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FOREWORD

This study was monitcred hy the Behavioral Sciencee Laboratory of the
b570th Aerospace Medical Research Laboratories, Aerospace Medical Divisiow,
Wright-Patterson Air Force Basc, Ohlo. The technical work described in this
report was by the Bell Aerosystems Company, Buffalo 5, New York, unier
Contract AF33(657)-9224. Mr. Ralph E. Flexman was principal {nvestigator for
Bell Kerosystems Company. Captain Donald I). Mueller of the Crew Stations
Branch, Human Engineering Division, was the contract moni“7r for the
6570th Aerospace Medical Research Laboratories. The work wasg performed in
support of Project No. 7184,"Human Performance in Advanced Systems" and
Task No. 718405, "Design Criteria for Crew Btutions in Advanced Space Systems,"
The work specific to this contract was initiated in July 1962 and completed
December 1962.

Tho authora wish to acknowledge the valuable work contributed by Mr., Wendell
Moore, special project engineer, Bell Aerosystems Company (for his w¢ . on the
SRLD). Particular appreciation is expressed to Captains John Simons, Melvin
Gardner, and Donald D. Mueller of the Aerospace Medical Research Laboratories.

This report is cataloged as Bell Aerosystems Report Number D7123.84%3002,




ABSTRACT

The assumption i8 made that a requirement exists for the development of a self-
mancuvering systera for orbital workers, Such a systemn will consist of a iife suppet!
subsystem, maintenance equipment (tools), and & propuleion and control subsystem.
This report discunses the general problem areas and specifically reports on the
rescarch, development, and testing of the Bell Zero-G Belt, a research propulsion and
control system for maneuvering a man in a weightless environment, The flight taats
of the belt took place on a large airbearing plaifrrm and in a C-131 cargo-type aircraft
during zero-g trijectories, The equations of motion derived during the Bell Acro-
systems Company sponsored development of the Small Rocket Lift Device (Rocket Belt)
nre also presented and discussed with respect to the Zero~G Belt. Specific convlusions
are presented on the adequacy of the research mode] of a propulsion system and
recommendations are made for additional research and developnient.

PUBLICATION REVIEW

This technical documentary report has been reviewed and is approved.
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SECTION I. INTRODUCTION

Man's role in operational space symloma will sooner or laier require him to
perform tasks extarnal to his space vehicle, Anticipating this requirement, the Bell
Acrosysteme Compony indtiated, in 1969, a program of study and developinent un
sBystems necessary {c support and augment an orbital worker's basic capabilities.
This program considered that the configuration of an orbital worker system could vary
from the simp.est, a full pressure suit with the required life support, propulsion and
stabilization syatems integrated into it, to the more complex, a rigid structuze on-
capsulating the man and lucluding a well inlegrated distribution ot the required sub-
systemsa. These two extreme forma of encapsulation are depicted in Figure 1, which
shows orbital workera in pressure suits and workers encapsulated in a nonanthropo-
morphic capsule called REMORA (1),

The program pursued by Bell assumed that system requirements existed for
both systems, and therefure, engaged in studies of both systems. This report dis-
cusses the work leading up to the development of a Zero-G Belt, the flight tes*’ g of
the belt and the conclusions and recommendations resulting from this effort.

It should be emphasized that Bell has conducted extensive analyses of the orbital
worker propulsion system over and above those presented in this report. These studies
have been directed toward the design of an operational backpack systein incluuing
propulsion, stabilization and control, and life support system. These studies have
resulted in the preliminary design of this system.

The basic assumption on which the Bell program has been based may be stated
as follows:

The requirement exists for the astronaut to enguge in useful activities
outside of his vehicle in both the orbital and planetary environmente.
These aotivities will range from emergency egress from his mother
ship to translation to another vehicle, for conducting maintenance,
repair, and assembly functions in space. Such activities require the
joint development of systems capable of susiaining life {n the predicted
environments and systems capable of translating the astronaut }'mited
distances with stability, control, and minimum expenditure of propulsive
power and life support sysiem constituents.

To satisfy the requirements of this assumption, expanded resu..cch activities
must be undertaken in a number of areas centered arcund the man's capability to
raanouver, with control, {n environments of modified gravitational firlda. Studies of
this nature will be concerned with the following three major subsystems which com-
prise the orbital worker self-maneuvcring system:
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(a) Life support system

(b) Support equipment (tools and other equipments necessary for the successful
completion of orbital maintenance activities)

(¢) Propulsion, stability and control system

It must be recognized that the cfficient development of an orbital workor sys-
tem requires an integrated engineering study of each of these areas. Howaver, thie
report is reatrioted to u discussion of some of the Bell Aerosyst:my Company
sponsored research on the analysis and design of the propulsion and stabiiization and
control systems, and discusees the results of test work vompleted with a prototype
system, the Zero-G Relt,

Thie work summarized in this report was initiated during mid-ycar 1959 and was
completed in Novembe 361, Subsequent to the latter date Bell has completed exten-
sive design analyses of operational back-pack propulsion systems including nwno-
propellant, bipropellant and gas storage systems. In addition to these system studics
others have been completed of the stabilization ‘m\xd control system, rendezvous
maneuvers and life eupport system integration (1-4). These Bell Aorosysters Company
sponsored studles are considered outside the snope of the present contract a.u are not
presented in this report. For a similar reason the results of the recently completed
USAF sponsored studies are not included in this report.

Figure 2 {llustrates the system concepts which have been studied lor iiuuslational
and rototional control of the orbital worker. These systems encompass the stabiliza-
tion spectrum from completely manual to automatio,

By 4 vompletely munuul systein we mean one in which the controlled quantities
(rotational amd translational position, rate ur acceleration) are sensed by the humaun
and the control fuputs to the propulsion system aro made through pilot initiated control
movements without the assistance of a stabilization augmentation system. The sutomatic
sysiems are those in which the command inputs are pilot initiated but are maintained at
the cormmanded value (plus or minus a system threshold error) by automatic sensors and
propulsiun system actuatora.

Figure 2 dous not represent all possible syatem configurations, as combinations
of two or more systems may offer enhanced stabilization. For exam.le, a manual
translationgl control sysiem muy be combined with an automatic a” gular rate control
system, It should be noted, however, that even in automatic systums tho command inputs
in terms of rate or position are pilot initiated. Therefore, the function of the automatic
system 18 to maintain the commanded value of position or rate; tha. s, atabllization is’
provided by a simplified closed loop operation which uses the man to close the loop.

The primary paremeter which defines the dynamic rasponae characteristics of
the Zero-G Belt is the looatior of the center of mass of the aystem rslative to the point
of application of a produced torque or .aoment, The usc of the full pressurc cult, with
its flexibility (even though limited), presents some problems in this regurd. Fo: example,




Fwatadg foIua) pue UOREZIIYeS *Z 3

wonpsod
BI9}OWX AJjo0iaA
asys(ndoxd adoosoxAn -0IJ[320Y uBuwnyg UOREIDY pmmIv
TonTeod
SI)W 014D Y AypootaA SpuMmV
ar1ejndoad aasdozg -01J[3VY puy donEod UORBII3IY pus ey
sIxIgw
aaysndoag aaendoxy ~0X9[3SV goxin agey ApooToA arey
sasndoad aasyndor g aewng] UBTny uonIsod WPV
0830,
aasindoxg | ‘sdo] ‘suxy sy uBtunH uonIsod PV
uopnesuBLy, aoneyoy UoHeISTELL TOTEYH TOPEISEELL uoneIoy
ad1og JoIMos s1oguag [eojdAL Anuendd pafjoruo)




T ————— T T—— e T T—

any time the man repositions one of his appendages or lifts a tool or some other object,
the location of the center of mass will change. The applicalion of g reaction control
force at such times will result in a thrust veetor displaced from the center of mass
and will result in a rotation of the orbital workez, Such undesired rotations must be
controlled efther by direst maaunl nontrol or through the use of vne of .he vurlous
automatic systems descriicd nbove,




SECTION il. CONCEPT DEVELOPMENT

The requircment for a2 personal propulsion system to permit an astronaut to
move aboul in the weightless environment of outer space was recognized quite early
at the Aerospace Medical Labaratory™ In February of 1968, they iniliated a ressarch
program to study the efiacts of gzero gravity on human performance and to explore tho
necessary characteristics of a propulsion system for a free floating man. The wub-
gravity environment for their studies was provided by flylag a cargo type airoraft
through a Keplerian trajectory. The aircraft first used was a C-131 transport that
had been modified to withstand the unique stresses that ocour when producing zero
gravity in this manner. By flying the C~131 through the maneuves at its maximuin
safe limits, a period of weightlessness of approximately 15 seconds was experience:l.
Additional raodificntions of the aircraft made it possible for a subject to free float and
maneuver {n a padded area of the cabin that was 8 feot wide, 28 feet long and 6 feet

high.

Althcugh the work of the Aeroapace Medicul Laboratory covered a wide range of
zero-g experiments, their work un several rudimentsry propulsion systems wrs of
partioular relevance to the development of the Bell Zero-G belt, The first sy..om
tested was a single jet propulsion unit designated the "Mark I". The unit consisted of
6 high pressure "bailout" bottles fastened together and attached to a p’ “ssure reduction
system. A 1/8 inoh, high pressure line attached the pressure redv- .on system to a
nozzle that was controlled by a simple trigger. The working pr ssure of 40v s 800
peig gave a thrust of approximately three pounds, Flight ter.s of the device proved
that the thrust waa too low to be useful for maneuvering iu the 18-second test period,
However, experience witk the unit did indicate the Importance of accurately aligning
forces through the venter of mass of the man when wtralght line translations woro
atterpted.

‘The second system Lo be tested, the "Mark 11", was likewise a single nozzle
unit. It consisted of a high pressure bottle and a special pistol shaped unit combining
the thruct nozzle and ite controller. The nozzle was attached to the bottle by a length
of high pressure, tlexible tubing. The Mark 11 had a working pressure of 1800 peig and
produced a thrust of 18 to 17 pounds, Flight teats also proved this unit inadequate.
When the hose was pressurired, it became tuo stiff to allow acourate aligninent of the
thruat or to turn the nozzle with a single hand, However, the amount « [ thrust appeared
to be adequate for translalion even though uncontrolled rotation frer ently occurred
when the nozzle was moved just a few inches from direct alignment with the operator's
center of mags. Yot, several atraight line transiations were successfully made,

At this point, just after testing the Mark [T unit, an exchange of technical
information betwueen Bell and the Alr Foree took place, On the one hand, Bell was

* The name of the Aerospace Mediral Laboratory has been changed to the
6570th Aerospace Medical Research Laboratories.
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carrying on a company aponsured developmeni of a rocket belt that would permit a
man to free {ly in a one-g environment and the Air Force a program to develop a
gystrm that would permit man to fly in a zero-g vnvironment

The Bell program consisted of certiin theoreticel and computer stuadies,
slmulator tosts, design studles, subsystern tests, and tethered flights with a com-
prossed nitrogen system. The validity of this development effort wae soon demon-
strated by a number of successful free flights with & completely functional rocket
baelt, The results of this work provided important informetion on the ecquations ot
moion of a free flylng man, the spring constancieas of a human body, tie optimum
locatl »n of thrust units with respect to a man's center of mass, and the stability and
control requirements of a man-propulsion aystam, Since this in.ormeilon had direct
upplicativn for establishing dusign purameters of a zero-g propulsion system, a fairly
oxtensive desoriplion of the basic work done by Bell on the SRLD i8 presented in the
next section,

'The relevance of the rocket belt work to the problems of manned flight under
sero~-g spurred a company decision to extend its man-propulaion system work to
include the development of a Zero-Q Belt, Criteria for a propulsion system of this
type was tentatively defined by discussions with the Alr Force and through ce. In
conceptual analyses of the problom area. Although an ultimate space system was
envisioned, it becaine quite obvious that the immediite requirement was for an interim
or research unit that ocould be used in the cabin of the C-131 when subgravity producing
parabolas were flown. The essentinl characteristics for a satisfactory lust { .\ ere
nasumed to inolude:

(1) The thrust unit» should be located so that all translational forces would be
elther through the center of mass of the operator or at his ug level with
paived thrust on each side of the oy axis.

(2) Location of the thrust unita for controllin™ rotation about any of the three
axes should make a lever arm appropriate to the amount of thruat being
genorated to produce a controllable rate of rotation.

(3) The propulsion unit should be capable of producing a sustained thrust of
156 pounds.

(4) The control oystem should be simple, utilize natural movements, and b
instantaneously responsive,

(6) The exhaust products of the propulsion system should be neither loxic nor
dangerous, nor otherwise incompatible with an airorufl environment.

(&) If a high pressure, cold gas system was used az a propellw..t, adequate
safeguards had to be irvorporated into the design to prevent injury to the
operator in the event of structural damage due to a hard fall or contact,
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{7) Tho total weight of the system to be carried by the operator should he us
light as possible and noi exceed 65 pounds.

Utilizing thosc critoria for catablishing a prelfminary concept, in September of
1959 a Bell design was formulated and a patent application submitted (patent was {sAued
on December 4, 1882). Figures 3, 4, and 5 present an artist's concept of the original
dnsign. An engineering design program was initiated shortly theveafter, but actunl
conmtruction of u test unit was not started until Decembe: of 1960, The initin! unit,
Bell Model 8170, was completely assembled and functiunally tastad in March, 1861,
Firat flight testing of the belt under conditions of zero gravity took place in April,
1961, and utilized the Aerospace Medfcul Laburatory's C-131 alroraft,
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Figure 5. Detail of Thrust Controller Unik




SECTION I, DESIGN AND DEVELOPMENT OF THE SRLD

Ag discussed in the previous section, the iuunediate predecessor of the Ball
Zero-G Bell was Bell's SRLD (Small Rocket Lift Device, popularly called the rccket
bell). The SRLD had its genesis in the first rocket plane to be built and tlown in this
country, the Bell X~-1A. Early in the development of this aircraft, the requirement
for additional control forces was recognized and lead to the development of & hydrogen
peroxide reaction control aystem. Experience with the small rocket motors of {his
system suggested the technical feasibility of achieving & manned rocket flight by
attaching motors of this type directly to 2 man's body, The firat design of such a
system was conceived in 1853 and added a new dimension to the realm of flight by
a successful free flight on 20 April 1861. Figure 6 shows the firat model of the
SRLD. It should be pointed out that 4 number of significant changes have since been
made in the configuration of the SRLD. Figure 7 is a picture of the unit being flown
in the tethering rig. Figure 8 shows the SRLD in one of its first free flights.

The SRLD is a pressurized hydrogen peroxide propulsion system capable of
producing 300 pounds of thrust. It ia mounted on g fiberglass corset molded to fit
the operator's body. Two handles, attached to uaderarm lift rings through a certral
lateral pivot puint, provide a 1motorcycle type throttle on the right and a yrw cousrol
on the lefi, All other conirol of the syatem is generated kinesthetically iy the opera~-
tor's body. Two rocket nozzles, one on each side, mounted outboard of the arms and
above the center of gravity, provide the actual 1ift. The nozzles are fed by » gas
generator, controlled by the hand throttle, Over 800 successful flights have besn
accomplished demonstrating the reliability of the system and its capability. Thus
far, maneuvers such as siraight and level flight from point to point, coordinated
and precise furna, hoveri.g, hill climbing and descents, over waler and various
physical barriers have beun demonstruled.

In its present configuration, the device is considered to he a feasibility or
research item. Its objectives have been to demonstrate the use ot a rocket pro-
pulsion system, carried on a man's back, to translate him over the earth's surface
{n controiled flight

Figure 9 is a model schernatic of the SRLD. As depicted, the SRLD is a
hydrogen peroxide propulsion system that is nitrogen pressurized, The nitrogen
bottle is charged through a standard aircraft fill valve to a pressure o 3000 psi.
Pressure {8 indlcated by a miniature high pressure gauge, Gas flow .s controlled
by a manually operated Ng shutoff valve developed for the Mercury Program. This
is followed by a 10-mioron filter which flows into a pressure regulator. A check
valve is provided which preveits backflow of HyOy. Pressure to and .rom the
propellant tankage is manually controlled by u "pressure and vent" 3-way valve,

A 0~800 psi tank pressure gauge is tied in just downstream of the pressure
and vent valve along with the relief valve.

12




Figure 6. Firat Model of the SRLD
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Figuze 7. Flight Tether in Operation
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8. An Early Free Flight
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The propellant tankage conslsts of two modified AF type D-2 breathing oxygen
bottles tied together by special bosses. A small sbutotf valve is lucatod &t one end
of the manifold and a tank bleed valve ia provided. Overflow tubes are inserted at
a predetermined height, Propellant flows under o pressure of 450 psi from the
manifold to the throttle valve, The throttle valve varies the hydrogen pesoxide
flow to the gas generator from zero to maximum. The peroxide {8 decomposed
by catalytic action in the gas generator, employing & silver sorcen catalyst. The
decomposed gases are direoted through, and expanded in, the two exhaust nozzles
to produce throttieable thrust.

Specifications of the system are:

Propellant Hydrogen Peroxide (90%)
Empty weight 64 1b
Propellant weight 47 1b
Operator weight 176 1b
Takeoff weight 276 1b
Usable duration 26 sec
Maximum Range (Horizontal) 1420 £t
Maximum Altitude (Vertical

Ascent) 496 ft
Maximum Altitude (Vertical

Descent) 2000 £t
Maximum Altitude (Vertical

Ascunt and Descent) 324 ft

The development hir.tory of the SRLD began in 1853 with saveral informal design
studies. However, it was not until 1968 that a specific program was initiated. Of par-
ticular relevance to the Zero-G Belt is the development testing that was done on &
nitrogon propulsion unit, the studies accomplished on a REAC simulator, and various
dynamic analysea.

The first man-11ft device built by Beli was flown by several people (under von-
trolled conditions) to determine feasibility of the rocket belt coacept. The rig incor-
porated two fixed rockei nozzles extending laterally from a shoulder harness, which
under hovering conditions provide a thrust equal to the man-plus-rig weight. In the
teat rig, thrust was developed from high pressure nitrogen supplied fr m an external
source through a flexible o8¢ to the rocket nozzles. Figure 10 showr, this test rig
in aotion. Hovaring flights of short duration were accomplished with some short
fore, aft, and lateral translations, In mowt of the early tethered flights on this rig,
an uncontrollable lateral oacillation developed which required termiit tion of the
flight. For this reason, an analytical study of the stability and control character-
istios of the proposed rocket belt was made to dotermino what dosign modifications
could be made to insure an acceptable system from a stability and control siandpoint.
Due to the complexities involved in completely simulating human torso dynamiocs,

8 simplificd mathematical model was uced in thie analysis. ‘The ubjectives of the
analysis were to:
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Figure 10. One ‘G Rooket Belt Test Facility
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(1) Solve the equations of motion for the simplified modc! to determine
their validity in predicting observed motions and if so, v evaluate
the parameters that affect stability.

(2) Incorporate into the equations a thruet victor control funcdon, both
with and without damping. Evaluate numerically the parameters
involved that affect atability and control.

(3) Determine practical design modificstions which would achieve Jesired
values of the parameters determined, e.g., torso orientation and support,
oontrol locations and deflections, damping ratios (and methods) etc.

(4) Study qualitatively techniques to obtain center of g avity control (with
fixed nozzles) which takes advantage of natural reactions.

(6) Recommend preforred systerus and alternates.

The lateral equations of motion were solved for the nitrogen rig and simplifiod
48 shown in the sketch below,

w/z X

w/2

cg
= Hip Axis with
Spring and Stiffness
Z, K, ~ ft-lb/deg

The upper torso is considered rigid, with nozzles rigidly attached. The lower
extremity (Lelow hip axis) is considered o he attached to the upper torso by a spring
of stiffness K. The solution of the equations of motion (detalls are given in Appendix
A) show that, once started, the system will translate from side to side through excur-
sions of X and rotate throvgh excurs.ons of 6 , both at the same frequency (the legs
swing as pendulums at the pame freguenty). The frequency of oscillation was found
to be,
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W '\/_wLﬁ*__ rad/sec

[]
57.31 (K, )

The amplitude ratios are,

| e X 1X g
max max

| —T al andee— R V!"——

' (¢ emax L zL

where WL = Weight of lower extremity, 1b
ZL = Distance shown in sketch, ft
K; = Hip axis spring stiffness, ft-1b/deg
KL - (KL/ZL + WL/57.3) .
1 = Total moment of inertia about system og, slugs ft
Note: Vertioal motions were not considerod,

» Using torso data for an average man, the frequency and period of the sys m
were found to be,

W = 1.7 rad/sec
T = 3.7 sec

b a
The amplitude tatlo, X __ / Bm 0.18 #t/deg

: These values nompered reasonably well with the observed values in the test

| rig. The time history solutions however, indieated that an cacillation, once started.
will persist at o constant amplitude, while in actual tests amplitudes appeared to
increase with time. It was felt that the increasing amplitudes observed in tests
were operator induced,

| As seen from the equations, there are two variable design quaniiiies which

j can produce longer periods, Zy, and Kp; 1.e., lower values of 27, (legs retracted)
and/or higher values of Ky, (hip axis stiffuess). Because of the agreement between

L analytical results and observed test results, the simplified model was ased as the
baeis for analysis and evutuntion of design modifications, It is to be noted that the

} location of the support point has no significance from this analysis.

Another cbservation from the test flights was that to control a..all disturbances
and move directionally, it was necessary to deflect the thrust vector relative to the
body. ‘This was done in the test rig by forcibly rotating the harness relative to the
shoulders. Attemptis tc control movements by deflecting arms or legs (ug control)
usually started oscillations which could not be stopped by leg or arm movemeonts.
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The effect ol adding thrust vector vontrol (deflectablc nouzles or jetuvators)
was analyzed by including in the equations of motion a proportional control term
. This can be physically accomplished by providing a conirol stick

K=

attached toithe nozzles, with which the operator ca- deflect the nowz'es in propor-
tion to his angular orientation. A value of K = 1.0 implies that he hold his stick
(and nozzles) in one fixed orientation relative to the ground such as perpencicula.
to the ground to arrest disturbances., The model used in the analyais was the same
as sketch presented earlier with the addition of deflectibla nozzles (see skeich
below).

Control

Solutions of the equations of motion with contro] (see Appendix A) show the
following frequency and amplitude ratios,
.2
w2 _ WL zL (L-K) . »(OKW

" '
7.3 KL I X

X 1K, & (LK)

2 t
W Oz (1K) W ,lo KK' 573

= Control gain ratio

K
‘fo = Distance between cuptroi swivel point and system center
of gravity

where
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1 .
K, = (KL/ZL + WL/57.8) = lumped stilinens parameter

These equations reduce to the same as those for the unconirolled vase when
K= 10

The poriod of oscillation T = —251 has been evaluated numerically (torso data
for an averinge mau) for a range of the variabies for which design modifications aru
poesible; l.e., K, 2y, Ky, A5, and the results are plotted in Figure 11. It was
assumed that improved stability and controllahility should vesult if the perio:i of
oscillation T were increased, the lateral excursiona X_.../ would decrease,
and 1 in addition, the simpie vontrol function (holding m:xatlck in & nearly fixed
orientation relative to the ground was incorporited). How effeci. /oly a man van
hold the control stick in or close to such a position could only be evaluated experi-
mentally, The solid lines in the figure show the effect of varying control gain
ratio K and control arm An. with nominal values of K ' (taken to be 1.0) and
Zy, =16 inches. It is seen that the period increases with deoreusing -lc and
decreasing K. The effects of decreasing Z;, to 7.6 inohes (legs retracted) with
an associated increase in Ky ' = 4.0 (attributable to greater muscular rigidity)
are shown by the dashed lines for the two lower values of “b The other 1ine
nhows the effect of increasing Ky, eseentially to @ .

The combined cifaot of reducing control arm 10 to about G Inches, reducing
21, and inereasing Ky ' will produce higher periods, particularly for luwer values
of the control gain ratio K. It is felt that a value of &, ® 5 inches (for un v uge
man) should be used to prevent the control arm from becoming negative for short
stature operators. Lowest possible values of Zg, should be used, implying a pro-
vision in the rig to support the legs close to the upper torso, and/or highest practical
values of K;, (hip axis stifiness) should be incorporatad.

This could be accomplished at least partially by providing foot supports that
are rigidly attached to the rest of the rig. A low value of K (abuut 0.2) also appears
desirnble and oan be atiained by incorporating a maximum deflection 1imit, say 3°
Then, reduced gain ratios automatically result when disturbance oscillationa are
large (due to gusts, etc.), For smaller disturbances and inadvertent stick motion,
low gain ratios can also be achleved by designing a high gear ratio between atiok
deflection and nozule deflection.

All the above design conaiderations were intended to produce a rystem that
facilitates control, and permits the pllnt to rontrol oscillations (dus tu disturbances
and inadvertent control motions) to a low value. The operator's control function ia
a simple one; namely to hold his stick vertical for hovering flight unc ‘o hedd it
aligned with his bodly axis for translational fiight,

A sketch of a proferred control system (damping system not inclwied) is shown

in Filgure 12, Methods of incorporating damping are discussed and shown in the
following section,
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Universal Joint

Swivel Polnt
Jetavutors
N -'
N I\
o
£ 0
Shoulder
o Bupporiy
o
N'
Systom \ Control Stick

Pilot's Hip Axis

Telescoping

Z Bectlon

Foot Bupport

Figure 12, Praferred Contrvol System SRLD
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The desired design features are:
(1) Deflectable nozzles by method of universal joint shown in Figure 19
or use of jetavators.

(2) Distance from nozzla swivel point to complete system center of gravity
« = B inches,

(3) Nominal (undeflected) thrust vector acts through system center of
gravity,

(4) Thrust veclor deflection limit approximately 3°, Deflection limit should
be a variable for test purposes.

(B) Control stick conveniently locuted,
(6) A telesoaping font support which holds the man's legs retracted.

(7) Length of foot support such thai distance from operator's hip axis to
og of lower extremities (below hip axis), 27, is minimum practical
value,

(8) Operator support location was not shown to be wignificant: e.g., -
difference between shoulder or waisi attachment,

A, DAMPING ANALYSIB

Figure 13 shows the simplified physical mode! that was to be analyied,
Assuming @ and 8, small then the equations of motion are;

T n W or ?-m' 0, since cos ( 8 + 5) R 1 ()
%‘xug-nm(o+ac)m T(8+8)=wW(8+ 8) @
Where Ié. = /oTlin 805810“/ 80 ' 3

W = is the welght of the man and his associated equipment (lb)
T = combined thrust of the lifting racketa (1b)

6 = the angular defiection of the body from the vertical (rad) or
some desired reference orientation

8 = the angulur deflection of the thrust veator from the tody axis (rad)
1 = moment of inertia of the body (slug ftz)

% = gecrleration of the sysiem cof in the X direction

fi = distance bhetween the aystem cg and the thruut vector swivel point,
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'i‘hmnt Vector
/ Swivel Point
Control
Handstick

Figure 13. Bimplitied Rigid Body Model for Damping Analyais
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Bince it would be very difticult to incorporate a pilot transfer function into
the analysis, it was assumed that the pilot's commanded control deflection is
proportional to axis attitude error. i.e. 80 = -K§

Equations 2 and 8 then become

s

xcg-ggu-x) = 0 (4)
18+ ,e:wxe 0 (6)

Applying Laplace transformation to equations 4 and 5 and writing them in matrix
form

aZ g-n] [x 0
2 °fl - (@
15+ £ wk o0 0 0
The churacteristic equation of the system is then:
2

m+1-o

The transient responge is therefore an undamped sinusoid with natural frequeney.
W = —. ot O]

It the system is assumed to have damping, for exampleif $= B ¢+v{ and 8 -
-K § (the means whereby such damping can be incorporated into the system is
discussed in raore detail in a later mection)then the equations of motion (2 and 3) become

ﬁog-g{l{-1+r Ke)8 =0 (8)
£ XV '
g+ °I L+7T 88 =0 ®

where T = a proportional damping gain
The characteristic equation for the system can be written

2
+ T g +1 =0
jowx/x -1
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with naturai frequency
- WK Note: This is the sBame uxpreasion
WA/ = as shown on page  when K, = @
1 .

and with damping

T
C- Lwx T w

It is apparent, therefore, that by properly adjusting ¥ any desired damping is
auainable,

The scheme for obtalning system dumping is discussed under three guneral
ontegories; naraely, manual, semimanual, and automatio. Each, of course, requiring
successively lese attention from the pilot or operator. Before discussing each cate-
gory separately, some general discussion s in order,

Wit'., regard to the manual and semimanual schemes, it is important that the
patural frequency of the system be sufficiently low as to be compatible with humar
reaponse oapabilities. There is, however, a pruvtical lower l{mit on the system
naturel frequency. In the first place, a very low frequency system ig inherently
a low loop gain system; hence, the operator will have very limited oapability in
dealing with gusts or other disturbances sincc ho will have difficulty detecting
angular errorrate becausa of the long observation time required. As a result,
he will have diffioulty damping the motion. This objection does not ccour for the
semimanual system since the operator need only detect attitude error,

For tho completely automatic system, the natural frequency of the system
can be much higher and in fact, the natural frequency should be higher than the
desired maneuvering frequency so that the automatic Camping system does not
affect the maneuvoring capability. However, the natural frequency for these two
oategories of damping should not be 8o high that the human operator has difficulty
applying the necessa. y control moments. Consideration should also be given to
the means whereby the operator applies control moments. For example, he will
be capable of relatively rapid control moment responso if all he has to control
{s an essentially inertinleas control stick or lever. On the other hand, if ho is
required to bend his body at the middle (cg control) in order to apply cor.trol
moments, then his re sponse will be considerably slower. In the case of the
manual control schemes, the operator s required io detect angular crror rates
and apply corrective control moments,

In & manual damping system the operatcr acta as the aititude error and error
rato detector, 1.e., as the computer, and as the contrnl actuator. In general, control
moments can be applied by controlling the reletive positions of the system cg or the
resultant thrust vector, or both. This eca' be accomplished by any of the following
means or by combinations; (1) rotating the resultant thrust vector about some swivel
poiny, (2) translating the thrust vector lateral.y, (3) shifting the cg (e.g.. bend!g the
body).
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Figure 14, sketches 1 through 6 show several pessible control schemes,

/
f\\/" A s | A

1 2 3 4 5

In sketch 1, the thrust vector is fixed to the upper torso and i directed along
the axis of the torso. ‘This arrangement is equivalent Lo the present experime=tal
rig when the handles and shoulders are held fixed, Attitude errors are correcied
by deflecting the legs outward. Damping moments are generated if the legs are
deflected in the direction the body I8 swinging,

Sketch 2 shows the thrust voctor fixed to and directed aiong the legs. Here
control and damping moments ara obtained by deflecting the legs as described for
sketoh 1.

Sketch 3 shows the thruat vectuir pivoted el u point on the upper part of the
torso hut controlled by the leg deflections a8 shown in the asketch so that the deflec-
tion of the thrust vector more than compensates for the resultant og shift. For
this arrangement attitude errors are correcied by deflecting the legs inward and
damping moments are generated if the legs are deflected in a direction opposite
to the direction the body is swinging.

Sketch 4 shows the thrust vector pivoted at a point on the lower part of the
legs but controlled by the bending as shown in the sketch. Here control and damning
moments are generated in the same manner as described for sketch .

Sketch § shows the arrangemen! analyzed in the jrevious section, Here the
thrust vuctor is pivoted on ihe body axie ither above or below the system cg. When
pivotad above the cg, the thrust vector is deflected toward the norma. to correct
attitude error. Damping is obtained by deflecting the thrust vector 8o as to generate
a mument opposing the angular velocity of the body. When pivoted below the cg, the
songes of these deflections are of course reversad.

1t is interesting to note that all achemes using body bending fall into two cate-

gorias when clagsified acoording to the direction the legs must be deflected in vider
to generate error correcting and damping moments, Ii is questionable which direution
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of body bending to correct errar is closer to the natural instinctive reuction of the
human, Oune of them 18 used in the present experimentsl rig. Thr second, where the
feet must be defiected underneath the body to correct errors, seems to be more
natural(reaction such as the NACA Flying Platform), A possible arrangament is
shown in Figure 16 where the thrust vector is orientud along a line extended between
a point above the og of the torso to a point below the cg of the legs.

The thrust vector control scheme which is recommended is that shown in
sketch 5 of Figure 14 with a [ree swiveling thrust vector and with a low natural
frequency.

In the semimanual system the operator is relieved of the tesk of detecting
angular error rate and combining the proper amount of error rate control with
attitude control deflection. He need only sense his attitude error and move & con-
trol stick accordingly.

Baged on the motions of his contrcl stick his attitude error rate is computed
and the resullaat thrust veotor deflection is made up of two parts, one preportional
to attitude error rate, This scheme can be implemented with a spring dashpot
system shov.n {n principle in Figure 18. Because of the simplicity of the task that
the operator had to perform there was considerable optimism that the system we d
perform satisfactorily,

The feeling was that should this system fail to give satisfactory results then
completely automatic systems comparable to aircraft. augmentation systema would
be considered. Such systems in general, involve rate sensors (rate gyros), amplif-
lers, and control actuators. A system incorporating all of these components is
probably too complex and ciumbersome for the application considered here. However,
a possible siiuple system 13 one which takes advantage of the incoming prepellant
flow to spin a rate gyro. 'I'he upstream side of the injector plate could be quartered
by baffles with its spin axis paralle! to the flow. Gyro displacements (due rates of
body rotation) could deflect the incoming propellant such that one segmont (or quarter)
receives a higher mass flow. The baffles or tubes would be rifled 90° because of the
90° precession of the gyro. The combustion chamber would also be quartered by
baffles extending tc ‘he exit of the nozzle. Fixed jetavators would be located at the
exit. Body rates would cuuse the appropriate segment of the combustion chamber
to receive highar mass flows and higher pressures. These higher pressures would
act on the jetavators to produce a lateral force to oppose the body motic . The
entire system may, in the final analysis, be quite simple. Some of the ririnciples
of such a sysiem are gketched in Figure 17. Simplified equations of motion for the
existing rig, if uncontrolled, are presented in Appendix A.

Aftor a considerable amount of testing on the nitrogen rig, a detailed design
of the SRLD began to emerge, A preliminary dynamic syatem analysis was performed
on the design concept to examine the inherent stability aspects of the man-machine
combination and to establish the contrul requiraments for various SRLD configurations.
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Operaior Aota as Attitude Sensor and Exerts
Control by Bending (Based upen Instinctive Reaction,

)
A\ Operatoxr's

Upper Torso

#I\ Total System cg

Thrust Nozzle Located
| and Directed Along
This Line

Hip —
Axia

Opurator's
Lower Torro

Figure 15, Manual Con*rol ani Damping by Natural Reaction
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Pivot on
Control Stick

Thrust Line

Control Stick

Simple Spring Pivot on Torso
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Control Stick

Figure 16, Semimanual Damping
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In this report, only the vesults of a preliminary analysis of the backpack type con-
figuration shown in Figure 18 sre preccented. This initial configuration was chosen
for the dynumic analysis bucause of its portability und compactness, The analysis
cormnpares stability charaoteristics of this aystem with and without an automatic
slability augnicntation device, shown in Figure 19. This device actuates the gimbal~
led rockets, by sensing the angular acceleration of the backpack rocket et to
provide the mun-machine combined system with a desired amount of stability.

The dynamic effacts of various significant design parutncters sssociated with the
stability augmentation devioe were investigated to establish a functional relation-
ship between dosign parameters and ovarall system performancs,

The analysis which follows in based on small perturbation concepts and linear-
‘zed theory, Sinve a free flight SRLD has six degrees of freedom, consideration muet
eventually be given to vontrolling all six modes. However, with throttle setting fixed,
the sinking distance of the SRLD due to tilting of the rocket thrust vector is of second
order of magnitude as compared with horizontal translation and rotary motion. This
is due to the fact that the losa in vertical component of the thrust induced by tilting
of the SRLD is proportional to the cosine of the tilt angle, whereas horizontal and
rotary offects depend on the sine of this angle. Therefore, the equation of motion
in the Z direction was noglected in this first order preliminary analysis. It was
also assumed that the dynamics in yaw, possibly arising from heading orror corr -
tion and/or change in heading, are not coupled with pitch and roll, Thus, yaw dynumivs
can be treated separatoly, Also, by inspaction of the physical system, neither static
nor dynamic coupling exists between pitch and roll. In fact, piteh and roll dynamios
chould resemble each other qualitatively. Theoretically, the solutions obtuine:d Iy
golving the equations of motion in roll should therefore be applicable to the dynamio
system In pitch, Actually, flight tests huve shown the pitch motion to bo more stable
than the lateral motion. Therefore, analyses have emphasized the lateral motions.

Now consider the man-machine combined system perturbed in roll attitude
from its initial equilibrium condition. The man-machine cambination was represented
schematically in Figure 20. The equations of motion wre:

L4, - mpglq, - K@, - q) + ‘mllzx = T;} 8 (; + 1y (10)

L, + mzmaq2 + K(q, -qy) - mylx = 0 (11

MR+ mllzq1 - mzlaq =T + T (12)

R B8

Aerodynamic effects are neglected in this preliminary hovering analysi. because for
this case the vatimated induced moment and drag appeared to be negligibly low. The
principal difference between hovering and forward flight is that the moments required
for pitch during transition and forward flight would he higher than that required during
hovering flight.

[N
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B. OPEN LOOP ANALYSIS

The open loop system is defined as the man-machine combination without any
control, Dynamic behavior of the open loop system should be indirative of syutem's
inherent stability and controllability. The cpen looy tranefer functiou, relating the
roll attitude of the man's upper torso to the deflection angle of the rockets is:

2

2 2 Kzs + K3 + Kk
Q1 = K1 8 + wWN = T (12)
'y s%s% « w2 ks + kg k K82
3 D 8 e K
where the pertinent geometry and rotation are showx in Figure 20 and
K
2
T T
2
w 2 Ka + K4k
N* = m
2
X K,k
w
D2 L8+ 7

TR = Total thrust of both rockets

«(, + 1) mI - ml) ~ mlt
Ky = ) + 1) (mly = mply) ~ mlLI)
Ky = 0 + Ly mg - ml,g ml,

K, -m(ll+lz+m2+13)-m112

2,2 2,2
Kbnm11I2-m1 1212~m 1

Ke = mg mzlll3 + mlmzlzlag(mzl3 - m1 lz)

- _ 2 2 _ 2,2
l(,r m(ll+l2)+2m]_malzl3 m, l2 ma 3

Both frequencies, Wy and W py, are dependent on the opcraic ‘v hip "spring"
charucteristica. Thesn frequencles are shown in Figure 21 as a function of hip
stiffness for the full fuel tank configuration. The numerloal values of all physical
parameturs used for the analysis are tabulated in Tables I and II. A root loous plot
corresponding to a fuel full configuration with a hip stiffness, K, equal to 100 ft-1b/rad
is ishown in Figure 19. It indlcates .aat the system is neutrally stable becausu the apen
loop poies and zeros are all located on the imaginary axis, In particular, the rair ot
poles at the origln indicntes that once disturbed in roll, the man will continue to roll
without restraint, How.ver, flight tests have shown that most men, with very Hitle
truining, can use kinesthetic control very effectively to stabilize themselves.
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Figure 20. Sohematie Representaticn of Man~Machine Combination

38




Body Fre sency - Radians per Second

28

26

20

18

-
[

{
o s T
7/’
- SCe
7
//
4

Hip Sprinyg Stifmess - ff - Ib

rad

Figure 21, Body Frequency versus Hip Spring Stiffness (Tanks Full)

39




TABLE I
WEIGHT ESTIMATE
SRLD

MONOPROPELLANT l~1202

Tanks
1-1302 Tank (2)
N, Tank 1)
Supports
Strape (2)
Vest Support (Plastio) (83
Gas Generator and Calalyst Bed (1)
Thrust Nozzlew (2)

Plumbing and Fittings
Thrust and Conirol Tubes
Valves
Control Welght (2)
Total Dry Weight
Loadable Items
1-1202
N2 Gue
Man

Total Syatem Welght

40

Weight
(1b)

10.0
16.3
(4.4
11
3.3

6.4
3.0
a.7
8.1
6.6
6.0

50.0
2.4
160.0

(30.7)

(63.5)
(212.4)

(275.9)
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C. CLOSED LOOP ANALYSIS

Since the results of the cpen loop study have shown that the man-machine com-
bination is neutrally ataule, a gimple autamatic stabilizing dovice might be desirable,
This would reduce the amount of attantion required and reduce training requirements.
Therefore, 8 mechanically simple yer operational reliable stability augmentation
device, was designed and tested. A sketoh of the device is shown {n Figme 18, The
equations of motion, governing the stability augmentation devies 'vith mechanical
connection to the gimballed rockots are:
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The damping terma have been included for generality although dampers probably will
not by used in the {ina! design, The linkage geor.otry yields a simple relativnship as
follows:
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By solving equations (14), (15), and (16) simuitaneously, a feedback transfer funcilon
can be obtained as follows:
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A functional block diagram of tho overall clesed loop SRLD with the stability
augmentation device will be shown as below.
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Tha two zeros in tha feedback tranafer function cancel the two polea at the oxigin in

the forward transfer function. However. the clored ioap transfer function still containg
an 82 term in its denominator, Therefore, the stability augmentation device does not
aliminate the neutrn! «:tability in roll. However, preliminary analog computer studies
show that the rate oi roll resulting from an external disturbance can be greatly reduced
by the stubility augmentation device, Thua tho pilot is relieved of a requirement for
fast response to keep the roll angle within bounds,

There is alao a theoretical neutral stability of the leg swin;ing mode. Flight
tests have shown that actually this mode ls of no conoern to most operators even with
no damper provided in the control device. This is probably due to the inher¢nt damping
cf the man, to his nonlinear stiffness characteristics, and his inherent abiiivy Lo control
very lightly damped oscillations, Further analysis and testing is required to determine
the optimum system parameters. Howsver, preliminary studies have shown that the
oscillatory mode can F2 given almost any deaired degrer of rtabil ity with judicious
deuign of both gains Ky and Kg and the control device damping constant and Lbe roll
rate resulting from external disturbances can be significimtly reduced by this design.
Therefore, it appears feasible to design a system which vwhould be controllable hy the
most inexperienced pers-nnel.

The root loci of the closad loop for various g and C are plotted in Figure 22.
Note that stabiliyy of SRLD becomes relatively poor if the frequency of tho stability
augmentation device is comparatively large. This is obvious because a stiff spring
between the bob weight and gimballed rocket virtually eliminates any desired relative
motlou between them. Conversely a very soft spring produces a sy. tem which is
surceptible to vertical accelerationa and disturbances. Therefore, care must be
exercised in designing the mechanical components of the stability augmentation
device in order to obtain desirable performance,
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D. ANALOG COMPUTER STUDY OF OPEN AND CLOSED LOOP

The SRLD aystem with the stability augmentation device was simulated on a
Reueves Electronic Compuler, The computer diagram is shown in Figure 23. Early
results of the REAC studies showed that the effect cf the difference o. the angular
deflections of the upper body (4;) and lower body (qp) is negligibly small. Therefore,
the man-machine combination was assuined to ba a rigid body for the preliminary
studies discussed in the following parngraphs. The criieria used for eveluation of
system performance are the rate of roll and horlzontal velocity resulting from
oxternal disturbances.

Figure 24 shows the open loop response of the SRLD to a disturbance forca !
approximately 26.8 pounds applied 0.899 feet above the og of the man-machine com-
bination, This I8 considered to be a very gevere disturbance, The resulilng rates
of roll and translaiion are 67°/sec and 18 fi/aec, reapoctively. The zugle of roll,
of coucse, far exceeds the limit of validity of the unalysis but the results still
serve for qualitative cormparisons with other cases, With the stability augmoentation
devios, ( W p =5 rad/sec and [ = 0.5 in the feedback loop, the rates of roll and
tranalation are redused to 12°/sec and 10 ft/sec as shown in Figure 25, This indi-
oates a significant improvement of the system performance due to the augme. ution
device. Figures 25, 26, and 7 demonstrate the negligible effects of various dampings
used in the stability augmentation device with & p = 5 rad/mea, With a roalistic damp-
ing ratlo, { , of 0.1, the frequency effects on the rates of roll and translation are
shown in Figures 27 and 28. This comparison ludicates that lowering the ti-dumped
natural frequency of the stability augmentation device results in significant reductions
in the rates of roll and translation. Inoreasing the ratio 15/d3 results in a wignificant
dearease of the rates of roll and trenslation as shown in Figures 25 and 29.

The results discussed above show that the stability augmentation device oun be
designed to veduve the rates of roll and trauslation to valuus which will permit even
inexperienced men to exercise kinesthetic or manual control and easily keep the roll
angle and distance traveled to very small valuea. However, the natural frequency of
the mass-spring system must be of the order of 10 rud/scc (2 cps) or less if the
stubility augme.tation device is to be effective. Such low frequencies imply that
the control system will be quite sensitive to vertical accelarations. Howevor, if
the rouket gimbal deflections due to vertical accelerations are limited ¢o 15 degrees,
the maximum loss of vertical thrust is orly about 3 percent of nomf1al thrust.
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Figure 23, Analog Computer DMagram
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SECTION IV. DEVELOPMENT OF THE ZERO-G BELT

The initial design of the Bell Zero-G Belt was essentlally derived from a
number of theorationl analyses, related experionce with the rocket belt, and the Air
Force's experienve with the Mark 1 and Mark 11 propulsion systems. The objective
for building the Bell syutem was, through flight testing in the C-131, to gonoerate
information for developing simple and reliable equipment that would augment the
apace worker's cupability to do extravehicular work,

A major decision had to be made early in the deaign as to whether cr not the
aystem would require automatic stabilization of the man. It was rccognized timt v
the space worker to effectively acoomplish his task:s, he must be able to stabilize
and control his attitude about three axes and to stabilize and control his spatial
position with respect to orbiting objects on which he might be required to perform
maintenance functions. However. the means by which this might be accomplished
may be fully automatic or involve no automatic equipment at ull, as diotated by the
nature of the tasks and the basic capabilities of the worker, The following consideru-
tions led to a decision to reject the use of automatic stabilization in the first ~vstem:

(1) Experience with the SRLD provided conolusive evidenco that under ocondi-
tions of a one-g environment, a man can manually stabilize his attitude
and control his flight path, '

(2) Alr Force peraonnel who at that time lind the most extensive experience
with the operation of man-propulsion systoms under zero gravity, were of
the opinion that manual stabilization and control might be feasible,

(3) Until an adaqats propulaion ayatam was made availuble to evaluate the
learning factur and to define thv parameters and degree of contvol and
stability required, a final decisinn for automatic versus manual siabilization
and control oould not be made,

Figure 30 functionally 1llustrates the overall concepts and indicates the inter-
relationship ot numan sensing and body dynamios with the control forces and the
parameier to be controlled and stabilizred., Note the inner loop which can have a
stabllizing or demtabilizing effect, During the use of the belt in flight tests, lesrning
trends which r ¢ 11d produce stability in this loop were to be closely ioted. Also, by
ussessing the operator's capability for controlling positiun, rate anl acceleration in
both translaiion and rotation, it was felt that an optimum combination between a manual
and automatic nystem might be defined. Furthermore, the desirability of an on-off
versus a proportionnl control system might be examine ' if throttic. Hle thrust could
be achioved. Again, it wae recognized that there might be l1imit cycle oscillations
inherent in an on-off stabilization system which, when coupled with the flexible
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response of tho worker's body, could induce unacceptable atability. On the other
hand, some types of proportional control were considered to be costly in terims of
weight, bulk, and reliability.

Prior to the {nitial work on the zero-g belt, considerahle stability and control
experience wus guined through nnalyticnl and analog simulation sludie s, flight test
eXperionce on the SRLD, and evaluation of NASA sludies on one-man lift devices. While
it is recognized that extrapolation of results and conclusions to the werov-g fllight
conditlon is difficult, ‘28ts conducted at Bell Aerosystems Company did indlcate the
fenaibility of a manual type control system for the space worker. "The tescs which
inveatigated the flying qualities of a man in a one-g belt indicated the following
relationship to the zero-g flight operation: (1) low values of thrust for angular
attitude control are desirable, and beoause of the zero-g flight condition, they can
be selected largely independent of the iranslational thrust requireme:ts, although
some coupling of modes does ocour (angular control in this case would be supplied by
pure torque couples); and (2) proper selection of thruat levels and control arms could
provide satisfactory manual stabilization and coutrol characteristics under hovering
or translation comrol,

The first configuration of the zero-g belt therefore represented a starting point
from which succeeding analyses were conducted.

In this system, man is analytiocally represented by a two-segmented body in
which the upper and lower torse are connected by the hip socket affeotive apring,
Figuro 31 depiots this model,

The equations of motion in the orbit plane are:

Upper Torso Rot. tion

1, 4 - K (@y-q) + 873 Ml/lic;3 . 'I‘Ré-&- Mg m (18)
Lower Torso Rotation

1, 62' + Klgy - q) - 57‘.3M2£;XB = M.E2 O] (19)
Complete Body Longitudinal Trauslation

£7.8 M:'c;! + Mllzc';l' -~ Mgldy = Fp + Fy (® (20)

and X (along orhit path) = X,_ cos q,

B
Vertioal Tranalation (In the Orbitol Plane)

66




q
Rotational

Thrust Upper Torso cg

Lowur Turso cg

Definition of Nomenclature:

anR B nnR

u g Kt

Angular displacement of upper body from the vertical
Angular displacement of lower body from the vartical
Moment of Inertia of npper body about hip pivot

Moment of Inertia of lower body about hip pivot

Distance between upper body Center of Gravity and hip pivot
Distance between lower body Center of Gravity and hip pivot
Reaction jets moment arm

Thrust level of reaction jets used for rotation

Thrust level of reaction jets used for translation
Effective torsional syring constant of hip pivot

Mass ol upper body Z = Vertical ¢.splacement
Mauzs of lower body X = TLongitudinal displacement
"Total muss of body A = Gravitational constant

Total weight of body

Figure 31, Two~Segmont Body Mode!
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v 3
M{'c +AV)T _
MZ = Re* 2 Mg
Where
V‘x = circular orbital
veloolty
R = ciroular orbital
altitude
2 2
W VOt 2V, AV +AV-g
or Z =
Ro + Z
but sinve

Vo2
Z<< R, 4OV << 2V, Av, R =8

[4]
and Vc- ‘/_Ra—

then the simplified equation becomes.

LA N A
8/2 3/2
R 6 R o

(21)

at 300 n.mi. orbit
Z¥1 0 YAy

which indiocates that vertical displacement from the work area can be negleoted for
AV's < 10ft/seo and translation times< 10 seconds. Thuse equations assume
tectilinear mot!~u in orbit.

The moments M;|;;1 (t) and ME? (1) aud force Fg (t) are applied moments ana

forces due to work tasks or body component muscular accelerations. (It was assumed
that these could be morv acourately defined and described during fu‘ure studies on an
air bearing platform and by one-g and zero-g belt flight tests.) The equations of
motion in a plane tranaverse to the orbit plane can be written in a similar fashion by
modifying equation (21). It has been determined from previous ana., ses that such a
system is neutrally stable. 3tabilicution and control are manually provided through
operation of the reaction thrust units T and Fp. However, it was recognized that
evaluations and analysis of the flight characterisiios of this control syatem could best
be accomplished by analcg simulation. Future work was planned utilizing the same
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techniques which were succesaful in determining the "'flying qualities' of the une-g
belt; that 18, using a physical hand controller (similar to the present zero-g belt
design) as the pilot's input to tho analog computer in a one-plane simulation setup
based upon the equations described above, The luman operator or pilot would then
provide control inputs hased on visual observation of this position and otion on an
osoilloscope divplay. The oscilloscope display would show: (1) angular attituda of the
upper bedy; and (2) longitudinal and vertical translation in the orbital plane. This fs
1llustrated in Figure 32. Figure 33 shows the analog simulator in operation as it was
used in the SRLD program.

A study of this type would simulate the longitudinal (pitch and forward transle-
tion) and vertical degrees of freedom, and then be modified as required to include
stability augmentation system dynamics. Specific tasks couid be assigned, such as
rotating and translating to a given position on the scope diaplay. During the iranait,
extexrnal disturbances and/or kinesthetic motionn could be introduced as time history
moment and forow inputs,

The variable design quantities or paramaters that waere envipioned {or investi-
gation are:

(1) Translational thrust levels and thruat lvcations (a position slightly above

the cg may be advantagaous in counteracting vertical motion due to oxbital
mechanios).

() Angular torque levels.

(3) TFixed versus rotating thrust unita,

(4) Hand controlle: desiyn characteristics.,

In evaluating the handling or performance characteristics of the manual conirol
syatem for each of the desigh parameters, a systematio rating system could be

established. Unfortunately, this study was riot accomplished due to lack of funding.
1t is described as a relevant methoduiugy for the development of future systems,

"‘i.'-".}
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Figure 32. Oscilloscope Display Schematic
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Figure 33. Analog Flight Simulator
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SECTION V. HARD'VARE DEVELOPMENT PROGRAM

Conatruction of the Bell Zero-G Belt was started in December 1960, Bpecific
dealgn detuils were formulated with respect to the mission for which the unit was
conoeived; e.g., as a research tool to study the capability of u man to position,
stabilize and translate his body in a zero-gravity environment, The rationale for
the design approach in general was discussed in the previous section and the specific
design requirements to permit flight lesting of the unit were discussed in Section II
under Concept Development,

A solmmatic of the original systom is presented in Figuro 34. The function oi
the system is quite simple, Super dry nitrogen is stosed in the high pressure tube
bundles. Upon activation of a thrust controller, the Ny gas flows froun the high pres-
sure tubes through a gauge and a filter to the regulator. The regulator takes the high
pressure gas and converts it to a low pressure supply in the low pressure tubes.

Low pressure Ng is thus stored until the throttie valve is opened when it esvnpes
through the norzles to produce thrust.

Of all the components depicted in the schematic, only the thrust and directionsal
control unit (9 required prodosign testing. All of the other itoms had been tested and

uned in previous Bell programs, A sample tan-pound thrust orifice was construoted
aud tested in Bell's Propulston Laboratory.

The Zero~G Belt consists of high prassure tube bundles attached to a snugly
fitting fiber corset worn on the middle of the torso. Two thrust controller units are
placed on the belt at thr og level of the body, one on each sidzc. Each unit contains a
manifold block into whith arc installed elght gas orifices with integral shutoff valves,
The orifices, or thrust valves are controlled as desired by the operator to propel
himself in any direction or axis of rotation. To effect this control, the operator stmply
pushes, pulls, 1ifts, depresses, or rotates the hand controllers in the direction he
desires to translate or rotate, For example, pushing down on the controllers opens
up the twn top thrusters on each manifold block, forcing the operator in downward
direction. Pushing forward on the controllers opena the rear thruaters, moving the
operator forward. For rotating about the vertical axis, forward pressure is used
on one controller and rearward pressure on the other, Thusly, Ly proper use of the
oontrollers, motion in any of the six translational directions, six rot. tional direotions,
or combinations of rotation and translation can be achieved,

The ocontrols are self-centering and require a force of six pounds for actuaiion.
Control motion is spproximately 1/4 inch and the valves are either h..l open or full
closed, The maximum thrust of the assembled unit at the completion of the develop-
ment program, produced at sea level pressure, was measured at 16,35 pounds,
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Lepond:

1, Schrader Fill Valve

2, H.P. Tube Bundle

3. H.P. Gage

4, Filter

5. Manual Shutoff Valve

6. Regulutor

7. L.P. Gage

8, L.P. Tube Bundle

9. Directional Control Valve (2)
10. Burst Disc

Figure 34, Zero-(3 Belt 8chematio
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Thrust at this level can be continuously maintained for 11 seconds. Although iliis is
a relativaly short duration, thrusts of this level used in pulses were ansumed io be
minimally suffjcient for maneuvering during the relatively short periods of wolght-
leasnees that can be produced in a C-131 airoraftt.

Initial tests on the vilve design showed less thrst than was antiripated from
theoretical calculativn, A small amount of rework on the assembly to increase
chamber pressure was acvomplisbed, Retest was completed Janusry 0, 1961, with
the following rasults:

Chamber Pressure Thrust
1st Tent 165 paig 6,486 1b
2nd Test 188 paig 7.5 I

The rework raiscd the ochamber pressure 20 paig and the thrast 1,28 pounds.

Theoretical calculations indivate that 10.3 pounds of vacuum thrust and 7.7 pounda
of thrust at sea lovael should result with & 185 paig chumber pressure. Sea leve] thrumt
should be 8.8 pounds at 185 paig chamber pressure. Resulta of this test were mficient
to proceed with the deaign of the thrust controllers.

These units consist of manifold blooks into which are installed gas orifices !
with integral shutoff vulves. These orifices are suitably positioned to produce thrust ;
essentinlly through and about the og. Figures 35 and 36 respectively show u wop and
side view of the unft, !

Construction star'ad on the tubs bundle assembly in ear!y January 1061, The .
high pressure tube turiles for storage of high pressure into gus were formed fromn
1-1/4 in, x 0,035 in. 4130 steel tube. Thess tubs bundles were made in lefts cnd
rights and ourved to it the terno. The assemblies wore terminated at the rear to a-
set of manifold plugs. The inside rows of tubes (8 in all) were high pressure. On the
outsido set of tubsws, 3 were high preasure and the lower 3 were low pressure. The
left axd right tube sections were hinged at the terminating manifolds to aliow for easy
donning aud removal of the assembly, At the front, all tubes were tarminated by
welding tight fitting plugs into the ends of tho tube. All of tha plugs were drilied and
tapped for either attaching pressure lines, or for inspection and drain provisions. ,
Those holes not used for attachment of fittings and pressvce lines w. 1+ weulad with {
1/4-inch Parker Lock O seals. All tubes terminating at the rear ma'ifold wero
swaged down to a dimension allowing for uccess during the welding uperation.
Figures 37 and 38 show the configuration of the tube bundles.

Upon completion of welding and attachment of the hinge, the high pressure tube
bundles we. y beat treated to a 170,000 psi minimum, The low pressure tube bundle
assemblies were constructed out of 0,035 Aluminum-Alloy tube and weru brought
up tn the T¢ rondition,
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Figure 36, End View of Thrust/Control Assembly
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Figure 37. Tube Bundle Assembly with Low Pressure Tubes Seperated
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38. Complete Tube Bundle Asgembly
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During this vonatruotion, a sample tube assembly was built duplicating the
manifolding in the back and froni, This unit wag then subjected to hydrostatic
tosting.

A. CORROSION AND RUST INHIBITING

Bators any hydrostatic testing could bv accomplished, a decision had to be mnde
relative to the moat practical und least expensive corrosion inhibiting procedure.
Internal nickel plating was considered but two drawbacks were noted: (1) tiia would
be a very expensive operation with no assurance that under repested oyclic pressur-
ization the cracks in the nickel plating surface would not develnp, thereby defeatiny
the purpose of the inhibiting procedure; and (2) it wanm poluted out by personnel in tle
Stress Department thal any rupturing of the nickel plated surface would most likely
ovour at the most oritical point at the front where the plugs were welded into the end
of the tube.

It was thus decided to use a very light rust inhibiting oil and thoroughly oil the
inside of the tubes under operating pressures. Since only dry nitrogen gas would be
used, 1t was felt that no explosion hazard would exist unlaus extreme iemperatires
were reached during pressurization.

The sample tuba was next hydrostutically tested in the laboratory; the first
test was the proof pressure test, The purposde of this test was to determine the
volumetric set. The sample tube bundle was tested nccording to LTR 81.-2-2" und
was pressurized in Increments of 2560 psig und ultimately to 3150 psig proof pressure.
1500 peig was used as a base for set readings. 3150 psig was held on tube bundle for
five minutes, No leakage or drop in pressure was observed, The volumetric set wa3
0.04 prrcent, The samp.e tubes were then hydrostatically oycie tumtad 20,000+ timen
where the minimum pressure was 180 psig and the maximum was 2180 peig. At the
higher pressures, a dwell time of approximately 3 seconds wus used, The total cycle
occurring approximately every 7 seconds,

Following this test, the sample tube assembly was subjected to higher hydro-
statio prossures r nd finally burst at 9500 peig. No leaks were observed until burst,
The burst veourred in a straight portion at the forward end of the tube and was in the
form of a longitudinal fracture. Figure 39 shows the tube section uscd in this teat,

After these tests, the high pressure and low pressure tubes of tle Zero-G
Belt were subjected to the following tests. The high pressure tuba bu .dle was pres-
surized to proof pressure equivalent to 8150 psig using 1600 peig as a base prossure.
There was a 0.04 peroent set observed., Tiie tube bundle was cycled t~n tinies from
250 to 2500 peig. No leaks were observed in the tubo lines and/or seidngs, Aluminum
low pressure tubes wore pruof tesled to 6UL psig, As i the other tubes, nc leaks
were observed. Hefore complete nssembly, cther units in the system wero llkewise
separately and suitebly tested to agsure a weximum safety factor, These ftems were
the pressure regulator, fllter, manual ~hutoff control, and controller assembly.
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B, ASSEMBLY

The inside of the tube hundles were lined with three layers of fiberglass bonded
to the tubes themselves. The fiberglass layer served two purposes: (1) attachment
of bodice fillor material; and (2) provided an additional safety feature for the operator.
During the operution of lining the tube bundles with fiberglass, suitable attachment
points were provided for the shoulder and leg straps. Also, an attaching braciet was
installed that provided muunting for the controller assembiies.

The next operation was that of completing the installation of the plumbing,
regulator, s.autoff valve, filter, low preasmire burst disk, thrust nulliffer assembly,
and the controller valves. Figures 40 and 41 show the completed assembly.

It is to be noted at this point that owing to the RkD nature of this device, as
previously pointed out, some trouble was experienced in sticking and dragging during
operation of the controller valves. It was discovered that any distortion areated
within the nontroller assembly as a result of muunting to the tube bundle ausembly
amplified and aggravated the sticking conditions wilthin the controller. This sensi-
tivity on the part of the controlier necesaitated a design change to a different type of
mounting of the controller to the tube bundis assembly, This change was incorpos .ed
in the form of a flanged heavy mounting plate attached to the tube bundle assembly and
provided rigid mountiig for *he controller. Upon completion of [inal assembly, the
Zero-G Beit was pressurized to 2160 pounds, using dry Ny gas. After two or threo
operational cycles including minor adfjustments, cleamp, etc., the belt wan ve.dy
for operational testing.
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Figrre 40. Front View of the Zero-G Belt
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SECTION VI, ZERO-G BELT TEST AND EVALUATION

A. AIR BEARING PLATFORM TESTS

Fanctional testing of the compleled unit was initiated in March 1961, using
Bell's air bearin; platform. 'The first "flights'" on the air bearing platform were
used to assess the effevtivenssa of the propulsion and control system as well as to
provide training for personnel scheduled to use the belt in the C-131 flighi testing
program. Due to a scheduling problem affeciing the availability of test time {n the
C-~131, tests on the platform to acourately ‘measure the thrust output oi ihe paired
units were deferred until after the initial flight tests in the C~131. However, ull of
the platform testing ia desoribed in tliis seotion.

The Bell air besiring platform factlity consisted of a smooth level mirfuce of
1-1/2 inch masonite that measured 12 x 24 fuet. Factory air was supplied by an
overhead air supply brought down to a chamber on a plywood platform where it was
equally distributed to threv levitation pads. The overhead arrangement of the air
pipes and conneotions resombled a pantograph type nf design that rade it possiliu
fox the plywood disk to move to any point on the floor without binding, frioction, ¢u
encumberance. Total friction invelved in moving the platform wae measured to be
less than 1/2 ounce. The platform was frve to 1otate in either direction, iranslate
fore and aft, left and right, or rotate and translate simultaneously. By use of this
basio facility and placing the belt and operator in eithor a vertical or horisuuwul
position, performance under ay three of the six degrees of freedom could be assessed.
Figure 42 shows the spaciousress of the faoility and Figure 43 shows the {acility being
used for operator trainins.

The design goal of the 2ero-G Belt Yrogram wns to fabricate a unit capahle of
producing a total thruat of more than 20 pounds in any direction using a chamber
pressure of 185 paig in & vacuum environment. Twu size nozzles were utilized; the
smaller of the two waa to produce 8 pounds of thruet wid the larger 10 pounds. By
pairing two ten pound thrusters, each located at the same point with respect to the
man's og, but on  pposite sides, translational and rotational thrusts of tweniy pounds
were anticipated. Tbe smaller units were also paired, but two were located on each
side of the bult. These units were used for providing vertical translation, rotation
or roll about the operators longitudinal axis and rotation or pitoh abo:t the horizontal
axis. Figuro 39 shows tlhe location of these units. By separating thes: units, hand
room on the controller was made possible and ten pounds of pitch forve on each side
could be generated. Although it was recognized that tho lever arm produced by this
design was grester for rotation about the vertical axin (yaw) and the 1 ngitudinal
axis (roll) than for rotation about the horizontal axie (piteh), it was assumed that the

operator could compensute for the differences in rotation rate by differential thrust
duration.
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Figure 42. The Be) Air Bearing Platform
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Figure 43. Zero-G Belt Training On The Air Bearing Piatform




Shortly after the second series of {iight tests in lhe C-131 airoraft, it was
decided that more acourate measurements of ylelded thrust should be taken, Up to
this point, and with the excention of the original thruat tests, thrusi measmres were
taken on the air bearing floor using a ''fish soale." For this series of measures a
more accurate technique was identified but which also used the air bearing floor as
a floating fixture, A calibrated load coll was mounted sevurely to one of the bulicing
columns at a distance above the floor t¢ coancide with the axiu of thrust of the belt
nozzles. Two tie points on opposiie sidas of single or paired nozzles were tetbared
to a whiifle tree on the lord cell using Light cord, A third line along the axis of the
load cell was run from iite far side of the helt to a ix'lkhead mounted pulley so thet
a steadying preload coild be applied. This is dapiuted tn Figure 44, The setur used
for other thruat conditions is chowa in Figare 48, A veriable range potentiometer
recorder with a clart speed of 1 inch per second was used fur ali measurements.

Initial tusts were made with @ man riding the platform to actuate the belt con-
trols. This method proved to be unsatisfactory becaune it introduced perturbations
in output with peak amplitudes i the order of 2 pounds. Ingemidiy ow the pard of the
techninians provided a simple hut effectivo "rubber band" actustor with a sensitive trip
lever to replace the man. Thiy technique was used in obtuining the tabulated rspult
presented in Table I,

Iaspection of the results indicates that the actual opernting thrust generated by
the syutem varied from one set of nozzles to snother and in several instances waa
well below the design thrust. For example, a total thrust of 11.13 pounds were
generated for forward trunslation and 10.45 pounds for rearward translation, For yaw
leit, 10,87 pounds were generated. For a left roll, 11,82 pounde of thrust were generated,
For vertica! tranalation, 8,2% pounds up and .21 pounds downwaz+ were generated.

The low yleld of thrust of the fully functioning system as corapared to the
initial testing of the nozzles was attributed to starvation oi the thrust chambera due
to limitation of the regulatur, in keeping the low preasure tubes fully pressurized. In
order to further increase the yield thruat, an additional regulator was placed on the
opposite side of the belt, larger connecting hoses and tubes were used, and the pressure
in both the high and low pressure tubes was increased, Whereas the criginal pressures
wero 2150 and %20 psig, they were raiged to 3000 and 350 peig, respectively. After
thoge modifications were made, thrust measures for just the translational forces wove
made. 'rhe net inoreas2 was ubout 4 pourds giving a yleld thrust of appro.imately 16
pounds,

B, FLIGHT TESTS
Three series of flight tests were performed in the niroratt during the months of
April, August, and November of 1861, During these tests, the belt was flown 4 total

of 106 zero-g paraholas; 40 in the firsl series, 41 in the second, and 26 in the third,
Subject operators included both Bell and Alr Force porsonnel, 'The flighls flown in
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Figure 44. Thrust Testing of the Air Bearing Platfor:~
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Figure 45. Clage-tp of Thrust Testing Rig




TARLE iI1

THRUST LEVELS MEASURED ON THE ZERO-G BELT

Theusi Direotion Nozzles Thrust
1. Astern RH 5,05
2. Astern L 84

3, Forward RH 5.61
4, Forward LH 6,52
5. Right LH 7,66
6. Left RH 7.69
7. Downward All 8,21
8. Downward LH 8,73
9. Downward RH 3.587
10, Upward RH 8.08
11, Upward LH b.4

12, Upward All 8.28
15. Astern All -

14, Forward All -

19
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the first serles were cigsloratory In nature and used total thrusis in each rxis of
approximately five pounds. During thess flights, photogriphic records provided the
only data taken other than subjective comments of the {light crew. Control was
demonstrated in all axee of rotation and directions of translation, but the thrust levels
were considered to be too low to satiafactorily control the desired maneuvers in the
15 to 20 sevond period of weightlassness or to compensate for the alrcraft movement
toward the test subject when it is flying less than a perfect parishola. As a result of
the experience gained during this firs. series of flights, it was decided to reset the

regulators and inorease the total thrust of the paired units and to concuot further
tests.

During the seconul series of test flights, a total thrust of approximately nim
pounds in each rxis was uscd. ‘I'wo Alr Forue subjects participated in theoe fiights,
and each of the subjects wan given detailed instructions prior to attempting to {ly
a given maneuver, The tests conduoted during this series of flights were rigidly
struotured and specific translation and rotation maneuvers were attemptad.

Table IV presents u listing of the maneuvers which were attemptad, Due to the
limited availability of the test airoraft, each subjrot was given only one trial on each
maneuver except where inadvertent accaelarxiions as a vesult of turbulence or an ‘- ~-
perfect parabola were of a magnitude that made it impossible to attempt the mansuver.
In those casvs (5 parabolas of the 41 flown) the subjects were given a second ohunce

at tho maneuvesr. It ls recognized that one trial opportunity to léarn to control a new
system through a defined maneuver in an unusua! envirenme:t does not permit much
learning. However, the declsion was made to fly us many different maneuvers us
possible during this series of tests and to attempt to cptimize the difficult maneuvers
during subsequent flight test programs.

Each maneuver was broken down into significant parts and scored fur suvcuoss
of completion, The total mancuver performance was also rated, Complete motion
ploture coverage of ench maneuver was provided. Figure 48 shows one subject
attempting a translation during the weightless period. At the conclusion of each
parabnla, the ratings were made jointly by the operator and a trained observer on

each part of the maneuver, Tables V and VI present the test record sheeots for a
typloal maneuver,
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2
3.
4.
&
6.
7
8,
8,
10,
11,
12.
13,
14,
15.
18,
17,

18.

TABLE IV

MANEUVER SCHEDULE FOR ZERO-G BELT FLIGHT TEST

Forward translation from a verttoal position

Reverse translation from a vertical position.

Lateral translation from u vertical position.

Forward translation from a prone position.

Reverse translgtion from a prone position.

Vextical translation up and down from sitting position,

Rotation, 360° left and 360° right around vertical axis,

Rotation, 360° forwurd and 360° backward avound horizontal axis,
Roatfon, 360° left and 360° right avound longitudiual axis.

Zero-g walk on floor.

Zoro-g walk on wall,

Zero-g walk on ceiling.

Zero-g walk around vabin,

80° Change in pitoh during forward translation,

80° Change in roll during forward translation,

90° Change in yow duiling forward trunslulion,

Straight translation from vertical position, stop, 180° yaw turn, return
to starting point,

Straight translation from prone position, stop, 180° pitch rotation and 180°
roll and return to starting point.
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TABLE V

ZERO-G BELT FLIGHT 'TEST RECORD

MANEUVER NO. 1 "Forward Trans!lation from Vertical Position"
ABCDFEYGH

ITEM:

Poor Fajr Goud Ex.
8 BTART evncccicoomccnnnnnnn. T 7 LT
¢ STABILITY........o.coeveenwn...... L7 T T [T
d.  ATTITUDE CONTROL......coew...... L/ L7 T [7
e.  DIRECTION CONTROL................ g O O O
. RANGE CONTROL.........oeo........ L7 (O (O 7
§ OVERALL RATING..........eeeuw.... L7 T [T 7

(Value) 1234877
SCOMMENTS

Itom:
a.
b,
C. o —
d.
Q.
1,
g
Other
QUALITY OF PARABOLA
OBSERVER /7 OPERATOR 7/
NAME DATE




TABLE VI

MANEUVER AND SCORING INSTRUCTIONS
{Manouver No, 1)

Start from kneeling position. At zero g, use sufficlient down thrust to lift off
floor, Apply forward thrust accelerating to desired speed, Coast using corrective
thrust for position control, Apply reverse thrust early enough to stop at end oi

cabin,

A, SCUHING

Itern:
a, Excellent performance is positive liftoff to approximately 2-foot
clearance of knees to floor.
b, Excellent performance is rapid (2~second) acceleration to acceleration
to desired translationsl speed,
c. Excellent performance if operator maintains forward orieniation snd
vertical body position.
d. Excellent performance {f operator can make adequate corrections in
flight to maintain Yody orientation in pitch, yaw, and roll.
e, Excellent perfor:zance if operator is able to apply reverse thrust .o stop
at desired point.
f. Excellent performance if accurate control o1 flight path is accomplished.
g, Overall maneuver performance,
B. OTHER

Please comment on all characteristice of belt related to performance, {.e.. thiuat

level, control gensitivity, and location - suggestions for improvement.
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Table VII presents the esliruated percent of successful cumpletion {ov cach
raaneuver on ths second test serivs, While 1t is not possibie to attach any atatisfical
significance to the data found in Tuble Vil, some trends can be notec: and used ag
bypothenses for further study or comparisons,

TABLE V11

ESTIMATED PERCENT SUCCESS OF EACH MANEUVER

Maneuver Numbey Operator No. 1 Operator Al..__z
1 80 7%
2 50 75
3 76 75
4 20 100
b 10 26
6 90 100
7 100 80
8 25 50
9 100 100

10 25 150
11 10 25
12 10 10
13 /] 80
14 15 ' 75
15 10 80
16 26 v0
17 0 100
18 80 -
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The firat sit mancuvers were straight translations. Of these six iranslations,
unly maneuver nummber 6, reverse translation from a prone position, offered serious
difficulty, This difficulty should not be surprising, however, when the nature of the
iwaneuver is considered. In the rotational maneuvers (7, 8, 8,) only maneuver 8,
rotation in the pitch axis, docmonatrated poor completion success. The zero-g walks,
maneuvers 10 to 13, also indicated fairly poor success, It 1s likely that forces pro-
duced by the flexion of the ankle during the walking was greater than the approtimately
nine pounds of thrust provided by ths propulstion system ana therefore the operators
were actually forcing themuelves away from the surface on whick thoy were trying to
walk. The resuits of maneuvers 14 o 18 indicate that the atlempt to enguge in simul-
ianeous control of both translation and rotation yieids relatively low percentage of

success. Table VII presents the mean operator ratings for each mansuver component,
averaged acrosa the 18 different mansuvers.

TABLE VIl

MEAN OPERATOR RATINGS OF EACH MANEUVER COMPONENT

Component x__c_)_perator No. 1 X Operator No, 2
Start 4,87 4.12
Rate 4.44 3.78
Stability 3.58 3.50
Attitude Cont. .12 4,12
Directicnal Cont. 4.23 4,31
Range Cont. 4.10 4.00
Overall Rating 4,22 3.88

* A vglue of "7" {g maximum and 0" minimum, "'3.5"" i between "good" ¢ nd "falr,"”
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These ralings indicate that the test opersiors rated cach of the maneuver components

at a level which indicates fair to good control. It 18 important to note that these ratings,
when compared to other zero-g propulsion systems tested in the Aerospace Medical
Laboratory air:raft. indicate that the system offurs considerable paiformance improve-
ment over the cther systems,

The third and final flight test series used a configuration of the zero-yg belt that
ylslded total thrusts of slightly over 16 pounds. Since it was known that the number
of parabolas to be flown would Le limfted, it was decided to repeat all maneuvers on
which the belt wus rated elther low or unsatisfactory on the previous lest series.
These, including their new rating, are given in Table IX.

Maneuver N'umbe_r

]

11
12
1%
18
18

TABLE X

PERFORMANCE RATINGS ON THE ZERO-G BELT

Elcrlpﬂon

Reverse translation from a prone position

Rotation, 360° forward and 260° backv.ard
around horizontal axis

Lateral Rotation

%ero-g walk on wall

Zero~g walk on ceiling

90° change in roll during forws~d translation
20° change in yaw Juring forward translation

Straight transiation from prone pusition, atop,
180° pitch rotation, 180° roll and return to
starting point,

8
26
(8]
50
7%

The resuits of this tost series were most encouraging and gave evidence tuat
with practice, and when » goud parabola was flown, any of the 18 man:uvers could be
performed satisfactorily with the belt at the new thrust levels,

e
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SECTION VII. CCNCLUSIONS

In spite of the lack of precise pertormance data we are of the opirion that the
following conoclusions obtained from the development und test of the Bell Zero-B
Belt are warranted:

)

(2

(8)

“)

(5

(8)

The belt, in its current configuration, has demonstrated an encouraging
capability to translate and rotate a man in a weightleas environment.

A two-hand controller is not desirable. It has been determined that a
single-hand controller is necessary so that the second hand is free for
other functions, and to assure an equal thrust applioation on hoth sides
to prevent unintentional rotation.

Throitleable thrust is required. The operator should be able to vary the
thrusi output ovor the entire range of thrusts possible. It is smportant
that the thruuts utilized for rotational control be optimum for each axis
because of the differnnt moments of inurtia present in each axis.

Becauac of the short exposure {o zero g during any one parabola, and
beoause of the disturbances induced by turbulénce and imperfact Linjec-
tories, it was not possible to ussess man's capability to stabilize himself
without some augmentation. Although later experience with the Mercury
capsule indicates automatic stabilization wastes fuel, the case for, against,
or a compromis » position cannol Le made un the busiu of Lhase test resuits,

1t is recommended that future teating of A manned propulsion system for a
space worker be conducted in a six-degvee -of-freedom simulator where
greater freedom and duration of performance can be obtained. In the event
that more suitable aircraft and autopilot programmers are developed to
generate more zero-g time, maneuvering space, and quality of parabolas,
further aircraft testing may prove valuable,

Various techniques have been devised and tried for asscssing an operatosts
performance when attempting to do specific maneuvers in the C-131 under
conditions of weizhtlessness, These have included introspect on, written
or verval recordings by an observer, and motion pictures. Objective and
subjective assessment has proven very difficult thus fur due tn the extran-
eous and unrecorded accelerations imparted t¢ the air mass in the ¢abin
that overwhelm the performance of a propulsion unit, The effect of these
extrancous acoelerations made analysis of the motion pleture impoasible,

88




——— e —

Their cifects on the ohgerver recordings and the introspective reports are not
known. Untl) auch time as perfect parabolas can be flown consistantly, it is doubtful
that cven an automatic recording syatem would be useful. Until this time, It is
suggested that the use of periormance record sheets, filled in by trained observers
who can allow [or the extraneous disturbances, be utilized,
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SECTION VIII. RECOMMENDATIONS

The introductory section of this report presentod the context within which the
development and test of the Bell Zero-C Belt took place, It was pointed out that the
orderly development of an oporational syatem for augmenting a space worker's
capability would require research and study on all related problem areas. Although
this report is primarily concerned with the development and test of the belt, we have

included specific recommendations for additional work in all associated fields of
interest.

As indicated, the development of an optimum self-maneuvering unit for the
orbital worker should be direoted toward the integration of the required life support
systems, propulsion system, stability and cuntrol system, and support systems neces-
sary for the required orbital activities. The successful and timely development oi the
avbital worker system will require expanded research plus devolopment studies in o
number of araar, Figure 47 presents, in summary form, a recommended atudy plan.
The technical study effort hav been divided into four major study areas; maintenanr-
task parameters, orbital worker control capahilities, orbital worker environmental
parameters, and stahility control and propulsion concepta. The discugsion that follows
presents some of the more important research questivms that must be thoroughly
studied to accomplieh the optimum development uf the orbital worker system in each
of the major study ureas.

4, MAINTENANCE TASK PARAMETERS

All inspection, repair, replacement, servicing and assembly aotivitics which wmay
take place in the orbital environment have been grouped in tha maintenance gtudy area.
The following areas represent some of the major problems yet to be solved:

(1) Ciasses of maintenance activities required,

(2) Level of naintenance which will be attempted,

(3) Design for malntainability in space for orbital aystems.

(4) Tool requirements for the predicted maintenance tasks.

(6) Torques and linesr forces which must he applied to complete tlc
predicted notivities,

(8) Specification of fastening techniques which will be empluyed.
(7Y The lavals of remotencas which will be required for maintenance.
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To achieve answers to these quentions, predictive and detatled task analysis
studles and task clagsification scheraes must be developed. Thess should entail
thorough erginee: ing analysee of the predictad nysiems, subsysteras, and compon-
ents for each of the orbitul systems and require the positioning of the test approaches
to accoriplishing the required maintenance. While a numuer of studies have been con-
ducted {n this general area, they have been concerned, for the moast part, with theo-
retical analyses of the role of th: man in orbital maintenance (4 € 10, h). Thoy
have not empbasized the more mundans, but more c¢ritical, problems of what main~
tenance must be uocomplished and what equipments ave zequired to accomplish it.

B. ORBITAL WORKER CONTROL CAFAHILITIES

In this area, the concern is with the probloms related to the capability of the
orbital worker to translate, with control, in th» orbital environment. The oriteria
which must be amployed to evaluate tho translational performance are those con~
cerned with the degres of contrul, the rate of expenditure of propellants, aud life
support system oonstituents. Large study efforts in each of the following problem
areas must be undertaken:

(1) The aceuracy with which the orbital worker van orient his reaction con-
trol nozzles and control hig thrust so that an optimum trunslation
trujectory is achieved.

(2) The uocuracy with which tho orbita! worker can activate the contrel syutem
so that rendezvous 13 acoomplished with a minimum AV and a minimum
rotation rate.

(3) The resultant roty:ions in each of the three axes when thrusts arc applied
other than through the centor of mass of the orbital workar system Can
the man adequately control these rotations or wili his munual control
attempts drive the systewn into severe oscillation?

(4) Determination of the hest techniques to employ when uning manual control;
one axis at a time or multiaxis oontrols.

(8) The accuracy with which the ocbl .l worker can judge closing rates and
durations ia the orbital environment. Are suxiliary systems r.quired to
present distance and relativa velocity or can the orbital worker judge,
with the requirod accuracy, these aspects of the visual environment?

(8) 'The tralaing which {8 required to yleld uatisfuctory control of 1.2 orbiwal
warker system.
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C. ENVIRONMENTAL PARAME? YRS

The study here should be directer toward two effects of the orbital environ~
ment on the design of the orbital worker system: the probability, nature, and results
of aquipment maifunction ag a consequence of the environment aud the requiremenis
impoaed by the environment on the design of the orbical worker aystem, The major
problem wroan are:

(1) High vacuum effects on the external strurture of the vrbital workor system.

(2) Meintenance of an appropriate thermal radiation balance within the orbital
wurker system,

(3) Protective requirements for shielding the worker {rom galactlc, solar
cosmic, albedo cosmioc, and particle radiation,

(4) Protection against penetration or erosion resulting from micrometeorite
bombardm.ent.

(8) Analysis of the visual environment as it poses requirements for protecting
the worker, augmenting his visual ekills and apatial orientation.

D. 8TABILITY, CONTROL, AND PROPULSION CONCEPTS

The only propulsion system designed for trans)rtion of the orbital worker on
which data was aveilable for consideration in this repurt was the Bell Zerq-(: Belt
described in the previous sections of thig paper, . It is important to note, however,
that this system, baing a feasibility model, has only beei capable of studying a very {
few of the many problems involved in the translation, with control, of an orbital
worker. The source of “hrust, compressed nitrogen gas, {s cc.stainly not the propel-

lant which will bo utilized in the orbital environment, Its thrust duration of approx- 4
imately 11 seconds io certainly not suffioient to translate the worker with adequate
fuel reserve over any realistic operational distances, towever, in spite of these {
limitations, we now feel thet we can speak pusitively from our experience with (his
sysiem, and speocify the additional studies which are raquired to develop an optimum i

propulsion system. The following study areas reflect our thinking to date in regard
to this problem:

{1} Tbrust requirements and the control which the orbital worker should have
over the amount and rate of thruat generated. L

(2) Optimal placoment of thrust units, the dispirities which oa'. be tolerated,
and the advantages of a few gimbelled units over a larger uumber of fixed
units,

(3) M.m/uontrol system links which crn be used; e.g., complete kinesthetic
control, use of the lower limba or other body segments, electronic con-
trols using muscle potentials for signal inputs, eto,
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(4) Flexibilities which can be Luilt into the propulsion system that will make
1 poasible to use the same basic system in different gravitutional flelcs;
i.c., orbita} and lunar.

(6) Optimum propellant to use in a systein with respect to storability, specific
irapulse, deasity, vapor pressure, toxicity, leakage tendency, erosivenoas,
availability, controllability, ease of handling, and maintenance requirements.

E. APPROACHES TO STUDY

Investigation of the performance characteristics of uny orbital work system
concept reguires the simulation with o high degree of realism of the unique effects
of the zero-g environment, Three different approaches to this simulation problem
have boen extensively studied during the recent ysars: (1) water immersion; (2) three-
degree~-of-freedom air bearing (frictionless) duvices; and (3) Keplerian trajectories,

1. Water Immersion

Water immersion techniques have been usad primarily in an attempt to
provide an environment which compensates for the earth's gravity by suspending n
subject in water which has approximately the same specific gravity as the human
body. Any study of the response cepability of the subject to perform in this environ-
ment for the evaluation of any proposed propulsion or atability, and control svateams
will be severely resiricted by the damping effects of the water, Therefore, this
approach dors not offer the capability of studying the dynamic performance of any
orbital worker system or determining the capability of the operator to contiul the
ayatom in the orbital envire-.ment, For limitad stvdies of task actomplishment at
a work site, however, this technique appoars Lo he ureful,

2, Three-Degroe-of-Freedom Alr Bearing Devices

There are a number of devioces in existence in this country capable of
simulating the dynamics of weightlessness {n two dimensions, Such air bearing
platforms slmulate two translational degrees of freedom (lateval and fore/afi), und
one rotational degree of freedom. These devives, while valuable {u studying limited
performance of propulsion, stability, and vontrol systems, do not enable the valid
study ot the capability of the human to function in the weightless state sin.ultaneously
in all six degrees of freaedon:. The validity of extrapolation of data collec ed on such
dovioes to aix-degree-of-fresdom problems nus. be questioned for u basic reason.
All of the dynamlioe effeots of u force exerted in a given axis are trupalated into the
planes of fricticnlesn motion and do net valldly represent the rosponces that would
ocour If all translational and rotational axes werc frictionless, Thus, the interpreta-
tion of the resultant responses of a bedy lovated on a two-dimensional eir bearving
platform must be regarded as suspeot,
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Auwvvher class of theee~degrec-of-freedown devices which is rupable of slmu-
lating the inertinl eifecis of weightlessness 1s represented by the MASTIY Y, locuied
at NASA, Tewir Reseuarch Center. Tlis facllity while valid for studying tho capability
of the astronaut in damping spins in up lo three rotatinnal axes, offers nu capability
for studying thc ubilily of the astronaut to simultuneously control both the transletional
and rotational degrees of freedom.

In summary, the three-degree-of-freedom air bearing devicus offer the capability
of colleating preliminary information to questicns centeved around the capability of the
human o translate and control movements {n the weightless envirenment. They do not
offer tbe capability of ansawaring the critical problems which aru present in the true
six-degree-of-freadom case.

3. Keplerian Trajeatories

Such trajectories performed {n an airoraft of a vize sufficient to permit a
man to maneuver {n an unreatricted manner, offer 10~ to 20-second periods ul zero
gravity in six deg.eexs of freedom. Rotation in all three axes is possible but tranala-~
tion distunces are restrioted by the physical Cimensions of the ajreraft {nterior whicu
must remain small. Also, oxtraneous aocelerations of the air mass within the ~abin
of the afroraft are induced when turbulence {s present in the atmosphere duriny the
purabola or when pilot technique is less than perfect. These induced accelerations
greatly cffoot tho ability ol Lhe mun to perform translational or rotational maneuvers
and therehy project unknowns into the ressirch data. In additiun, the effects of the
relatively high gravity fiolds, both prior to and immedisiely following ine ccco gravity
period, may significantly affect the capability of the subject to perform duri.g the
zero gravity period.

In spite of these nhortoom.ngs, the aimulation of zero gravily during aireraft
trajectories must be considered ihe best wnediui» currently available for simulaiion of
the frictionless effacts of welghtlesaness on budies, Iurthermcre, the programmed
use of the Lockheed C-130 by permonnsl of the Aerospaot Mediocal Rasearch Laboratory,
will groutly increasa the duration of the zaro gravity trajectories and tho translational
distances capable of being simulated, Huwever, the time reatriction which {8 impused
hy simulating zuro gravity in this manner must be regarded as a severc limitation on
the use of this technique for research purposes. In addition, the cost of operating the
aircraft during the flights ia high and recurring, which pluces a devere finanoial load
on a research ludgel,

4. Improved Slmuiation Approaches

Improved ¢chniques must ba developed for simulation of "¢ frictionless
urpeots of the orbiial environmant, Owe approach that appears to offer the necessary
simulation fldelity ix a six~degrce-of -freedom simulator. This device will enable
valid study of the capatdlitien of the human to contrel porformance in al axes during
translation, Suuh u fucliliy would enable sludy of a majority of the research problems
linted above and would enable the presise colleoilun of performance data during the
evaluation prooess,

1

|
|
|
|
i




1,

2‘

5‘

6.

7.

81

9,

10,

11,

12,

13,

SECTION 1X. REFERENCES

Bell Aerosystems Company Report No. 7052-963001, "Remora Manned Space
Capsule Study," 1960.

Bell Asrosystems Company Report No. D7128~983001, "Self- Maneuvaering Unit
for Orbitai Maintenance Workers," Junuary 1961,

Rell Aerosystems Company Raport No. D7142-953001, "Proposal for tha Study
of Space Maintenance Tachniques,” July 1961,

Bell Aerosystems Company Repori No. D7181-953001, "Proposal for an
Integrated Back-Pack Maneuvering Unit", Angust 1962,

Bond, N.A., '"Maintaining Space Vehicles,” ARS paper 1218-80, May 1960,

Dzendolet, E., and J.F. Rlevley, "Man's Abilily to Apply Certain Torques
While Weightlese", WADC TR 50-94, Wright Air Development Center, Wrigh'
Pntterson Air Force Base, Ohio, April 1959,

Griffin, J,B., "Feasibility of n 8Self- Maneuvering Unit for Orbital Maintenance
Workera', ASD TDR 62-278, Aeronautical Systems Divigion, Wright-Prtterson
Air Force Base, Ohlo, August 1962,

Grodsky, M.A., and R.DD, Sorkin, "Man'e Contriluticn to an Opcrational Space
Station Concept!, Fr.ceedings of the \jianned Space Stations Symposium,
April 1960,

King, B.G., et al, "The Center of Masa of Mun". TR NAVTRADEVCEN 85,
Nuval Training Device Center, Port Washington, New York, Novemiw v 1959,

Kornhauser, M., "Current Estimates of the Effects of Moteorites on the Skin
of & Satellite vehlclc", Advunced Space Vehinle Enginooring Memo 3, General
Electric, MSVD,

Loftus, J.P., and L.R, Hammer, "Weightlessnesa and Performanc., a Review
of tha Litarature", ASD TR 61-186, Aeronautical S8ystems Division. Wright-
Patterson Air Force Base, Ohlo, June 1961,

McRuer, D[\, I.L. Ashkenas and E.§, Krengal, "A Posilive Appros. th to Manis
Role In Space", Aerospuce Englueoring, August 1959, 18, pp., 30-36.

Moistor, D,, and R. 1, Wilson, '"The Role of Man in the Maintenance of Ravlh
Satellites', ARS paper 1214:-60, May 1960,

06




16,

186.

17.

18,

Meyer, P, E.N. Parker, and J.A. Simpson "Solavr Cegmie Raye of Febiunry 19566
and Their Propagution Through Interplanetary Space™, Physical Review, Vol. 104,
1956, '

Simouns, J.C,, and M.8. flardner, "Self- Maneuvering for the Orbitul Worker',
WADD TR 60-748, Wright Air Development Centor, Wright- Patterson Alr
Forcve Base, Ohio, December 1960,

Slinons, J.C. and M.8. Gardner, "Pcrional Commanleation', August 1961,

WVan Allen, J.A., "On the Radiation Fazarda of Spuce Flight", Report No.
8U1 §9~17, State University of lowa, Muy 195.

Winkler, J.R., "Cosmic-Ray Increase at High Altitude on February 23, 18586,"
Physical Review, Vol, 104, 1956,




o g = e

e ——— - ————

APPENDIX

SIMPLIFIED EQUATIONS OF MUTION
FOR SRLD ~ UNCONTROLLED

w/2 Y

Total system ©f w/2

AYOS"‘ :
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S Hip axia with spring
stitfness KL-ft-lb/dex

Moments @ total cg (Assuming No Motion Along Y)
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z Moments of Legs at Hip Axis
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These equations take the form
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From solution of Laplace Transform
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‘The simplifled equarions of motion with thrust vecior control are as follows:

Lower Extremity

og ~¢—-Hip axin with spring

stiffnens ILL 