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This paper details the ground test program for the NASA Langley Research Center mobile transporter
concept. The mobile transporter would assist extravehicular activity astronauts in the assembly of the Space
Station Freedom. One-£ and simulated 0-g (neutral buoyancy) tests were conducted to evaluate the use of the
mobile transporter. A three-bay (44 struts) orthogonal tetrahedral truss configuration with a 15-ft square cross
section was repeatedly assembled by a single pair of pressure suited test subjects working from the mobile
transporter astronaut positioning devices. The average unit assembly time was 28 s/strut. The results of these
tests indicate that the use of a mobile transporter for extravehicular activity assembly of a space station size
structure is viable and practical. Additionally, the mobile transporter could be used to construct other spacecraft
such as the submillimeter astronomical laboratory* space crane, and interplanetary (i.e., Mars and lunar)
spacecraft.

Introduction

T HE design and construction of large space structures has
been studied extensively at the NASA Langley Research

Center (LaRC).1"4 From these studies, the erectable structures
concept emerged, whereby large truss structures such as plat-
forms or curved reflectors are erected (i.e., assembled) from
individual struts and nodes. Studies5"9 have been conducted on
manual assembly by astronauts in extravehicular activity
(EVA), assembly by astronauts in EVA mechanically aided by
a mobile work station, and fully automated assembly of large
platforms. These studies have identified efficient ways of as-
sembling structures in EVA that can be applied to the assem-
bly of the Space Station Freedom (SSF) truss beam and other
large truss structures. The SSF baseline configuration is shown
in Fig. 1. The primary structure is an erectable truss beam
consisting of a series of 5-m cubic segments (bays). A pro-
posal10'11 for on-orbit construction of the Space Station truss
beam makes use of a mobile work station concept and two
astronauts in EVA. This concept is called the mobile trans-
porter (MT). LaRC has a research program to study this
concept and its usefulness for construction during the SSF
buildup flights, as well as for maintenance, repair, and growth
activities after SSF is operational.

The objective of this paper is to present the mobile trans-
porter ground test program, including 1-g and simulated 0-g
(neutral buoyancy) tests. Results of assembly time lines will be
discussed, as well as proposed uses of the mobile transporter
for assembly of future spacecraft.
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Mobile Transporter Concept
A sketch of the MT as envisioned for the assembly of the

SSF is shown in Fig. 2. The MT would be folded in the Shuttle
cargo bay and remotely deployed to an upright position on-
orbit. The truss is assembled one bay at a time above the MT
platform by two EVA astronauts. The astronauts are secured
in foot restraints attached to astronaut positioning devices
(APDs). After the crew has assembled a bay, the MT drawbar
extends (as shown in Fig. 2) pushing the MT one bay length
along the truss longitudinal axis. The next contiguous bay is
then assembled, after which the drawbar is retracted to grasp
the next nodal joint guide pins and then extended to move the
transporter into position for assembly of the next bay. In this
way, the MT "walks" along the truss as the truss is being
assembled. The truss hardware is packaged in stowage canis-
ters that are attached to the MT platform. The platform is also
used to transport SSF operational equipment that requires
integrated installation during the primary truss assembly. A
Shuttle-type remote manipulator arm attached to the MT is
envisioned to support these tasks. Utility trays that would
house the electrical and utility lines of SSF would be attached
inside of the primary truss structure. A scenario to be dis-
cussed later would allow the trays to be deployed and then
attached directly to the truss nodes during truss assembly.

Test Program
Test Hardware
Mobile Transporter Test Article

In Fig. 3, the MT test article is shown. This test article was
used in simulations for construction of the space station truss
conducted in 1 g at LaRC and in neutral buoyancy at the
Marshall Space Flight Center's Neutral Buoyancy Simulator
(NBS). The MT test article was supported on a tower and
remained stationary during the tests. The truss structure was
assembled one bay at a time under the transporter. When a
bay was completed, it was moved out of the work area by the
drawbar, thus producing the relative motion between the truss
and MT to simulate the MT walking along the completed truss
structure. A remote manipulator arm was not required nor
used for these tests.

The APDs could be moved one bay length forward or aft as
indicated by the arrows in the sketch as well as in a 360-deg
motion providing the astronauts adequate positioning capabil-
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Mobile Transporter

Fig. 1 Space Station Freedom baseline configuration.
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Fig. 2 EVA/mobile transporter concept for assembly of Space Sta-
tion Freedom.

ity for assembly. As indicated in Fig. 2, the preferred position
for the EVA astronauts is with their heads pointing away from
the MT. This orientation provides the best visibility and least
obstructed work area. However, for comfort and safety rea-
sons, the test subjects were positioned with their heads point-
ing toward the MT (vertical) during the 1-g and neutral buoy-
ancy tests.

The two rectangular canisters shown attached to the top of
the MT are for stowage of truss struts and nodes. Although
the size of the NBS test facility limited the amount of truss
that could be assembled to only three bays (44 struts and 16
nodes), the canisters were sized to hold enough struts and
nodes for assembly of 10 bays (135 struts and 48 nodes) of
truss. Struts could be removed by the test subjects from any
location along the canister. The nodes were stowed in com-
partments in the canisters. The compartments were sized to
hold two nodes at a time, although only one node was stowed
in a given compartment for the present tests. There were 12
node compartments (24-node capacity) located at one end of
each canister. To minimize the required number of trips to the
stowage canisters by the test subjects during truss assembly,
temporary stowage of two struts and two nodes was provided
at each APD foot restraint.

The APDs, drawbar, and node latches on the drawbar were
hydraulically powered. The controls were located at two re-
mote consoles. Each console was operated by one test engineer
who could view the activity. The coarse movements of the test
subjects to the strut/node canister and then to the vicinity of
a work site were easily performed by the console operators
following simple voice commands from the test subjects of

"ready" when ready to move, or "stop" when appropriate.
The rate of motion for the test subjects and drawbar was
approximately 1 ft/s. If desired, vernier adjustments could be
requested by the test subjects through additional voice com-
mands until the test subject was satisfied with his working
position.

Truss Configuration and Hardware
An orthogonal tetrahedral truss (OTT) (Fig. 4) was used for

the tests discussed in this paper primarily because of the oper-
ational benefits it exhibits over the Warren-type truss12 cur-
rently baselined for the SSF. The MT can be used to assemble
either truss configuration; however, the OTT geometry simpli-
fies the logistics of component stowage, the assembly proce-
dures that must be followed by the test subjects, and the
installation of utility trays. The truss tested in the present
study had a 15-ft square cross section. In order to meet MT
design and fabrication scheduling requirements, the cross-sec-
tional dimensions had to be selected early, before NASA
selected the 5-m (16.4-ft) truss for the SSF baseline configura-
tion.

The truss hardware consists of struts (termed longerons,
battens, and diagonals, as indicated in Fig. 4) and nodes.
Guide pins attached to the truss nodes form the interface

- Support Tower

Strut and Node
Canisters

Mobile
Transporter
Platform

Astronaut
Positioning
Device

Drawbar
Fig. 3 Sketch of mobile transporter test article.
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between the MT guide rails and the truss structure. The struts
were 2~in.-diam aluminum tubes with a fitting at each end to
permit side insertion into the mating node fitting during truss
assembly. For the l-g tests, the struts were fabricated from
thin-wall 7075 aluminum tubing to minimize their weight. The
struts for the neutral buoyancy tests consisted of welded sec-
tions of 6061 aluminum tubing with a Vs-in. wall thickness.
The welded sections contained internal airtight chambers for
positive buoyancy and flooded chambers to which lead shot
could be added or removed for neutral buoyancy adjustment.

A typical truss node is shown in Figs. 5. The nodes (Fig. 5a)
were modified spheres to which up to 26 fittings could be
attached for accommodating strut and pay load connections.
The joint used was designed at NASA LaRC to facilitate EVA
assembly while retaining structural efficiency.13 A pattern was
painted on the strut and node fittings to provide a highly
visible lock position indicator. Figure 5b shows the pattern
when the strut locking collar is positioned for insertion into
mating node fitting. Figure 5c shows the pattern when the
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Fig. 5 Attachment of strut to node.
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Fig. 6 Utility tray deployment: a) concept for space station utility
tray deployment; b) utility tray deployment in neutral buoyancy.

strut is captured in the node fitting. With the locking collar in
this position, the strut-to-node joint is secure but will not
provide the design structural stiffness. By manually rotating
the locking collar 45 deg, the locking pattern becomes a wide
bar (Fig. 5d) and the joint is locked into its design preloaded
condition. The nodes could not be made neutrally buoyant
without adding external flotation. Thus, following assembly
of a given bay, and before the truss was moved by the draw-
bar, flotation was attached by scuba divers to each of the
lower nodes on each side of the truss to neutrally buoy it arid
the node directly above it. In this way the truss neutral buoy-
ancy is maintained.

Utility Trays
A major concern associated with SSF construction is instal-

lation of the utility system that is vital to the SSF operation.
This utility system will consist of electrical and fluid utility
lines housed in protective trays that are attached to the inside
of the primary truss structure (Fig. 4). Although electrical and
fluid line connections were beyond the scope of this investiga-
tion, a scenario for integrated installation of the utility trays
during truss assembly was addressed. This scenario permits
folded bay-length packages of tray segments to deploy auto-
matically to their proper positions prior to assembly of the
supporting bay of the truss, as shown in Fig. 6a. The deployed
tray segments can then be attached directly to the truss nodes
during truss assembly. This procedure, by minimizing astror
naut handling, is designed to have a minimal impact on truss
assembly times.

The integrated utility trays were installed only in neutral
buoyancy tests. Two neutrally buoyant tray systems were pro-
vided, one for each side of the three-bay truss (Fig. 4). An
individual tray was nominally a 3.x 15 x 0.5 ft aluminum box.
Three trays were linked together with simple hinges to form
the utility tray system for one side of the truss. The utility
trays had tubular members attached at intervals along the tray
edge corresponding to truss node locations. These tubular
members had end fittings identical to the strut end fittings
(Fig. 5) that attached the trays to the truss nodes during
assembly. Figure 6b shows the method used to install the trays
during assembly of the truss (the MT and the MT support
tower are represented by dashed lines). Since the MT support
tower would interfere with the initial inward unfolding of the
utility tray packages, the packages were predeployed one bay
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length. The two partially unfolded tray packages were then
supported in place on the support tower, simulating the tem-
porary tray support system in the Shuttle cargo bay. The
neutral buoyancy tests began with assembly of the initial truss
bay and attachment of the first tray to two of the nodes. 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 scuba divers (simulating springs) as the drawbar ex-
tended to move the completed bay out of the work area. The
remaining bays of truss were assembled in sequence, and the
utility trays were attached at the appropriate node locations.

Assembly Tests
Assembly tests were conducted both in l-g and in neutral

buoyancy. The l-g tests were performed with the test subjects
in street clothes. The neutral buoyancy tests were performed
with the test subjects in scuba and also with the test subjects in
pressure suits [extravehicular mobility units (EMUs)]. These
tests were conducted in an attempt to isolate the effects of
water drag and pressure suit encumbrance on assembly times.
Because of the effects of gravity, the assembly procedures
developed for the l-g tests were necessarily somewhat differ-
ent from those used for the 0-g tests. However, the l-g assem-
bly procedure, though not as efficient as the neutral buoyancy
procedure, was duplicated in some of the scuba neutral buoy-
ancy tests for comparison of assembly times. The dimensions

Fig. 7 Three-bay space station truss assembly in l-g with mobile
transporter.

• Work stations for test subject 1
1] Work stations for test subject 2
["_"! Mobile Transporter platform

B: REPETITIVE
ASSEMBLIES OF
GENERAL BAY

A: ASSEMBLY OF
FIRST BATTEN
FRAME

Fig. 8 Assembly procedure for neutral buoyancy tests.

Fig. 9 Simulated 0-# truss assembly and integration of utility trays.

of the NBS test facility (75 ft in diameter and 40 ft deep)
limited the amount of truss that could be continuously assem-
bled to only three bays. Complete or partial truss disassembly
was accomplished by scuba divers between assemblies during a
given test.

The assembly procedures used for the pressure suited neu-
tral buoyancy tests were also duplicated in scuba tests. The
differences in assembly times were assumed to be attributable
to pressure suit encumbrance. The following three scenarios
were used for the pressure suited assembly tests: 1) consecutive
three-bay truss assemblies without integrated installation of
utility trays (with associated scuba disassemblies), 2) consecu-
tive three-bay truss assemblies with integrated installation of
utility trays (with associated scuba disassemblies), and 3) an
initial three-bay truss assembly with integrated utility trays
followed by consecutive two-bay assemblies (with associated
scuba disassemblies of two bays). During the scuba disassem-
blies, the test subjects were idle. The duration of a test was
limited to approximately 2 h by NBS safety rules; which per-
mitted only one decompression stop for the test subjects when
being brought to the surface. The test scenarios were devel-
oped in order to build as much truss structure as possible in
the limited time available for a given test. Tethering of the
hardware was not addressed in these tests.

l-g Tests
Figure 7 shows an assembled three-bay truss in l-g. The

truss support frame, shown at the lower right, was used in the
l-g tests to carry the weight of the truss after assembly. To
facilitate handling by the test subjects, it was necessary to
develop unique assembly procedures for the l-g tests because
of gravity effects. A short bracket attached to the tower was
used as a prop to help support the upper truss struts as they
were being passed from the test subject on the far side of the
truss to the test subject on the near side. When a lower truss
member was being passed across the truss, ah engineer on the
floor assisted by manually supporting the free end of the strut.

Numerous truss assemblies were performed in l-g by a
number of different subjects, including two NASA astro-
nauts, in order to check out the hardware, develop efficient
procedures, and to train test subjects and console operators.
Following these preliminary tests, four timed tests were per-
formed in which well-trained engineers were used as test sub-
jects and console operators. A three-bay truss was assembled
for each of these tests.

Neutral Buoyancy Tests
Figure 8 is a schematic showing the assembly sequence used

for the neutral buoyancy tests. After the first batten frame was
assembled, all remaining bays were assembled identically fol-
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Fig. 10 Summary of three-bay truss assembly rates.

lowing a very simple and easily memorized routine. Test sub-
ject 1 always moves in a counterclockwise direction, whereas
test subject 2 always moves in a clockwise direction. Struts and
nodes were removed from the stowage canister and temporar-
ily stowed on the APD foot restraint handrails when the test
subjects passed the canisters so that no long distance transla-
tions are required for material resupply.

Figure 9 shows a neutral buoyancy test in progress with
integrated installation of utility trays. As with the l-g tests,
numerous assemblies for hardware checkout, procedural de-
velopment, and personnel training were performed in scuba.
Several additional pressure suit tests were also performed to
verify the test setup. Two different pairs of test subjects were
used in these tests as well as two pairs of console operators.
Scuba personnel assisted in safety and in disassembly of the
truss structure. Fourteen timed assembly tests were per-
formed, during which a total of 46 bays of truss (tests 1-13
were three-bay assemblies only, whereas test 14 was a three-
bay assembly followed by two consecutive two-bay assem-
blies) were assembled by a pair each of trained engineer test
subjects and console operators. In the last ten of these tests 34
bays of truss were assembled with integrated installation of
utility trays. Three additional tests were performed by a pair
of NASA astronauts to provide them with some hands-on
experience with the assembly procedures and hardware and to
solicit their comments for consideration.

Test Results
Figure 10 presents the total assembly rates for three-bay

truss assembly times as a function of test number. In this
section, the assembly times are discussed for trained engineer
and astronaut test subjects. As shown in the figure, the assem-
bly times generally decreased as the test subjects and the
console operators became more experienced. An increase in
assembly rate occurs when the utility trays are integrated into
the assembly procedure; however, as the test subjects became
more experienced and developed their techniques, the assem-
bly times with utility trays became faster than the assembly
times without utility trays. The astronaut assembly times were
somewhat greater than those from the first few tests of the
experienced test subjects and significantly greater than the
times realized in the latter tests. One of these astronauts had
no pervious experience with the MT or the truss hardware and
relatively few hours of neutral buoyancy experience in the
pressure suit. The other astronaut had performed several l-g
assemblies with the MT using the same truss hardware, but
different assembly procedures. However, the astronaut times
also show a generally downward trend as experience is gained.
The average assembly time for the three-bay truss assembly
with integrated utility trays was 20 min (28 s/strut) in neutral
buoyancy with EVA pressure suits. This average is taken from

the last four three-bay build sequences at which time the
engineers were considered to be fully trained on the assembly
procedures and hardware operation. These results demon-
strate the importance of using well-trained test subjects to
verify assembly times and evaluate hardware or concepts.

Figure 10 also shows a comparison of the average of three-
bay truss assembly rates performed in l-g with the test subjects
in street clothes, and in neutral buoyancy with the tests sub-
jects in either scuba or pressure suits. The averaged rates were
obtained from tests using the same pair of trained engineer test
subjects and the same pair of trained console operators in
order to isolate the effects of water drag and pressure suit
encumbrance on assembly time. The neutral buoyancy tests in
scuba included integrated installation of utility trays, whereas
utility tray installation was not possible with the l-g test setup.
The average assembly time for the three-bay truss without
utility trays was approximately 15 min (20 s/strut) in l-g and
16 min (22 s/strut) in scuba. Because these assembly times are
so close and the scuba and l-g test procedures differed, realis-
tic conclusions cannot be drawn on the effects of water drag.

The results from the scuba and pressure suit neutral buoy-
ancy tests can be used to estimate the effects of pressure suit
encumbrance because these tests were essentially idential ex-
cept for the test subjects' attire. The average assembly time for
a three-bay truss was approximately 4 min longer in pressure
suits than in scuba. These results suggest that, with the partic-
ular assembly concept studied, a 5-6-s/strut penalty in assem-
bly time is directly attributable to the current pressure suit
(EMU) and glove design.

Mobile Transporter Versatility for Future Spacecraft
The SSF is anticipated to become an orbiting construction

site for various spacecraft that cannot be launched preassem-
bled into space. The MT promises to be a powerful tool, if not
a necessary one, for the EVA capability and productivity of
astronauts at this in-space construction facility. In this sec-
tion, the MT operational capabilities are applied to the assem-
bly of future spacecraft.

Fig. 11 Proposed Large Submillimeter Astronomical Laboratory.
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Submillimeter Astronomical Laboratory
A potential early candidate for assembly from the station is

the submillimeter astronomical laboratory shown in Fig. 11.
This device incorporates a near optical quality precision seg-
mented reflector (PSR)14 made up of precise panels, each of
which is actively controlled to maintain overall accuracy. The
active control system requires an accurate, stable, and stiff
foundation, which is achievable through use of a truss struc-
ture. The MT with EVA astronauts could be used to assemble
this kind of structure and attach the panels that comprise the

PSR. In Fig. 12, a PSR assembly concept is shown on SSF.
The payload pallet provides the structural interface between
the cradle and SSF. The cradle provides tilt, as well as rota-
tion, to the reflector to maintain the construction site within
reach of the MT and astronauts. The MT serves as a movable
base, supporting and positioning astronauts to enable the
assembly of struts, nodes, and panels, a supply of which is
positioned nearby on the MT. As each "ring" of panels and
supporting truss is added to the rotating assembly, the MT
translates radially outward from the rotating cradle to permit
the installation of the next ring. The astronaut positioning
capability of the MT is essential to efficiently assemble com-
ponents of the reflector.

Space Crane and Interplanetary Spacecraft Assembly
Although SSF can be used as a construction facility for

large spacecraft, construction activities may interfere with
other research functions of the station. A large integrated
in-space construction facility15 could serve as an alternative
construction base. This facility would be erected on-orbit us-
ing space station truss hardware with an MT. An important
feature of this facility is the highly maneuverable space crane
shown in Fig. 13. The space crane15'16 would also be built with
the MT from space station truss components. A space station
rotary joint and articulating joints would provide for the
crane's manueverability while the MT with its remote manipu-
lator system (RMS) would serve as an end effector. This space
crane would be used to transfer and position spacecraft com-
ponents and material from the Shuttle cargo bay into the
construction site for final assembly into a large interplanetary
(i.e., Mars or lunar) spacecraft, as shown in Fig. 14.

Aerobrakes, ranging in size from 90 to 120 ft in diameter,
are anticipated components of the interplanetary spacecraft
that will have to be constucted on-orbit before assembly into
the spacecraft. One concept for these aerobrake structures17

describes the structure as consisting of two major compo-
nents: a tetrahedral support truss and a heat shield composed
of individual hexagonal panels. Again, the MT could be a
valuable tool in the assembly of these components. The MT
can be used to assist the astronauts assembling the aerobrake
support truss as described with the PSR support truss struc-
ture. However, some special handling aids may be required
due to the size of the struts required for the aerobrake. Figure
15 shows how the space crane's MT can assist in placing the
heat-shield panels on the aerobrake truss structure.

Assembly Rates for Future Truss Structures
A previous construction experiment,9 the Assembly Con-

cept for Construction of Erectable Space Structure (AC-
CESS), demonstrated that simulated 0-g tests are good indica-
tors for on-orbit assembly rates. ACCESS was a 45-ft truss
consisting of 93 struts and 33 nodes built on-orbit during a
Shuttle night (STS-61B) in November 1985. Simulated 0-g
tests indicated the structure could be built by EVA astronauts
in 22 min. On-orbit, the assembly time for the. truss was. 26
min. Because of this good correlation of simulation to flight
data, assembly rates for the future spacecraft truss structures

Heat Shield
Installation

-Mobile
Transporter Space Crane

Fig. 15 Assembly of aerobrake using the space crane.
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Fig. 16 Assembly times for various spacecraft truss structures using
the mobile transporter.

discussed in this paper can be approximated using the assem-
bly rate data from the MT 0-g simulation tests. Figure 16
shows the ACCESS assembly rates both for simulated 0-g tests
and the flight assembly test. The truss structure assembly
times predicted for various spacecraft discussed in this paper
are also shown. These assembly times are based on a two-man
EVA crew, and an MT assembly rate of 28 s/strut. (Since the
PSR, space crane, and aerobrake structures are relatively new
concepts for EVA assembly, further study and definition of
assembly procedures should be required for more accurate
assembly times.) Note that for all of the truss structures listed,
the predicted assembly time is within the time limit of 6 h for
a single two-man EVA.

Concluding Remarks
The NASA Langley mobile transporter concept has been

presented for the assembly of large space structures. A test
article was designed to closely simulate the outward appear-
ance and functions of a flight version for the construction of
the Space Station Freedom truss structure. Assembly tests
were conducted both in 1-g and in neutral buoyancy. Initial
assembly tests were performed to check out the hardware,
develop efficient procedures, and train test subjects and con-
sole operators. Eight timed neutral buoyancy tests were con-
ducted to evaluate the use of a mobile transporter concept in
conjunction with EVA astronauts. A three-bay orthogonal
tetrahedral truss configuration (consisting of 44 2-in.-diam
aluminum struts) with a 15-ft square cross section was repeat-
edly assembled by a single pair of trained pressure suited test
subjects working from the mobile transporter astronaut posi-
tioning devices. The test subjects were translated to various
work sites at the approximate rate of 1 ft/s. The unit assembly
time averaged from the last four assemblies of the three-bay
truss (44 struts) was 28 s/strut, or 6 min/bay, which includes
integrated installation of utility trays. Tethering of the hard-
ware was not addressed in these tests.

The results of these tests indicate that EVA assembly of a
space station size structure by using a mobile transporter
equipped with astronaut positioning devices is viable and prac-
tical. Rapid assembly times can be expected and are dependent
primarily on the rate of translation permissible for on-orbit
operations. The concept used to demonstrate integrated instal-
lation of utility trays requires minimal EVA handling and,

consequently, as the results show, has little impact on overall
assembly times. Additionally, a discussion has been presented
on application of the MT to the construction of many space-
craft whose assembly appears very impractical without an MT
to support astronaut EVA. Preliminary assembly times for
these spacecraft truss structures indicate that the structures
could be built within a single two-man EVA. Clearly, the test
results indicate that a mobile transporter with features de-
scribed herein is the necessary versatile component that makes
orbital spacecraft assembly both possible and practical.
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