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ABSTRACT
Two business units within Collins Aerospace, Mission Systems (Houston, Texas) and
Aerostructures (Chula Vista, California), partnered to fabricate a composite Hard Upper Torso
(HUT) and Rear Entry Door (RED) demonstrator for the next generation lunar exploration
extravehicular mobility unit (xEMU or space suit). For this project, the team used NASA’s
publicly-available CAD files of metallic XEMU design as a starting place and adapted it to
lightweight composite materials while maintaining compliance to NASA’s pressurization
requirements. The HUT fabricated here is a hand-layup of toughened pre-impregnated (prepreg)
epoxy/carbon fiber, and rapid 3D-printed thermoplastic/glass fiber frame sections and inserts.
The tooling used for the layup was also 3D printed. Results are presented and discussed.

1. INTRODUCTION

NASA’s astronauts have worn the EMU on the ISS for decades. The design has worked well for
that environment: micro-gravity, relatively clean, and with controlled attachment points.
However, future missions will be on the rugged, dusty terrain of the moon and Mars. NASA has
already spent considerable time and money working on the solutions for this next challenge. The
ISS EMU, Mark III, Rear Entry I-Suit, Z-1, and Z-2 prototypes represent an evolution in space
suits that culminated in the xEMU" 3,

The Z-2 Prototype space suit was designed with a composite HUT and brief, which were
required to withstand the pressure (Figures 1 and 2).? The material was also an excellent
combination of the impact, strength, and mass requirements. One drawback encountered by the
Z-2 team was the high cost of the tooling and processing, which prohibited rapid design
iterations!. This paper seeks to explore the NASA design and offer variants to meet critical needs
by developing a rapid-prototyping process and manufacturing assessment.

The new xEMU HUT is comprised of a front (with holes for the arms, waist, and helmet) and a
rear entry door (RED). While these are meant to be joined with hinges and a latch, that hardware
was outside the scope of this project and can be fabricated separately. Likewise, the brief
component of the space suit’s structure was outside the scope of this project.
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NASA has highlighted in its gap analysis that the weight and specific impact resistance of this
design is problematic. Collins Mission Systems decided to collaborate with their sister
Aerostructures division to leverage unique capabilities to develop an innovative solution for the
HUT and RED that could help reach a lightweight design optimized for pressure and impact.

For their first prototype, the team adapted the National Aeronautics and Space Administration’s
(NASA’s) metallic computer aided design (CAD) model to a composite design. Collins
Aerostructures designed the HUT, RED and associated tooling, and produced the first prototype
in four months.

Collins Aerostructures’ expertise in composite design and manufacturing resulted in a hard upper
torso (HUT) design fabricated with rapid 3D-printed (additive manufacturing, AM) prototype
tooling, a hand-layup of toughened epoxy/carbon fiber prepreg plies, and 3D-printed
thermoplastic/glass fiber frames, and inserts. While it is unlikely that the specific 3D printed
material would be used in a production unit, it allowed for multiple iterations and dimensional
corrections in short amount of time and at low cost.

For sizing the structure, the team used NASA’s pressurization requirements including a design
pressure difference of 141 kN/m? (20.4 psid), which represents the primary load case of 70.5
kN/m? (10.2 psid) with a Factor of Safety of 2.0 applied. The analysis determined the number of
plies required to withstand the internal pressure load.

While assessing the current impact requirement set out by NASA, it was soon realized that
significant compromise would be required to build the entire structure at a thickness to defeat the
currently specified impact energy. Without knowledge of the specific location, frequency and
energy of potential impact events, the suit would be unreasonably over-designed and over-
weight. Since NASA is currently performing impact probability studies to map the critical areas
(Ref. 3), Collins assumed an alternative modular design that that sized the structure for all static
loads, and addressed the critical impact loads via expendable, 3D printed armor plates, that could
be re-printed in situ. The armor attachments are the subject of a subsequent paper.

Figure 1. CAD model of an astronaut wearing the HUT and brief.



Figure 2. HUT CAD Model with RED attached.

2. DESIGN OF THE HUT

2.1 Overview of Materials

For Collins’ prototype design, the HUT and RED field areas were constructed of a toughened
epoxy resin impregnated graphite fiber woven fabric that is certified by the Federal Aviation
Administration (FAA) for use on commercial aircraft structural parts.

The frames and inserts of the HUT and RED were 3D-printed on a Stratasys system using a
glass-filled thermoplastic resin system called ULTEM™ 1010. The advantages of this material is
that it has a high strength, high heat resistance, and good thermal stability. It is able to withstand
autoclave operations associated with sterilization and composite fabrication. Additionally, the
tooling for the composite layup was also 3D printed from the same ULTEM™ 1010 material to
save time and expense over metallic tools and allow for rapid design optimization.

2.2 Design approach

The initial step in the developing the prototype was to keep the overall shape of the design in
NASA’s model. A second step in the design was to take full advantage of the Additive
Manufacturing capability to optimize the design, looking for topologic optimization to minimize
material while providing adequate stiffness. The frame also had grooves and structure to support
the seals and latches. With respect to the thin shell areas of the RED and HUT, referred to herein
as “shells”, the initial approach was to use a hand layup composite laminate. Analysis showed
that the large field area of the RED would likely show excessive deflection under pressure, and
designs were also drawn up to also incorporate ULTEM™ 1010 inserts embedded within the
layup to stiffen areas where the deflection was high. In the end, for the sake of simplicity and
speed in manufacturing the first prototype, local stiffeners (inserts) were omitted.

For the Rear Entry Door (RED), several different ways to attach the shell to the 3D-printed
frame were considered (see Figure 3). Three examples are:



1. Route the shell plies along the inner surface of the frame (concept 1).

2. Design the shell relatively flat and attach the shell to and thin extension of the frame by
adhesive bond and/or fasteners (concept 2).

3. Wrap the shell plies around the outer and inner surfaces of the frame and co-cure
(concept 3).

Composite Concept 3 (bonded to frame wrapping it)

Composite Concept 1 (bonded to frame) Manufacturing Demo

Figure 3. Comparison of Composite Concepts with 3D-printed frame (tan), composites (green),
and fastener (gray).

Composite Concept 1 is simple, but is less desirable cosmetically, since the interface between the
frame and the laminate is still distinctive. Also, it doesn’t avoid the 90-degree “corner” shape in
the laminate and the ensuing interlaminar stresses.

Composite Concept 2 has the advantage of creating a mechanical load path from the laminate to
the frame to replace the load on the bonded surface between the two. It also avoids the 90-degree
“corner” in the laminate, which avails itself to potentially problematic interlaminar stresses due
to an “opening moment” caused by the applied pressure. Disadvantages include the stress
concentrations created in the new thin member of the frame as well as loss of cosmetic appeal.
Composite Concept 3 was chosen for the initial prototype due to its cosmetic appeal, having
smooth lines on the exterior, its larger corner radius to reduce interlaminar stresses in the
laminate, and its mechanical load-path created by the unique shape of the frame. This mechanical
load path augments the adhesion between the frame and the laminate and helps to further reduce
the corner-stresses in the laminate.

Some risk was borne in terms of the interface strength between the thermoplastic frame material
and the epoxy prepreg. The prototype showed good adhesion, but further characterization testing
would be required to affirm the structural integrity.



Regarding the RED, many opportunities to reduce weight further were identified. For example:
by adding local stiffening inserts to the shell where needed so that the overall ply-count can be
reduced, designing a hollow cross section in the frame with AM.

The resulting HUT and RED were 7.4 Ibs. and 8.2 Ibs. respectively without hardware for a total
of 15.6 lbs. Ross et al mentioned a desired weight reduction of 24 Ibs. on the Z-2, but did not
mention the specific weight of the HUT?. The Z-2 HUT alone weighed 17 lbs'. Therefore, the
low mass of this design was encouraging.

Figure 4. Photograph of the RED after it was removed from the autoclave. The tan
colored frame is the 3D printed ULTEM™ and the black/gray are the carbon fiber
composites.

Figure 5. Photograph of the RED after it was removed from the autoclave. Tan is AM frame and
black/gray are the composites.

3. TOOLING DESIGN

The tooling design of the HUT and RED upper torso components is based on an autoclave cure
process at 180 deg C (350 °F). In this case ULTEM™ 1010 was selected due to its capability to
support this temperature cure cycle. The complex geometry of the HUT required a multi-piece
female mold while the RED utilizes a two-piece female mold design. The HUT tooling was
designed to utilize envelope bagging, while the RED would be placed on a caul plate and use
traditional single sided bagging. Based on the ULTEM™ 1010 manufacturer recommendations,
a minimum tool thickness of 19mm (0.75 inches) of fully-dense print material was utilized. Each
tooling section was given an initial sanding operation to smooth out any surface contour
irregularities from the 3D printing process. Epoxy sealing was then employed on all surfaces as



filler. All split lines were sanded to the final surface finish and where checked for fitment prior to
assembly. To assemble the tooling sections, the sections were either bonded or bolted together.
Following assembly, all split lines where sealed with epoxy followed by sanding inner-mold line
(IML) to match the contour between the individual sections. The tooling IML assembly was then
treated with mold release (figure 6).

The HUT and RED primary interfaces also employed 3D printed components utilizing
ULTEM™ 1010. The design approach was chosen to reduce layup and post-cure machining.
This design approach also allowed the use of threaded coil inserts that where threaded only into
the ULTEM™ 1010 inserts. This allowed load transfer to the laminate while preventing inter-
laminar fracturing that can occur when used in a pure composite structure. Each ULTEM™ 1010
component was sealed using a sealing adhesive to prevent bleed through that could lead to a
porous laminate condition at the composite interface (figure 6). Each ply was for the HUT and
RED layup were cut by hand and utilized a minimum 13mm (0.5 inch) overlap splice. Prior to
installation each ULTEM™ 1010 insert received a layer of adhesive film on their faying surfaces
with the composite plies to provide additional bond strength.

Prior to de-molding, the tooling fasteners where removed first, then bonded interfaces where
broken apart. Part extraction was straight forward as the design prevented any tooling lock
conditions that are typical when the tooling has a high coefficient of thermal expansion (CTE)
than the materials employed. Each assembly was then de-flashed, and all excess material was
hand trimmed utilizing templates that where precisely cut using a water jet cutter. These
templates also feature locating holes for the threaded insert drilling operations. Using these
locating holes, a hand-drill guide was used to maintain normality with the assembly surface
(figure 9). Following hand drilling, each insert was installed by hand. All trimmed surfaces
where then sealed with sealing adhesive completing manufacturing operations (figures 8, 10, and
11.)



Figure 7. Photograph of Sealed Insert for the RED.



Figure 9. Photograph of the HUT with a trim aﬁd drill fixture clamped to it.



Figure 10. Photograph of HUT from front and rear. The tan portion is the AM frame while the
black is the composite structure.

Figure 11. Photograph of RED, back and interior view.



4. ANALYSIS
4.1 Finite Element Analysis

The spacesuit Hard Upper Torso (HUT) and Rear Entry Door (RED) Manufacturing
Demonstrators were be designed to withstand an internal net pressure. No other load cases were
analyzed for this manufacturing demonstrator. difference of 140.5 kPa (20.4 psi) (assuming a
perfect vacuum external to the suit). This represents a safety factor of 2 multiplied by the
primary load case of 70.3 kPa (10.2 psid). No other load cases were analyzed for this
manufacturing demonstrator.

Figure 12. HUT and RED finite element analysis models.

A limited set of margins were checked either by hand and/or by the Finite Element Method
(FEM) in order to get a rough sizing of some key features. A production version of the HUT and
RED would warrant a much more comprehensive validation.
Structural Features Evaluated for the Manufacturing Demo:
e RED
o Frame’s minimum section
o Latching “teeth” minimum section
o Laminate field areas
o Laminate “corners” for interlaminar stresses

o Frame’s minimum section
o Laminate field areas

The analysis showed that, assuming constant laminate thickness (simplified for first pass), a total
of 8 plies of woven carbon material would be required to meet the ultimate pressure load 141
kN/m? (20.4 psid). Since fabrication and analysis were occurring in parallel, the initial prototype
was made with only 6 plies of woven carbon fabric, and would likely not pass the ultimate load
pressure test. There remain many opportunities, with further analysis, to optimize the design for
decreased weight and increased stiffness.



The displacement fringe plot of the Rear Entry Door shown below illustrates the largest
displacement near the centroid of the door, as expected. Stiffeners in the layup would drastically
decrease deflection due to their increased moment of inertia compared with a simple laminate.

Figure 13. Displacement fringe plot of the RED with the largest displacement indicated by a red
color and smallest displacement by a dark blue color.

Results for the Enveloped Max Strain Failure Criterion (MSTRN) are shown in the below fringe
plot of the RED (enveloping all plies). Values (failure indices) greater than 1 indicate failed

elements by either tension, compression, or shear. The largest value is 0.8, so there are no failed
elements.
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Figure 14. Enveloped Max Strain Failure Index (MSTRN) Fringe Plot

Section Moments were used to calculate positive margins for interlaminar tension in the RED’s

corner elements and section-forces were used to calculate positive margins for interlaminar
shear.



Figure 15. Displacement fringe plot of the HUT with the largest displacement indicated by a red
color and smallest displacement by a dark blue color.

Figure 16, The Enveloped Max Strain Failure Index Fringe Plot, demonstrates that the laminate
is capable of withstanding the applied pressure (MSTRN < 1).
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Figure 16. Enveloped Max Strain Failure Index Fringe Plot.

The FEM model is a conservative approximation of the actual part in many respects. Since this
HUT model does not take credit for stiffness contributions from the helmet nor attachments at
the other openings (arms, waist), it is conservative. This model also conservatively omits many
of the ULTEM™ 1010 inserts within the layup of the prototype. Another significantly
conservative approximation is that all the plies were modelled on the outer surface only, and the
inner surface has been omitted. This reduces the moment of inertia of the section and therefore
also reduces the section bending stiffness at each insert, at the waist, and at the helmet
attachment. When a more representative model is developed, it is expected that the global ply-
count can likely be reduced.



The 3D-printed ULTEM™ 1010 frames showed positive margins in all the features of size that
were analyzed, including the shear load on the 3D printed teeth, for specified internal pressure.
While the 3D-printed thermoplastic material passed initial structural assessment, showing that a
3D printed solution is potentially viable, many additional material properties would need to be
evaluated. Regardless, the 3D print solution has enabled valuable learning on HUT fabrication at
a low cost.

5. FUTURE WORK
5.1 Structural optimization and pressure test

As discussed, further structural optimization would be beneficial to further reduce weight.
Stiffeners embedded in the RED skin and localized ply drops at low stress areas would be the
next obvious steps. Pressure testing to 141 kN/m? (20.4 psid) would require fabricating
interfacing hardware integrated into the composite HUT and RED prior to testing: hinges,
bearings, and latches. These metallic parts would add some structure relevant to the assembly
and therefore their presence is important to generating useful data.

5.2 Impact

NASA’s 2020 EVA System Maturation Team Gap List* listed Mass/Strength Optimized
Composites as a technology gap, primarily due to severe impact criteria. Two options exist:
basing the entire suit laminate material and thickness around the specified impact requirement,
which is quite high, or sizing for all other structural loads, and addressing impact separately.
While awaiting the results of NASA’s impact probability data to be published, Collins’ initial
back-of-the-envelope calculations seem to indicate that the latter solution would be more weight-
efficient, i.e. having a separate structural system to address the impact loads. However, both
approaches were considered for identifying future manufacturing concepts. Hybrid solutions are
also possible.

For the first option of enhancing the overall structure to meet impact loads, a material change
would likely be required. The Z2 spacesuit sandwiched carbon between S2 glass to improve
impact resistance, which increases weight of the suit not needed for pressure and operating loads.
Collins also considered switching from epoxy to thermoplastic matrix for the composite HUT,
which are known to perform much better than epoxies during impact. While thermoplastic
composite manufacturing processes are significantly different from epoxies, Collins
Aerostructures has made considerable advances in thermoplastic structures development over the
last three years and determined some reasonable design and fabrication approaches for this
solution.

For the second approach, i.e. addressing impact loads separately from the main HUT, attached
armor was designed, samples manufactured, and tested. This will be the topic of another research
paper to be published later this year.

6. CONCLUSIONS

Collins Aerospace used NASA’s metallic Z-2 HUT design as a starting place. After
brainstorming potential composite design alternatives and evaluating them, a design was chosen,



sized, and then manufactured. The HUT was fabricated with rapid 3D-printed prototype tooling,
hand laid-up toughened prepreg epoxy/carbon fiber, and 3D-printed thermoplastic/glass fiber
frame sections and inserts. The initial prototype was designed and fabricated in four months. A
future project could manufacture, and pressure test the next HUT and RED.

Overall, the project was a success. Design and fabrication of the HUT and RED enabled
significant learning about the materials and processes for successful fabrication. The rapid
prototyping approach that was developed was also seen to be a critical tool to advance future
production design iterations, fabricating full-size impact specimens, and trying new integration
approaches at a reasonable cost.
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