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Technique

Simulate on-orbit space maintenance activities by using a neutral
buoyancy facility to assist in making design decisions that will ensure
optimum on-orbit maintainability of space hardware.

NEUTRAL BUOYANCY SIMULATION OF
ON-ORBIT MAINTENANCE
Neutral buoyancy simulation provides an effective means for
making maintainability design decisions and verifying
maintenance actions
Benefit

Neutral buoyancy simulation can provide valuable information for
designing-in accessibility, modularity, simplicity, and standardization. It
can also provide cost-effective, specific design information on the
effectiveness of crew stability aids, crew maneuvering aids, specialized
tools, and operational timeliness. Maintainability criteria that can be
established by utilizing this process include: component accessibility;
fasteners accessibility, systems installation; and the configuration and
operation of crew stability aids and tools.

Key Words

Neutral Buoyancy Simulation, Maintainability Design Criteria, Space
Maintenance Activities, On-Orbit Maintainability, Simulated Weightless
Environment, Orbital Maintenance Special Tools, ORU

Application
Experience

Skylab, Hubble Space Telescope, Space Shuttle Orbiter, International
Space Station, Apollo

Technical
Rationale

Equipment and crew interface testing in a simulated weightless
environment at an early development stage in NASA programs is an
accurate means of assessing hardware and tool design features and
determining crew capabilities and requirements. While other forms of
weightlessness simulations (e.g., parabolic flight, motion base, and
computer models) have proven effective in specific applications,
underwater simulations have proven particularly beneficial in hardware
development, crew/hardware interface design, and operations planning,
since they can accommodate a large worksite volume and extended test
times.

Contact Center

Marshall Space Flight Center (MSFC)
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Neutral Buoyancy Simulation of On-Orbit
Maintenance
Technique AT-1
The neutral buoyancy facility at MSFC has
been used since 1968 to effectively simulate
the weightlessness of space, and has assisted
in the establishment of maintainability design
criteria, particularly in extravehicular activity
(EVA). Use of full-scale neutral buoyancy
simulations has also allowed for direct human
participation in test operations, as well as for
access to the large body mock-up hardware
developed for EVA simulations. These
methods are a very effective way of simulating
on-orbit environments for the purpose of
verifying and solidifying operations and
maintenance procedures.
Other neutral buoyancy facilities used for
NASA hardware development and test and
crew training are the Weightless Environment
Test Facility (WETF) at Johnson Space
Center, the Neutral Buoyancy Research
Facility at the University of Maryland, College
Park, Maryland and the neutral buoyancy
facility at McDonnell Douglas, Huntington
Beach, California.
Neutral Buoyancy Characteristics
The MSFC neutral buoyancy facility has the
following overall characteristics:
!

Six-console control room.

!

Three-person, double-lock hyperbaric
chamber.

!

Floating crane for underwater movement of
hardware (one 2000-pound hoist, one 500pound hoist).

!

Removable roof section to accommodate
large hardware.

!

T.V. monitors, communications with test
subjects, audio/video taping capability,
pressure and depth displays of test
subjects, and lightning warning systems.

!

Support of up to four Shuttle space suited
crew members.

!

Umbilical-supplied underwater primary
life support systems.

!

Operational Remote Manipulator Systems
(RMS).

!

Air-lock for emergency test subject
evacuation.

The neutral buoyancy tank within the facility is
a 1.3 million-gallon water tank that measures
40 ft. deep and 75 ft. in diameter. The
water temperature is maintained at a range of
88 to 92 degrees Fahrenheit and a pH of 7.50.
Cathodic protection systems are used to
inhibit corrosion. The tank accommodates up
to four pressure-suited test subjects
simultaneously. Extravehicular Mobility Units
are available for four test subjects. The tank
can accommodate test durations of up to 6
hours.
HST Simulations
Underwater simulations in the neutral
buoyancy facility strongly influenced the
maintainability design criteria for the Hubble
Space Telescope (HST) and its components;
particularly with regard to visibility,
accessibility, and simplicity. One of the
primary considerations in maintainability of
space hardware is the accessibility of
components and systems by crew members
during EVA. To be maintained in space, the
components of a hardware item must be seen
and reached by a pressure-suited astronaut or
be within range of the appropriate tools.
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Altogether, some 70 Orbital Replacement
Units (ORUs) on the HST can be replaced onorbit. Some of the largest ORUs are batteries,
computers, reaction wheel assemblies, science
instruments, fine guidance sensors, and wide
field planetary cameras. One of the telephonebooth-sized science experiments weighs over
700 pounds. These items are mounted in
equipment bays around the perimeter of the
spacecraft. The bays open with large doors so
components can be readily inspected and
handled. Using neutral buoyancy simulations,
design features of these components were
validated, verified, and refined to ensure that
the ORU features of modularity, accessibility,
and simplicity were inherent in the design.
Other features included a series of crew
stability aids; including handrails, portable
handles, tether attachments, and foot
restraints. Neutral buoyancy simulation
studies also determined the placement of foot
restraints on both the HST and the RMS arm
for maximum accessibility. These design
features give the crew mobility and stability
during unstowing, transporting, and stowing
ORUs.
Door latch design criteria were also addressed
in neutral buoyancy simulations involving the
HST. All internally stowed ORUs except the
Radial Science Instrument are concealed by
doors that must be opened and closed by a
crew member before ORUs are installed or
removed.
Simulations and Design Influence
A design criterion that has become
increasingly important in on-orbit maintenance
and which has been studied using neutral
buoyancy simulation is standardization of the
EVA interface to ORUs. The practice of
standardization became a key issue in HST
development with the decision to mount
ORUs with 7/16-inch double height hex head
bolts in three types of fittings: J-hooks,

captive fasteners, and keyhole fasteners.
Neutral buoyancy simulations have proven
that the use of standardized bolt heads,
clearances, and torque limits reduces the
complexity of ORU maintenance in space. To
achieve electrical connector standardization,
neutral buoyancy simulation studies have
evaluated such criteria as connector geometry
(wing-tab presence, length, and diameter) and
surface texture (knurls, ridges, and irregular
shapes). Response variables studied included
ease of alignment, firmness of grip, and level
of torque required to lock the connectors.
Studies of this type led to the development of
a standard for blind-mate, scoop-proof, lowforce, and subminiature connectors. If
accepted as a standard, these connectors
would be used in the Upper Atmosphere
Research Satellite, Explorer Platform,
International Space Station, and in robotic
manipulators.
Human factors studies have been a significant
part of neutral buoyancy simulation tests with
large space structures. For example,
experiments have been conducted to
determine the effect of fatigue on productivity
during lengthy EVA structural assembly
operations. An experienced test subject
assembled a 36 element tetrahedral truss
structure repeatedly for 4 hours, while the
subject's heart rate and general conditions
were monitored. These neutral buoyancy
simulations demonstrated EVA productivity to
be significantly higher in space than in
comparable conditions simulated in ground
tests. Assembly time for structural assembly
tasks was approximately 20 percent less in
actual flight. The Experimental Assembly of
Structures in EVA (EASE) project, an
experiment flown on Space Shuttle mission
STS 61-B, revealed that a flexible structure
can be assembled in underwater conditions
with a learning curve of 78 percent. It was
determined that learning rate is independent of
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the strength, coordination, or size of the test
subject; or the fit of the pressure suit.
Structural configurations have been used at
the MSFC neutral buoyancy simulator to
obtain human factors data. In one experiment,
six-element tetrahedrons were used to obtain
data on learning and on the relative value of a
variety of assembly aids. The structural
elements in these tetrahedrons were 11-footlong tubes of PVC plastic, 4 inches in
diameter. Sleeve-locking connectors were
used to join the beams at the nodes of the
structure, or “joint cluster.” Much more
complex structures were used to collect
information on fatigue, and on crew members'
ability to deal with complicated configurations
and hardware. A single 36-element tetrahedral
truss served as a baseline structure for
comparing single-person assembly with twoperson assembly, for quantifying productivity
changes due to the use of various assembly
aids, and for evaluating other structural
configurations.
Results of structural assembly experiments
have shown that test subject learning rate is
much higher in the weightless conditions of
neutral buoyancy than in conditions on dry
land. The most time-consuming task during
assembly operations is aligning the beams.
This large time consumption is due to the
kinematics of water drag. Fatigue is not a
significant factor in the assembly process if the
subjects pace themselves. None the less, the
following considerations must be taken when
running a simulation to avoid problems:
!

!

Assign two safety divers per test subject to
manage the umbilical and monitor the test
subjects performance.
When possible, conduct paper computer
simulations, and one-g dry run simulations
prior to neutral buoyancy simulations.

Principal Limitations
The principal limitations of neutral buoyancy
simulations include: (1) the need to design
hardware to accommodate the effects of water
corrosion, (2) varying water pressure with
depth, and (3) frictional resistance of the water
to body and equipment movement.
The impact of not taking full advantage of the
neutral buoyancy simulation capabilities at
MSFC and other locations could mean
entering a space mission without full
knowledge of the effects of weightlessness on
mission tasks, particularly in EVA's.
Maximum emphasis should be placed on
conducting simulations with the highest
fidelity possible to ensure mission success.
Failure to do so results in a greater probability
of incurring safety hazards, anomalies,
increased maintenance resources (man-hours),
and hardware damage.
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