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Abstract

Results are presented from a ground test program
of an alternate mobile transporter (MT) concept
and extravehicular activity (EVA) assembly proce-
dure for the Space Station Freedom (SSF) truss keel.
A three-bay orthogonal tetrahedral truss beam con-
sisting of 44 2-in-diameter struts and 16 nodes was
assembled repeatedly in neutral buoyancy by pairs
of pressure-suited test subjects working from astro-
naut positioning devices (APD’s) on the MT. The
truss bays were cubic with edges 15 ft long. All the
truss joint hardware was found to be EVA compati-
ble. The average unit assembly time for a single pair
of experienced test subjects was 27.6 sec/strut, which
is about half the time derived from other SSF truss
assembly tests. A concept for integration of utility
trays during truss assembly is introduced and demon-
strated in the assembly tests. The concept, which re-
quires minimal EVA handling of the trays, is shown
to have little impact on overall assembly time. The
results of these tests indicate that by using an MT
equipped with APD’s, rapid EVA assembly of space
station-size truss structure can be expected.

Introduction

The Space Station Freedom (SSF) baseline con-
figuration as proposed in 1987 is shown in figure 1.
The primary keel structure is an erectable truss
beam, 110 m long, with a 5-m-square cross section.
The 1987 baseline proposal for on-orbit construction
made use of a mobile transporter (MT) attached to
the top of an assembly work platform (AWP) and
two astronauts in extravehicular activity (EVA) as
discussed in reference 1. The EVA astronauts were
to assemble the Station from astronaut positioning
devices (APD’s) on the AWP. The AWP, which is a
partially deployable, partially erectable truss struc-
ture nearly 10 m in length, would remain attached
directly to the Space Shuttle orbiter sills for all con-
struction activities associated with the first two pro-
posed SSF buildup flights. The proposed construc-
tion tasks would include integrated installation of
SSF system components as well as assembly of the
keel. Half of the keel with associated essential sub-
systems would be completed during flight 1 and the
other half during flight 2.

As the SSF design evolved, considerations for
stowage of Station hardwarc in the Shuttle cargo bay
made it increasingly difficult to launch and assemble
SSF with a limited number of Shuttle flights (ref. 2).
In addition, there was a growing concern regarding
the number of EVA hours estimated for SSF assem-
bly and maintenance. Thus, the erectable truss con-
cept was put aside and the SSF was redesigned to

include preintegrated frame-structure sections com-
patible with the size of the Shuttle cargo bay. These
sections would be joined end-to-end by astronauts in
EVA to form the final Station configuration. The
preintegrated keel would have the same length as in
the original concept but have a smaller cross section.
A further reduction in cross section at the center of
the keel was planned to accommodate habitation and
laboratory modules.

Although EVA hours required for maintenance
would probably be about the same for both space
station concepts, the present paper indicates that as-
sembly of an erectable truss similar to the original
SSF proposal can be accomplished rapidly by a pair
of astronauts in EVA. The Langley Research Center
(LaRC) has conducted an in-house rescarch program
to study an alternative to the MT concept and assem-
bly procedure reported in reference 1. The alternate
MT concept (ref. 3) would be used for maintenance,
repair, and growth activities after SSF is operational,
as proposcd in reference 1, and also for construc-
tion during the first two SSF buildup flights. This
concept eliminates the AWP and the structural com-
plexity and risk of moving the SSF truss system after
each bay is completed. The alternate EVA assembly
procedure developed for the alternate MT requires
that the SSF truss be attached to the Shuttle sills
through a transition truss while the MT. equipped
with APD’s (as originally conceived in refs. 4 and 5).
“walks™ along the completed truss segment carry-
ing the building material and astronauts as they
assemble additional sections of the keel structure.

This paper presents the results of a ground test
program designed to study EVA assembly. using the
LaRC alternate MT and assembly procedure, of a
nearly full-scale erectable truss structure proposed
for SSF. A method for integrating utility tray instal-
lation with truss assembly is also addressed. The
test hardware is described, and assembly procedures
and assembly times are presented for 1g and neutral
buoyancy tests. Whercas preliminary results from
this test program were presented in reference 6. the
present paper presents the final results. (All refer-
ences to SSF and the MT in the remainder of this pa-
per apply to the LaRC orthogonal tetrahedral truss
configuration and the MT as described in refs. 3, 4,
and 5.)

Abbreviations
APD astronaut positioning device
AWP assembly work platform

EMU extravehicular mobility unit

EVA extravehicular activity



LaRC Langley Research Center
MT mobile transporter

NBS neutral buoyancy simulator
OTT orthogonal tetrahedral truss
SSF Space Station Freedom

Alternate MT Assembly Procedure for
SSF Truss

A schematic of the MT as originally proposed
by LaRC is shown in figure 2. The MT would be
folded in the Shuttle cargo bay for launch and re-
motely deployed to an upright position as described
in reference 3. The SSF truss consists of a series
of 5-m cubic segments called bays. The initial bay of
the SSF truss would be assembled on a short transi-
tion truss manually assembled by the EVA crew and
attached to the sills of the Shuttle cargo bay. Guide
pins, attached to the truss nodes, form the interface
between the MT guide rails and the truss structure.
The SSF truss is asserubled one bay at a time by two
EVA astronauts. The astronauts are secured in foot
restraints attached to APD’s. The APD’s are not
complex robotic arms, but relatively simple devices
used to move the astronauts to various positions on
their respective sides of the MT so that the required
truss assembly tasks can be accomplished.

After the crew has assembled the first bay of the
truss, the MT is released from its attachments to the
Shuttle. The drawbar is then extended (as shown in
fig. 2), pushing the MT 1 baylength along the longi-
tudinal axis of the truss and away from the completed
bay. The next contiguous bay is then assembled, af-
ter which the drawbar is retracted to grasp new guide
pins, and extended to move the MT into position for
asscmbly of the next bay. In this manner the MT
steps along the truss as the truss is being assembled.
When a predetermined number of bays have been
assembled and a reaction control system installed,
the SSF truss and attached MT are separated from
the transition truss (and Space Shuttle) and assem-
bly is continued. The platform of the MT is used to
transport SSF operational equipment which requires
integrated installation during the primary truss as-
scrbly. A remote manipulator arm, shown attached
to the MT in figure 2, is envisioned to support these
tasks.

Method for Integrated Installation of
Utility Trays

A major concern associated with SSF construc-
tion is installation of the utility system that is vi-
tal to SSF operation. It is generally accepted that
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electrical and fluid utility lines will be housed in pro-
tective trays that will be attached to the inside of
the primary truss structure. Although electrical and
fluid line connections were beyond the scope of this
investigation, a method for integrated installation of
the utility trays during truss assembly was addressed.
This method incorporates folded baylength packages
of tray segments that automatically deploy to their
proper positions prior to assembly of the supporting
bay of the truss. The deployed tray segments can
then be attached directly to the truss nodes during
truss assembly. Nodes are available for tray attach-
ment because of the use of an orthogonal tetrahedral
truss configuration in which all batten-plane diago-
nal struts are parallel (ref. 7). This procedure, by
minimizing handling of the utility trays by the astro-
nauts, is designed to have a minimal impact on truss
assembly:.

A serics of sketches depicting the general proce-
dure for utility tray deployment is shown in figure 3.
Sketch 1 represents a cross section of the Shuttle
cargo bay with the MT deployed and ready for as-
sembly to begin. Temporary utility tray supports
are shown deployed on cither side of the cargo bay.
The utility trays are fanfolded into 5-m-long pack-
ages. Critically damped springs are used at the hinge
lines. The Shuttle remote manipulator system is
used to remove the packages from stowage and attach
them to the supports before truss assembly is begun
(sketch 2). The EVA astronauts release latches that
allow the packages to unfold 2 baylengths (sketches 3
and 4). The EVA crew then assembles the first bay
of truss and attaches the utility trays (sketch 5). The
MT then translates 1 baylength, after which the EVA
crew unlatches the utility tray package (allowing it
to unfold another baylength) and assembles the next
truss bay. The procedure is repeated until the desired
truss configuration is achieved.

Test Hardware

Mock-Up and Operation of MT

Figure 4(a) is a schematic of the MT which shows
how it would be used to assemble the SSF truss on
orbit. The preferred orientation for the EVA as
tronauts is with their heads pointing, gencrally, in
the direction shown (downward in fig. 4(a)). This
orientation provides the best visibility and least ob-
structed work arca when the astronauts are working
at the nodes in the vicinity of the MT guide rails.
(See fig. 2.) With this orientation, the lower arms
of the APD’s are not directly behind the astronauts
and, thus, cannot interfere with the astronauts’ back
packs and restrict their movements.



Figure 4(b) is a schematic of the MT mock-
up used for the lg, shirtsleeve assemblies, and for
the EVA assemblies simulated in neutral buoyancy.
The MT mock-up was supported on a tower and
remained stationary during the tests. The truss
structure was assembled one bay at a time under
the MT. When a bay was completed, it was moved
out of the work area by the drawbar; thus relative
motion was produced between the truss and MT
to simulate the MT stepping along the completed
portion of the truss structure. For comfort and safety
reasons, the test subjects remained upright during
the 1¢g and neutral buoyancy tests. To maintain this
orientation the lower arm of each APD was slaved
to the motion of the rotating upper arm such that
the lower arm remained vertical at all times. For a
flight article the lower arm of the APD is envisioned
to be independently rotated about the clbow joint.
The APD’s could also be moved 1 baylength forward
or aft as indicated by the arrows in figure 4(b).

Strut and Node Stowage

All struts and nodes were stowed in two canisters
located on the MT as shown in figure 4(b). The
canisters were sized to hold enough struts and nodes
for assembly of 10 bays of truss. Photographs of
the stowage arrangement are shown in figure 5. The
longer (diagonal) struts were located in the top of the
canister above the node stowage compartments and
the shorter (longeron and batten) struts were located
below the diagonals and adjacent to the node stowage
compartments. Each end of a strut was supported
and retained in the canister by a cup with an internal
spring-loaded piston. A strut could be removed by
a test subject located at any point along its length
by pushing or pulling the strut axially to depress
the piston in one of the retainer cups; thereby the
opposite end of the strut was freed (fig. 5(a)).

The nodes were stowed in compartments. Each
compartment was sized to hold two nodes, although
only one node was stowed in cach compartment
for the present tests. Twelve node compartments,
for a total 24-node capacity, were located at one
end of each canister. Each node was held in the
compartment by two flanged guide rails that fit over
the flange on the node guide pin (fig. 5(b)).

Strut and Node Carriers

To minimize the number of trips to the stowage
canisters for resupply of truss components during
truss assembly, provisions were made for temporary
stowage of two struts and two nodes at each of the
APD foot restraints. Figure 6(a) is a photograph of
the foot restraint and truss component carriers. The

handrails, used by the test subjects to get in and out
of the foot restraints (normally only at the beginning
and end of each test), provided the structural support
for the strut and node temporary stowage carriers.
The test subjects manually locked the struts in the
carrier brackets by 90° rotations of two latch handles
(fig. 6(b)). The nodes were stowed. one cach. on
either side of the foot restraints on tapered rods with
spring retainer clips (fig. 6(c)).

Control of MT Operations

The APD’'s, drawbar, and node latches on the
drawbar (fig. 7) were hydraulically operated. The
controls were located at two remote consoles posi-
tioned on either side of the MT (at portholes outside
the water tank for the neutral buoyancy tests). Each
console was operated by a test engineer who could
view the activity as shown in figure 7 for the 1g tests
or through a porthole for the neutral buoyancy tests.
The inset in figure 7 is an enlarged photograph of
the console and console operator on the far side of
the MT. Two control consoles were used. one for
each APD, because the test subjects worked indepen-
dently most of the timme. Thus, two control stations
simplified the responsibility of cach console operator.
Controls for the drawbar and its node latches were
located at only one of the consoles.

Photographs of onc of the node latches on the
drawbar are shown in figure 8. The latch is shown in
the open position in figure 8(a) and in the engaged
and locked position in figure 8(b). The proper limits
of motion for the drawbar and node latches were set
prior to testing and required no vernier adjustiments.
The coarse movements of the test subjects to the
strut and node stowage canisters and then to the
vicinity of work sites were controlled by the console
operators who followed voice commands from the test
subjects. The maximum rate of motion for the test
subjects and drawbar was approximately 1 ft/sec. If
desired, vernier adjustments could be requested by
a test subject through additional voice commands
until the test subject was satisfied with the working
position. For the flight version of the MT, the
APD’s would probably be preprogrammed to move
to the appropriate work sites. Vernier adjustments, if
required, could be controlled by the EVA astronauts

Truss Configuration and Hardware

Underwater tests upon truss configuration and
hardware were performed in the Marshall Neutral
Buoyancy Simulator (NBS). The size of the NBS
(75 ft in diameter and 40 ft deep) limited to 3 bays
the size of truss that could be continuously as-
sembled.  An orthogonal tetrahedral truss (OTT)
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configuration (fig. 9) was used for the test article
because of its operational advantages over the SSF
baseline Warren-type truss. Although these advan-
tages are discussed in detail in reference 7, some of
the more pertinent ones are summarized herein. All
bays of the OTT configuration are identical, whereas
the Warren-type truss has two different bay con-
figurations which alternate. Thus, the logistics of
component stowage and the assembly procedures are
simpler for the OTT configuration because the same
routine is used for every bay. Also, the OTT configu-
ration, with all interior diagonal struts aligned in the
same dircction, has two clear passageways inside the
truss with nodal attachment locations available in ev-
ery bay to accommodate utility trays. (See fig. 9(b).)
In the Warren-type truss the interior diagonals alter-
nate in direction, thus interrupting the passageway
for utility trays.

The OTT truss assembled in the present study
had a 15-ft-square cross section. In order to meet MT
design and fabrication scheduling requirements, the
cross-sectional dimensions had been selected carly,
before NASA selected the 5-m (16.4 ft) truss for the
SSF configuration. The truss hardware was com-
posed of struts (termed longerons, battens, and di-
agonals as indicated in fig. 9) and nodes. The struts
were aluminum tubes 2 in. in diameter with a fitting
at each end to permit side insertion into the mating
node fitting during truss assembly. These fittings also
were used to set all the strut lengths to within toler-
ance values prior to the tests. Struts for the 1g tests
were fabricated from thin-wall 7075 aluminum tub-
ing to minimize their weight (approximately 8.8 Ib for
each longeron and batten strut and 11.9 1b for each
diagonal strut). The struts for the neutral buoyancy
tests consisted of welded sections of 6061 aluminum
tubing with a wall thickness of & in. Each neutral
buoyancy strut consisted of a center airtight cham-
ber that provided positive buoyancy and two flooded
chambers at the ends to which lead shot ballast could
be added or removed until neutral buoyancy was
achieved. The ballast was adjusted so that the strut
was also trimmed (remained in any given orienta-
tion in the water tank). Care was taken to set all
strut lengths accurately. During the length-setting
activities it was noticed that a few of the struts were
excessively crooked; thus, the joint end fittings were
misaligned. To meet NBS scheduling, the crooked
struts, although more difficult to install, were used
until replacement struts could be fabricated and de-
livered to the test site.

A typical truss node with attached struts is shown
in the top photograph in figure 10. The nodes were
modified spheres to which up to 26 fittings could be
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attached for accommodating strut and utility tray (or
other equipment) connections. (With this arrange-
ment various truss configurations are possible and
potential for truss growth is provided.) On the node
shown in the figure, only seven attachment ports are
used. The erectable strut-to-node joint was designed
at LaRC to facilitate EVA assembly while retaining
structural efficiency. An early version of the joint
is presented in reference 8. A pattern was painted
on the strut end fitting and on the node port fit-
ting to provide a highly visible lock position indica-
tor. The photograph labeled “strut being inserted”
in figure 10 shows the pattern when the locking col-
lar is positioned for insertion of the strut end fitting
into the mating node fitting. The photograph labeled
“strut captured” shows the pattern when the strut is
captured in the node fitting. With the locking col-
lar in this position the strut-to-node joint is secure
but does not provide the design structural stiffness.
With a 45° manual rotation of the locking collar, the
locking pattern becomes a wide bar (photograph la-
beled “joint locked”), and the joint is locked into its
design preloaded condition. Making the nodes neu-
trally buoyant required the use of external flotation
devices. Thus, following assembly of a given bay and
before the truss was moved by the drawbar, scuba
divers attached a device to each of the lower nodes
to neutrally buoy it and the node directly above it.
In this way the neutral buoyancy of the entire test
article was maintained.

Utility Trays

The integrated utility tray installations were done
only in the neutral buoyancy tests. As shown in fig-
ure 11, two neutrally buoyed tray systems were pro-
vided, one for each side of the three-bay truss. In
these tests, cach tray was nominally a 3- by 15- by
0.5-ft aluminum box with a dry weight of approxi-
mately 150 lb, but the trays could be made larger
for flight, if required. Three trays were linked to-
gether with simple hinges to form the utility tray
system for one side of the truss. Four tubular mem-
bers were attached to an edge of the unfolded tray
system at intervals corresponding to truss node loca-
tions. These tubular members had end fittings iden-
tical to the strut end fittings and were used to attach
the trays to the truss nodes during assembly.

Figure 12 is a schematic showing how the attach-
ment of utility trays was integrated with the assem-
bly of the truss. The view is looking downward on
the MT (represented by the dashed lines). Because
the MT support tower (also represented by dashed
lines) would interfere with the initial, inward unfold-
ing of the utility tray packages, the packages were



predeployed 1 baylength. The two partially unfolded
tray packages were then supported on the support
tower. (This method simulates the temporary sup-
port system that is envisioned for on-orbit operations
and is depicted in the computer drawing in figure 13.
The temporary support system envisioned for the
Shuttle cargo bay holds the packages in place dur-
ing assembly of the transition truss and first bay of
the SSF truss.) The neutral buoyancy tests began at
step 2 in figure 12 with assembly of the initial truss
bay and attachment of the first tray to a node (both
sides of truss). The pins used to secure the second
and third trays in the folded configuration were then
pulled and the trays unfolded with the aid of wa-
ter pressure and scuba divers (simulating deployment
by damped springs) as the drawbar was extended to
move the completed bay out of the work arca (steps 3
and 4). The second tray was attached to the second
bay of truss as it was assembled (step 5). The draw-
bar retracted to grasp the nodes of the second bay
(step 6) and then extended to move the completed
bay out of the work arca. The third truss bay was
then assembled and the final tray attachments were
made.

Assembly Test Program

Assembly tests were conducted both in 1g and in
neutral buoyancy. The 1¢ tests were performed with
the test subjects in street clothes. The neutral buoy-
ancy tests were performed with the test subjects in
scuba and also with the test subjects in extravehic-
ular mobility unit (EMU) pressure suits. The lg,
scuba, and pressure-suit assembly tests were con-
ducted in an attempt to isolate the effects of wa-
ter drag and pressure-suit encumbrance so that EVA
assembly times might be more accurately predicted.
The difference between pressure-suit assembly times
and scuba assembly times is attributed to pressure-
suit encumbrance. The difference between 1g assem-
bly times and scuba asseinbly times is attributed to
water drag, provided gravity does not have a sig-
nificant effect on the 1g assembly times. Although
it is intuitive that assembly in 1g would be slower
than in Og (all other factors being equal), the pro-
cedures used in the lg assembly tests were designed
to minimize the impediment of gravity. Thus gravity
effects, although unknown, are assumed to be negli-
gible. Tethering of the hardware was not addressed
in these tests.

1g Tests

Figure 14 shows a lg test in progress. In fig-
ure 14(a), the first truss bay is being assembled.
Figure 14(b) shows the completed three-bay truss

test article. The structural frame shown in the
photographs was used to support the weight of the
truss. Utility tray installation was not addressed in
the 1g tests. The truss assembly procedures varied
slightly from the more efficient procedures devised
for the neutral buoyancy tests. In neutral buoy-
ancy, struts can be attached to a node at only one
end; thus, all struts that need to be attached to a
given node can be attached during one visit to that
node. However, in lg, horizontal struts had to be
supported at both ends. Thus, the 1g procedures in-
corporated extra translations of the APD’s to allow
the test subjects to install some nodes and struts out
of sequence with the neutral buoyancy procedure. A
short bracket was attached to the MT support tower
and used as a prop to help support the upper truss
struts as they were being passed across the truss from
one test subject to the other. When a lower truss
member was being passed across the truss, an engi-
neer on the floor assisted by manually supporting the
free end of the strut.

Numerous truss assemblies were performed in 1g
by a number of different test subjects (including
two NASA astronauts) in order to check out the
hardware, develop assembly procedures, and train
test subjects and console operators. These activities
were followed by four timed tests in which only well-
trained test subjects and expert console operators
were used. A three-bay truss was assembled in cach
of these tests.

Neutral Buoyancy Tests

Figure 15 is a schematic showing the truss as-
sembly sequence used in the neutral buoyancy tests.
Test subject 1, stationed on the far side of the truss
in figure 15, always moved in a clockwise direction
(facing his side of the truss). Test subject 2, sta-
tioned on the near side of the truss, always moved
in a counterclockwise direction {facing his side of the
truss). The batten frame consisting of five struts
(step 1) was assembled first, then typical bays, con-
sisting of 13 struts each, were assembled by using the
same routine for each bay. In general, two struts and
two nodes were removed from their stowage canisters
and temporarily stowed on the APD strut and node
carriers when the test subjects were in the vicinity
of the canisters; thus, no long-distance translations
were required for material resupply. During assem-
bly of the first batten frame (step 1), three struts
must be attached by test subject 1 at workstation 1;
thus, two struts would be stowed in the temporary
strut carriers and one would be carried in the test
subject’s hands. Struts were handled similarly by
test subject 2 when he had to install three struts at
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workstation 1 during the assembly of each gencral
bay.

The following three types of assembly tests were
performed in neutral buoyancy: (1) without utility
trays—consecutive three-bay truss assemblies (with
associated complete disassemblies by utility divers),
(2) with utility trays-—conseccutive three-bay truss as-
semblies (with associated complete disassemblies by
utility divers), and (3) with utility trays—an initial
three-bay truss assembly followed by a two-bay dis-
assembly by utility divers and thereafter consecutive
two-bay assemblies (with associated two-bay disas-
semblies by utility divers). The type (3) tests are rep-
resentative of assembly of a truss consisting of more
than three bays by eliminating multiple assemblies
of the first batten frame. The test subjects were idle
during the disassemblies by utility divers. The work-
ing depth of 40 ft along with allowance of a single
decompression stop limited the duration of a test to
approximately 2 hr.

Figures 16, 17, and 18 show neutral buoyancy
tests in progress. Figure 16 shows a scuba assembly.
The asscmbly procedures used in the pressure-suited
neutral buoyaney tests were duplicated in three of
the scuba assembly tests. The 1g assembly procedure
was duplicated in one of the scuba tests for compar-
ison with the 1g assembly times. Figures 17 and 18
show pressure-suit assemblies both with and without
integrated installation of utility trays. As with the
1g tests, numerous assemblies for hardware checkout,
procedural development, and personnel training were
performed in scuba. Several additional pressure-suit
tests were also performed to verify the test setup.
Two pairs of test subjects took part in these tests as
well as two pairs of console operators. Eight timed as-
sembly tests were performed during which 48 bays of
truss were assembled by a single pair of well-trained
test subjects and expert console operators. In the
last five tests, 34 bays of truss were assembled with
intcgrated installation of utility trays. Two addi-
tional tests were performed by a pair of NASA as-
tronauts to provide them with some hands-on expe-
rience with the assembly procedures and hardware
and to obtain their comments for consideration.

Test Results

Qualitative Evaluation of Hardware and
Procedures

Most of the present tests were performed by two
well-trained test subjects and two well-trained con-
sole operators. It is firmly believed that accurate
qualitative evaluations and assembly time data are
achicvable only through the use of well-trained test
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personnel. Two astronauts also performed as test
subjects in a few tests to gain experience with the
MT hardware and procedures and to lend their pre-
vious experiences to the qualitative evaluation. One
astronaut encountered some difficulties in operating
the hardware and executing the assembly procedures,
but most of these problems can be attributed to
lack of familiarity with the present hardware and lit-
tle neutral buoyancy pressure-suit experience. The
other astronaut had previous experience with the
truss joint hardware and had performed as a test
subject in some of the 1g assembly tests. This as-
tronaut also had many hours of neutral buoyancy
pressure-suit experience plus approximately 12 hr of
on-orbit EVA structural assembly cxperience with
the ACCESS (Assembly Concept for Construction of
Erectable Space Structure) Shuttle flight cxperiment
(ref. 5).

The MT mock-up closely simulated the external
appearance and featured the major operational capa-
bilitics required of an on-orbit version. However, due
to cost and safety considerations, some envisioned
on-orbit capabilitics were compromised. The effects
of these compromises were cvaluated during pressure-
suited tests. The most significant compromise in the
MT mock-up was that the test subjects were oriented
with their heads up because of previously described
safety and comfort considerations. This orientation
placed the MT guide rails in the test subjects’ lines
of sight when working at upper nodes (scc figs. 17(b)
and 18(b)), with interference to both visibility of and
reach to these work sites. To reduce the effects of this
interference, it was necessary to position the test sub-
jects more precisely at the upper nodes than at the
lower nodes; thus, additional vernier motions of the
APD’s were required. However, after several tests,
the test subjects and console operators learned op-
timum assembly tcchniques and positions for upper
node tasks, and fast assembly times were realized.
Poor visibility and reach would be minimized on or-
bit by orienting the astronauts as shown in figures 2
and 4(a}.

Because the test procedures employ a small num-
ber of work sites, it is envisioned that many of the
APD coarse positioning commands might be auto-
mated on orbit. This automation could improve as-
tronaut positioning efficiency and reduce assembly
times. Furthermore, APD motion could possibly be
controlled locally by the EVA crew members from
their foot restraints. However, in the present tests,
all APD positioning was done remotely by the console
operators in response to verbal commands from the
test subjects. Although positioning errors and mis-
communications caused occasional delays, the dura-



tion and number of these delays were minimized by
the use of console operators who were well-trained
in the assembly procedures and thus effective at an-
ticipating APD positioning commands. In general,
command and control of APD positioning was ecffi-
cient and had little effect on the assembly times. The
astronauts involved in these tests also felt that, on
orbit, the use of voice commands would probably be
preferred to a manual controller operated by the EVA
crew, because of the desire to minimize extraneous
manual operations.

The APD’s were designed for a maximum trans-
lational rate of 1 ft/sec. This rate is believed to be
a reasonable upper limit for on-orbit activities. In
general, all pressure-suited tests subjects felt com-
fortable at this maximum translational rate. How-
ever, slower rates were used when test subjects oc-
casionally experienced minor difficulties equalizing
inner ear pressure during vertical translations (inner
ear pressure must be adjusted as the depth changes).
These rare occurrences were strictly consequences of
the underwater simulation environment and present
no concerns for on-orbit operations.

The use of temporary strut and node carriers on
the APD foot restraint handrails significantly im-
proved the efficiency of the assembly procedure by
minimizing the number of times the test subjects had
to be translated to the strut and node stowage canis-
ters for hardware resupply. The temporary hardware
carriers were located below the test subjects’ waist
level to avoid obstructing the work site while allowing
casily accessible temporary hardware stowage. The
location of the temporary hardware carriers could be
adjusted, within limits, to accommodate a range of
test subject reach limits. All test subjects worked
cffectively with these carriers and were generally
pleased with their accessibility and utility.

After removal from the temporary hardware car-
rier, a strut was coarsely aligned by slewing it to
the approximate oricntation and thrusting it longi-
tudinally into approximate position. Longitudinal
thrusts of a strut induced negligible water resistance
and could be easily accomplished with one hand.
However, significant water drag was induced when
a strut was slewed at recasonable speed; thus, two
hands were nearly always used. Despite the water
resistance, the test subjects could align most of the
struts for installation with little difficulty and mod-
est effort. However, considerable effort was required
with a few of the struts that span the bay, that is, the
batten struts that are installed at the tower end and
at the top of each bay, the diagonal strut in the bat-
ten frame nearest the tower, and the diagonal strut
in the top face of a bay. Alignment of these struts

required the test subjects to reach relatively far from
their foot restraints and around the guide rails to per-
form the final aligninent of the struts. Interference
of the test subjects’ lines of sight by the guide rails
aggravated the situation. These awkward positions
forced the test subjects to rely on forearm strength
rather than upper arm or torso strength. Although
the joint capture mechanisin was designed to permit
onc-handed attachment, in most cases the test sub-
jects used both hands to effect final alignment and
capture; thus, forearm fatigue was minimized and
assembly times were improved. In addition, the test
subjects learned from the early tests to perform two-
handed, preliminary alignment of the strut as accu-
rately as possible and then work together to align the
struts spanning the bay. Manipulating and position-
ing the struts on orbit should be significantly easier
in the absence of water drag. However inertial forces
required to start and stop strut motion would still
have to be dealt with, and two-handed manipulation
of large struts would probably be preferred.

As mentioned previously, the erectable truss
structure assembled during these tests incorporated
an advanced prototype joint under development at
LaRC for several years. Although different versions
of this erectable truss joint had been tested in previ-
ous neutral buovancy simulations. the present tests
were the first to evalnate the operation and EVA
compatibility of this advanced version in a full-scale
structural assembly. After effecting final alignment
of a strut, the test subjects determined that cap-
turing and locking the strut end joint to its mat-
ing node were casy when done within the subjects’
optimum reach and visibility envelopes. With one
end of the strut locked in place, the free end was es-
sentially aligned for capture. For all but the most
excessively crooked struts, this free end was easily
captured and locked in a matter of seconds. Thus,
the erectable truss joint, as tested, was judged to
be EVA compatible, although refinements such as a
better grip on the locking collar have already been
incorporated in revised designs.  Finally, the lock-
up indicator painted on each joint was highly visi-
ble from long distances and easily interpreted by the
test subjects and console operators. This indicator
is important for verifying the integrity of the com-
pleted structure, and its visibility from long distances
simplifies the verification opcration.

The concept demonstrated in these tests for inte-
grated installation of utility trays incorporates two
important features: (1) the attempt to minimize
EVA handling of the trays and (2) the use of the
erectable truss joint hardware for connecting the
trays directly to truss nodes. EVA handling was min-
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imized by stepwise predeployment of the trays (a bay
at a time) and assembling the truss bay around the
trays. A tray was deployed to its proper position with
the nodal attachment fittings on the tray in the vicin-
ity of the truss nodes. Thus, the test subjects could
make the tray-to-node connections while they were at
that workstation to attach struts to the same node.
The only negative aspect of this tray integration pro-
cess was the obstruction of vision. The test subject’s
view of the opposite side of the truss was significantly
reduced when the trays were present; thus, spanwise
struts were more difficult to align. This problem was
more significant for the test subject on the left in fig-
ures 18(a) and (b) because the utility tray on this side
was attached to the upper truss nodes where vision
was already compromised by the MT guide rails, as
discussed previously. Overall, this tray integration
concept was judged to be EVA compatible and, as
the assembly times presented in the next section in-
dicate, could be very efficient.

Assembly Times

Pressure-suited neutral buoyancy tests. The
assembly times for engineers who served as pressure-
suited test subjects and who were experienced in the
operation of the hardware and test procedures are
presented in figurc 19 as a function of build num-
ber. The build number applies to a three-bay as-
sembly, with the exception of builds 3, 16, and 17,
which were two-bay assemblies. In addition to the
total time for the three-bay assembly, times are pre-
sented for completion of the first batten frame and
each succeeding bay of the truss. The total assembly
times generally decreased as the test subjects and
the console operators gained experience. However,
this trend was reversed during build 6 because of the
introduction of utility tray integration into the as-
sembly procedure (note that the time for completion
of bay 2 is significantly longer during this test be-
cause the procedure for utility tray deployment was
not yet refined). Also, minor changes in both the MT
and truss hardware as well as the assembly procedure
were introduced in build 12 to correct problems that
had occurred in previous tests. These improvements
caused a 4- to 5-min reduction in the total three-bay
assembly time; subsequent tests showed no further
gains. The total assembly times for these last four
complete builds (builds 12-15), which included inte-
gration of utility trays, were shorter than the short-
est time achicved without integration of utility trays.
Although it is difficult to estimate how much the as-
sembly times without trays could have been short-
ened through additional training, it is doubtful that
these times would be much better than the best times
with utility trays.
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The time to assemble the first batten frame de-
creased from about 4 min in the first few builds to
approximately 2%2 min during builds 12-15. Despite
some scatter in the data, the times for completion of
each bay also decreased with build number, and these
times are generally very close to one another within
a given build. The average time for completion of
one bay appears to stabilize to about 6 min during
the last six builds. This assembly time for each bay
is considerably shorter than the 9-13 min per bay
reported in references 9-11 for neutral buoyancy as-
sembly tests of competing SSF truss concepts (with
no utility trays). However, the tests reported in refer-
ences 9-11 were intended to compare several different
AWP hardware configurations, as well as different as-
sembly procedures, by using many different pairs of
astronaut test subjects. No attempt to refine any sin-
gle assembly concept was made. Consequently, the
fidelity of the test fixtures was limited and the astro-
naut test subjects did not become thoroughly trained
in any of the various assembly procedures. The re-
sulting long assembly times demonstrate that such
quick-look tests should not be considered verifications
of a concept.

Assembly times from the present tests with two
astronauts as test subjects are presented in figure 20
as a function of build number. A comparison of fig-
ures 19 and 20 shows that the astronaut assembly
times were slightly greater than those from the first
few tests by the engineer test subjects and signifi-
cantly greater than the final few tests by the engineer
test subjects. Because expert console operators were
used in the astronaut assembly tests, the difference in
assembly times is attributed to the fact that the en-
gineer test subjects had significantly more training
in the operation of the hardware and execution of
the assembly procedures. Except for the two spikes
(bay 1 of build 2 and bay 2 of build 6) that are indica-
tive of additional time taken to install crooked struts,
the astronaut assembly times also show a generally
downward trend as experience is gained.

Rationale for scuba and lg tests. In order
to isolate the effects of pressure-suit encumbrance
and water drag on the assembly times, data from 1g,
scuba, and pressure-suited assemblies are compared.
Comparison of 1g and scuba assembly times gives a
good indication of the time penalty associated with
water drag (provided gravity does not have a sig-
nificant effect on the handling of hardware in 1g).
Similarly, comparison of scuba and pressure-suited
assembly times gives a good indication of the time
penalty associated with pressure-suit encumbrance.
From this information, it is possible to make better
predictions of on-orbit assembly times by subtract-



ing time penalties resulting from water drag (if sig-
nificant) from neutral buoyancy times. As explained
previously, it was necessary to employ a different pro-
cedure for 1g testing to minimize hardware handling
problems. Consequently, scuba tests were performed
with both the 1g procedure and the on-orbit (neutral
buoyancy) procedure.

Comparison of lg, scuba, and pressure-
suited three-bay assembly times. Figure 21
shows three-bay assembly times performed in 1g with
the test subjects in street clothes, in neutral buoy-
ancy with the test subjects in scuba, and in neutral
buoyancy with the test subjects in pressure suits. All
these results were obtained with the same pair of
test subjects and the same pair of console operators.
Figure 21(a) presents four 1g assemblies and a single
scuba assembly using the same procedure. The times
for completion of the three-bay builds in 1g are very
consistent because these builds were performed after
test subjects and console operators were well-trained
in the 1g procedures. Similarly, the scuba test was
performed with well-trained personnel. Time was
not available for additional scuba assemblics using
the 1g assembly procedure; however, additional as-
semblics should be of similar duration. The average
unit assembly time for 1g, three-bay (44 struts) as-
semblies is about 11 percent (2.5 sec/strut) shorter
than that for the single neutral buoyancy assembly
performed in scuba using the same procedure. As
stated previously, assembly in lg should be slower
than in Og (all other factors being equal). Neutral
buoyancy assembly should also be slower than 0g as-
sembly because of water drag. However, because the
scuba assembly (with gravity neutralized) was slower
than the 1g assemblies, water drag must have been
more significant than gravity. The scparate cffects
of gravity and water drag could not be quantified by
comparing the 1g and scuba assembly times. How-
ever, the time penalty for gravity effects is believed
to be small. Thus, it is assumed that 2.5 sec/strut
is the time penalty for water drag. Using this time
penalty to adjust neutral buoyancy assembly time for
prediction of on-orbit assembly time should result in
a conservative prediction.

Figure 21(b) presents four of the last pressure-
suited assemblies (builds 12--15 in fig. 19) and a sin-
gle scuba assembly using the same procedure (again,
time was not available for additional scuba assem-
blies). The average assembly time for a three-bay
build was nearly 5 min (6 sec/strut) longer in pres-
sure suits than in scuba. This result suggests that in
the simulated EVA assembly procedure, a penalty of
approximately 6 sec/strut is directly attributable to
the physical encumbrance of the pressure suit. All

test subjects agreed that the most critical aspect of
this encumbrance (i.c., loss of dexterity and strength
in the hands and forearms) was due to the glove de-
sign. In these tests, EMU series 1000 gloves were
used. The astronauts commented that the use of
EMU series 3000 gloves with low-torque wrist bear-
ings and rubberized palm grips might reduce lower
arm fatigue and improve performance.

Predicted Assembly Time for SSF Truss

The average unit assembly time for a three-bay,
44-strut. OTT truss including utility tray installa-
tion by pressure-suited test subjects in neutral buoy-
ancy was found to be 27.6 sec/strut, as shown in fig-
ure 21(b). The time penalty for water drag was taken
to be 2.5 see/strut. Thus, the unit assembly time on
orbit should be about 25 sec/strut if similar hard-
ware and assembly procedures are nsed. This unit
assembly time can be used to estimate the EVA time
required to build the SSF truss structure. includ-
ing attachment of utility trays as proposed herein.
The 1987 SSF truss consists of 22 bays. The two
end bays contain the rotary joints and would have
special geometry.  If an OTT truss configuration
were used for the other 20 bays (265 struts), they
could be assembled in approximately 1.85 hr  less
than one third the time allowed for a standard EVA
(6 hr). Although it may be argued that astronaut fa-
tigue would increase the assembly time, the pressure-
suited test subjects were able to assemble nine bays
of truss during one nentral buoyancy test (see fig. 19,
builds 12, 13, and 14) in 1.6 hr. The actual assembly
time was about 1 hr; however, two 17-min idle pe-
riods between builds were necessary to allow utility
divers time to disassemble the test article.

Concluding Remarks

Neutral buoyancy tests were conducted to evalu-
ate an alternate truss assembly and utility tray inte-
gration procedure for Space Station Freedom (SSF).
This procedure uses a mobile transporter (MT)
functioning as a construction base, and two extra-
vehicular activity (EVA) astronauts performing all
construction tasks. The utility tray integration pro-
cedure minimizes EVA handling of the trays by us-
ing self-deploying. fanfolded stacks of trays. These
stacks are deploved, onc bay at a time, and the truss
bays are assembled around the deployed trays. This
procedure minimizes tray integration time by allow-
ing the astronauts to connect the trays directly to
truss nodes (with the same joint hardware used for
truss assembly) while they are attaching struts at the
same node. A three-bay orthogonal tetrahedral truss
including utility trays was repeatedly assembled by
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pressure-suited engineer and astronaut test subjects
on astronaut positioning devices (APD’s). None of
the hardware was tethered in these tests. The test
subjects were translated to various work sites at a
nominal rate of 1 ft/sec. Forty-eight bays of truss
(34 of which included integrated installation of util-
ity trays) were assembled by a single pair of pressure-
suited test subjects. This experience provided signif-
icant training for the subjects and allowed them to
identify, develop, and implement refinements in both
procedures and hardware, which led to very efficient
assembly times. Thus, final qualitative asscssments
of hardware and procedures should be valid, and as-
sembly times are probably representative of on-orbit
operations, provided the MT translation rates used
are realistic.

The MT mock-up closely simulated the external
appearance and featured the major operational ca-
pabilities required of an on-orbit version. However,
because of cost and safety considerations, some envi-
sioned on-orbit capabilities were compromised. For
comfort and safety, the test subjects were oriented
in an upright position for all tests, despite the fact
that the MT guide rails interfered with the test sub-
jects’ vision and reach when working at the upper
truss nodes. To circumvent this problem, additional
APD vernier motions were used to position test sub-
jects more precisely at these nodes than at the other
nodes. On orbit, interference from the MT guide rails
would be minimized by orienting the astronauts with
their heads pointed in the opposite direction. All
APD positioning was done remotely by the console
operators in response to verbal commands from the
test subjects. Although occasional time lags occurred
on account of positioning errors and miscommunica-
tions, the duration and number of these delays were
minimized by the use of console operators who were
well-trained in the assembly procedures and thus ef-
fective at anticipating APD positioning commands.
The astronauts commented that they would prob-
ably prefer voice commands for vernier adjustment
over manual controllers operated by themselves be-
cause they may be holding struts or nodes when the
adjustments need to be made.

In general, all pressure-suited test subjects felt
comfortable with the nominal APD translational rate
of 1 ft/sec. However, slower rates were used when
test subjects occasionally experienced minor difficul-
ties in equalizing inner ear pressure during verti-
cal translations. These rare occurrences were con-
sequences of the underwater simulation environment
and present no concerns for on-orbit operations. The
use of temporary strut and node carriers on the APD
foot restraint handrails significantly improved the ef-
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ficiency of the assembly procedure by minimizing the
number of times the test subjects had to be trans-
lated to the strut and node stowage canisters for
hardware resupply.

The truss structure assembled during these tests
incorporated an advanced prototype erectable truss
joint under development at the Langley Research
Center for several years. Although the joint capture
mechanism was designed to permit one-handed at-
tachment, in most cases the test subjects used two
hands during final strut alignment to overcome the
effects of water drag; thus, forearm fatigue was re-
duced and assembly times were improved. The test
subjects determined that capturing and locking the
strut end joint to its mating node was easy when
done within the subjects’ optimum reach and vision
envelopes. With one end of the strut locked in place,
the free end was essentially aligned for capture, which
could usually be performed in a matter of seconds.
Thus, the erectable truss joint was judged to be EVA
compatible. Also, the joint lock-up indicator was de-
termined to be highly visible from long distances and
easily interpreted by the test subjects and console
operators.

The assembly times generally decrcased as the
test subjects and console operators became more ex-
perienced and procedures were refined, and integra-
tion of utility trays added a negligible amount of
time to the truss assembly procedure. During the
last few builds the average time for completion of
one bay with integration of utility trays was nearly
constant at approximately 6 min/bay. At this as-
sembly rate, the entire SSF (1987 baseline) truss
structure could be assembled on orbit in slightly less
than 2 hr. Although many additional EVA activities
such as payload attachments and rotary joint and
subsystem integration have been neglected, this es-
timate demonstrates that on-orbit truss assembly by
EVA astronauts can be very efficient. The supporting
equipment (i.e., the MT)} must be designed to posi-
tion the astronauts so that they can perform their as-
sembly tasks within their optimum reach and vision
cnvelopes, and the building material must be conve-
nient to the workstations to avoid time-consuming
translations for resupply. In addition, the assem-
bly procedure should be simple and well rehearsed
by the astronauts. Unfortunately, neutral buoy-
ancy tests are both time-consuming and expensive;
hence, researchers studying the assembly of large
space structures have rarely had the luxury of ad-
equate preliminary testing for proper development
of hardware and procedures or the training of test
subjects. The resulting scarcity of reliable data has
given rise to some grossly conservative projections of



achievable EVA assembly rates which, in turn, have
prompted unwarranted pessimism as to the efficiency
and effectiveness of EVA operations.

NASA Langley Research Center
Hampton, VA 23681-0001
August 26, 1992
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Figure 1. Space Station Freedom 1987 baseline configuration.
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Figure 2. EVA/MT concept for assembly of Space Station.
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(a) Flight article.
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(b) Mock-up.

Figure 4. Schematic of MT.
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Figure 5. Strut and node stowage canister.
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Workstations for test subject 1

Workstations for test subject 2

Struts stowed in canister accessible to test subject 1

C—— "> Struts stowed in canister accessible to test subject 2

Nodes stowed in canister accessible to test subject 1

(O Nodes stowed in canister accessible to test subject 2

Step 2. Repetitive assemblies of general bay of truss Step 1. Assembly of first batten frame

Figure 15. Assembly procedure for neutral buoyancy tests.
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(a) Test subjects in APD foot restraints ready to begin test.

(b) Asscmbly of second bay.

Figure 16. Neutral buoyancy truss assembly by test subjects in scuba.
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(b) Assembly of third bay.

Figure 17. Neutral buoyancy truss assembly by test subjects in pressure
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(a) Assembly of first bay.

(b) Assembly of third bay.

Figure 18. Neutral buoyancy truss assembly and integration of utility trays by test subjects in pressure suits.
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Figure 21. Three-bay truss assembly times.
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