




FROM LINDA HALL LIEBRARY
£

».

&

experiments requiring mass measurement.
The SMMD 2nd BMMD were used and operated
successfully on Skylab and provided data
for bicmedical analyses.(6-10) The con-
cern about physiological changes to the
human body under weightlessness have

proven to be valid also.(11,12) A new
generation instrument, the sm&ll mass
measurement instrument (SMMI), is ready

for use with Space Shuttle.(13,14)

There have been other interests in
measuring mass independent of gravity and
in using similar concepts to that pre-
sented here. However, the accuracies have
been quite poor, the sample size has been
limited to very small values, the measure-
ment process has been laborious, or only
limited information has been avail-
able.(15-20)

THEORY OF OPERATION

The smell maess measurement instrument can
be compared operationally to a single
degree of freedom, undamped spring-mass
system in which the mass oscillates sinu-
soidally at the natural frequency of the
system if it is offset from its neutral
position and released. The inertial pro-
perties of the mass and the stiffness of
the spring provide the elements of an
oscilletor. From classical physics it is
known that the period of oscillation
(inverse of the natural frequency) is
proportional to the square root of the
mass and inversely proportional to the
stiffnessaEbf the spring; 1,80,

T:1:2’T{\/m/k , (1)

f
where:
T = period of oscillation,
f = natural frequency,
m = equivalent mass of the

oscillating system, and
k = stiffness of the spring.

The equivalent mass of the system, m,
includes a portion of the mass of the
spring. If the period of oscillation
can be measured precisely, then the sys-
tem can be calibrated by measuring
the periods of items whose mass, or
weight, are known. Then the masses of
specimens have a relationship to the
periods of oscillation.

Figure 1 is a typical curve depicting that
relationship for a configuration similar
to the SMMI. Note that the curveé is plot-
ted semilogarithmically; and while the
curve appears linear for the small speci-
men weight velues, the shape of the curve
is obviously nonlinear if the scale is
expanded on linear graph paper. If a
curve, a table, or an equation is
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developed for such an instrument, then the
mass of a specimen can be determined from
measurements of its period of oscillation.
Alternatively, & computer could store the
calibretion data and use an algorithm to
calculate the mass of the specimen,

INSTRUMENT DESCRIPTION

Figure 2 is a picture of the SMMI with a
set of calibration masses. The SMMI is
designed to be rack-mountable. Envelope
dimensions of the SMMI are approximately
310 millimeters (12.22 inches) high by 483
millimeters (19 inches) wide x 483 milli-
meters (19 inches) deep. The weight of
the SMMI is about 18 kilograms (40
pounds). The accuracy requirements for
measurement of rigid specimens are given
in Table 1.

The electrical interface of the SMMI is a
single electrical connector and a ground
connection. Power requirements are 15
watts average at +28 +4 volts direct cur-
rent and 0.6 amps. The SMMI is designed
for the power and environmental conditions
of Spacelab. The SMMI is modular in con-
struction and is designed so that certain
modules can be easily replaced or
repaired.

MECHANICAL

Most of the SMMI is enclosed to minimize
the effects of disturbances from air cur-
rents and floating articles in space. A
clear removable plastic cover 2llows visi-
bility by the operator. Specimens to be
measured are placed on a tray inside the
plastic cover. The tray has a removable,
perforated rubber cover so that odd-shaped
items can be attached under weightless
conditions. Figure 3 shows an item being
placed on the tray.

Plate fulcra springs attach the tray to a
frame assembly. The plate fulcra springs

suspend, locate, and provide restoring
forces to the tray for simple harmonic
motion. The springs are essentially

friction-free and are fabricated from
special materials with a very low thermo-
elastic coefficient, corrected for thermal
expansion effects. The tray oscillates in
the directions of its longest dimension.
The oscillation amplitude is approximately
five millimeters (three-sixteenths inch)
from the neutral position.

While plate fulcra springs are somewhat
common, especially for weighing instru-
ments, they are complex to analyze pre-
cisely. They are also called such things
as flexures, flexure pivots, flexure
plates, elastic joints, flexure strips,
metallic flexures, crossed flexure pivots,
elastic fulcrum, and flexure tearings.(21-
25) In its simplest form, a plate fulcrum
i1s a strip of elastic material rigidly
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attached to two parts, which move with
respect to each other, Figure 4(a) 111lu-
strates this schematically. The tray of
an SMMI would be represented by the mov-
able element and the frame by the fixed
element. In normal practice, only small
deflections are involved with plate
fulera. Single strip and multiple-strip
assemblies may be designed to provide
various combinations of motion and con-
straint along or about specific axes.
Deflection or rotation occurs as the
result of elastic deformation of the
strip. By selecting the dimensions of
the strip and the means of attachment to
the structure, relative motion of the
parts can be free in one direction and
extremely constrained or rigid in all
other directions. Additional advantages
of plate fulcra include extremely 1low
friction or damping, freedom from wear,
high durability, and no requirement for
lubrication.

Analysis of the spring characteristics of
a parallel-motion plate fulcra [(Figure
4(a)) system can be performed where each
strip is essentially a flat spring under
lateral loading. One end of the strip is
made integral with the fixed element; and
the other end, attached to the movable
element, {s free to move in one direction,
but restrained from motion in all other
directions. In this arrangement, with the
strips parallel to each other, the movable
element remains parallel to the fixed
element as it translates along the path of
an arc. The center of rotation of the
movable element, as a whole, is at
infinity, because it does not rotate. If
a force, F, 1is applied to the movable
element perpendicular to the strip, the
movable element 1s displaced in a
direction parallel to the force. The
relationship between the force F and the
deflection of the movable element depends
on the length, thickness, and width of the
strips. Figure 4(b) shows one of the
flat springs in a deflected position. The
deflection is given by

Yy = e (2)

where:

length of the strip,
lateral force,

modulus of elasticity, and
moment of inertia.

M ™M
noanoun

In order to prevent buckling and to
overcome the lack of torsional stiffness
where long strips must be used, the strips
may be designed with a stiffened center
section, as illustrated by Figure 4(c).
This forces bending to take place only in
the relatively thin sections at each end
of each strip. In effect, four such
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strips were used for the SMMI. Note that
Figure U(c) is the same as U(b) except for
the stiffened center portion. The relz-
tionship between the lateral force and the
deflection in the stiffened strip shown
in Figure 4(c) is given by

2
FICLE W L1 + %-)

y = T (3)
where:
1l =length of the plate fulecrum and
L = length of the stiffened portion.
Figure #4(d) shows a more practical

configuration of a plate fulcra spring.
The spring rate of the plate fulcra is a
function of the modulus of elasticity and
dimensions of the spring and is expressed
as force per unit of deflection. The
combined spring rate of four strips like
those shown in Figure 4(d) is

LEbh3
p3(1-r3)

' (4)

where:

D = combined length of stiff portion
and plate fulcra,

ro= L/b,

b = width of the reduced section,
and

h = thickness of the reduced
section.

Fquation (4) can be substituted into equa-
tion (1), and dimensions of potential
plate fulcra springs can be determined
through a trial and error process. Lower
frequency oscillations, for periocds of
about cne~half second for an empty tray,
were chosen to minimize the errors caused
by accelerations/decelerations on the spe-
cimens during tray oscillations.

ELECTRICAL

An electrical actuator provides forces and
motions through a series of mechanisms to
offset the tray from its neutral position,
set a sear, lock the tray, unlock the
tray, and release the sear. The sear is a
trigger-like device which allows the tray
to start oscillating. The actuator auto-
matically stops the tray from oscillating
and makes mechanical preparations for the
next measurement. The actuator is con-
trolled completely by the MMI controller.

A zero crossover detection assemdly
includes an infrared light-emitting diode
and an optical detector, or photodiode,
for transmitting and receiving a light
beam which is interrupted when the tray
oscillates. The first two periods of
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oscillation are gated out to allow extra-
neous vibrations to be somewhat damped.
The following three periods are measured,
averaged, and used by the MMI controller.

The MMI coniroller is configured around a
R6502 microprocessor with electrically
programmable read only memory and random
access memory. The controller has a
liquid crystal display (LCD) with two rows
each of 32 characters. Figure 5 shows the
MMI controller providing a message of the
weight of 2 specimen which has been mea-
sured and a prompt to the operator.

A keyboard allows the operator to more
intimately interface with the SMMI. The
operator can also obtain information
stored in memory and perform diagnostic
operations. Calibration masses can be
deleted and added, and various other
instructions can be given to the SMMI.

MASS ALGORITHM

A number of types of equations were
checked empirically for goodness of fit to
the data of period versus mass, shown
typically by Figure 1. The shape of the
curve suggests that a power function equa-
tion should provide a good match. A power
function curve, or modified geometric
curve, is of the form

M= atB o c (5)
where:
mass of specimen,

period of oscillation, and

M
T
A,B, and C = constants.

won n

’

A sliding pecwer function was found to
provide the best results in which only
three nearby calibration masses are used
to determine the constants. The SMMI
chooses the three calibration mass values
which have periods closest to the period
measured for a specimen or unknown mass.
The exponent of the cquation is solved
using a binary search technique while the
other constents are solved avtomatically
using the least squares technique. There-
fore, the mzss equation (5) is allowed to
vary and does not remain constant over the
range of the SMMI,

RESULTS

Significant testing of the SMMIs has been
performed on earth; however, the true
tests will occur when the SMMIs are used
on Spacelab in earth orbit. Results so
far have been quite good.

The environment for space travel is dif-
ferent than many other situations, and the
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SMMI was designed to withstand space con-
ditions. Requirements have included limi-
tations on materials, shock, vibration,
off-gassing, temperature, and susceptibi-
lity and emissions of electromagnetic
radiation.

A slow drift was experienced with the
SMMIs which limited the repeatability and
accuracy for small mass specimens. It wes
not possible toc completely eliminate the
drift, so the SMMI was programmed to auto-
matically require a self-check periodi-
cally. If an empty tray measurement has
not been performed recently, the SMMI
requests that it be allowed to do this
when a measurement of a2 specimen is to be
performed. The SMMI then automatically
corrects for any drift thaet has occurred.

SUMMARY

Requirements existed for NASA to measure
mass under microgravity or near zero gra-
vity conditions. Standard weighing or
mass measurement equipment was not suit-
able. Flight-qualified mass measurement
instruments were developed and used on
Skylab, and a significantly improved small
mass measurement instrument with semiauto-
matic features was developed for the Space
Shuttle program, Many detzils were
described and discussed in regard to the
development and design of these mass
measurement instruments.

The SMMI uses the inertial characteristics
of mass to measure that mass. The charac-
teristics of a simple oscillating spring-
mass system for which the period of oscil-
lation is a function of the mass of the
system is vutilized. The instrument has a
range of less than one gram (0.002 pound)
to over 10,000 grams (22 pounds) with an
accuracy on the order of +0.05 percent for
rigid specimens. The SMMI has a micro-
processor, keyboard, and liquid crystal
display so that the operator can enter and
delete data and receive messages or
prompts and specimen mass values. The
SMMI also has a memory and self-calibra-
tion and diagnostic features.
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Figure 1. Typical Period-Mass Relationship
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With Calibration Mass Set

Figure 2. SMMI
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MOVABLE ELEMENT

FIXED ELEMENT

(a.)

Figure 4. Plate Fulcra Spring Configurations
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