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Over the past several years, the University of Maryland has been developing technologies
for in-situ additive manufacturing of spacesuits based on AX-5-type hard suits. Past work
covered technologies tested for fabrication of pressure-tight structures, and focused heavily
on 3D-printed bearings and seals. This paper summarizes the culmination of this first phase
of the program, leading to the mechanical and human operations testing of a spacesuit elbow
assembly made almost entirely using additive manufacturing. The final module is fabricated
using selective laser sintering, except for the spherical balls in the bearings and Veroblue
rings to provide low-friction rotary sealing surfaces. Seals tested include both commercial
off-the-shelf rotary seals and 3D-printed seals using a Polyjet process with variable material
properties to optimize seal functionality. The elbow module is a four-bearing, three-wedge
assembly attached to a sealing ring at the proximal end for installation in the UMd partial
pressure glove box, and to a sizing insert and standard EMU wrist disconnect to attach to
a spacesuit glove. The prototype was then used by human test subjects inside a glove box.
A Fitts Tapping test board was developed and integrated into the glove box to provide a
quantitative measure of arm mobility, in conjunction with NASA Task Load Index (TLX)
assessments from the test subjects. All tests were also performed with a standard EMU
arm and unsuited as a control. Results of the testing are presented and analyzed; the
paper concludes with an assessment of the potential of this technology to scale up to a full
pressure suit, and design concepts for future testing and eventual operational applications.
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II.

Introduction

NASA, SpaceX, and other organizations aim to land humans on Mars in the foreseeable future. The
extended human exploration of Mars will pose new demands on spacesuits that current designs are not able
to overcome, including the need for in-situ replacement/repair of suit components. Long-duration space
missions are outside of the design requirements of the the Extravehicular Mobility Unit (EMU); as a result,
its lifetime and design are not suitable for this application. The EMU makes extensive use of fabric “soft
goods,” which are subject to wear and abrasion. Furthermore, the 26-month logistics cycle imposed by Mars
exploration would require extensive stocks of replacement parts to cope with spacesuit degradation.1 This
is impractical for long-duration missions and requires a solution.
A reasonable alternative to soft suits are rigid “hard suits.” Hard suits utilize sealed rotary bearings
for mobility and a rigid body which maintains constant pressure and volume, reducing the energy demands
on the astronaut operating the suit. The most advanced hard suit prototype was the AX-5, developed in
the 1980s at NASA Ames Research Center. However, hard suits were never utilized in orbit due to their
prohibitive weight, large stowage volume, and subjective crew preferences towards the EMU during JSC
human testing.1 These issues can be mitigated by producing hard suit components using in-situ additive
manufacturing. Materials utilized in AM processes have less mass than metal hard suit components, reducing
weight significantly. Spare components can also be produced as needed, in contrast to traditional suits where
spares must be shipped for each component, therefore reducing required stowage volume. Other methods of
fabricating plastics, such as injection molding, require molds for each unique part, which also consume more
stowage volume and mass than additive manufacturing. This makes hard suits a viable option for use on
long duration missions to Mars and beyond.
Additively manufactured hard suits have the potential to reduce or eliminate both the logistical issues
with current spacesuits for long term settlement, and the design challenges presented by previous hard suit
designs. The fabrication of current space garments requires highly trained craftspeople and state-of-the-art
systems, neither of which will likely be present on a limited-crew long duration human exploration mission.
However, recent advancements in additive manufacturing technologies provide a wealth of capabilities to
repair or replace spacesuit parts on-site and on need. While further performance evaluation of additively
manufactured hard suits is needed to assess their feasibility for such a mission, the initial material, bearing,
and seal tests prove out the basic functionality of additively manufactured spacesuit components.
This paper discusses a three-year project at the University of Maryland (UMd) exploring the potential
uses of additive manufacturing in the development of spacesuits for long-duration missions to Mars, as well
as the ability of additively manufactured spacesuit joints to reduce physical demands on astronauts during
spacewalks. The current focus is to design, fabricate, and test a functional additively manufactured spacesuit
arm segment. Ideally, this technology could be used on-site to replace parts – or even entire spacesuits – as
needed, minimizing dependency on Earth for shipments of replacement parts.

III.
A.

Existing Research

Materials Validation

Past research2 has focused on preliminary tensile and pneumatic testing of additively manufactured materials
such as PLA (polylactic acid), Veroblue (acrylic compound), and DuraForm PA (Nylon 12) to ensure the
structural integrity of the joint components. Stress-strain curves characterized the effect of print orientation
on material tensile strength for a range of candidate materials. When a fused deposition modelling (FDM)
process was used, print orientation was found to significantly alter material behavior when subjected to axial
loads. Vertically oriented materials demonstrated a ductile behavior; horizontally oriented material demonstrated a brittle behavior. Veroblue’s PolyJet and DuraForm PA’s selective laser sintering (SLS) processes
eliminated the effects of print orientation on tensile and compressive strength. However, Veroblue demonstrated inconsistent failure loads, likely due to its high ductility. In addition to tensile testing, pneumatic
tests were performed on PLA, Veroblue, and DuraForm PA cylinders to determine their ability to withstand
a pressure differential. Existing hard spacesuits operate at 8.3 psid, but NASA STD 5001B safety standards
require a safety factor of 3 on all components providing the immediate safety of an astronaut. Thus, pneumatic testing evaluated whether a material could withstand 25 psid. Pressure vessels were created for each
material and attached to an air compressor. The vessels were then submerged underwater and pressurized
until they broke or reached the safety limit of the pump (80 psi). Epoxy-coated PLA, DuraForm GF, and
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Veroblue were found to withstand 80 psid, meeting the required safety factor. Uncoated PLA was not able
to retain pressure due to the porous nature of the filament deposition process.

Figure 1: Tensile test piece
Based on the results of these tests, DuraForm PA was selected as the material to develop the suit prototype. Aside from meeting material strength requirements, DuraForm PA can be used as a cost effective
analog to Windform XT, a 3D-printed composite that has already been used in spacecraft applications,
like the TuPOD CubeSat deployed from the International Space Station in 2016.3 This material, while
prohibitively expensive for prototyping purposes, is a strong candidate for an operational additively manufactured hard suit. Since DuraForm PA and Windform XT both use an SLS print process, DuraForm PA
can be used to demonstrate the feasibility of producing spacesuit parts in a space-flown 3D-printed material.
DuraForm PA, a nylon resin, however, is not the same kind of material as Windform XT, a carbon fiber
composite, meaning these materials are not perfect analogs in terms of physical and mechanical properties.
B.

Kinematics

This project focuses on the elbow joint due to its utility and relative simplicity. The elbow joint design mimics
the kinematics of the AX-5 suit. The Printed Hard Arm Spacesuit Enhancement (PHASE) prototype consists
of three wedge elements that are connected through integrated ball bearings. The inner wedge element has
a 60 degree angle, while the two outer wedge elements have a 30 degree angle. Arm rotation is achieved by
rotating the outer wedge elements around the inner wedge element. A forearm segment allows the prototype
to interface with the Extravehicular Mobility Unit (EMU) wrist disconnect, and an upper arm segment
allows for integration into the UMd glovebox. A CAD model of the prototype can be seen in Figure 2. All
components are additively manufactured with the exception of the steel balls inside the rotary bearings, the
seals, and the rotary sealing surfaces.
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Figure 2: CAD model of the PHASE prototype, showing the wrist (purple), outer wedge elements (magenta),
inner wedge element (blue), upper arm segments (yellow, green), sealing rings (silver), and bearing plugs
(orange).

C.

Seal Development

The development of a sealed bearing for an additively manufactured prototype was a critical design challenge.
Pressure energized lip seals were and rotary x-ring seals were investigated, both of which have been previously
used in space suits. Sealed bearings were tested in the Space Systems Laboratory (SSL) glovebox at the
University of Maryland. These tests allowed us to determine the sealed bearings’ ability to withstand a
pressure differential of 4.3 psi, and to qualitatively assess friction of rotation under pressure loads. Figure
3 shows the experimental set up. A test bearing was fitted into a circular opening in the Space Systems
laboratory glovebox, which was then pumped down to create a pressure differential.

Figure 3: Test bearing fitted into the Space Systems Laboratory glovebox for pressurized performance
evaluation.
All seal designs were first initially evaluated in combination with bearing races fabricated of Stratasys’
Standard Polyjet RGD840 Veroblue plastic. As previously stated, this material was deemed unsuitable for
use in the final prototype as a primary material. However, because of easy access to Polyjet printers on
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campus, use of this material allowed for low cost and rapid iterative testing. After demonstrating that a
sealed bearing met design requirements, it was reevaluated with the final prototyping material: DuraForm
PA.
Bearings were initially evaluated using a pressure energized lip seal. However, none of the designs using
lip seals were able to successfully retain a pressure differential of 4.3 psi. This was due to challenges associated
with 3D printing processes, including limited precision.4 Therefore, x-ring seals were considered.
After testing, it was found that a design using an x-ring seal with races fabricated from DuraForm
PA successfully withstood the target pressure differential of 4.3 psi without failure. However, it did not
meet minimum performance standards for pressure retention, due to significant leaking and high friction of
rotation.4 A cross-sectional view of this design is shown in Figure 4.

Figure 4: Cross sectional view of the sealed bearing design selected for the PHASE prototype. An X-ring
seal (green) sits in a groove (light blue) and creates an airtight seal against the sealing surface (purple).The
rounded x-shaped cross section and two points of contact are shown. The seal groove and sealing surface are
attached and rotate with the inner race (blue) and outer race (pink) respectively.
Due to the nature of the printing process used for DuraForm PA and other SLS materials, the sealing
surface in the bearing was rough and imperfect. Through observations during testing, this was identified as
a major cause of friction and leaks.
Additionally, SLS printing processes are only capable of an average precision of ±0.005 in,5 which is
not tight enough to meet the specified tolerances for rotary seals.6, 7 Due to this, variations between prints
can result in interfaces with either too large or too small of a gap between the seal and sealing surface. A
gap that is too large does not provide an adequate seal, which can cause leaks between the seal and sealing
surface. On the other hand, a gap that is too small creates excessive squeeze on the seal, which increases
friction. In tests, this issue was identified as a potential source of high friction.

IV.
A.

Finalized PHASE Design

Additional Seal Testing

After identifying the roughness of the DuraForm PA sealing surface as a potential source of the high leak
rates and high friction of rotation observed in bearing tests, three potential methods were investigated to
mitigate this issue.
First, vacuum grease was applied to the seals and sealing surfaces to reduce friction between them.
Qualitatively, this led to a small decrease in friction. This reduction in friction was not judged to be
sufficient for use in the prototype, however.
The second solution investigated was to coat the DuraForm PA sealing surface with epoxy and then
sand it to create a smoother surface. The coated surface was only marginally smoother than the uncoated
DuraForm PA surface. In testing no notable difference was observed in leak rate or a substantial decrease
in friction of rotation.
Additionally, this solution does not mitigate potential problems related to the precision of the SLS
printing process. The increase in friction observed was likely due to the addition of the epoxy coating
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reducing the effective inner diameter of the sealing ring, thereby increasing the pressure on the X-ring seals.
The application and sanding of the epoxy coating is an imprecise process and the SLS printing process itself
was already outside of the required tolerances. Therefore, it would have been extremely challenging to size
the sealing surface appropriately using this solution.
Another solution that was investigated was replacing the DuraForm sealing surface, shown in purple in
Figure 4, with a smooth aluminum ring. This design is shown in Figure 5.

Figure 5: CAD rendering of bearing design with aluminum sealing surface (silver). This sealing surface is
attached to the outer bearing race (pink).
This method solved issues related to the precision of the SLS printing process, as well as issues related
to the roughness of the DuraForm PA. An inner race was initially printed, as shown in blue in Figure 4,
and the outer diameter of the sealing groove, shown in light blue in Figure 4, was measured. Based on this
measurement, the aluminum ring was sized appropriately using tolerances recommended for rotary seals.6, 7
The aluminum ring was then glued on to the outer race, shown in purple in Figure 4. In testing, this
design demonstrated the ability to retain pressure without significant observable leakage and to rotate with
an acceptable level of friction. This design, however, introduces a considerable number of non-additively
manufactured components into the design of a full suit. In order to maximize additive manufacturing, the
aluminum components in Figure 4 were replicated in Veroblue, which was successfully used in prior sealed
bearing tests.4 Based on these results, Veroblue sealing rings were incorporated into the final PHASE
design, which was compared to the EMU. This decision, however, was not without its own challenges. While
Veroblue test bearings did successfully seal in the glovebox, the process’s tolerances still lead to instances of
ill-fitting sealing surfaces, which could cause high friction or leakage.
B.
1.

Interfaces
Upper Arm - UMd Glovebox

The PHASE arm is designed for evaluation in the UMd glovebox, a differential pressure test chamber capable
of achieving 4.3 psid. Due to the dimensions of the PHASE elbow, the full arm is unable to fit through
the glovebox arm port. The upper arm assembly, therefore, consists of two modules: an upper segment
that is inserted through the glovebox port, and a lower segment, attached to the elbow wedge elements,
that connects to the upper segment. To connect the PHASE arm to the upper arm upper segment, the
arm is inserted through the larger side door of the glovebox, as shown in Figure 6. The upper segment
is inserted through the glovebox port, and four toggle clamps are used to fasten the segments together.
The lower segment of the upper arm contains an O-ring to ensure a good seal between the two segments.
An operational suit would use additional wedge elements and rotary bearings, as in the PHASE elbow, to
connect the upper arm and shoulder to the torso.
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(b)

(a)

Figure 6: Finalized arm interfaces. (a) Photograph of the PHASE arm separated into two upper arm
segments (b) Picture of integrated arm in the glovebox port, as viewed from inside the glovebox.

2.

Forearm - EMU Wrist Disconnect

The forearm of the PHASE prototype is designed to interface with the EMU wrist disconnect, allowing it to
operate with any glove that is compatible with existing interfaces. On the EMU, a seal between the forearm
and wrist disconnect is achieved by tightly pressing the suit’s pressure bladder between a metal plate and
the disconnect, as shown in Figure 7. In a hard suit, this setup is not possible, since pressure retention is
accomplished by rigid elements rather than a flexible bladder. The wrist disconnect’s built-in O-ring seal
can, however, be used to form an airtight seal between the wrist disconnect and a smooth 3D-printed surface.
Bolts are used to hold the wrist disconnect and its integrated O-ring seal firmly against the forearm, creating
an airtight seal. This setup is similar to what would be used in an operational additively manufactured hard
suit.
Due to the size and complicated kinematics of spacesuit gloves, rigid elements are poorly suited for this
component of the suit. A traditional soft-goods glove would likely be employed, with a quick disconnect
mating it to the suit’s rigid forearm.

(a)

(b)

Figure 7: (a) Closeup of the EMU wrist disconnect. The pressure bladder (yellow) can be seen sealing
against the blue metal plate. (b) Picture of forearm with integrated wrist disconnect
.
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C.

Pressurized Glove

An airtight glove was fabricated to enable pressurized testing in the glove box, due to the lack of an available
EMU glove for the extensive testing planned for this project. The glove consists of a pressure bladder made of
silicone rubber inside a commercially available work glove acting as a restraint layer. The pressure bladder
was created by applying multiple layers of silicone rubber to a 3D-printed hand model and allowing the
material to set before removing it from the model. This technique had been previously used in the SSL to
fabricate a glove prototype.
The pressure bladder has a 0.25 in. lip in order to attach to the EMU wrist disconnect and provide a
smooth sealing surface. The existing EMU wrist disconnect interface was then used to connect the restraint
layer, the pressure bladder, and the wrist disconnect together. During pressurization testing, the glove failed
to properly seal. Additional fabric was sewn onto the glove before attaching to the wrist disconnect to
alleviate this issue. Once properly sealed, the glove’s restraint layer proved inadequate in preventing the
glove from ballooning outward. Tape was applied around the palm and thumb in order to help restrain the
glove.
Unlike the EMU glove, this glove must be pressurized in order to don and doff it. The glove successfully
retained pressure and demonstrated that silicon rubber molds can be useful for rapidly creating basic glove
hardware for glovebox testing.

Figure 8: Picture of assembled glove

D.

Final Assembly

The rigid elements for the PHASE arm, wrist disconnect and glovebox interfaces, and bearing keepers were
fabricated in DuraForm PA by a printing service. Veroblue sealing rings for each bearing were fabricated
on campus at the University of Maryland. The Veroblue rings were designed with an alignment groove to
ensure they were aligned precisely with the DuraForm wedge elements. The alignment groove was filled with
cyanoacrylate glue, and the wedge elements were pressed into place to ensure an airtight seal between the
Veroblue rings and the DuraForm wedge elements.
After integrating the sealing rings and the wedge elements, off-the-self X-ring seals and Duraform bearing
keepers were integrated into the bearings. During this process, a large amount of friction was observed
between the X-ring seals and the Veroblue rings. To correct this, the Veroblue rings were wet sanded to
create a smooth finish and gradually reduce their inner diameter. This process was repeated until a snug
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but low-friction fit was achieved. Off-the-shelf steel ball bearings were added to the bearings, securing the
wedge elements together.
Toggle clamps were attached to the two segments of the upper arm with epoxy. The EMU wrist disconnect
was bolted to the forearm of the PHASE arm, and the O-ring built into the wrist disconnect was used to
create a seal. Following the integration of these components, the PHASE arm could be inserted into the
glovebox and have a pressurized glove attached for testing. The fully assembled arm is shown in Figure 9.

Figure 9: Picture of assembled arm

V.
A.

Design Evaluation

Timed Task Completion Testing

In order to evaluate the performance of the PHASE arm, human subjects were tested to compare it to a
Shuttle-era suit arm. Human-subjects testing consisted of both quantitative and qualitative testing. Fitts’
Law was used to quantitatively evaluate difficulty of movement while wearing the PHASE arm. Fitts’ Law
was first published in 1954, and has become a standard in physiological research owing to its robust empirical
regularity. The law states that the time required to touch a target is a function of the ratio between the
starting distance from the target and the size of the target.8 In the Fitts Reciprocal Tapping Test, subjects
are instructed to repeatedly tap between two plates as fast as possible with a stylus.9 By instructing the
test subjects to minimize their errors while working against a time limit, subjects will naturally adjust the
speed of their movement, so that more difficult movements result in fewer total taps than simpler ones.9
Fitts’ Law describes how to analyze the test results:
µT = k1 + k2 × ID

(1)

where µT is movement time from one target to the next, k1 and k2 are constants (in this case dependant on
the suit arm used), and ID is the Index of Difficulty.8 Calculation of ID varies, but is typically a function
D
) is used.
of D/W , where D is the distance between targets and W is the width of a target.8 log2 ( W
The board used to administer the Fitts test is shown in Figure 10. The board consists of six metal plates
arrayed in pairs along an arc. One plate from each pair is 2 in. wide, while the other is 0.5 in. wide. The
three pairs of plates are located at 0, 40, and 80 degrees along the arc. This design allows us to vary both the
size of the target (W ) as well as the distance between the targets (D) by instructing subjects to tap between
different sets of plates. The subjects undergo a set of six tests per type of arm – EMU pressurized, EMU
unpressurized, PHASE unpressurized, and unsuited – over a range of index of difficulties. The total time
required to complete ten taps between targets was used for µT . A conductive stylus and conductive plates
were connected to an Arduino Uno, which was used to measure the tapping times for each participant.
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(b)

(a)

Figure 10: (a) A CAD mockup of the Fitts Reciprocal Tapping Test board. Dimensions are given in inches.
(b) Picture of the Fitts Reciprocal Tapping Test board along with the metal stylus used in testing.

B.

Comfort Testing

Even if a suit provides superior range of motion and requires lower torque for movement than current
spacesuits, it will not be effective unless it is comfortable for the astronaut. If a suit rubs against an
astronaut’s skin, not only will it be uncomfortable to work in, but it can also cause injury during extendedduration EVAs.10 In several cases, such injuries and discomfort almost led to the termination of an EVA
mission.11 Qualitative comfort feedback is therefore critical to the evaluation of the PHASE design.
Comfort was gauged through a series of questionnaires taken after subjects perform the Fitts Reciprocal
Tapping Test. On the first questionnaire, subjects are asked to rate their agreement with statements such
as “The arm was comfortable” and “The arm moved the way I wanted it to” on a 6-point Likert scale from
“Strongly Disagree” to “Strongly Agree.” Subjects then filled out NASA’s Task Load Index12 and a modified
Cooper-Harper Handling Quality flowchart.13
C.

Participant Selection

Participants were recruited through advertisements posted throughout the UMd. campus. Participants were
required to be between 5’6” and 6’2” tall, be right-handed, and have a full range of motion in their right
arm. These constraints were driven by sizing constraints for the EMU arm available in the SSL. In an effort
to minimize the effects of bias and additional experience in the PHASE arm, no members of the research
team developing PHASE participated in the trial. In total, 18 participants were recruited.

VI.
A.

Discussion of Results

Fitts Tapping Test

To complete the Fitts’ Law analysis, the total times for each trial were calculated, then normalized as a
factor of each participant’s fastest unsuited trial. These terms were normalized to account for differences in
ability between different research participants. These times were then plotted versus Index of Difficulty and
fitted to Fitts’ Law using linear regression. Following this initial fit, outliers were identified and removed
to improve the linear regression. In total, 1 out of 108 unsuited data points, 4 out of 107 PHASE data
points, and 1 out of 36 unpressurized EMU data points were excluded from the fit. All of these outliers were
uncharacteristically high as compared to other participants at the same Index of Difficulty. A plot of the
data for each testing configuration and the linear regressions performed can be seen in Figure 11.
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(a)

(b)

(c)

(d)

Figure 11: Scatter plots of all Fitts Test data for all configurations (clockwise from top left: Unsuited,
Unpressurized PHASE, Pressurized EMU, Unpressurized EMU). Linear regressions with Fitts Law constants
and R2 values are also displayed.

Overall, significant spread was observed in the data; however, there were clear clusters of data in enough
of the configurations and Indices of Difficultly to allow for the linear regressions to be meaningful. By
plotting the resulting linear regressions on top of each other, as in Figure 12, the relative difficulty of each
configuration can be visualized. At a given Index of Difficulty, points with a higher µT correspond to more
difficult movement. Thus, a higher y-intercept corresponds to a higher overall difficultly of movement, while
a steeper slope indicates that movements become harder more quickly as Index of Difficulty increases.
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Figure 12: Linear regression data for all four test configurations overlaid on one plot.
.
Based on the regressions in Figure 12, the unpressurized PHASE arm was overall the most difficult
configuration to use, however, the PHASE arm becomes easier to use than the EMU as tasks become more
challenging, beginning at an Index of Difficulty of approximately 3.7. This data is consistent with the
expectations based on the AX-5 suit. Hard suits require the user to adapt their natural movements to
induce rotation into the wedge elements, allowing the suit to bend. Soft suits do not require this adaptation,
so for simple tasks, the user will likely find the soft suit easier to use. Pressurized soft suits, however, become
more difficult to use the farther they are displaced from their neutral position, and fight the user to return
to this position. A rigid element suit does not have a tendency to return to a neutral position, and therefore
should be easier to use at higher Indices of Difficulty.
B.

Elapsed Time Analysis

To address concerns that the relatively low R2 values in the Fitts’ Law regressions could be providing
inaccurate results, an additional analysis was performed on the total times required for each participant to
complete each trial. In this analysis, each of the six tests in the PHASE and pressurized and unpressurized
EMU were normalized as a factor of the participant’s time completing the same test unsuited. It should be
noted that this is a different method of normalization from Subsection A. This was done to allow each Index
of Difficulty to be analyzed in isolation. The average of these normalized times were computed, both over
all trials in each configuration, and for each Index of Difficulty. The results of this analysis can be seen in
Figures 13 and 14.
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Figure 13: Normalized time required to complete one test for each participant. Quartile ranges are shown,
with an x denoting the average across all participants and outliers shown as single points.

Figure 14: Normalized time required to complete a test at a given Index of Difficultyfor each participant.
Quartile ranges are shown, with an x denoting the average across all participants and outliers shown as single
points.
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The results are consistent with the Fitts’ Law analysis, showing that the PHASE arm required slightly
more time to complete the tests, on average, than the pressurized EMU, with the exception of the trials
that had an Index of Difficulty of 4.45. It is unclear why the PHASE arm seemed to slightly outperform the
EMU in this particular trial. The unpressurized EMU test results were similar to the unsuited tests. Note
that the unsuited tests are excluded from these graphs as they are, by definition, equal to 1.
Noteworthy in both the Fitts’ Law and elapsed time analyses was the significant decline in performance
between the unpressurized and pressurized EMU trials. This is an expected characteristic of soft suits that
should be reduced by employing a rigid-element, constant volume design. PHASE was not pressurized for
these trials, however, an ideal constant volume suit should be no more difficult to use pressurized than
unpressurized. The increased friction associated with pressurization will affect primarily k1 , therefore, it is
expected that a pressurized PHASE prototype should also outperform a pressurized EMU at high Indices of
Difficulty.
C.

Participant Surveys

The PHASE arm scored slightly lower than the pressurized EMU arm for overall comfort (Figures 15 and
16). The difference in comfort can be addressed by including a comfort layer in the PHASE arm, which
would minimize pinch-points and rubbing. The PHASE arm scored lower on ease of movement measures,
which was expected, as the movement of the PHASE arm is not entirely natural and takes a while to adjust
to. The PHASE arm and pressurized EMU arm rated equally for control and ease of extension. Most
importantly, however, the PHASE arm scored lower than the EMU pressurized arm for the level of fatigue
following task performance.

Figure 15: Average responses to questionnaire, where a higher score indicates a more positive result.
According to the Task Load Index, the PHASE arm was scored as more demanding on the user than
the pressurized EMU arm, though only marginally so (Figure 17). However, perceptions of success were
nearly the same (Figure 18). The PHASE arm scored higher on the Cooper-Harper flowchart, as seen in
Figure 19, again reflecting the learning curve associated with understanding how to manipulate the arm.
Lastly, subjects were asked to identify points of discomfort, if any. Consistently, subjects noted the wrist
and shoulder joints as points of discomfort. This discomfort is a function of the interfaces with the glovebox
and wrist disconnect, neither of which are issues specific to the prototype. These concerns would not be
present in a fully AM spacesuit, which would not require this interface. In the meantime, however, they can
easily be addressed by including a comfort layer.
The PHASE arm scored worse than the pressurized EMU arm for most metrics in the participant surveys.
However, most of these faults can be addressed with simple modifications of the PHASE design. Specifically,
including a comfort layer that would protect the user from the rubbing and pinching that subjects noted in
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Figure 16: Average responses to questionnaire questions, where a higher score indicates a more negative
result.

Figure 17: Average scores on NASA’s Task Load Index.

their qualitative feedback. Additionally, the majority of the control issues are solved given more time to get
acquainted with the kinematics of the PHASE arm.
Fatigue after use is a metric of interest, as it cannot be solved with a comfort layer or additional training.
In this metric, the PHASE arm outperforms the EMU arm, which suggests that an AM hard suit can address
some of the major concerns associated with current spacesuits.
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Figure 18: Average scores from NASA’s Task Load Index question regarding perceived success in completion
of the task.

Figure 19: Average Cooper-Harper Handling Quality flowchart scores.

D.

Sources of Error

Due to continued challenges in achieving the necessary tolerances for rotary seals using additively manufactured components, the PHASE arm was not pressurized during initial evaluation in the glovebox. This lack
of pressurization may have improved the usability of the PHASE arm by reducing axial loads on the ball
bearings and, therefore, the friction generated by the rotating wedge elements. PHASE’s constant-volume
design, however, is designed to minimize the effects of pressure differential on mobility by eliminating the
presence of a single neutral position, as in the EMU arm. Constant-volume suits are expected to have a
lower decline in performance in pressurized tests versus unpressurized, as compared to a traditional soft suit.
As a result, the unpressurized PHASE arm is expected to demonstrate similar mobility characteristics to
a pressurized PHASE arm. Therefore, the comparison between an unpressurized PHASE and pressurized
EMU still provides meaningful data.
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The silicone rubber glove used for pressurized testing cannot be worn unpressurized due to sizing constraints and the risk of damage to the glove created by its uninflated pressure bladder. As a result, a stand-in,
unpressurized glove was fitted to the PHASE arm for unpressurized testing, while the silicone rubber glove
was used for pressurized EMU tests. This glove lacked the silicone rubber pressure bladder, and as a result
permitted more wrist flexibility. A greater portion of the motion analyzed by the Fitts’ test could have been
accomplished by moving only the wrist in the PHASE as compared to the EMU as a result. Participants
were instructed to minimize the use of their wrist to complete the tapping task, and an 80 degree tapping
arc was also evaluated to help mitigate the effects of the different gloves on mobility evaluations. Upcoming
tests with the PHASE arm pressurized will allow both arms to use the same gloves, eliminating this potential
error source.

VII.

Future Work

While this paper has discussed results to date on this project, at the current time a wealth of possible
future directions are apparent. In the near term, the team will endeavor to complete the current data
collection by getting pressurized data on the PHASE prototype. While a major source of leakage was
identified in the physical connection to the glovebox, additional leaks were discovered in the rotary bearings
themselves. Additional efforts to pinpoint the locations of these leaks and modify the existing bearings to
provide adequate seals are ongoing. Additionally, traditional machining techniques can be used in conjunction
with additive manufacturing in future iterations, providing higher precision and likely improving the quality
of the 3D-printed sealing surfaces.
At the end of this academic year, the Gemstone group ”Team SPACE” who formed the core of this
team will be graduating, and the continued development and testing of the hard suit concept will reside in
the UMd Space Systems Laboratory (SSL). In parallel with the activities described here, the SSL has been
developing a series of different kinematic configurations for wedge-based hardsuit arms, and testing them in
unpressurized applications. The pioneering work of the Gemstone team will be the basis for the addition of
pressurized suit elements to the ongoing SSL research.
There are several research projects that have been deferred to focus on the human testing described here.
The team designed a single degree-of-freedom robotic system which can be inserted into a pressurized suit
arm and directly measure the torque required for motion. This system would provide better data than the
“traditional” approach of externally actuating an empty pressurized arm with a force gauge, particularly in
its ability to record torque versus displacement as a function of velocity. The team also created a test rig to
perform life testing on the additive manufactured bearings and seals, which will require a moderate redesign
prior to operation. Ultimately that data will be critical before assessing the potential of this approach to
the development of full pressure suits for human testing on Earth, and eventually in space.

VIII.

Conclusion

The PHASE prototype successfully demonstrated that plastics fabricated using an SLS additive manufacturing process are able to withstand the loads and kinematic requirements for a rigid element spacesuit.
PHASE successfully replicated the kinematics of the AX-5 suit at a lower mass, and with a higher potential
for in-situ fabrication.
Future research should be conducted to investigate the in-situ production of spacesuits and spacesuit
components based on the successes and lessons learned from the PHASE prototype. By investigating additional suit components and 3D-printed materials that have already been used on spacecraft, like Windform
XT, the potential for the use of additive manufacturing to fabricate spacesuit components can be better
understood. Furthermore, as additive manufacturing technology advances, many of the obstacles identified
in the PHASE prototype may be mitigated, further increasing the potential uses of additive manufacturing
in spacesuit production.
In particular, further research needs to be done on high-precision printing techniques that can support the
smooth surface finish needed for additively manufactured sealing surfaces and bearings, as well as whether
additive manufacturing can be used to fabricate seals and ball bearings. Additionally, research is needed
on which additive manufacturing techniques can be used in reduced or zero gravity environments. FDM
printing is currently the only technique that has been used in space; however, our research indicated that
untreated FDM products do not seal and do not meet the precision requirements for rotary seals.

17
International Conference on Environmental Systems

While the full potential for using additive manufacturing for in-situ spacesuit fabrication is not yet well
understood, the PHASE prototype demonstrates that this is a technology worthy of further investigation
while planning for long-duration human spaceflight missions.
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