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INTRODUCTION

Astronaut Mansuvering Unit (AMT) has been the title given personal
propulsion systems for astronauts who will venture outside space vehicles
to perform maintenance, assembly, surveillance, and repair while in orbit.
The requirement for extra-vehiculer activities has been derived from
studies (Ref 1) of spacecraft thet msintain long duration orbits. The
orbital time for Project Mercury and Gemini ere not of sufficient length
to require extra-vehicular activities such as maintenance. In the low
orbits, redundancy is the most economical msthod for safety of flight
and mission success. If failure should occur or system degradation begin,
mepual take-over of the flight systems has been accomplished. In case of
severe system malfunction, the spacecraft can be deorbited in one-half to
one orbit period, However, as orbits became higher and longer in dura-
tion, the ability to accomplish fast retrieval decreases while the need
for on the spot repairs became more urgent.

To accomplish extra-vehicular activities personal propulsion systems
are required. It is not practical to use hsndholds or handrails over the
surface of the vehicle due to weight and complexity. This complexity
arises in the fact that surface protrusions are affected by aerodynamic
drag during lift-off and re-entry. Individual propulsion units which are
self-contained provide the capability to survey end inapect any portion
of his vehicle or a second vehicle thereby increasing his capability meny-
fold.

There have been many poor or inadequate concepts proposed for EVA
travel due to a misconception of the purpose required. Extra-vehicular
activities do not involve only straight-line "flying® fram point A to
point B, To perform maintenance and inspect the surface, the astronaut
mst maneuver in veriocus plenes, curvatures, and angles. This alobs
defeats most hand-held and unstabilized systems. Systems which have six
full degrees of freedam must have some control mode other than just open-
loop.

The research systems currently undergoing development are the Modular
Meaneuvering Unit (MMU), Astronaut Maneuvering Unit (AMU), and Remote
Mapeuvering Unit (RMU)., The remainder of this peper will discuss these
current systems, discuss problems belng encountersed, and discuss design
criteria and new subsystems which have great potential,

CURRENT DESIGNS

The three systems previously mentioned are concepts which have re-
sulted from studies (Ref 2, 3), analyses, and considerable in-house
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testing. In the early days of exploratory development, a design called
the Self Maneuvering Unit (sMp) (Fig 1) was designed and fabricated. This
unit was test flown in 2ero-g alrcraft for over 250 Keplarian Tra jectories
(approx 3000 seconds of weightless time.) The data from these flights,
although only qualitative in nature, did demonstrate the concept to be
feasible. It showed that a back-pack is out of the way mounted on the
back, that one hand can be kept free to absorb amall impacts and permit
carrying of tools, and that after a training period the man can control
and maneuver with sufficient precision to arrive properly at worksites.
Straight flights down the aireraft compartment are not sufficient to prove
feasibility., Translations followed by 90° and 180° turns, then stopping
properly oriented at worksites proved the best demonstration of performance.

Fig 1 - Self Maneuvering Unit

dular Maneuveri Unit

The Modular Maneuvering Unit (MMU)(Fig 2) represents a system based
upon the SMU tests and modified to be compatible with the Gemini Spacecraft.
The SMU was a general concept using ten (10) nozzles for maneuvering. This
was accomplished by three (3) forward and three (3) aft nozzles, two (2)
up and two (2) down nozzles. This crotch nozzle proved to be impractical
as it provided no redundant features and introduced some cross coupling,

The MMU incorporated twelve (12) nozzles which was accomplished by deleting
the crotech nozzle and incorporating nozzles on each side of the hips.
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Fig 2 - Modular Maneuvering Unit

The MMU was further modified by the addition of a chest pack to con-
tain the primary ECS system herdware and emergency oxygen gas. The chest
pack also provided a mounting for the status displeys and sbort alarm in-
dicators. The back pack module contains all other systems for flight. It
contains a hydrogen peroxide propulsion system with a total capability of
about 3000 pound-seconds of propellent which is expended through the twelve
(12) nozzles each having 2,4 pounds of thrust each. It contains a high
pressure oxygen bottle which provides the oxygen source to the chest pack
during the MMU mission. It contains a pulse modulated stabilization system
utilizing three (3) rate gyros for altitude error sensing. This error
signal is sent through a logic network to fire or inhhibit the twelve nozzles.
In addition, the back pack contains a telemetry system for transmitting bio-
medical data and MMU performance information. A voice transceiver is in-
cluded for commnication of astronaut with the spacecraft. Finally, a bat-
tery pack is included to provide self-contained power to all sub-systems.
The control system will entail two side arm controllers, one for attitude
and one for tramslation., The controls will be mounted on extendable arms
to simplify the interface with the chest pack and suit.

The modifications were necessary due to space limitations which pre-
vented storage of a back-pack in the cockpit. The chest pack, when con-
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mected to the spacecraft umbilicsl, serves to provide ECS during egress/
ingress permitting external stowage of the back-pack. The chest-pack is
also utilized during the MMJ flight.

gstronsut uvering Unit

The Astronaut Maneuvering Unit (AMU) (Fig 3) represents an integrated
design based upon the old SMU design., In the AMU, the envirommental control
system 1s contained completely in the back-pack. This is obtainable through
& closed FCS system of fan-battery or wet-fan types thereby elimineting the
need for a chest pack. Obviously without a chest pack, the AMU mst be
stowed internally in the crew compartment to permit dorning and checkout
prior to goipg extra-vehicular. The control system cen be obtained through
a2 waist mounted box like the SMU or a multi-freedom control pole,

The AMU is back-mounted utilizing the 12 nozzle configuration and con-
taining 3000-3500 pound-seconds of propellent. It contains the other sub-
systems such as the closed loop ECS system capable up to 3 hours of outside
operation, stabilization using rate gyros, telemetry, voice tramsceiver,
and a self contained power supply. The control was mentioned before.

CURRENT PROBLEM AREAS

In the development of the MMU end AMU, as well as testing other con-
cepts, certain problem areas have come to light. Many of these have been
fixed to satisfy the current system requirements but have not necessarily
been solved for future systems. In light of tight schedules and high cost
it has not been possible to redesign the system tc eliminate the problem
but rather the approach is to derive a solution commnensurate with the
schedule. Bringing these problems to light and discusging them, should
permit better solutions in future applications.

Configuration

The MW is a good example of configuration problems caused by designing
the maneuvering system after the suit and spacecraft were designed. This
is not the optimum design practice but it was the only configuration pos-
sible in order to even fly. One of the problems has been the suit design,
The suit is designed for a gemi-reclining astronaut instesd of standing.
This seml-reclined position causes the back to take on an egg-shaped con-
tour making it extremely difficult to mateh a bagk-pack, The only way to
circumvent this problem is %o mold the rack around the esstronsut to further
complicate the problem each astroneut has a different back contour requir-
ing adjustments. This molding of the pack makes the pack loock blgger and
results in packeging efficiency loss. This hunched-over position mekes
the astronasut®s nomal linme-of-zight at approximately 45 degrees below the
normal horizontal. This creates a thrust mis-alignment between the nozzle
orientetion and the line-of-sight. Obviously, in the weightless space the
astronaut will tend to fly with forward being the normsl relaxed eye posi-
tion. This can be partially corrected but often solutions are possibdle,
as we'll see later,
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Fig 3 - Astronaut Maneuvering Unit

Another problem in the pack-suit area is the lack of mobility and
dexterity. All equipment must be built strong and fool-proof since the
astronsut has elephant strength when pressurized. In his attempts to
overcome the suit pressure he also can deform fragile controls and cannot
perform delicate control movements., Therefore, proportional controls are
useless unless they are gross in neture.
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Plume Hesting

The surface heating of the space suit by the exhaust plume has been one
area overlooked or over-simplified by meny designs. It has become a serious
problem in the MMU where the nozzles are anywhere from 3-12 inches from the
suit. The plume expansion envelope was analyzed by both mathematical tech-
niques and actual chember test firings (Ref 4). As there were many upknowns
at the time this study was made such as: nozzle design, nozzle locations,
suit materials, and thrust levels, the impact of the study was never fully
realized. However, as these parameters were defined the problem became more
apparent. Many people have been mislead by nozzle firings at atmospheriec
pressures during which the plume fails to expand as that in a vacuum. The
pPlumes from 5 pound thrusters approach 20 inches in length and 8 inches in
diameter causing serious heating problems. Most suits cannot tolerate local
beating in excess of 500°F. 1In figures 4A and 4B typical Plumes are shown.
48 can be seem the AMU configuration with twelve nozzles presents many heat-

]
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Fig A - Exhaust Plume Outline
(5# Nozzle, Mach 8 limne shown)

638



¢
¢
%
- #
- 5
Ed B3
A
- e d
¢ # ~
H E
H
i 3
¥
H
% JRO—— FRV—
e e : ;» w§ -
o . Yool ; ; N
- # . &%
- - ®
T . oy
L i
4,% o
7% :
g /
(A i
P 5
[V .
/ H
14 § H
s ¥ i
§ |
i i
i 1
; !
§ e
;
s

Fig 4B - Exhaust Plume Outline
(Stamp Configuration)

ing areas, perticularly on the helmet, shoulder, front and rear legs. The
severity of the problem is 1llustrated below. This pulse is typical of the
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Fig 5 - Heating Rate on Suit Surface
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norma) itranslation pulses although the maximm time (counting thrust on
for forwerd and retro) may reach 12 seconds.

Stabilization

Eerly studies of the SMD (Ref 2) and in-house testing (Ref 3) determined
that stabilization is required when complicated mansuvers, such as required
during extra-vehicular maintenance, and for relatively long translations
are attempted. This conclusion was primerily based on the fact that visual
reference from stars were not obtainable and that once man loses the target
he can no longer detect the difference between pitch motion and vertiecal
movement. The same oceurs in the other axis. Space flights that have oc-
curred since these original studies and tests have confirmed that stars are
visible and can be used as references, In addition, additional zero-g test-
ing has shown that man after considerabdle training can fly most short frans-
lationals in “open-loop®. It maey now be posaidble to modify the control and
stabilization system from full comrtrecl to a partial control system. By
partial contrcl it is meant that the stabilization system prevents the astro-
naut from going out of conirol tut in normal flight does not interfere.

The SMJ experimental maneuvering unit, utilized off-on jets and an
emplituds type control system as shown below. This system never wrked

e o
Pos H g

Pig 6 - Pulse Plot

properly because with the one size pulse the system went into oscillations.
This was due to the large pulse still being om as the error approached the
threshold which drove the MU past zero. The new system being used in the
Modular Meneuvering Unit (MMU) and Remote Maneuvering Unit (RMU) is called
a pulse ratio system using a pulse modular, This is illustrated below.
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Fig 7 - Pulse Flot

This system has resulted in considerable propellent savings due to pulses
being proportionasl tc error and the elimination of osecillations. In the
pulse modulation system the pulse width and frequency varies with attitude
error with the limit eycling pulse being near the minimm bit size.

Both of the above systems represent full control stabilization since

the control develops as limit cycling and after exceeding a 2«5 degree
deadband.

Redundancy

System redundancy to an area commonly overlooked in many proposed
designs. Redundancy of function is required for maneuvering units to e-
chieve the safety of flight reliasbility required to fly without tether-
lines, It is emphasized thet the requirement is for *redundancy in

function® not duplicate hardware. This is important in order to reduce
weight and volume.

The current mansuvering unit design, including the MMJ, has teken on
the duplicate hardware approach, This came about trying 1o make the
first "man in space® flight a complete success. The MVD essentially con-
tains two complete propulsion systems (except for tanks), two stabiliza-
tion systems, two power supplies, two electrical circuits, ete. This
makes the unit quite safe but at the same time makes the unit considerably
heavier and larger.

On future systems a new philosophy is required in order %o reduce
woight and volume and yet maintain a highly reliasble, safe unit. This
philosophy should comprise three basic ideas, such as

1, Redundancy by function
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2, Expendables sized for moderate mission with recharging capability

3, Systems not falling into 1 above, should have redundancy to return
to spacecraft only.

These will be discussed further in the paper. The main reason for this
philosophy is to derive a smaller maneuvering unit thet can be easler
stored, weightless, be safe, and provide all function requlirements.

DESIGN CRITERIA

with all the studies and tests being conducted by various Air Force
agencies and NASA in the maneuvering unit area, it appears time for a
review of the design criteria is in order. Many people including the
AeTo Propulsion laboratory personnel are locking for a "simple, reliable,
and lightweight" manned maneuvering unit, However, at the same time the
unit must be capable of accomplishing a reasonable mission, Table 1
shows in condensed form the current system capability and future design
which is near to state-of-the-art. It is pointed out that the future
system criteria is a recommendation and any other system which provides
this capability should be satisfactory. Each of these arcas will now be
discussed to provide a hetter insight into the reasoning for the parameta
seleetion,

Configuration

Future AMU's should be a single integral pack being either a back-
pack or back-walst pack. There is no need or requirement for a chest
pack., The ECS is integral with the back module. Ingress/egress can be
accomplished by storing the coamplete pack in the spacecraft where don-
ning-doffing can occur. If for same reason this procedure is unsatisfac-
tory a short umbilical can be used to reach the spacecraft exterior.

The primery pack shape factors should be egressing through a 24-inch
diameter hatch and the exbaust plume heating probliem. If solution to
plume heating cannot be obtained with the back-pack, then other configure-
tions should be considered. A third consideration for pack consideration
is plume impingement on the wrk surface. Speciel provisions may have to
be made to permit backing away from work ereas at a very slow rate "to pre-
vent damage to the surface.

Propel lent

There are approximately five propellents which will give the necessary
total impulse while maintsining a reasonable size package. The first is
hydrogen peroxide as being used in the MMU, Its main problems sre its
storability and ACOL. For long missions, it will require substentizl ther-
mal control to prevent freezing or decompogition, Hydrazine is consider-
ebly better from the storage standpoint, higher specific impulse, end
hendling qualities, It does however have a higher rlume tempereture
(1800°F). One promising variation is hydrazine diluted with ammonia
which reduces the plume temperature and specifie impulse. The finsl pro-

642



O0A g2F Lxegyeq TSy

‘098/g00a%0p GT1-01

gejel 9png134s ‘ssaxdep -z UOTY
-gnyoe jeor “OTOLD JTWIT ON ‘9FFOT
erdwye pus zoadd juduRW TOIJU)

‘8IN0Y
Z WOTQBIN °OTNPOW X0Bq UT WolsAs
nxodsusa) Iejem X0 usy dooT PSSO

38NIHq TOIFUOD SPNYIL4E puw ‘yows
punod 1 3% umop omg pue dn omj ‘Yome
gpunod z 3e 338 2 *(yoee spunod z

38 PIBMIOT 7 9580 PThoM 4TUN 38 TBA
-3y0eq oy ‘umop okg *dn-omg *(2ITF
TI8) 348 Inog *(231F 1TB) PIBAIOJ
anog ‘yose 39nIyj punod T 38 21

‘OAJSIEOL
o095 ~ qT 00f snid o9s - QT 005

*gquai1odoad piIToS
‘YUl eTUOUNe SUTZRIPAH ‘oUTIZBIPAH

901y SWLIT oMj JO SUQ “OTNPOW TBIFLUY
suo - yoed gzogs o (N JFoy) 9STEM
pus ¥ouq UOTIBUTQWOD JO PojUNOW-PEY

0QA9TF $9T49338q Q23§
0qAQET ©OTIS33Bq UTEW

088/5C1 s998I

epna133e ‘sooIdep Zy DUBq DPESQ
to1geaado 81240 FTWFT  “JOFRINPOUW
asnd pue ‘01801 ‘s0xb3 838X £

Inoy s1c uetsy
-eang *yoed-3oeq utl L1ddne e13jeq
syoed jweyo Ul wejzsds uedo-ymeg

unop-ong pue di-oMj

‘(eaxesax g B BJd1J Z) 338 anog
(eoadesex 2 ® 8113 Z) pasnrog anog
yove 3snayz spuned ez 48 21

SAIOE DI
ses - q1 006 snid oes - qT 000E

epixoxsd usFoapiH

gToIjucy eqBIsdas oMg
JoJ pesn swIy 30wl eyl SSpNTOUL
‘jnemoI}se pojIns 04 paprow Novd-3owg

(Axe338g) aemod

ToT48ZT 114248

80l

£9T 220N

psTndul 1930%

gquet Tedoag

TOTLEINT TIU0D

L

‘9

3

‘e

SO S AL SX] G

15 kg ULty

VINEZLIN0 NOISEQ 04V - T °14%%

W91

643



JOTTQIJU00 @0J0A JO TOIGUOD PUBY~-SU)
jeurey
uo AeTdeip T33P J0 JUnCUW 35 TIM

ToIucd ejouey

1F8I10008d4S

04 wangax o} AI9118Q SAIISEY
doot-uadg

Aouedisws enulwl (T

oeg-puncd Q0f

eanTjeJ eTezou uo IoJ JJo
-3N9 TE9IX306Te UIIM We3sds er1Builg

auON

gjuensItnbad ToIguod 9jowed snfd ewegy

STOIZUOD WIB-9DIY

NoBg 3S9Y) TWO POJUNOK

R LU TM

s81I9938q dn-3oug
warsds dn-xoeg
AousBrewe eqnuiwm OT
vep-punod po¢

PoYLLTAR Tenusw
sueyshs LIepucdes ¥ AJPWLIJ

SUt $JoF 300F 00C

Tox3u0) 39T TLL

sde1dsy( ® WISTY 3I0QY

eanTy8y
Jemod
UOTBZITIAEIS
S

asndur 1405

uois tndoxg

i
‘s
‘P
2

'q

-

eagossy % Aduspunpsy

aUTTISYISL

AxjemeTs]

CNH

11

FelsAS eangyng

Wo3540 JUSLLIY

(P,3U0D) VIYALIYO - T ©T4BL

wetI

6Lk



pellents which appear attractive for this applicsation is the solid pro-
pellent capsules (Cap Pistol) and solid charges fired into a chamber which
provides gas for the system,

Total Impulse

Misaion anelysis and simulated flight tests have indicated that for
a moderately active mission 2500 pound-geconds will suffice, The 300-
pound-second reserve takes care of contingencies end provides *return to
spacecraft fusl.* Any edditional mission requirements ecan be achieved by
refueling.

Nozzles

Assuming for this discussion the 12 nozzle back pack is maintained, each
nozzle should have one (1) pound of thrust. The forward thrust would be 4
pounds {4 nozzles x 1 1b T). This is nearly identical to the MMU which
uses 2 thrusters at 2.4 pounds each for 4.8 total. Although the MMU uses
the other thrusters as reserve redundsncy, future systems should use all
thrusters. Redundancy can be achieved by a special wiring procedure so
that failed thrusters can be cut-out electrically in diagonal pairs thus
accomplishing same thing as the MMU. This concept is illustrated below.
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ECS

All studies of envirommental control systems for AMU's have shown
either the closed loop fan system or the water transport system best for
the AMU when mission time exceeds 1-2 hours., The two {2) hour time has been
selected because it is compatible with mission aceompiishment and the astro-
neuts physiological performance. Although dats is considerably lacking on
man's degradation per hour worked while exira-vehicular, it is reasonable
to estimate that two (2) hours continuous work will be very tiring for the
astronaut. It seems also reasonable to believe that there is no work re-
quirement which requires the astronaut more than 1-2 hours &t any one time.
Ee can return to the spacecraft to reservice expendables and attain a
brief rest.

Stabilization

Control moment gyros cannot be built large enough to provide complete
stabilization because they will become $oo large and heavy. However,
suppose they were only capable of }j-5 slugs of control in a 11,5 slug
man-pack system., It would control small moments and act as a dampener
for large moments. After exceeding a certain deadband the jets would
turn on to prevent large excursions. Siach a system appears advantageocus
and feasible but needs study and anslysis.

Tetherline

The idea of using a tetherline for emergency recovery has not proven
suceesgful to date due %o space dynemics which won't be discussed here.
However, ore concept which has not received attention to date is remeote
control for emergency recovery. This may not be too difficult to achieve
since a telemetry system iz already aboard the AMU, A trede-off study is
needed to weight the feasibility and practicability of a three-body tether
scheme as opposed %o remote control,

Abort Alarms and Disgplays

The displays and slarms are still a firm requirement even though no
chest pack is required. However, the displays must be limited o only
those critical to EVA flight suech as fuel quantity, COp quantity, COp,
etec, and subsystem failure alarm. There are two possible schemes avail-
able. One is a wrist mounted display which can be read by the astronaut.

A second is a modular digital light display which can be mounted to the
helmet like a voice microphone, The critical parameters cculd be presented
at some sampling rate and read by the astronaut et periodiec intervals.
Failure, meglfunction, or low expendsbles could be immedistely brcught to
his attention by fleshing red. Both these method need further analysis.

Flight Controls

A flight controller which appears attractive for the AMU is a voice
controller, This is simplified from previous studies (Ref 6) where the
commands are narrowed to six or eight distinet commands instead of the
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whole English language. This simplified system could be made in a small
package for the AMU.

CONCLUSIONS

As cen be seen from the discussions in this paper, the future AMU's
should contain the bare minimum in eapability so that size and welight can
be minimized. Added capability can be aceomplished by returning to the
gpacecraft for reservicing and recharging.

It also can be seen that the MMU design is not recommended completely
for future systems. New technology 1s available for improving system and
subsystem design. These new items should be investigated immediately so
most of them can be incorporated as soon as possible.

The discussion of current problems was discussed to bring everyome up
to date and encourage new and different solutions. The MMU still will be
the first menned extra-vehicular flight and will be a stepping stone %o
bigger and better missions in the future.
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