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Abstract

A Bio-Suit System stands to revol utionize human space exploration by providing enhanced
astronaut extravehicular activity (EVA) locomotion and life support based on the con-
cept of providing a ‘second skin' capability for astronaut performance. The novel
design concept is realized through symbiotic relationshipsin the areas of wearable tech-
nologies; information systems and evolutionary space systems design; and biomedical
breakthroughs in skin replacement and materials. By working at the intersection of
engineering; design; medicine; and operations, new emergent capabilities could be
achieved. The Bio-Quit System would provide life support through mechanical counter-
pressure where pressure is applied to the entire body through a tight-fitting suit with a
helmet for the head. Wearable technologies will be embedded in the Bio-Suit layers and
the outer layer might be recyclable. Hence, images of ‘spraying on’ the inner layer of
the Bio-Suit System emerge, which offers design advantages for extreme, dusty, plane-
tary environments. Flexible space system design methods are dated to enable adapta-
tion of Bio-Suit hardware and software elements in the context of changing mission
requirements. Reliability can be assured through dependence of Bio-Suit layers acting
on local needs and conditions through self-repair at localized sites while preserving
overall system integrity. The proposed Bio-Suit System contributes to four under-repre-
sented NIAC areas, specifically, human space flight, life sciences, information systems
and software, and biology. The Bio-Quit Systemis relevant to NASA's strategic plan and
stated visionary challenges in the Human Exploration and Development of Space,
AeroSpace Technology, and Space Science enterprises.
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1.0 Overview

1.1 Moativation and Objectives

The main objective of the effort was to research and design a revolutionary concept
for human exploration missions, namely, the Bio-Suit System, which is envisioned as
a locomotion enhancing, life support system for astronaut extravehicular activity
(EVA) based on the concept of providing a‘second skin’ capability for astronaut per-
formance. The Bio-Suit System concept is in stark contrast to the incremental space-
suit design approach and improvements witnessed over the history of human
spaceflight in both the NASA and Russian programs, including the International
Space Station. Pressurized life support would be accomplished through mechanical
counter-pressure where pressure is applied directly to the body compared to current
spacesuits where the entire suit volume is pressurized, inflating it similar to a bal-
loon and requiring the astronaut to continuously work against the cumbersome pres-
surized volume.

Mars EVAs can be characterized as planned, unplanned, or contingency (unex-
pected, but may be required for crew safety). For ISS EVA operations, there are
planned and contingency EVAs [17], while on Mars, we can assume that all EVAS
beyond the initial steps on the surface will be unpredictable upon mission launch and
therefore will fit into the unplanned/contingency framework. EVA tasks or compo-
nents can be characterized by their criticality, such as whether the accomplishment
of a specific task would be safety critical, a requirement for mission success, or a
mission enhancement. EVAs vary considerably in complexity: some EVAS require
only a standard set of tools and skills, while other EVAs require specialized tools
specific to a given task or mission. Finally, very complex EVAs may require both
specialized tools and a “significant extension of capabilities’ including scaling/
repelling cliffs and demanding geologic traverses.

Detailed objectives for the Bio-Suit System Phase | effort include providing: 1) a
novel design concept through symbiotic relationships in the areas of wearable tech-
nologies; information systems and evolutionary systems design; and medical break-
throughs in technology and 2) a synergistic multidisciplinary approach combining
expertise from the fields of engineering; design; medicine; and space operations.

Imagine astronauts on Mars utilizing the Bio-Suit System for their search to find the
definitive proof of life, which requires them to repel cliffs, perform geology in
extreme environments where Olympus Mons and Valles Marineris dwarf Mount
Everest and Grand Canyon terrains, and continuously work in extreme temperature
and storm conditions.



Figure 1.1. A vision of geology work on the surface of Mars while wearing the Bio-Suit.

1.2 Past and Current Research
1.2.1 Current Suit Mobility
1.2.1.1 Forcesrequired to operate the current suit. [35]

The EMU space suit, which is currently used for NASA EVA's, has both hard
fiberglass and soft fabric components. Mobility features, such as pleats that
open asjoints bend and rotational bearings, are built into all modern space
suits. Without these mobility features, a person in a space suit would be vir-
tually immobile. Even though space suits are designed to allow mobility,
they restrict the wearer’s motion in significant and complicated ways.[ 18]

Limited space suit joint torque-angle data has been reported in the literature.
Studies that used human subjects wearing space suits reported higher torques
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than studies that measured torques on joints of empty, pressurized space
suits. Higher torques with human subjects may be expected because contact
between the space suit and the wearer’s body affects the deformed shape of
the space suit, but it is unclear whether the discrepancy in experimental
results is due to shortcomings in experimental methods or actual differences
in observed torques.[1, 11, 27, 28]

1.2.1.2 Investigating possible space suit models:

Membrane versus Beam model analysis points to the advantages a mechani-
cal counter pressure (MCP) space suit offers. Since the first EVA’'s were per-
formed by Alexei Leonov and Ed White in 1965, the capabilities of
astronauts to do useful work outside of their spacecraft have steadily
increased. Likewise, our understanding of EVA astronauts capabilities and
limitations have also progressed through in-flight experience, experimenta-
tion in neutral buoyancy facilities and parabolic flight, and engineering tests
of space suits and EVA tools.

The most important aspect of an EVA astronaut’s capabilities is the ability to
move his or her body while wearing the space suit. In every EVA scenario,
astronauts physically manipulate objects to accomplish tasks. Two factors
make these physical interactions strikingly different from those performed on
the ground. First, the microgravity environment requires an astronaut to
restrain his or her body in order to exert forces and moments on another
object, and second, space suits constrain astronauts' body motionsin signifi-
cant and complicated ways. Clearly, for planetary exploration applications,
limited mobility is the overriding concern.

Physical models, in contrast to mathematical models, can lead to insightsinto
the physical processes that govern space suit mobility, and therefore inform
us as to where major advancements are needed and can be found. Two physi-
cal models of the bending characteristics of inflated cylinders may be rele-
vant to current space suit joints. The beam model treats the inflated cylinder
as abeam with afabric wall that stretches, maintaining a constant internal
volume. In this model, the mobility of the space suit joint is determined by
elastic behavior of the fabric wall.[21-24] The membrane model treats the
fabric shell asan inextensible membrane. Bending deflections of the cylinder
result in shape and volume changes. The work required to bend the joint is
entirely due to compression of the gasinside the tube [12, 13] Differencesin
torque predictions between the beam model and the membrane model illus-
trate the relative importance of elasticity and gas compression in space suit
joint mobility.

The beam model and membrane model represent opposite extremes of the
processes governing space suit joint mobility. According to the beam model,
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bending moments only stretch the space suit fabric; according to the mem-
brane model, bending moments only compress the gas inside the space suit.

Experimental data shows that the beam model is inconsistent with current
elbow and knee joints, both in the bending moment magnitudes predicted
and the trend in bending moment with increasing deflection. Other physical
processes, including fabric bunching, sideways compression of the space suit
arm or leg, and friction between fabric layers, which were not included in the
membrane model, likely play an important role in determining the torque
needed to bend the space suit joints at high bending angles.

Theresults of this analysisindicate that elastic deformations of the space suit
fabric do not contribute significantly to the torque needed to bend the elbow
and knee joints near the equilibrium angle, and the mobility of the EMU
elbow and knee joints near their equilibrium anglesis not sensitive to
changes in the material properties of the fabric. The membrane model pre-
dictsthat only internal pressurization and joint geometry determine mobility.
This data suggests that increasing mobility can be achieved by lowering/
eliminating the pressurized volume of a space suit as could be accomplished
with mechanical counterpressure. In the case of MCP, however, the designer
isforced to deal with the implications of the beam model since al the bend-
ing properties will be determined by the material properties.

Advanced Suits

Advancements have been made in pressurized suit technology, through the
drive to maintain constant joint volume while bending. One design option to
achieve constant volume is to fabricate hard (metal/composite components)
suits such as the AX-5 high pressure, zero prebreathe suit developed at
NASA Ames Research Center in the 1980s. Due to their rigid exoskeleton
approach, hard suits maintain a constant volume as the astronaut bends the
joints. Although this minimizes the torque required to bend the joints, it
makes the suits heavy and potentially uncomfortable to wear. Typically hard
suits require additional internal padding for astronauts in order to reduce the
risk of injury due to contact with the hard interior of the suit. Designers
should note that the commercial deep sea diving community has devel oped
hard, pod-like suits and used them successfully. The current Mark 11l
advanced, high pressure hybrid fabric/hard suit developed at NASA Johnson
Space Center offers improved mobility over the Shuttle/ISS EMUs.

Mechanical Counter Pressure (MCP)
1.2.3.1 [Initial development: The Webb suit [3]

In 1971, James F. Annis and Paul Webb published areport of their Mechani-
cal Counter Pressure (MCP) suit known as the “ Space Activity Suit” (SAS).
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They were able to develop a prototype suit made up of six layers of elastic
material that created the M CP, which was accompanied by afull bubble hel-
met. “ The ultimate goal of the SAS [was| to improve the range of activity
and decrease the energy cost of work associated with wearing conventional
gasfilled pressure suits.”

Webb states the motivations for a M CP suit, which still apply today and into
the future. Besides the improved energy cost, a MCP suit “should be safer
and more reliable than full pressure suits since suit rupture would not mean
loss of life supporting gas pressure.” If designed properly, asmall tear in a
MCP suit would only expose alocal body region to reduced pressures. This
exposure would cause the wearer discomfort, and possibly pain, but would
allow them to return to safety without major injury.

In addition to safety concerns, Webb al so notes that the life support system of
aMCP suit could be greatly ssimplified from existing versions due to the fact
that the body can enable “physiologically controlled cooling” by means of
sweating. This assumes that the suit is porous (as was Webb's), allowing
sweat to evaporate through the second skin. The Space Activity Suit directly

exposed areas of skin no larger than Imm? to vacuum (5 mmHg, 0.1 psia, 0.7
kPa) without problems. There were no signs of excessive fluid loss, or freez-
ing of the skin. This also demonstrated that, at such a scale, the skin with-
stood the tensile loads.

Without the need for thermal control, the life support system would become a
tank of oxygen with pressure regulators and a carbon dioxide scrubber. A
MCP suit might also be an order of magnitude less expensive because it
could be less bulky and lighter than current garments thus taking up less pay-
load resources.

Though strongly articulating the benefits of a M CP approach, Webb was aso
able to demonstrate the major challenges of such a system. Through a series
of demonstration tests, the SAS was effective to breathing pressures of 24
kPa (170 mmHg, 3.3 psi) within the laboratory environment (101 kPa, 14.7
psi, 1 atm). Major issues encountered included don/doff time and swelling/
edema in parts of the body. Webb specifically notes that “the most difficult
areas to pressurize occur where the limbsjoin the torso.” In order to prevent
blood pooling, the pressure across these regions needed to remain smooth.

Despite the physiological problems encountered, Webb's research suggested
that, “energy cost of activity, and mobility and dexterity of subjectsisthe
SAS, were found to be superior to those in comparable tests on subjectsin
[gas pressurized suits].” They also suggested that every problem encountered
was primarily mechanical in nature, and could be solved by the devel opment
of new materials and tailoring techniques. Simplifying the donning process
was specifically noted as a critical area of future research.
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1.2.3.2 Researchinto aMCP glove: Clapp [8]

In 1983, W. Mitchell Clapp published an article on his development of a
MCP glovethat he called the “ Skinsuit Glove.” His motivationswere similar
to Webb's, but he focused on the glove as an area where more mobility/dex-
terity and tactile feedback was required to enhance space operations. After
developing a prototype, he tested the glove against a bear hand, and an
Apollo A7L-B glove (apressurized glove) in the areas of mobility/dexterity,
strength/fatigue, aeromedical effects, and tactile feedback.

Clapp claimed that “the skinsuit glove showed a sizable mobility and dexter-
ity advantage over the A7L-B glove. There was also less strength degrada-
tion with fatigue. Tactile feedback was considerably higher in the skinsuit
glove aswell.” Although subjects were only subjected to thirty minutes of
partial vacuum exposure (23 kPa, 3.5 psi, 176 mmHg), Clapp stated that
“only aminor swelling of the hand occurred.” He noted that “small amounts
of edemafluid, accompanied by aslight swelling, were... observed, mainly in
the palm, but also in the wrist and web of the thumb.” Although he was prob-
ably correct in stating that these effects, after thirty minutes of exposure, did
not pose arisk, it seems reasonable to assume that after an eight hour EVA
these problems might have grown in complexity and severity.

Clapp concluded that his glove achieved improved mobility, tactile feedback,
and fatigue characteristics over the A7L-B glove. The mobility and tactile
feedback results were explained by the use of stretchy, lightweight material.
While addressing the aeromedical issues, Clapp notes that the palm of the
hand swelled “only avery small amount.” He suggested that this swelling
was due to the concavity of the region and “could probably be prevented by
inserting a small foam pad between the glove and the palm where the fabric
gaps across.”

After developing the Skinsuit Glove, it was suggested that future research
focus on the effects of enhanced tactile feedback on learning and on compar-
ing the MCP glove to the (then new) EMU glove design. He hypothesized
that due to the increased tactile feedback, the Skinsuit Glove would be able
to reduce the time needed to learn EVA tasks. Seeing as the EMU glove
design focussed on improved glove mobility, he suggested comparing the
effectiveness of both designs against each other.

Integrating Wearable Computing into EVA [5]

Wearable computing has the potential to enhance astronaut safety and perfor-
mance by providing new or redundant support mechanisms for astronauts
during extravehicular activity (EVA). Current predictions from the National
Aeronautics and Space Administration (NASA) EVA Project Office estimate
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168 days devoted to EVA for assembly and maintenance during the construc-
tion of the International Space Station (ISS)[2]. Future terrestrial missions
will most likely require more EVA hours than the sum total of the entire his-
tory of EVA experience.

1.2.4.1 Space Suits as Wearable Computers

In asense, the EMU and ORLAN suits already meet one definition of a
wearable computer [30]: They are portable while operational, capable of
hands-free use, able to sense characteristics of the environment (at least the
internal environment), are always on (during EVAS), and augment human
capabilities.

A suit-external independent electronic cuff checklist, developed to serveasa
limited mechanism for astronauts to reference procedures or contingency
procedures, was flown as a space flight experiment. Despite the success of
this project, awrist mounted paper checklists still serves as the primary writ-
ten procedural reference during EVA.

1.2.4.2 Limitations of EVA addressed by information technology

Major limitations during EVA include the need to cope with sensory degra-
dation, the limited duration of EVASs, limited mobility, dexterity, force appli-
cation, and endurance of suited astronauts, operations time and resource
overhead requirements, working volume and access limitations, and hazards
to crewmembers. [25]

A system capable of mitigating some of these limitations might therefore (1)
sense characteristics of the external environment and communicate those
characteristics to the astronaut; (2) extend or augment the senses or capabili-
ties of the astronaut; (3) enhance the efficiency with which tasks can be car-
ried out, and (4) minimize any negative impacts on operations time and
resource overhead.

The existing systems provide only limited capabilities of information transfer
to or from an astronaut during EVA. The primary method of information
transfer during EVA has been two-way voice communication over UHF. Life
support parameters from the EMU are also sent over the UHF communica-
tion system to the Shuttle or 1SS and from there via downlink to the MCC.
An EMU TV camera has also been used to provide video coverage of EMU
worksites.

1.3 “Requirements’ for the Bio-Suit MCP Concept
131 Strategy: Why MCP?



As suggested by Paul Webb, Mitchell Clapp and others, Mechanical Coun-
terpressure suits have the possibility of greatly improving space suits in per-
formance. While discussing the need to provide pressure to an EVA astronaut
others have suggested that “the penalty for using gas pressurized systems is
high system weight.” [19] Thus, MCP provides a possible solution to mini-
mizing weight and improving other performance metrics such as flexibility/
mobility, don/doff time, system bulk, tactile feedback, and possibly system
COst.

As pointed out by Clapp, “the human skin is almost an ideal pressure suit.
Having a high tensile strength, ailmost no gas permeability, and very good
water retention characteristics, the skin requires only an applied pressure
equal to the pressure of the breathing gas to function normally.” Given the
performance characteristics of our biologically grown skin, it seems reason-
able to envision a second skin capable of augmenting our biological skin to
the point where it can withstand the absence of a pressurized environment.

If designed properly, Webb showed that a MCP suit could expose regions of

skin no larger than 1 mm? to vacuum. There are two major advantages sug-
gested by this result. Firstly, this result suggests the improved safety of a
MCP suit design. Especially on planetary surfaces where the astronaut will
be exposed to highly abrasive environments and activities, tears become an
issue of increasing concern. In a gas pressurized suit, a small tear not only
means the possibility of loosing pressure but also oxygen. In an MCP suit,
however, this would not be the case. Webb's result suggests that should a
small hole appear in a MCP suit, the user would be unharmed. There would
be no loss of breathable oxygen, and the skin would not suffer any damage.

Should the hole be larger than 1 mm?, the wearer would still have sufficient
time to return to a pressurized environment due to the fact that the effects of
the reduced pressure would be highly localized.

The second advantage suggested by Webb's result is that of thermal cooling.
In gas pressurized suits, the materials must clearly be impermeable to air in
order to maintain the pressure required. This causes thermal issues due to the
fact that our normal mode of thermal control, evaporation of sweat, cannot be
implemented. This motivated the need for thermal garments such asthe Lig-
uid Cooling and Ventilation Garment (LCVG) which complicates the life
support system. In a MCP suit such as the Space Activity Suit, however, this
issue is resolved by using air-permeable fabric. By alowing the skin to be
exposed to vacuum, Webb allowed the body to utilize its own cooling mech-
anisms. “Without the need for a convective gas cooling system or liquid
cooling garment, the life support system becomes essentially a tank of oxy-
gen with pressure regulators. In addition to being less bulky and heavy,
[MCP suits] would be much less costly to produce than current garments.”
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Beyond the findings and projections of past suits, MCP suits provide the pos-
sibility to be donned and doffed easily, enabling the astronaut to explore
much like we do on earth: by slipping into protective clothing rather than
strapping on a space craft. Although this capability of MCP suits has yet to
be demonstrated, it is a clear goal of the Bio-Suit effort. Not only would
decreased don/doff time increase the productivity on the surface of planetary
bodies, but it would also lower the psychological and physical barriers
between Intravehicular Activity (IVA) and EVA. Thus it would change the
exploration paradigm from “spam in acan” to an individual interacting with
and inhabiting an extra-terrestrial environment. This would allow her/him to
truly explore the three dimensional space of the environment in ways that
only the human body can.

L ocomotion and Mobility

Clearly if terrestrial environments are to be explored and useful geology
work is to be done, locomotion is a top priority. Since the Apollo era no
space suit has been designed for walking and the Apollo suits left great room
for improvement. In an environment such as Mars, astronauts will need the
ability to traverse loose terrain, steep grades, and possibly scale, if not repel,
down cliff sides. These activities place unheard-of requirements on advanced
suits in the areas of mobility and dexterity. Due to the activities mentioned
above as well as the evaluation of samples and the maintenance of equip-
ment, manual dexterity will be ahigh priority as well.

Pressure Variations

As demonstrated by both Webb and Clapp’s prototypes, pressure variations
within the MCP garment must be kept to a minimum. From their reports, it
seems that body regions with concavities and joints will pose the greatest
challenge in this area. Neither study investigated the pressure tolerances the
body is able to handle without physiological or physical damage.

Wearable Computing [5]

Maintaining and promoting safety is the primary EVA wearable computer
system priority: First do no harm. Second, it is critical that the system is both
comfortable and easy to use. Third, the system should greatly improve exist-
ing operational processes.

For components inside the gas pressurized helmet, safety considerations
include operation of electronicsin a 100% oxygen atmosphere, out-gassing

off-gassing issues, thermal restrictions, and the severe space constraints.
Components outside this pressurized volume will have stringent require-



ments as well due to the fact that they will be exposed to abrasive dust, wind,
and other environmental conditions.

Achieving comfort and ease of use requires an innovative user interface
(both displays and controls) and form factor. For an in-suit wearable, comfort
dictates that the computer be body-conformable and maintains a comfortable
surface temperature. Ease of use requirements imply that the user should
interact with the computer in a way that is natural to the EVA environment
and requires little mobility on the part of the astronaut. Voice control is one
option, but is an unlikely candidate because of the potential for interference
with existing audio communications, especially given the central role that
these communications have played throughout the history of EVA. A solu-
tion that requires no movement on the part of an astronaut, and only indi-
rectly may involve audio communication, is remote control of information
delivery to the EVA astronaut by IVA crewmembers IVA crewmembers fol-
low EVA progress very closely, and could direct specific information to an
EVA astronaut either by prearranged understanding or at the request of the
EVA astronau.

L ocating and positioning avisua display is also asignificant challenge. Cur-
rently, there are many objects inside the suit near the eyes and face including
the communications carrier assembly (CCA, or CommCap, which is basi-
cally a pair of headphones and redundant noise canceling microphones), a
drink bag, food stick, and a valsalva device (used for equalizing pressure in
the ear canals during suit pressure changes). This limits the space that can be
allocated to a suit-internal display. Implementing an effective suit-externa
display would also be a significant challenge because of positioning and illu-
mination requirements. An external fixed position display does not allow the
display to move along with head movements of the astronaut, while an inter-
nal display embedded in a pair of standard EVA glasses (with proper pre-
scription for a specific astronaut, or a blank prescription for astronauts who
do not require glasses) enables a display to occupy a constant solid angle rel-
ative to the head of the astronaut. This could be accomplished using an eye-
glass or clip-on micro-display. The varying lighting conditions external to the
suit, and the visors used to limit light entry into the helmet, further compli-
cate the development of an external visual display.

Operationa simplicity in the donning, utilization, doffing, and maintenance
of awearable computer system for EVA isimperative. Integrating the opera-
tional procedures of the wearable computer system into preexisting EVA pro-
cedures drives what hardware interconnect configurations are desirable. If a
suit-internal wearable computer is used exclusively for EVA (as opposed to a
dual use system for both VA and EVA) the wearable computer system CPU
could be stowed attached to an undergarment so that donning of the wearable
computer would be accomplished by simply putting on the undergarment.
Similar considerations might apply for other components of the system.
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Operationa simplicity during EVA requires careful choice of audio or tactile
controls. Traditional hand-based user interface tools may be extremely chal-
lenging and generally undesirable due to the physical exertion requirements
of moving stiff space suit gloves. Internal tactile controls, or simple external
controls (such as buttons or switches) are possible, but must be evaluated
with respect to the burden they impose on the astronaut. External tools also
pose system integration challenges such as crossing the suit pressure barrier.
External tools could also act as additional wireless network clients — this,
however, increases the checkout and maintenance burden by requiring bat-
tery change-outs or tool recharging, and may also complicate software devel-
opment.

Voice communications have played, and will continue to play an integral role
during EVAs. In addition, IVA crewmembers and MCC flight controllers are
often focused on supporting EVA astronauts during EVAs. As such, audio
requests for information delivery fit naturally within the current operations
framework and allow for a natural language interface not yet possible
through voice recognition systems.

An external visual display (and the apparatus required to secure its position)
may obscure a central portion of the astronaut's field of view and work enve-
lope. Aninternal display may present similar difficulties unless a see-through
display is available. A near-eye micro-display integrated into a pair of stan-
dard EVA glasses could provide an adequate visual display that could be
turned off or adjusted to prevent visual conflicts between the display and the
physical environment. It would also be easier to ensure that a suit-internal
display would be readable in a variety of external lighting conditions.

Operationa life specifications require that non-suit EVA hardware be
designed for up to 100 space shuttle missions (for Space Shuttle specific
equipment) and up to 10-year on-orbit durations (with required mainte-
nance). Space suit operational life requirements are suit dependent: EMUs
are designed for single-mission, multiple-EVA usage followed by refurbish-
ment prior to re-flight. For amission to Mars, EVA hours are likely to exceed
the sum total of past history EVA hours, without access to ground based
maintenance facilities. This fact combined with the harsh external environ-
ment will place unheard of lifetime and maintenance requirements on aMars
suit. Similarly, operational life requirements for a wearable computer system
have yet to be defined.
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Explanation of the Portfolio Style

The following pages contain illustrations and explanations of mechanical
counterpressure suit design concepts. Central to each concept is ease of don-
ning/doffing and design flexibility. Beyond explaining the concepts, a brief
explanation of the technologies used and their application is also included.
Each page also contains a list of resources that the Bio-Suit design group
found useful and include for future research contacts.

Design Tree Branches. Distributed vs Local

While exploring different design strategies for the Bio-Suit, two main
branches emerged. Initially it was thought that the best strategy would be to
distribute the use of advanced technologies throughout the suit, making
every square centimeter of the suit an active component. This strategy lead to
designs such as the shape memory alloy (SMA) mesh suit. Upon further
investigation, however, it seemed that a more efficient use of the technolo-
gies could be achieved by using advanced technologies locally. Thus, each
technology was used in a highly defined region for maximum benefit. By
acting in alocalized manner, these technologies were able to produce distrib-
uted effects. This strategy led to designs such asthe SMA Band Suit concept.

Material Technologies

Creating the ability for the suit to shrink around the wearer seemed to be the
most straight forward approach to achieving a MCP suit that would be easily
donable/doffable. To this end, technologies with the capability of actively
changing their strain properties were investigated. Past research suggests that
strains of two hundred percent or more might be needed to produce adequate
MCP, thus Shape Memory Alloys and “smart gels’ were investigated.

Shape Memory Alloys (SMA) are a group of metal aloys that exhibit differ-
ent sets of physical properties depending on their temperature. In the marten-
site phase, when the alloy is cool, it becomes soft and ductile and can be
easily deformed. If it is heated, it will transform to the austensite phase,
where it reverts to its original shape. SMAs are capable of generating large
forces it they encounter resistance in the martensitic transformation. SMAs
can be heated with an electrica current, they produce large repeatable
strokes, and they are proven to be biocompatible.

Polyelectrolyte gels are molecular networks within a solvent, usually water.
These gels have the ability to contract or swell, often greater than a factor of
100, under various stimuli such as change in temperature, electricity, or pH.
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The phase change occurs almost instantaneously and can be very sensitive to
the change. Polyacrylonitrile (PAN) and polyvinylalcohol (PVA) are two
common gels stimulated by pH and electricity, respectively. Currently, PAN
is being used to create artificial muscle through pH changes. The PAN fibers
can contract anywhere from one-half to one-tenth their origina length and
can support four kilograms per square centimeter. Development in this field
has led to several successful demonstrations of the feasibility of gel based
actuation including a multi-fingered hand (Karauchi, et. Al., 1991), artificia
fish (Kurauchi, et. Al., 1991) and artificial muscle (Brock, Lee, Segalman,
Witkowski, 1994; Shahinpoor and Mojarrad, 1994).

The design concepts that follow envision utilizing these technologies
together or aone.

2.2 Distributed Technologies
2.2.1 Electric Alloy Mesh Suit Concept
2.2.2 Thermal Gel Suit Concept
2.2.3 Electric Gel Suit Concept
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Electric Alloy Mesh Concept

Electric Alloy Mesh Suit (EAMS) uses a seamless
Shape Memory Alloy mesh to generate voltage
controlled mechanical counter-pressure. Pressure
is distributed by a viscous thermal regulating gel
layer. The gel layer moderates the high tempera-
ture of the SMA later and protects the body against
impacts the skin directly, wicking away perspiration
and absorbing body heat.

Technology: Shape Memory Alloys (SMA) are a
group of metal alloys that exhibit different sets of
physical properties depending on their tempera-
ture. In the martensite phase, when the alloy is
cool, it becomes soft and ductile and can be easily
deformed. If it is heated, it will transform to the aus-
tensite phase, where it reverts to its original shape.
SMAs are capable of generating large forces it
they encounter resistance in the martensitic trans-
formation. SMAs can be heated with an electrical
current, they produce large repeatable strokes,
and they are proven to be biocompatible.

Application: Counter-pressure must be applied to
the body to simulate the correct atmospheric pres-
sure. Small braces or clasps can line along the
seams of the organic or synthetic second skin
material. To seal the body and provide a uniform
distribution of pressure, the bands can be con-
stricted to draw the material together. SMA tech-
nology can be used create a constricting clasp.

Resources:

TiNi Alloy Company
1619 Neptune Drive
San Leandro, CA 94577
(510) 483-9676

Shape Memory Applications, Inc.
2380 Owen Street

Santa Clara, CA 95054

(408) 727-2221
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Therrnal Gel 5uit Loncept
Thermal Gel Suit (TGS) uses “smart” polymer gels
which expand at a threshold temperature to create
mechanical counter-pressure. The smart gel is
GEL PACKET BENEATH RESTRAINT LAYER trapped in a quilted layer beneath a stretchless
restraint layer. The suit is donned in a relatively
cool environment, with ambient temperature well
below the gel’'s threshold. Once on the astronaut,
the TGS can be heated momentarily above the
threshold temperature to stimulate expansion. The
restraint layer prevents outward expansion of the
gel, directing the pressure inwards against the
Quilted Smart Gel (glove not shown). body. The cold temperatures on Mars and In
Space, preserve the gel's expansion. Further
development of this concept should involve

o ABRASION PESISTANT actively controlling the volume of the restraint layer
B e TRANT LAYER to regulate and properly distribute mechanical
counter-pressure.

L THERVIAL LAYER Technology: Polyelectrolyte gels are molecular net-
\ N works within a solvent, usually water. These gels
have the ability to contract or swell, often greater
than a factor of 100, under various stimuli such as
change in temperature, electricity, or pH. The
phase change occurs almost instantaneously and
can be very sensitive to the change. Currently,
PAN is being used to create artificial muscle
through pH changes. N-isopropylacrylamide
(NIPA) has been used and been shown to contact
and dilate when stimulated with temperature.
Research has been conducted by Tanaka, 1978;
llavsky, 1982; Hirotsu 1987; and Matsuo 1988.

- PERSFIRATION AND TEMP. CONTROL

TGS Layers (not proportional).

Resources:
Lee, Wooijin “Polymer Gel Based Actuator: Application: One class of intelligent gels is hydro-
Dynamic model of gel for real time control” gels and they exhibit reversible expansion when
May, 1996. subjected to a temperature change. The tempera-
ture change would be provided by either body heat
GelSciences or atmospheric temperature. Stimulation through
213 Burlington Road body heat would require close monitoring whereas
Bedford, MA 01730 atmospheric temperature would never reach body
(617) 276-1700 temperature thereby avoiding the possibility of

reaching the phase change. The gel recovers very
rapidly and can be reused multiple times.
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Quilted Smart Gel (glove not shown).

o—— ABRASIONRESISTANT/STRETCHLESS LAYER
*—— CHARCED CONPUCTIVE LAYER

( ARM T SMART GEL PACKETS

'.\\ CHARGED CONDUCTIVE LAYER

’ PERSFIRATION AND TEMP. CONTROL

EGS Layers (not proportional).

Resources:

C J Whiting, A M Voice “Mechanical Properties of Polyelectrolyte Gels
under Electric
Field” http://irc.leeds.ac.uk/irc/events/poster99/cjw.html

David Brock

Artificial Intelligence Laboratory
Massachusetts Institute of Technology
NE43-835A

545 Technology Square

Cambridge, MA 02139
dib@ai.mit.edu

(617) 258-0234

Mo Shahinpoor

Department of Mechanical Engineering, University of New Mexico
Director of Artificial Muscle Research Institute (AMRI)

Director of Intelligent Materials, Structures and Systems Laboratory
shah@unm.edu

(505) 277-3966

GelSciences

213 Burlington Road
Bedford, MA 01730
(617) 276-1700

Sandia National Laboratories

Technical Contact: Walter Witkowski, Org. 9234
P.O. Box 5800

Albuquerque, NM 87185-0439

Electric el 5uit Loncept

Electric Gel Suit (EGS) uses “smart” polymer gels
which expand in an electric field to create mechan-
ical counter-pressure. The smart gel is trapped in a
quilted layer, between metallized fabric layers,
beneath a stretchless restraint layer. Opposite
charges applied to the metallized layers produces
a small electric field sufficient to stimulated the
expanding smart gel. The restraint layer prevents
outward expansion of the gel, directing the pres-
sure inwards against the body. Further develop-
ment of this concept should involve actively
controlling the volume of the restraint layer to regu-
late and properly distribute mechanical counter-
pressure.

Technology: Polyelectrolyte gels are molecular net-
works within a solvent, usually water. These gels
have the ability to contract or swell, often greater
than a factor of 100, under various stimuli such as
change in temperature, electricity, or pH. The
phase change occurs almost instantaneously and
can be very sensitive to the change. Polyacryloni-
trile (PAN) and polyvinylalcohol (PVA) are two com-
mon gels stimulated by pH and electricity,
respectively. Currently, PAN is being used to create
artificial muscle through pH changes. The PAN
fibers can contract to anywhere from one-half to
one-tenth their original length and can support four
kilograms per square centimeter. Development in
this field has led to several successful demonstra-
tions of the feasibility of gel based actuation includ-
ing a multi-fingered hand (Karauchi, et al., 1991),
artificial fish (Kurauchi, et. Al., 1991) and artificial
muscle (Brock, Lee, Segalman, Witkowski, 1994;
Shahinpoor and Mojarrad, 1994).

Application: The dielectric elastomer gels, also
known as electrostrictive polymers, are one class
of intelligent gels and exhibit reversible expansion
when subjected to an electric field. The electric cur-
rent would be provided by two conductive layers
with the gel inserted in between. The gel recovers
very rapidly and can be reused multiple times.
Advancements in battery technology may make
this a feasible option for the Bio-Suit.



2.3 Localized Technologies
2.3.1 Stretch Alloy Band Suit Concept
2.3.2 Electric Alloy Zipper Suit Concept
2.3.3 Electric Alloy Remote Zipper Suit Concept
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Stretch Alloy Band Suit Concept
The Stretch Alloy Band Suit (SABS) uses the super
elastic properties of SMAs in their austenitic phase
to allow the suit’s volume to expand enough for
donning. Charge is then applied to the SMA band
which pulls together the seam of the uni-directional
stretch fabric layer (SFL). As the UDSFL constricts
it applies a voltage regulated mechanical counter-
pressure. The UDSFL is able to stretch longitudi-
nally in order to allow flexion at the joints.

Technology: Shape Memory Alloys (SMA) are a
group of metal alloys that exhibit different sets of
SMABAND physical properties depending on their tempera-
ture. In the martensite phase, when the alloy is
cool, it becomes soft and ductile and can be easily
deformed. If it is heated, it will transform to the aus-
tensite phase, where it reverts to its original shape.
SMAs are capable of generating large forces it
they encounter resistance in the martensitic trans-
formation. SMAs can be heated with an electrical
current, they produce large repeatable strokes,
and they are proven to be biocompatible.

SMA Band Contracts Fabric
Application: Counter-pressure must be applied to
the body to simulate the correct atmospheric pres-
o ABRASION FESISTANT/STRETCHLESS LAYER sure. Small braces or clasps can line along the
seams of the organic or synthetic second skin

SMABAND material. To seal the body and provide a uniform
AV S v PROTECTIONAVAPOR BARFIER distribution of pressure, the bands can be con-
S~ PRESSURE DISTRBUTING LAYER stricted to draw the material together. SMA tech-

N _t}\PEWWWON A TEME CONTEOL nology can be used create a constricting clasp.

SABS Layers (not proportional). Resources:

TiNi Alloy Company
1619 Neptune Drive
San Leandro, CA 94577
(510) 483-9676

Shape Memory Applications, Inc.
2380 Owen Street

Santa Clara, CA 95054

(408) 727-2221
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SMA ASSISTED ZIPFPER

EAZS Concept (glove not shown).

o ABRASIONRESISTANT/STRETCHLESS LAYER

SMA ZIPPER
T UV PROTECTIONVAFOR BARFIER

ARM

-\t\\ PRESSURE DISTRIBUTING LAYER
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EAZS Layers (not proportional).

Electric Alloy Rernote Zipper 5uit Loncept
The Electric Alloy Zipper Suits (EAZS) uses shape
memory alloy strips to aid and control the applica-
tion of mechanical counter pressure while manu-
ally zipping together seams in the Uni-Directional
Stretch Fabric Layer (UDSFL). SMA strips perma-
nently connect the seams of the UDSFL, but relax
when voltage is not applied to allow the seam to
expand for suit donning. During the zipping opera-
tion, voltage to the SMA is controlled to provide the
correct mechanical counter-pressure.

Technology: Shape Memory Alloys (SMA) are a
group of metal alloys that exhibit different sets of
physical properties depending on their tempera-
ture. In the martensite phase, when the alloy is
cool, it becomes soft and ductile and can be easily
deformed. If it is heated, it will transform to the aus-
tensite phase, where it reverts to its original shape.
SMAs are capable of generating large forces it
they encounter resistance in the martensitic trans-
formation. SMAs can be heated with an electrical
current, they produce large repeatable strokes,
and they are proven to be biocompatible.

Application: Using SMA technology, an interlocking
mesh of SMA can be used to create a seam for
and constrict the mechanical counter-pressure
layer. The interlocking mesh resembles that of a
zipper. The mesh is interlocked manually as if it
were a zipper. The SMA is then stimulated by a
temperature change, possibly by a trip set off when
the seam is fully closed.

Resources:

TiNi Alloy Company
1619 Neptune Drive
San Leandro, CA 94577
(510) 483-9676

Shape Memory Applications, Inc.
2380 Owen Street

Santa Clara, CA 95054

(408) 727-2221
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CONTROL KNOB
SMA “ZPPER”

SMA Remote Zipper Concept (glove not shown).

o—— ABRASIONRESIST ANT/STRETCHLESS LAYER
SMAZIPPER
™ U PROTECTIONVAPOR BARRIER

o\’:\_\ PRESSURE DISTRIBUTING LAYER
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EARZS Layers (not proportional).

Electric Alloy Rernote Zipper 5uit Loncept
The Electric Alloy Remote Zipper Suit (EARZS)
uses the same principle as the EAZS concept, but
instead of being zipped manually, the UDSFL is
tightened all at once by digital controls at the shoul-
ders. This system assures uniformity of mechanical
counter-pressure and ease of operation. Because
it is digitally controlled, if necessary it is able to
automatically adjust mechanical counter-pressure
during EVA.

Technology: Shape Memory Alloys (SMA) are a
group of metal alloys that exhibit different sets of
physical properties depending on their tempera-
ture. In the martensite phase, when the alloy is
cool, it becomes soft and ductile and can be easily
deformed. If it is heated, it will transform to the aus-
tensite phase, where it reverts to its original shape.
SMAs are capable of generating large forces it
they encounter resistance in the martensitic trans-
formation. SMAs can be heated with an electrical
current, they produce large repeatable strokes,
and they are proven to be biocompatible.

Application: Using SMA technology, an interlocking
mesh of SMA can be used to create a seam for
and constrict the mechanical counter-pressure
layer. The interlocking mesh resembles that of a
zipper. The mesh is interlocked using a remote
device that stimulates the SMA with heat. The
seam is then formed.

Resources:

TiNi Alloy Company
1619 Neptune Drive
San Leandro, CA 94577
(510) 483-9676

Shape Memory Applications, Inc.
2380 Owen Street

Santa Clara, CA 95054

(408) 727-2221



NIAC Phase | Report

2.4 Additional Considerations

Beyond providing counterpressure to the skin there are many other issues facing
advanced suit development. These include, but are not limited to, thermal consider-
ations, atmosphere generation and maintenance, and radiation protection. The Bio-
Suit project focussed mainly on pressure generation at this level, but also developed
some thermal concepts illustrated in the following section. These concepts explore
overall strategies for maintaining a comfortable operating temperature for the astro-
naut, but do not explore their feasibility. They represent strategies produced while
brainstorming as opposed to technically evaluated concepts.

2.4.1 Thermal Concepts
24.1.1 Absorb Concept
24.1.2 Vent Concept
2.4.1.3 Transport Concept
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Thermal Control, Absorb Concept

The Absorb concept for thermal control collects perspiration in a removable
component within the suit. One version of the concept involves collecting per-
spiration in a highly absorptive fabric layer similar to long underwear. Another
concept involves collecting perspiration in desiccant packs at critical loca-
tions. These packs could then be removed and disposed of, or recharged for
future reuse. A vapor barrier layer above the absorption layer prevents con-
tamination of outer layers.

Technology: A semi-permeable membrane is a material that is selective in
what molecules pass through. Perspiration, consisting of water, salts, urea,
and skin oils, must be transported away from the skin surface to provide a
more comfortable environment. Organic biomaterials such as Integra Dermal
Regenerate Template or Advanced Tissue Sciences Dermagraft move mois-
ture away from the skin. By channeling the perspiration away from the skin,
the body can maintain homeostasis under an artificial atmosphere.

Application of Technology in Design: The semi-permeable layer is used to
draw the perspiration away from the skin. The waste is then obtained within a
layer of the suit. Collagen matrices are bioabsorbable and may have the
potential to wick away perspiration. Collagens, usually made of either animal
or human cells, are now also being produced with synthetic materials. This
capability will allow for ease of manufacturing in space. Since the layer is
organic, it can be thrown out and recycled.

Resources:

Advanced Tissue Sciences
10933 North Torrey Pines Rd.
La Jolla, CA 92037-1005
(619) 450-5730

Integra LifeSciences
105 Morgan Lane
Plainsboro, NJ 08536
(609) 275-0500

OsteoBiologics, Inc.
12500 Network, Suite 112
San Antonio, TX 78249
(210) 690-2131

TEI Biosciences Inc.
7 Elkins St.

Boston, MA 02127
(617) 268-1616
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Thermal Control, Vent Concept

The Vent-to-Atmosphere (VTA) concept controls perspiration by venting moisture
directly to the outside environment. A selective, semi-permeable organic layer
closest to the skin allows perspiration to pass through at a moderate rate. Subse-
quent layers of the suit, including the mechanical counter-pressure layer, are also
semi-permeable. The openings in the membranes are large enough to allow the
suit to breath, but small enough to prevent unwanted fluid loss. The selectivity of
the organic layer insures that only perspiration is taken away from the body.

Technology: Semi-permeable membrane is a material that is selective in what
molecules pass through. Perspiration, consisting of water, salts, urea, and skin
oils, must be transported away from the skin surface to provide a more comfort-
able environment. Synthetic materials such as Gore-Tex move moisture away
from the skin. By channeling the perspiration away from the skin, the body can
maintain homeostasis under an artificial atmosphere.

Application of Technology in Design: Through the use of semi-permeable materi-
als, perspiration can be directed out to the atmosphere. This eliminates any need
for collecting the waste products. However, all layers must be porous and semi-
permeable. Such a specification for all materials will severely limit the possibility
of materials. The semi-permeable layer(s) must be insulating and provide ade-
quate mechanical counter-pressure in a Mars atmosphere.

Resources:

Advanced Tissue Sciences
10933 North Torrey Pines Rd.
La Jolla, CA 92037-1005
(619) 450-5730

Integra LifeSciences
105 Morgan Lane
Plainsboro, NJ 08536
(609) 275-0500

OsteoBiologics, Inc.
12500 Network, Suite 112
San Antonio, TX 78249
(210) 690-2131

TEI Biosciences Inc.
7 Elkins St.
Boston, MA 02127
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. The Transport concept for thermal control uses a layer of tiny tubes to channel
} perspiration away from the body to a remote collection point. These tubes might
h be manufactured or perhaps organic such as the aquaporin network in plant
S E———— (e m— membranes. A partial vacuum at the collection end might move perspiration
i I,-' through the tubes, or perhaps work will be done by tiny piezoelectric pumps pow-
| ered by energy harvested from body motion. A semi-permeable layer beneath the
| transport layer will assure that only perspiration is removed from the skin surface.
\ A vapor barrier layer above the transport layer prevents contamination of outer
] layers.
| |
| || Technology: Water crosses cell membranes either by diffusion through the lipid
| | bilayer or through tiny water channels called aquaporins. Though researchers do
| | not yet have a clear understanding of the structural equivalent of these channels,
| .'I they are known to exist in several different types of tissues. Their potential or
| known functions vary depending on the tissue type and the stage of tissue devel-
J o opment. They help maintain fluid balance in the lenses of our eyes, they are used
for osmotic protection in red blood cells and they help reabsorb water in the col-
Trarapoe o Femohy Coilacian Gonomd lecting ducts of the kidneys.
Application of Technology in Design: With the current biotechnology, skin and
nerve regeneration has been achieved. The synthesis of more complicated tis-
sues and organs are in progress. By manipulating the genetic structure of the
aquaporins, it may be possible to generate a channeling system that can remove
perspiration, not just water, from the surface of the skin to central collection cham-
bers.
Resources:
Advanced Tissue Sciences
10933 North Torrey Pines Rd.
La Jolla, CA 92037-1005
(619) 450-5730
Integra LifeSciences
105 Morgan Lane
Plainsboro, NJ 08536
(609) 275-0500
OsteoBiologics, Inc.
12500 Network, Suite 112
San Antonio, TX 78249
E (210) 690-2131
w TEI Biosciences Inc.
s | 7 Elkins St.
* Boston, MA 02127

(617) 268-1616
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2.6

Limitations

Due to the long term projections of this report, and the rapid advancement of mate-
rial technologies, the Bio-Suit Phase | represented here does not include numerical
analysis of the concepts envisioned. This phase of the effort was approached as a
concept development exercise that would serve to free thoughts from the constraints
of tradition and currently actualized systems. Because of this, strategies to provide
the required skin pressure were investigated without modeling and analysis, which
will take place in the near future. This study encompassed many meetings with
developers of the technologies mentioned which allowed us to get a sense of the
state of the relative arts and their applicability to the needs of the Bio-Suit system.
This enabled us to gage whether or not such technologies could truly advance the
capabilities of space suits, or whether they might complicate issues. This feedback
permitted us to revise design concepts and pursue solutions to these high level
ISsues.

This effort was also limited by its focus on space suit pressure issues. In environ-
ments such as Mars or the Moon, radiation, temperature control, maintenance/repair,
and other life support features will clearly be a magjor concern. As these issues are
already being investigated by other researchers, it was decided that the Bio-Suit
project would focus on revolutionary pressure and mobility issues. As shown by pre-
vious research, the limited mobility of current suits originate from pressure issues,
thus in order to facilitate the type of activities required on future exploration class
missions this area must be greatly advanced or else be a limiting factor for explora-
tion possihilities.

Summary

The MCP and thermal concepts illustrated here represent a small glimpse of future
possibilities. The Bio-Suit design group feels that the technol ogies investigated have
the possibility of revolutionizing the way extra-terrestrial terrain is explored by
allowing the explorer a true sense of freedom. This freedom is realized from the
moment of donning and throughout the EVA by facilitating actions that were previ-
ously thought impossible in these extreme environments.

Each design concept was conceived to allow the explorer the same ease of donning
as we experience with clothes. Conceptually this is achieved by having a suit that
shrinks around the wearer once it is donned. In each concept, the wearer would dip
into the MCP garment as if it were a pair of long underwear. Once the wearer was
ready, the suit would slowly shrink to the point where adequate M CP was achieved.
Once properly “pressurized,” the suit would minimally restrict movement if at all.

Designs such as the EARZS allow tweaking of the suit tension at local points on the
body. These concepts would allow the wearer to “resize” their suit real-time, thus
facilitating maximum comfort. In addition, these concepts would accommodate
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changes of the body during the mission due to things such as muscle atrophy, weight
gain, or spinal elongation.

Future work will explore a proof of concept prototype and further investigation into
the applicability of each concept. Once numeric requirements can be determined,
such as percent strain and number of cycles, each technology can be critically
reevaluated. Thiswill lead to new design concepts as well as furthering the existing
concepts.



3.0 Revolutionary Visions: Fly-throughs and lIllustrations

3.1 Advanced Technologies
3.1.1 Electrospinlacing

312

Electrospinlacing involves charging and projecting tiny fibers of polymer.
Versions of this process can involve projecting directly onto the skin, or pro-
jecting elastic or semi permeable materials. The electrospinlacing hardware
can be consolidated into asmall unit, but the current limitation for any size
unit isthe rate at which material can be spun. For now, high volume can be
achieved with multiple jets. In the future, the airborne fibers may be acceler-
ated by an electrical field. It isimportant to note that electrospinlacing isa
solvent based system. Its practicality for space use might involve questions
about power consumption and necessity of dangerous chemicals. Asthisisa
nacient technology, however, we did not see this alimitation.

Melt blowing

Melt blowing is another projecting process which involves liquefying poly-
mer and blowing it onto surfaces. It does not produce fibrous material, but is
good for creating thin elastic layers. Both electrospinlacing and melt blow-
ing, but especialy the latter, have been used in limited applications, commer-
cialy.
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Electrospinlacing is a process where a multi-filament fiber of polymer is sprayed onto a grounded surface, which is achieved by
charging a suspended drop of polymer with tens of thousands of volts. At a characteristic voltage the droplet forms a Taylor cone, and
a fine jet of polymer releases from the surface in response to the tensile forces generated by interaction of an applied electric field
with the electrical charge carried by the jet. The projected polymer can be collected as a continuous web of fibers in a range of thick-
nesses. Application can be made directly to the skin as shown, or to advanced 3D forms from laser scans. Wearable computers,
smart gels and conductive materials could be embedded between polymer layers in future space suit applications. Electrostrictive gel
is used to create a seamless mechanical counter-pressure (MCP) layer. A simple hand-held spray device is used for self application.
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Melt blowing involves liquefying polymer and blowing it onto surfaces. It does not produce such fibrous material as electrospinlacing,
but is good for creating thin elastic layers. Both melt blowing and electrospinlacing processes, but especially melt blowing, have been
used in limited applications, commercially. Application can be made directly to the skin as shown above, or to advanced 3D forms
generated by laser scanning. Wearable computers, smart gels and conductive materials could be embedded between polymer lay-
ers. In the above illustration, melt blown gel is used to create a seamless MCP layer over the entire body. A shower-like spray device

is used for self application.



NIAC Phase | Report

3.1.3 Artificial Skin

Research in the area of artificial skin has progressed to the point where syn-
thetic and organic materials are being used to treat burn victims regularly.
Initially we envisioned that these materials could be customized to meet the
requirements of the Bio-Suit system, thereby truly actualizing the second
skin capability. Our research showed, however, that the artificial skin being
used today is used as a bandage more than a prosthetic skin. The artificial
skin acts as a barrier against infection while providing a structure within
which the new skin can grow. Thus, at this level of development, artificial
skin technologies serve more as a point of interest than a truly applicable
technol ogy.

Perhaps, in the future, however, the technology will advance to the point
where we could actually grow the Bio-Suit second-skin from organic mate-
rial. Another concept that presents itself is that of a supporting matrix that
skin can grow into. Just like other composite materials, this matrix would be
capable of restraining the skin when exposed to reduced pressure. In this
approach the human skin itself is augmented without needing a second layer.
This has many implications that were not explored, but provides an alternate
view of a space sulit.

3.2 Visudizations



T,
gl i
Fama Astronaut Bio-Suit for Exploration Class Missions NIALC

P Ow. Dieva J. Bewman MLAC Phase | Repon

These images depict an astronaut wearing a mechanical counter-pressure (MCP) suit outfitted for extreme Martian exploration (left)
and long-duration missions (right). A ‘skin suit’ layer is complemented with climbing gear, communications, biosensors, and wearable
computers for duty that requires high-slope traverses, repelling, and investigating craters (left). A modular design is shown (right) with
an umbilical for life support to replenish and recharge oxygen canisters to increase EVA duration and lighten the load on the crew-
member. This little red wagon scenario offers some advantages over conventional backpack portable life support systems, such as,

increased mobility, dexterity, and comfort for exploration. Wearable computers, smart gels and conductive materials could be embed-
ded in the second skin bio-suit design.

MASSACHUSET
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A vision of a future Mars colony situated on a crater rim. Depicted components of the colony include a nuclear power station, a crator
rim laboratory outpost, a wind power generation station, and a crator floor laboratory outpost. In a colony such as this, EVA is as com-
mon as stepping outside to go for a walk, or to check on the status of hardware. It is in an environment such as this that the Bio-Suit
concept enables the user complete integration with her environment. As is depicted in other visualizations, the Bio-Suit allows colo-
nizers the ability to scale the windmills for maintenance and repair, finalize and agreement with a hand shake, and work as a team to
install the latest piece of station hardware. By facilitating such personal interactions during EVA, the Bio-Suit enables revolutions in
the current exploration paradigm.
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An astronaut on Mars donning the comfortable elastic bio-suit layer (1). The hard torso shell (4) is donned next and seals with cou-
plings at the hips and shoulders. The hard backpack, or portable life support system, (5) atttaches mechanically to the hard torso
shell, and provides gas counter pressure. Gas pressure flows freely into the helmet (2) and down tubes on the elastic bio-suit layer to
the gloves and boots (3). The bio-suit layer is lightweight and easy to don and doff. It is custom fitted to each astronaut using a laser
scanning/electrospinlacing process (Natick Soldier Center). Remaining suit elements are simple, functional, interchangeable and
easy to maintain and repair.
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In this version, the Bio-Suit concept is shown with integrated hard torso and mid-section, wearable computers, muscle augmentation
and a high visibility helmet. Ball joints, protected beneath a soft dust proof shell, allow a safe and flexible transition from mechanical
counter-pressure (MCP) sleeves to the hard upper torso. Extremely abrasion and temperature resistant Kevlar/Zylon skin-suit sec-
tions protect the knees and elbows. Smart fabric sections at the calves and forearms actively suppliment counter-pressure to reduce
muscle fatigue. Elbows and knees have soft gel polymer bands that comfortably augment articulation. The MCP layer is concealed
beneath the white, UV protective stretchy dust proof layer. Hands and feet also receive MCP, covered by lightweight protective boots
and gloves. The entire outermost dust proof layer is lightweight and washable. Suits are colored for easy astronaut identification.
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A vision of a drilling for core samples on the floor of a Martian crator. In situations such as this, the Bio-Suit allows for unimpeded
interaction with drilling equipment and fellow researchers. Due to the increased dexterity of the researcher, made possible by the Bio-
Suit design, testing equipment can be as small and manageable as we expect on Earth. No longer are oversized components
required to facilitate the bulk and limited mobility of space suits. In this vision, equipment is sized comparable to Earth bound equip-
ment because the Bio-Suit is no more cumbersome than the average set of clothes.
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A vision of teamwork taking place within the Martian colony. While moving precision instruments, individuals need to be able to com-
municate easily between each other and react quickly to changing situations. Because activities such as this become a standard
occurrence time cannot be spared to plan procedures around cumbersome equipment. The Bio-Suit is designed to facilitate work in
much the same way as we work here on Earth allowing tasks such as this to become “pick-up” activities requiring little to no pre-plan-
ing or task simulation.
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Maintenance of a windmill within the Martian colony. Harvesting power from the Martian environment will be key to the success of
Martian outposts such as this. In this vision we imagine windmills as one component of the power generation hardware. Here an indi-
vidual scales a windmill for regular maintenance tasks. Activities such as this push conventional space suit design to the limit, but this
task feels natural while wearing the Bio-Suit. This is because of its low bulk and MCP technologies which facilitate full range of motion
as well as tactile feedback from the environment. Also, integrated into the Bio-Suit are components that allow attachment of such
safety devices such as the Martian prussic (shown) or other scaling/repelling equipment. This facilitates the large range of activities
required of the explorers on the surface of Mars.
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A vision of a personal interaction on the rim of a Martian crator made possible by the Bio-Suit. In order to promote the type of
research required of a Martian colony, personal interactions must be facilitated. Here we see two researchers finalizing an agreement
in much the same way we would on Earth. Due to the low profile of the Bio-Suit and the increased mobility and tactile sense, interac-
tions such as a handshake become possible and pleasurable. This demonstrates how the physical design of a space suit can directly
impact he daily experiences of the wearer on a utilitarian, psychological, and emotional level, thereby promoting overall heath and
happyness. Clearly on a long term mission these issues will be paramount.




4.0 Space Systems Flexibility

Another aspect of the Bio-Suit design effort included an investigation into systems life-
time design and flexibility. This was especially appropriate due to the long-term view of
the NIAC mission. When contemplating future space missions 10 to 40 years hence issues
of technology obsolescence must be addressed. Similarly, once designs become opera-
tional, we envision an evolving system capable of adapting to accommodate future
demands/requirementsin atimely and cost-effective manner.

4.1 Systems Lifetime Design [32]

What drives a product’s design lifetime? How do designers, managers, and/or cus-
tomers decide on a system’s lifetime requirement, and what is the rationale for spec-
ifying this requirement? Questions regarding the design lifetime requirement of
complex engineering systems can be grouped into three categories.

1.What limits the design lifetime? How far can designers push the system’s design
lifetime? What is the lifetime “boundary” and why can’t it be extended?

2. How do the different subsystems scale with the design lifetime requirement, and
what isthe total system cost profile as afunction of this requirement?

3. What does (or should) the customer ask the contractor to provide for adesign life-
time, and why?

According to Wertz and Larson (1999), the design lifetime requirement, in the case
of satellite systems, is “assigned rather arbitrarily” with an understanding of the
technical limitations and an intuition regarding the economical impacts associated
with designing for longer lifetimes. But what are the economic impacts associated
with a system’s design lifetime? Can we formally capture them and quantify them?
Isthere an optimal design lifetime for a satellite that maximizes some economic met-
ric? What characteristics of the system’s environment, if any, should be taken into
account, in order to select an optimal design lifetime? These are some of the ques-
tions that were addressed as part of the Bio-Suit effort. The purpose wasto provide a
formal process for specifying space system design lifetime.

Through the use of mathematical models and an understanding of systemsdesign, an
augmented perspective on system architecture was proposed that compliments the
traditional views on system architecture. This investigation proposed a view of sys-
tems architecture in terms of the flow of service (or utility) that the system would
provide over its design lifetime. It suggested that lifetime is a fundamental compo-
nent of system architecture although one cannot see or touch it. A framework was
then developed that identified optimal design lifetimes for complex systemsin gen-
eral, and space systemsin particular, based on this augmented perspective of system
architecture. It was found that an optimal design lifetime for space systems exists,
and that it changes substantially with the expected Time to Obsolescence of the sys-
tem. The analysisproved that it is essential for a system architect to match the design
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lifetime with the dynamical characteristics of the environment the system is/will be
operating in. It also showed that as the uncertainty in the dynamical characteristics
of the environment the system is operating in increases, the value of having the
option to upgrade, modify, or extend the lifetime of a system at alater point in time
increases depending on how events unfold.

Four major results were obtained relating to system lifetime design. These results
were demonstrated through mathematical models illustrated graphically. The results
and their respective implications are summarized in the table below.

Results Implications

An optimal design lifetime exists.
Even if it istechnically feasible to design a space-
craft for alonger lifetime, it is not necessarily in the
best interest of a customer to do so.

The optimal design lifetime increases as the

expected revenues per day increase. The more a customer expects to generate revenues
from a system, the longer he or she would want the
system to remain operational .

A minimum design lifetime exists for the system to

become profitable, and it decreases asthe expected A minimum revenue per day must be guaranteed for

revenues per day decrease. the system to be profitable. In order to decrease the
minimum design lifetime for the system to be profit-
able, and consequently the time to break even, more
revenues per day must be sought.

An optimal design lifetime can exist for which the

system is not profitable. Even if asystem isfielded with the knowledge that
it will not be profitable, it still can be designed for a
period of time such that the losses are minimized (as
opposed to maximizing its profits).

411 Flexibility in Systems Design [31, 33, 34]

In addition to exploring the design of system lifetime, flexibility was investi-
gated as a means of extending system lifetime in environments of rapid
change. Flexibility was defined as the ability of a system to respond to
changesin itsinitial objectives and requirements, occurring after the system
has be fielded, in a timely and cost-effective manner. The concept behind
basing space system designs on flexibility is to achieve truly evolvable hard-



ware and software systems. In the case of future terrestrial exploration,
uncertainty, and therefore change, will be an inevitable occurrence, therefore
requiring system flexibility. Similarly, due to the long development times and
mission durations involved, these missions will have to maintain the ability
to keep up with the fast pace of technology turnover. If an outpost is set up on
Mars, for example, the systems cannot be outdated upon launch, landing, or
even within the first decade of operations. Therefore, systems flexibility is a
design component that must be addressed. We argue that flexibility reduces a
design’s exposure to uncertainty, and provides a solution for mitigating mar-
ket risk aswell asrisk associated with technology obsolescence.

Extending a system’s design lifetime has several side effects: Fielded sys-
tems with long design lifetimes can become obsolete, technically and com-
mercially, before the end of their mission. In many cases, such as projected
exploration class missions, the initial circumstances from which the original
system requirements were derived change or are modified during the sys-
tem’s operationa lifetime. In these high-value assets, it is desirable to have
systems that are flexible and can adapt to new or emergent missions and
roles, instead of fielding new ones.

Flexibility is thus a key property that should be embedded in high-value
assets, particularly as they are being designed for increasingly longer design
lifetime. But how can one design for flexibility? What are the design prac-
tices for embedding flexibility in design? What are the trade-offs associated
with designing for flexibility (value of flexibility, cost penalty, performance
penalty, etc.)?

Flexibility has become in recent years a key concept in many fields, particu-
larly in most design endeavors. Indeed, for amultitude of disciplines, such as
urban planning [26], architecture [14], finance [4], manufacturing [29], soft-
ware design [16] and others, flexibility is hailed as critical. However, few
attempts have been made to formally and unambiguously define it. Intu-
itively, flexibility is understood as the ability to respond to change. Although
essential, this feature nevertheless fails to distinguish it from other properties
such as robustness. Furthermore, the literature on design is replete with terms
related to a system'’s ability to handle change, such as adaptability, change-
ability, agility, elasticity, etc. But when one seeks to grasp their concrete con-
tent, such terms often fail. So what are the characteristic features of
flexibility? How can one formally define it and quantify it?
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Figure 4.1. Simple model relating asystem’s (living or inert) life span and its flexibility, which will loosely be
defined for the time being as the ability of a system to handle changes.

Current research that has addressed the issue of achieving flexibility in the
multidisciplinary design [6, 7, 20] have dealt with different ways of specify-
ing requirements and handling their dynamics or changes occurring prior to
Tops: Thisisthe time period with which “flexibility in the design process’ is
concerned. Process flexibility include activities, methods and tools devised
to mitigate the risks—cost, schedule, and performance—resulting from
requirement changes occurring before fielding a system.

This is not the focus of this work. We were mainly concerned with changes
occurring after Tops. But what are these changes about™? Changes can occur in
the system’s environment (political, cultural, organizational, physical, etc.),
in the system itself (e.g., wear and tear), or in its requirements—capabilities
and attributes—resulting from changing customer needs.

A corollary of our definition of flexibility is that a flexible system can be
modified in a timely and cost-effective way in order to satisfy different
requirements at different points in time. These requirements, or requirement
changes, as well as the time of occurrences of these changes, can be known
or unknown a priori.

As stated previoudly, the distinction between the two concepts, robustness
and flexibility, is a subject rich with ambiguity. Any attempt to define flexi-
bility should address this issue. Flexibility, as defined herein, implies the
ability of a design to satisfy changing requirements after the system has



been fielded, whereas robustness involves satisfying a fixed set of require-
ments despite changes in the system’s environment or within the system
itself. The relation between flexibility and robustness of a design as a func-
tion of the system’s objectives and environment is graphically illustrated in
Figure 4.2.
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Figure 4.2. Flexibility and Robustness as a function of the system’s objectives and environment.

Flexibility

Figure 4.3. The Trilogy: Time, Uncertainty, and Flexibility. Systems that have alonger life span are the ones that are

capable of coping with uncertainty and changes in their environment (analyst’s perspective). Conversely, if a system

isto be designed for an extended design lifetime, the ability to cope with uncertainty and changes has to be embedded
in the system (designer’s perspective).
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The study on system flexibility lead to an exploration of many case studies
and how they relate to flexibility. This report captures the first phase of this
investigation: answering the question, “Why or when isflexibility needed in
system design?’ Clearly athorough investigation into flexibility must answer
this question aswell as others, including: How can one design for flexibility?
and What are the trade-offs associated with designing for flexibility? These
are topicsthat are part of an ongoing investigation.



5.0 Summary

51 Review

5.1.1 Brainstorming and concept development/visualization were used to explore
the possibilities of truly advanced space suit concepts.

The Bio-Suit design effort encompassed a range of investigations including
future space suit concepts and system lifetime/flexibility issues. These inves-
tigations lead to the development of several future suit concepts as well as a
forma means of determining optimal systems lifetime. In order to accom-
plish this many technologies were investigated and many connections were
made in industry and acedemia. In addition, many visualization techniques
were used in order to convey the concepts developed and their future require-
ments.

In the first section of this report we evaluated the past and current state of
gpace suit development. This included an analysis of current space suit
mobility as well as past efforts to achieve mechanical counterpressure suits.
This effort demonstrated the potential inherent in MCP as well as its chal-
lenges.

The second section of the report explored technologies that could enable the
realization of MCP suits. Central to this endeavor was the notion of easily
donable/doffable space suits. These concepts were communicated in a num-
ber of illustrations as well as textual descriptions of the technologies and
their applications.

In the Visions section, far term possibilities were explored conceptually such
as Martian settlements and advanced technologies such as electrospinlacing.
These provided a storyline that was capable of guiding our design process.

Finally, space system lifetime and flexibility were addressed as key parame-
ters in exploration class mission design. Analytical models were devel oped
to determine optimal system design lifetime aswell as evaluate the flexibility
of systems.

5.2 Future Work

Although this report represents the end of the NIAC Phase | funding period, work on
these concepts continues. Now that some key technologies have been investigated
and their application has been envisioned, it is clear that a more thorough analysis
must take place. This, along with conceptual analysis and prototyping are proposed
future work.

5.2.1 Suiting for Transgression
5.2.1.1 Revisiting the motivations and potentials in space exploration
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As stated in the proposal and this Phase | final report, “the proposed Bio-Suit
System could revolutionize human space exploration.” In order to truly revo-
lutionize and not just advance space exploration, however, the motivations
and potentials within the action must be re-examined. We must ook at our
political, philosophical, and spiritual goals and design to achieve these. Why
do we see these activities asimportant? How do they impact culture and soci-
ety? What istheir meaning on adaily basis? How can answers to these and
other questions inform and shape our designs? Thiswill be a central compo-
nent of future research.

5.2.1.2 Cyborgology

Aswe answer these questions and investigate new technologies and strate-
gies, such asthat of a“ second-skin,” science fiction notions start to immerge.
One of these notions, that of the cyborg, has been with us since the beginning
of the space age and has become an area of serious anthropological research,
known as cyborgol ogy.

In 1960, Clynes and Kline developed notions of actively pushing evolution
to the point where humans could inhabit extreme environments without aid.
They made the analogy of afish walking on dry land and noted that it would
be foolish for the fish to carry asmall bubble of water onto land. Instead they
suggested the fish should evolve to a point where it could comfortably walk
on land without needing a bubble of water. Criticizing attempts at space suit
design they stated that “artificial atmospheres encapsulated in some sort of
enclosure consgtitute only temporizing, and dangerous temporizing at that,
since we place ourselvesin the same position as afish taking asmall quantity
of water along with him to live on land. The bubble al to easily bursts.”[9]

Asasolution, the notion of “cyborg” was introduced. “The cyborg deliber-
ately incorporates exogenous components extending the self-regulatory con-
trol function of the organism in order to adapt to new environments.” These
components can be internal or external such as a membrane that augments
the skins capabilities. Clearly the notion of a second skin or a Bio-Suit start
to approach these notions.

If space exploration is going to transgress existing possibilities via the Bio-
Suit effort, anthropol ogical issues must be investigated and addressed
through the design of such a system. We must re-evaluate the roll of the
astronaut as an explorer and as a representative of our species on earth. We
must carefully design the physical, psychological, and cultural environment
that future explorersinhabit during these explorations and truly understand
what we are trying to gain from the experience. Currently the priorities of
NASA state spiritual goals (inspiration, etc.) as atersiary concern. Can or
should this be the case if we decide to spend the money necessary to explore
far away places such as Mars?



5.2.2

5.2.3

Prototyping.

In addition to exploring some of the philosophy behind space exploration and
the Bio-Suit effort, further technology development will take place. As noted
throughout this report, central to the success of MCP as adesign strategy is
the reduction of don/doff time of past MCP efforts. Thiswill be pursued by
prototyping an MCP suit for a section of a human leg.

In order to incrementally gain the experience necessary to prototype afull
MCP suit, we will first investigate the knee region of a human leg. This
region provides several types of learning opportunities. First there are the
trunk sections of this region which provide both regular sections, which are
almost circular like the thigh, and irregular sections, such asthe calf, with the
sharp curves of the shin. Second, this area contains a simple one degree of
freedom joint that imposes challenges of its own, such as the concavities that
develop upon flexing of the local muscles. In addition, the sizing challenges
are present dueto the narrow regions, such asthe ankle, that lie beyond wider
regions, such as the heel, during the donning process.

In order to build up to this large degree of complexity, work will begin with
simple, regular, extruded sections, such as a cylinder, and attempt to produce
even mechanical counterpressure. Once thisis achieved with easy don/doff
characteristics, such as shrinking, more complicated sections can be
attempted, until finally the demands of athree dimensional, true human leg
can be met.

Oncethislevel of development has been reached, facilities such asthe
NASA Robot Space Suit Tester (RSST), affectionately known as M.
Tallchief, currently on loan to MIT can be used to evaluate the prototype
against a bare human leg and the capabilities of current, pressurized, space
suits. Both human and robotic testing will allow subjective and analytical
torque measurements to be taken so that afull evaluation of the prototype can
be performed.

Continued Effort in Wearable Computing [5]

In addition to pursuing the MCP aspects of the Bio-Suit system, wearable
computing will also beinvestigated. Research is currently in place to develop
a wearable computing system for EVA astronauts at the International Space
Station (1SS). Thiswill serve as atesting ground for future wearable comput-
ing concepts and implementation methods.

Requirements suggest that a suit-internal wearable computer system would
be potentially more advantageous than a suit-external wearable computer
system because of display positioning issues, the challenges of connections
across the suit-pressure barrier, the less stringent environmental extremes
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within the suit, and the flexibility for an suit-internal design to evolve into a
dual use EVA/IVA design at some point in the future. A suit-internal design
does suffer from a lack of access during EVA: safety is the primary concern
here that will need to be addressed as the design evolves. Admittedly, a suit-
internal wireless system might require multiple antennas (because of poten-
tial blockage), and would increase astronaut non-ionizing radiation exposure
and complicate donning and doffing procedures.
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Figure 4. A possible wearable computing prototype.

Figure 4 illustrates one possible prototype system under consideration that
would utilize a suit-internal wearable computer system with a suit-external
wireless access point and helmet mounted video camera and encoder. A low
power CPU core and batteries would be packaged in a body conformal form
factor (potentially in the abdominal area or in the small of the back). Poten-
tially, something not too dissmilar from StrongARM ™ technology found in
recent commercial products could be used. A near-eye display could be inte-
grated into a standard pair of EVA glasses: this might be not unlike the cur-
rent VGA-resolution embedded-glasses display prototypes produced by
MicroOptical Corporation. Cabling could be routed through the LCVG so
that it would not interfere with existing donning and doffing procedures. The
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audio and display cabling might also be physically integrated with the Com-
mCap (CCA) cabling to simplify donning and doffing procedures.

The research project to develop this system is ongoing. While a preliminary
concept for a prototype system has been developed, we are still in the process
of trying to understand how our proposed wearable computer system can best
support astronaut safety and performance during EVA. Over the next couple
of months we will further refine our wearable computer system prototype
design, with significant input from astronauts and other stakeholders. Over
the next year we seek to deploy a prototype system for test and evaluation.

5.2.3.1 Design Recommendations. Wearable Computing

We propose that an initial wearable computer prototype for the EMU should
be an information delivery system, requiring minimal input or control by the
EVA astronaut, and allowing information to be delivered remotely by an
intravehicular activity (IVA) crewmember, or by the MCC. This approach
offers significant benefits to EVA astronauts while minimizing any opera-
tional impacts of the system in terms of time and complexity. Incremental
addition of capabilities could then be pursued commensurate with training
and experience. Furthermore, the wearable computer system would function
as an element for mission enhancement: not required for any EVA tasks, but
used to support well-defined tasks at varying levels of complexity. It would
serve to augment existing systems, not to replace them.

Carr et. a’s design approach relies heavily on near-term operational simplic-
ity. Thisis consistent with the recommendations of Connerset a. [9] for
future EVA system devel opment based on interviews with the lunar surface
astronauts. The astronauts recommended that future information displays
should be simple and relevant to the current task, and desired safety related
status information on acall-up basis. They were also supportive of visual dis-
plays for supporting operational tasks, and felt that both visual and aural
communication links would be valuable.

Assisted Locomotion

In addition to the work described in this Phase | report, another pertinent
research effort ongoing by the investigators includes development of human
augmentation systems. Currently, a system is being developed that will aug-
ment the human ankle by means of a prosthetic shoe. This shoe is actuated
about the major flexion/extension axis and is being developed for biomedical
purposes with future space systems as a future application. Plans include
extending this prosthetic’s capabilities and addressing other joints incremen-
tally.
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The Bio-Suit project critically re-examines future space exploration through revolution-
ary, advanced space suit technology. Thisis accomplished by designing to augment the
biological skin of the astronaut, thereby enhancing mobility, comfort, and symbiotic
integration between space suit and wearer. Technologies investigated included shape
memory alloys, ‘smart’ polymer gels, electrospinlacing, and melt blowing, all of which
are currently actualized in laboratory settings or in commercia applications. These
provided the means to build on past explorations of Mechanical Counter Pressure
(MCP). MCP design concepts were framed by the focus on achieving the same ease of
donning/doffing that we experience with clothes. This provides a means to remove
physical, temporal, and psychological barriers to EVA activities and unlocks the true
potentials of working within an extraterrestrial environment. Electrospinlacing and melt
blowing further this push by providing the means to actualize ‘ science-fiction’ notions
of spraying on a space suit and embedding wearable computing devices within seamless
layers. In all of these concepts, the life support system is assumed to be a bubble helmet
with an advanced portable life support system backpack. Additional investigation
includes, research into wearable computing, which holds the potential to augment an
astronaut’s communication and mental abilities; assisted locomotion, which provides a
means to enhance her musculoskeletal capabilities; and space systems flexibility, pro-
viding a means to augment the capabilities of the suit, hab, and other systems. In order
to communicate our visions, illustrations are provided which follow a storyline that
shapes the design effort. Asthiswork carries forward, the Bio-Suit project will re-con-
textualize future exploration endeavors thereby laying the groundwork for a revolution
in the exploration paradigm.
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Abstract

Preliminary considerations for a wearable computer
system for astronauts on International Space Station (ISS)
during extravehicular activity (EVA) are discussed. The
proposed system acts as a client on a wireless network
external to the ISS, and provides text, graphics, audio,
and video to astronauts using a near-eye display. Primary
design considerations include astronaut safety, comfort,
ease of use, operational simplicity, and cost.
Requirements are highlighted for electrical design, in-suit
thermal issues, the space environment, and EVA displays
and controls. A suit-internal wearable computer system
prototype is proposed. Suit-external components include
a camera, video processor, and wireless access point,
which provides access for both the suit-internal wearable
and other potential wireless EVA tools. Future plans
include development and testing of the prototype system.

1. Introduction

Wearable computing has the potential to enhance
astronaut safety and performance by providing new or
redundant support mechanisms for astronauts during
extravehicular activity (EVA). Current predictions from
the National Aeronautics and Space Administration
(NASA) EVA Project Office estimate 168 days devoted to
EVA for assembly and maintenance during the
construction of the International Space Station (ISS)
Wearable computing technologies are ideally suited for
use during EVA because EVAs generally consist of well
defined, tightly scripted tasks. Even in off-nominal
situations, many tasks may be carefully scripted or follow
contingency procedures. The requirements for a wearable
computing system for EVA are constrained and bounded
by a well-defined set of existing operational and
engineering requirements.

The authors are currently engaged in a research project
with the goal of developing a wearable computer
prototype for use initially with the NASA space suit (the
Extravehicular Mobility Unit, or EMU) and potentially
the Russian Space Agency (RSA) space suit (the ORLAN
suit). The system would provide text, graphics, audio, and
video to an astronaut via a near-eye display while acting

as a client on a wireless network external to the ISS.
illustrates conceptual opportunities for visual
information delivery during EVA as an astronaut might
see them on a near-eye display.

Task 4 Step 12

Translate to module
Locate rear access
panel (blue)

Use tool B-7 wrench
to open each one
of the 5 bolts.

stow bolts in pouch
Replace Power

Supply in next step
Go to Step 13

[Time on EVA: 03:25:21 Supply Status: Good 4:41:04 Remaining
'You are on Task 4 Step 12 There are 3 Tasks Remaining

At this rate you are ahead of the timeline by 15 minutes
Biomed Sensors are Good Space Environment Sensors are Good

[Time on EVA: 03:25:21 Supply Status: Good 4:41:04 Remaining
[You are on Task 4 Step 12 There are 3 Tasks Remaining

|AT this rate you are ahead of the timeline by 15 minutes

Biomed Sensors are Good Space Environment Sensors are Good

Figure 1 — Visual Information Delivery during EVA

The displayed information (along with audio
capability) might be used to guide astronauts through a
series of detailed procedures or provide timing, status, and
safety information. Video-over-IP and voice-over-IP
services could enable real-time videoconferencing
between EVA astronauts and other crewmembers, or
between astronauts and the Mission Control Center
(MCC). Updated procedures, schematics, or images could



be "uploaded" to the wearable computer and/or displayed
on the heads-up display upon request.

This paper highlights important considerations in the
development of a wearable computer system for use with
the EMU.

2. Background

2.1 Types of EVAs

EVAs can be grossly characterized as planned,
unplanned, or contingency (unexpected, but may be
required for crew safety). For ISS EVA operations, there
are planned and contingency EVAs [5]. Different flight
rules apply for each type of EVA. EVA tasks or
components can be characterized by their criticality, such
as whether the accomplishment of a specific task would be
safety critical, a requirement for mission success, or a
mission enhancement. EVAs vary considerably in
complexity: some EVAs require only a standard set of
tools and skills, while other EVAs require specialized
tools specific to a given task or mission. Finally, very
complex EVAs may require both specialized tools and a
"significant  extension of capabilities" including
challenging "access (or restraint) problems, or require
extended duration or unrestrained translation such as with
a propulsion maneuvering unit."@

2.2 Origins of the EMU and ORLAN suits

The EMU design has its roots in the space suits of the
Apollo program, when an integrated portable life support
system (PLSS) was developed to enhance mobility for
surface exploration. Previous designs, used during the
Gemini program, had provided life support function using
a life-support tether. Development of the current-day
EMU started in 1973, and it was first used on orbit in
1983. Evolutionary improvements have resulted in the suit
that is currently used. The Russian ORLAN suit has
evolved from the Salyut-Soyuz program, and has an
integrated portable life support system.

2.3 Space Suits as Wearable Computers

In a sense, the EMU and ORLAN suits already meet
one definition of a wearable compute They are
portable while operational, capable of hands-free use, able
to sense characteristics of the environment (at least the
internal environment), are always on (during EVAs), and
augment human capabilities.

The display and control module (DCM) of the EMU
provides an alphanumeric display of life support status
and allows the astronaut to control features of the life
support system.
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A suit-external independent electronic cuff checklist,
developed to serve as a limited mechanism for astronauts
to reference procedures or contingency procedures, was
flown as a space flight experiment. Despite the success of
this project, a wrist mounted paper checklists still serves
as the primary written procedural reference during EVA.

2.4 Limitations of Extravehicular Activity

Major limitations during EVA include the need to cope
with sensory degradation, the limited duration of EVAs,
limited mobility, dexterity, force application, and
endurance of suited astronauts, operations time and
resource overhead requirements, working volume and
access limitations, and hazards to crewmembers @

A system capable of mitigating some of these
limitations might therefore (1) sense characteristics of the
external ~ environment and  communicate  those
characteristics to the astronaut; (2) extend or augment the
senses or capabilities of the astronaut; (3) enhance the
efficiency with which tasks can be carried out, and (4)
minimize any negative impacts on operations time and
resource overhead.

The existing systems provide only limited capabilities
of information transfer to or from an astronaut during
EVA. The primary method of information transfer during
EVA has been two-way voice communication over UHF.
Life support parameters from the EMU are also sent over
the UHF communication system to the Shuttle or ISS and
from there via downlink to the MCC. An EMU TV
camera has also been used to provide video coverage of
EMU worksites. Figure 2]illustrates one of the limitations
of the existing communications system:

Radio 2 Radio 3

0

Blockage

O

Radio 1

Figure 2 - Blockage scenario (redrawn from
Extravehicular Activities Space-To-Space
Communication System Training Workbook, p. 2-6)

Because of blockage, Radios 1 and 3 are unable to
communicate with each other, although each can
communicate with Radio 2. Radios 1 and 3 can have
audio contact with each other only indirectly: the user of
Radio 2 must relay audio messages.



Augmenting the existing time division multiple access
(TDMA) UHF system with a wireless network would
greatly enhance the ability to deliver information to
astronauts during EVA. This information might be in the
form of text, graphics, audio, or video and could provide
up to date procedures or enable real-time bi-directional
videoconferencing. Making wireless access points
available at a number of points external to the ISS could
eliminate the blockage scenarios possible in the current
system by bridging external wireless LANs using the
internal ISS network.

3. Design Considerations

3.1 Design Approach

We propose that an initial wearable computer
prototype for the EMU should be an information delivery
system, requiring minimal input or control by the EVA
astronaut, and allowing information to be delivered
remotely by an intravehicular activity (IVA) crewmember,
or by the MCC. This approach offers significant benefits
to EVA astronauts while minimizing any operational
impacts of the system in terms of time and complexity.
Incremental addition of capabilities could then be pursued
commensurate with training and experience. Furthermore,
the wearable computer system would function as an
element for mission enhancement: not required for any
EVA tasks, but used to support well-defined tasks at
varying levels of complexity. It would serve to augment
existing systems, not to replace them.

Our design approach relies heavily on near-term
operational simplicity. This is consistent with the
recommendations of Conners et al. for future EVA
system development based on interviews with the lunar
surface astronauts. The astronauts recommended that
future information displays should be simple and relevant
to the current task, and desired safety related status
information on a call-up basis. They were also supportive
of visual displays for supporting operational tasks, and felt
that both visual and aural communication links would be
valuable.

3.2 Design Goals and Challenges

Maintaining and promoting safety is the primary EVA
wearable computer system priority: First do no harm.
Second, it is critical that the system is both comfortable
and easy to use. Third, the system should have minimal
negative impact on existing operational processes. Fourth,
the system should be based on existing technologies and
should require minimal modifications to existing flight
hardware.
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3.2.1 Safety

For components inside the suit, safety considerations
include operation of electronics in a 100% oxygen
atmosphere, out-gassing off-gassing issues, thermal
restrictions, and the severe space constraints imposed by
the close-fitting hard upper torso of the suit. Components
outside the suit may have fewer environmental constraints,
but must withstand the harsh environment of extreme
temperatures and vacuum, and, to a much lesser degree,
exposure to elemental oxygen, plasma, and
micrometeoroids. Safety considerations will be addressed
further in the technical requirements section.

3.2.2 Comfort and Ease of Use

Achieving comfort and ease of use requires an
innovative user interface (both displays and controls) and
form factor. For an in-suit wearable, comfort dictates that
the computer be body-conformable and maintains a
comfortable surface temperature. Ease of use
requirements imply that the user should interact with the
computer in a way that is natural to the EVA environment
and requires little mobility on the part of the astronaut.
Voice control is one option, but is an unlikely candidate
because of the potential for interference with existing
audio communications, especially given the central role
that these communications have played throughout the
history of EVA. A solution that requires no movement on
the part of an astronaut, and only indirectly may involve
audio communication, is remote control of information
delivery to the EVA astronaut by IVA crewmembers or
the MCC. IVA crewmembers and MCC flight controllers
follow EVA progress very closely, and could direct
specific information to an EVA astronaut either by
prearranged understanding or at the request of the EVA
astronaut.

Locating and positioning a visual display is also a
significant challenge. There are many objects inside the
suit near the eyes and face including the communications
carrier assembly (CCA, or CommCap, which is basically a
pair of headphones and redundant noise canceling
microphones), a drink bag, food stick, and a valsalva
device (used for equalizing pressure in the ear canals
during suit pressure changes). This limits the space that
can be allocated to a suit-internal display. Implementing
an effective suit-external display would also be a
significant challenge because of positioning and
illumination requirements. An external fixed position
display does not allow the display to move along with
head movements of the astronaut, while an internal
display embedded in a pair of standard EVA glasses (with
proper prescription for a specific astronaut, or a blank
prescription for astronauts who do not require glasses)



enables a display to occupy a constant solid angle relative
to the head of the astronaut. This could be accomplished
using an eyeglass or clip-on micro-display. The varying
lighting conditions external to the suit, and the visors used
to limit light entry into the helmet, further complicate the
development of an external visual display.

3.2.3 Operational Simplicity

Operational simplicity in the donning, utilization,
doffing, and maintenance of a wearable computer system
for EVA is imperative. Integrating the operational
procedures of the wearable computer system into
preexisting EVA procedures drives what hardware
interconnect configurations are desirable. If a suit-internal
wearable computer is used exclusively for EVA (as
opposed to a dual use system for both IVA and EVA) the
wearable computer system CPU could be stowed attached
to the liquid cooling and ventilation garment or LCVG
(which regulates internal suit temperature during EVA and
assists in circulation of breathing gases) so that donning of
the wearable computer would be accomplished by simply
putting on the LCVG. Similar considerations might apply
for other components of the system.

Operational simplicity during EVA requires careful
choice of audio or tactile controls. Traditional hand-based
user interface tools may be extremely challenging and
generally undesirable due to the physical exertion
requirements of moving stiff space suit gloves. Internal
tactile controls, or simple external controls (such as
buttons or switches) are possible, but must be evaluated
with respect to the burden they impose on the astronaut.
External tools also pose system integration challenges
such as crossing the suit pressure barrier. External tools
could also act as additional wireless network clients — this,
however, increases the checkout and maintenance burden
by requiring battery change-outs or tool recharging, and
may also complicate software development.

Voice communications have played, and will continue
to play an integral role during EVAs. In addition, IVA
crewmembers and MCC flight controllers are often
focused on supporting EVA astronauts during EVAs. As
such, audio requests for information delivery fit naturally
within the current operations framework and allow for a
natural language interface not yet possible through voice
recognition systems.

3.2.4 Cost

A reasonable delivery cost estimate for the flight
version of an EMU might be between $10-20 million. The
ORLAN suit is significantly less expensive and is
designed to support a higher number of sequential EVAs,
but supports a lower number of lifetime EVAs because it
lacks a refurbishment capability. Changes to existing
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hardware are both prohibitive in cost and in risk: any
changes must undergo lengthy evaluation especially when
such changes may involve any risk to human life.
Reducing programmatic risk will therefore tend to reduce
development and certification costs. The major limitation
this imposes upon a wearable computer system for EVA is
a minimization of physical connections across the pressure
barrier of the suit. This implies that it is necessary to
carefully segment the wearable computer system into suit-
internal and suit-external components.

4. Technical requirements

This section highlights some of the existing NASA
requirements for EVA systems and outlines their
relevance to the development of a wearable computer
system for EVA. Prototype development need not produce
a wearable computer system that meets all of these
requirements. However, the prototype system should be
consistent with the design implications of the flight system
technical requirements.

4.1 Applicable NASA Requirements Documents

NASA's extensive experience with human space flight
systems has resulted in an extensive set of guidelines and
requirements for human space flight systems called the
Man-Systems Integration Standards However, for
EVA, a more detailed, definitive, and up-to-date source of
requirements has been developed by the NASA Johnson
Space Center EVA Project Office: the EVA Hardware
Generic Design Requirements Documen is designed to
assist project implementation from "concept through
development, fabrication, and certification" and is
consistent with EVA requirements for both the Space
Shuttle and International Space Station programs. Both
references are considered for the wearable computing
system to assist EVA.

4.2 General Electrical Design

For fire safety in the oxygen-enriched interior of the
space suit, currents are limited to 0.5 Amps at a
(maximum ground level) operation pressure of 130 kPa
(20 psia, due to atmospheric pressure and standard suit
differential pressure operations). Current limiting circuit
protection devices are also mandatory to preclude fire,
smoke, explosion, or arc-over. The NASA standards
(JSC-26626A and NASA-STD-3000) recommend against
mating or de-mating powered connectors, and require that
connectors have key and positive-locking mechanisms,
and protective caps when connectors are uncovered.
Electronics must be designed to survive in the ionizing
radiation environment of low earth orbit. Batteries must



be two-failure tolerant to catastrophic events, and are
typically lot-checked to achieve well-matched cell
capacities. Keep-out zones need to be developed near
non-ionizing radiation sources such as transmitters.
Existing translation paths incorporate knowledge about
recognized dangers, including intentional transmitters.
Current limitations suggest that a low power CPU core
will be required for an suit-internal wearable, and that
careful power design will be required to ensure all
currents are less than 0.5 amps. Compatibility of existing
wearable computing technologies with the low-earth-orbit
ionizing radiation environment needs to be evaluated. Few
space qualified battery technologies can be packaged in a
body conformal profile — lithium polymer batteries show
great promise but have not yet been flown in space.
Finally, the low power requirements for relatively short-
range wireless networking should pose little direct risk of
exposing crew members to non-ionizing radiation.

4.3 In-Suit Thermal Requirements

In suit surface temperature (or ‘"internal touch
temperature") must be between 10° and 43° C. An internal
wearable computer tends to reduce the maximum
metabolic heat removal capability of the LCVG because
the LCVG would need to remove both excess body heat
and waste heat from the wearable computer system.
However, since the use of the Apollo-era LCVG, cooling
has not been a limiting factor in meeting metabolic load
requirements. Currently the EMU must support sixty
minutes at a metabolic load of 293 watts, and a sustained
minimum metabolic load of 73 watts@

Our present design criteria of < 15 watts should not
have a significant effect on the ability of the LCVG to
adequately cool an astronaut in the EMU. The flat profile
required because of in-suit volume limitations will provide
a large surface area for cooling of the CPU (a primary
generator of waste heat) and may even enhance astronaut
comfort: The external ISS EVA environment is, on
average, significantly colder than the Space Shuttle EVA
environment. In addition, the space station will not be
rotated to provide optimum sunlight conditions for
temperature regulation during EVA (as is often done
during Shuttle operations).

4.4 Space Environment

Extreme non-operating temperatures for EVA in the
ISS space environment range from -157°C to 149°C while
operating temperatures range from -129°C to 121°C.
External pressures can range from a surface maximum of
15.23 psia to 1x10™'° torr in the near vacuum of low earth
orbit. Equipment in a suit or an airlock may also need to
survive emergency pressurization or depressurization at
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rates of 0.76 psi/sec and —0.3 psi/sec respectively.
Equipment in the space environment will also face high
levels of solar ultraviolet exposure, natural and induced
plasmas, corona, and atomic oxygen (5.0x10*'
atoms/cm’/year). Collisions with micrometeoroids and
debris ranging in mass from 1g to 10"'%g are also possible.

Design criteria for suit-external wearable components
are clearly extreme, and constitute a major reason to
design a suit-internal wearable, even given the challenges
associated with that option.

4.5 Controls and Displays

Suit-external controls and displays must be located in
specific work envelopes defined by NASA standards [6].
These work envelopes are cylindrical boundaries within
the EVA astronaut field of view, which is shown in
B. Work envelopes related to space suit joint torque
constraints, perhaps more functionally relevant than the
existing NASA standard, can also be constructed [8].

Superior (70°)

r Superior
Temporal (62°)

Temporal
(859)

Inferior
Temporal (85°)

Y
Inferior (70°)

Figure 3 - EMU Field of View (from NASA Man-
Systems Integration Standards, page 14-20)

Standard worksite tools can be used to help position
tools within these work envelopes. Controls and displays
should also be reachable from a neutral body position,
compatible with the bulky EMU gloves, and should have a
maximum finger actuation force of 9 to 44 N or a
maximum required torque of 3.4 Nm (this torque includes
only the torque required to manipulate a worksite tool and



does not account for the torque required to hold a given
body position within the space suit). Battery powered
tools should be designed for battery replacement
capability at the EVA worksite and should have charge
status indicators.

An external visual display (and the apparatus required
to secure its position) may obscure a central portion of the
astronaut's field of view and work envelope. An internal
display may present similar difficulties unless a see-
through display is available. A near-eye micro-display
integrated into a pair of standard EVA glasses could
provide an adequate visual display that could be turned off
or adjusted to prevent visual conflicts between the display
and the physical environment. It would also be easier to
ensure that a suit-internal display would be readable in a
variety of external lighting conditions.

A camera and video processor mounted on the helmet
of the EMU could provide perspective to the ground of
the EVA worksite. Currently, an EMU helmet-mounted
camera (EMU TV) can provide a one-way EMU-ISS
video link. Views captured by the EMU TV are therefore
limited by the position and orientation of the space suit,
and no video images can be provided to an astronaut
during EVA. A wireless remote camera system could be
used to extend the senses of the astronaut or ground crew
to locations that are difficult to see because of scale or
reach: this new EVA tool might be called something like a
"wireless camera on a stick" and could complement free-
flying micro-satellite-type video cameras that have
recently been proposed and demonstrated such as the
NASA Johnson Space Center "Aircam."

4.6 Operational Life

Operational life specifications require that non-suit
EVA hardware be designed for up to 100 space shuttle
missions (for Space Shuttle specific equipment) and up to
10-year on-orbit durations (with required maintenance).
Space suit operational life requirements are suit
dependent: EMUs are designed for single-mission,
multiple-EVA usage followed by refurbishment prior to
re-flight. Operational life requirements for a wearable
computer system have yet to be defined.

5. Prototype Development

The above requirements suggest that a suit-internal
wearable computer system would be potentially more
advantageous than a suit-external wearable computer
system because of display positioning issues, the
challenges of connections across the suit-pressure barrier,
the less stringent environmental extremes within the suit,
and the flexibility for an suit-internal design to evolve into
a dual use EVA/IVA design at some point in the future. A
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suit-internal design does suffer from a lack of access
during EVA: safety is the primary concern here that will
need to be addressed as the design evolves. Admittedly, a
suit-internal wireless system might require multiple
antennas (because of potential blockage), and would
increase astronaut non-ionizing radiation exposure and
complicate donning and doffing procedures.

Fig 4 illustrates one possible prototype system
under consideration that would utilize a suit-internal
wearable computer system with a suit-external wireless
access point and helmet mounted video camera and
encoder. A low power CPU core and batteries would be
packaged in a body conformal form factor (potentially in
the abdominal area or in the small of the back).
Potentially, something not too dissimilar from
StrongARM™ technology found in recent commercial
products could be used. A near-eye display could be
integrated into a standard pair of EVA glasses: this might
be not unlike the current VGA-resolution embedded-
glasses display prototypes produced by MicroOptical
Corporation. Cabling could be routed through the LCVG
so that it would not interfere with existing donning and
doffing procedures. The audio and display cabling might
also be physically integrated with the CommCap (CCA)
cabling to simplify donning and doffing procedures.

Suit Internal Suit External
Existing
Comm [«- CCA -»
Cap Interface Camera TOISS
(CCA) Access
Nl Points
g
[ A
m
o )
Head 5 Video
Mounted @ Processing
- o .
Display g Unit
7y @ y
EMU
EMU Wireless
Central [€ Power Access
Processing or Point
Unit g Batteries
'}
0
®
Batteries =
2
c
<

Figure 4 - Potential Prototype Block Diagram

Significant functional integration of the wearable
computer system with the existing CommCap (CCA)



would raise the criticality of the wearable computer
system: it may be desirable to physically but not
functionally couple the wearable computer system with
the CommCap (CCA). Modifying the existing CommCap
design slightly to include an additional independent audio
in/out capability would allow for functional independence
between the existing audio system and the wearable
computer audio system.

The suit external camera system would be similar in
function to the current helmet mounted EMU TV, but it
would also serve as an wireless access point for the suit-
internal wearable computer system and possibly for other
wireless EVA tools such as the "camera on a stick" to
which we have previously referred.

6. Conclusions & Future Directions

The research project to develop this system is still
ongoing. While a preliminary concept for a prototype
system has been developed, we are still in the process of
trying to understand how our proposed wearable computer
system can best support astronaut safety and performance
during EVA. Over the next couple of months we will
further refine our wearable computer system prototype
design, with significant input from astronauts and other
stakeholders. Over the next year we seek to deploy a
prototype system for test and evaluation.
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8. Glossary of Terms

CCA  Communications Carrier Assembly
CPU  Central Processing Unit

DCM  Display and Control Module
EMU  Extravehicular Mobility Unit
EVA  Extravehicular Activity

P Internet Protocol

ISS International Space Station

IVA Intravehicular Activity
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LCVG Liquid Cooling and Ventilation Garment

MCC  Mission Control Center

NASA National Aeronautics and Space Administration
RSA  Russian Space Agency

TDMA Time Division Multiple Access

VGA  Video Graphics Adapter

UHF  Ultra-High Frequency
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An Investigation of Space Suit Mobility With
Applications to EVA Operations

Thesis Summary
Patricia Schmidt
August 1, 2001

1.0 Introduction The primary aim of this thesis is to advance the current
understanding of astronauts’ capabilities and limitations
Since the first EVA's were performed by Alexei Leonov in space-suited EVA by developing models of the con-
and Ed White in 1965, the capabilities of astronauts to stitutive and compatibility relations of a space suit,
do useful work outside of their spacecraft have steadilybased on experimental data, and utilizing these funda-
increased. Likewise, our understanding of EVA astro- mental relations to estimate a human factors perfor-
nauts’ capabilities and limitations have also progressedmance metric for space suited EVA work. The three
through inflight experience, experimentation in neutral specific objectives are to:
buoyancy facilities and parabolic flight, and engineering
tests of space suits and EVA tools. The purpose of this
thesis is to further advance the current understanding of

astronauts’ capabilities and limitations in space-suited ) o
EVA. 2. Develop a mathematical model of the constitutive

relations between space suit joint torques and joint
The most important aspect of an EVA astronaut’s capa- angular positions, based on experimental data and
bilities is the ability to move his or her body while wear-  compare other investigators’ physics-based models
ing the space suit. In every EVA scenario, astronauts to experimental data.
physically manipulate objects to accomplish tasks. Tw
factors make these physical interactions strikingly dif-
ferent from those performed on the ground. First, the
microgravity environment requires an astronaut to

restrain his or her body in order to exert forces and The body of work that makes up this thesis includes
moments on another object, and second, space suits c@kperimentation, empirical and physics-based modeling,
strain astronauts’ body motions in significant and com- and model applications. A detailed space suit joint
plicated ways. torque-angle database was compiled with a novel exper-

. . . L . imental approach that used space-suited human test sub-
Historically, feasible limits on planned EVA activities jects to generate realistic, multi-joint motions and an

have been determined based on ground experimentatiGlsirymented robot to measure the torques required to
and in-flight experience. Data have been obtained expefecomplish these motions in a space suit. Based on the
imentally on operational performance metrics such as gynerimental data, a mathematical model is developed
joint ranges of motion, the volume in space that a spacgy predict joint torque from the joint angle history. Two
suited astronaut can reach, known as the reach enveIOpﬁwysics-based models of pressurized fabric cylinder
the subset of the reach envelope in which a space—suitegending are compared to experimental data, yielding
astronaut can comfortably work, known as the work  gesign insights. The mathematical model is applied to
envelope, and the strength of a suited astronaut. Thesg:a operations in an inverse kinematic analysis cou-
performance measures are related to each other throuq;]ed to the space suit model to calculate the volume in
the constitutive and compatibility relations that govern which space-suited astronauts can work with their

the space suit’s behavior, but isolated experimental datﬂands, demonstrating that operational human factors

does not allow one performance measure to be predicteghetrics can be predicted from fundamental space suit
from another or the same performance measure to be ;tormation

generalized to a different person or situation.

. Compile a detailed database of torques required to
bend the joints of a space suit, using realistic, multi-
joint human motions.

03, Estimate the work envelope of a space suited astro-
naut, using the constitutive and compatibility rela-
tions of the space suit.

An Investigation of Space Suit Mobility With Applications to EVA OperationsThesis Summary 1



2.0 Literature Review entirely due to compression of the gas inside the%tbe
Differences in torque predictions between the beam
The EMU space suit, which is currently used for NASA model and the membrane model illustrate the relative
EVAS, has both hard fiberglass and soft fabric compo- importance of elasticity and gas compression in space
nents. Mobility features, such as pleats that open as  suit joint mobility.
joints bend and rotational bearings, are built into all
modern space suits. Without these mobility features, a One application of space suit joint mobility models is in
person in a space suit would be virtually immobile. calculating human factors performance metrics, includ-
Even though space suits are designed to allow mobilityjng the one-handed space suited work envelope, which
they restrict the wearer's motion in significant and com-indicates the volume within which a space-suited astro-
naut can comfortably work with one hand. The current

NASA space-suited work envelopevhich is used in
Limited space suit joint torque-angle data has been  planning EVA’s, differs qualitatively from other work

reported in the literature. Studies that used human subenyelopes found in the literatuf@A recently-devel-
jects wearing space suits reported higher torques than gped computational technique allows suited work enve-
studies that measured torques on joints of empty, pres-jopes to be calculated using mathematical models of the

surized space sulits. Higher torques with human subjectgyrque-angle characteristics and kinematics of a space
may be expected because contact between the space S&iﬁt 13, 10-12

and the wearer’s body affects the deformed shape of the
space suit, but it is unclear whether the discrepancy in

experimental results is due to shortcomings in experi- 3.0 Space suit mobility database
mental methods or actual differences in observed )

S2, 4,21, 22

plicated ways*

torque The objective of the experimental portion of this thesis
was to obtain a quantitative database of joint angles and
This thesis uses several mathematical and phySicaI mOfbrques required to move a space suit’'s jointsy under
eling techniques which were originally developed for  realistic conditions. The impossibility of directly mea-
other applications but are relevant to modeling the  suring joint torques in space-suited human test subjects
torque-angle characteristics of space suit joints. Mathenecessitated an indirect measurement approach, using

matical modeling techniques allow torques to be pre-  hoth human subjects and an instrumented robot to
dicted from angle histories with accuracy, but, since  gptain torque data.

they do not incorporate physical principles, they do not

contribute insights for designing space suit joints with The human test subjects carried out arm and leg motions
better mobility characteristics. Three mathematical techboth wearing the space suit and not wearing the space
niques for modeling hysteretic systems, the Krasnosel-suit, supplying realistic joint angle trajectories for each

ski-Pokrovski modéP, the Preisach modé? and the of 20 motions, listed in Table 1. The joint angle trajecto-

Tao and Kokotovic modét, which were originally used ries produced by the human subjects were then used as
for modeling magnetization and shape memory alloy command inputs for the robot, so that the robot imitated
actuators, were evaluated for possible use. The Preisaéne humans motl’on.s 'wh|le torques were measEJr'ed. at
model was chosen because it can produce output curv ch of the ro.bots joints. Torques on the ropots joints
similar in shape to the space suit torque vs. angle curve ue to the We'.ght.Of the ropot and spaqe.swt were sub-
and its identification process is relatively simple. tracted, resulting in a consistent set of joint angle and
torque data, with angles accurate to approximately 2
Physical models, in contrast to mathematical models, d€g-5 deg and torques accurate to approximately 0.1
can lead to insights into the physical processes that go¥m- An example of the joint torque-angle data for the
ern space suit mobility. Two physical models of the ~ €lbow flexion motion is shown in Figure 1 and torque-
bending characteristics of inflated cylinders may be rele@ngle data for shoulder flexion is shown in Figure 2.
vant to space suit joints. The beam model treats the
inflated cylinder as a beam with a fabric wall that
stretches, maintaining a constant internal volume. The
mobility of the space suit joint is determined by elastic

behavior of the fabric waf®1°The membrane model
treats the fabric shell as an inextensible membrane.
Bending deflections of the cylinder result in shape and
volume changes. The work required to bend the joint is

An Investigation of Space Suit Mobility With Applications to EVA Operations  Thesis Summary 2



TABLE 1. Arm and leg motions used in

experiment

Simple Motions

Complex Motions

Shoulder flexion

Arm swing forward-

[¢)

=
[

backward
Shoulder abduction  Arm swing side to sid
Humerus rotation | Leg swing forward bac
ward
Elbow flexion Leg swing side to side
Hip flexion Overhead reach

Hip abduction

Cross-body reach

Thigh rotation

Low reach

Knee flexion

Locomotion over 12 cm
step

Ankle rotation

Locomotion on treadmill

Ankle flexion

Ankle inversion

Elbow flexion torque (Nm)
o l\‘) »

'
N
T
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Elbow flexion angle (deg)

FIGURE 1. Elbow flexion torque vs. angle.
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FIGURE 2. Shoulder flexion torque vs. angle.

Angle ranges for which angle and torque data was
obtained are shown in Figure 3. The gray rectangles in
Figure 3 indicate the range of motion that was specified
for the design of the EMU, or the robot's range of
motion for the humerus rotation, ankle rotation and
ankle inversion joints, where the EMU range of motion
was unspecified.
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FIGURE 3. Angle range of space suit database.

The database compiled in this work is more extensive
than any other published space suit torque-angle data-
base, covering 11 joints over a large range of angles.
Realistic, three-dimensional human-generated motions
were used for data collection. Because torque data was
collected by the robot as a surrogate for a human occu-
pant of the space suit, the torques measured in this study
are more representative of realistic conditions than data
from previous studies that measured joint stiffnesses for
empty, pressurized space suits. The space suit torque-
angle database serves as a basis for developing and vali-
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dating both mathematical and physical models of spaceCalculation off(t) is aided by a graphical representation
suit joint mobility characteristics. of thea-3 space. The weighting functiarfa,f) is
defined over the triangle that is bounded bydahg line
. and the maximum values afandf, ag andf3,, which
4.0 MOdelmg are defined by the saturation limits of the output. To

. , ) obtainf(t), Equation 1 is integrated over this triangle.
The space suit torque-angle database described in

Section 3.0 presents a unique opportunity to develop  To perform the integration in Equation 1,the triangle
models of space suit mobility and verify them against may be subdivided into two sets:

experimental data. Models of space suit mobility are

useful in two applications: numerically predicting the * Region S+, where correspondiryg g operators
torque required to bend a space suit’s joints and under- are “up”, or equal to +1

standing the physical processes that determine how

mobile a space suit’s joints are. These two applications * Region S-, where correspondirg g operators
require two different modeling approaches: first, a
descriptive mathematical modeling technique based on
experimental data and second, a theoretical model baseéiu
on physical principles. Section 4.0 describes two model-
ing efforts: a mathematical model based on empirical §a. inthe Sregion, Equation 1 simplifies to
data that predicts the torque required to bend the space

suit’s joints and a comparison between two physics- F(t) = II“(G’ B)dadB _”u(a’ B)dadp . Eq 2
2

are “down”, or equal to -1

bstituting +1 fory, g in the Segion and -1 for

based models of bending pressurized cylinders and the
space suit torque angle database compiled in
Section 3.0. The opportunity to validate the mathemati-Equation 2 can be integrated if the boundary between

cal and physical models against experimental data is athe S and S regions is known. The input history is
unique aspect of this thesis.

S+

stored by drawing the boundary between thargl S
regions. The boundary is drawn by constructing line
segments in a staircase pattern within the triangle based
The Preisach modelrhe Preisach hysteresis model on the value of the inpu(t) and whether the input is

) ) .. increasing or decreasing. The boundary is drawn
reproduces a hysteresis curve by summing Cont”buuonaccording to the following rules:
from the simplest possible hysteresis transducers. The . o
primitive hysteresis transducéa, B)  , has an output 1. The boundary starts on the ag segment if the ini-
value equal to either +1 or -1. For increasing inputs, the tial input is descending and tffe —ap segment if
output switches from -1 to +1 at an input valuerpénd the initial input is ascending.
for decreasing inputs, the output switches from +1 to -1y

at an output value ¢8.

4.1 Mathematical modeling

Subsequent boundary segments are drawn horizon-
tally or vertically depending on whetheft) is

. . increasing or decreasing:
To construct more complicated hysteresis transducers 9 9

with continuous, non-unity outputs, the Preisach model * Increasingu(t): horizontal line segment atu
uses a weighted sum of simple hysteresis operators. The
weighting functionu(a,p) is defined as a function of the

combination of upward and downward switching values,3. A boundary segment is obsolete ifdatvalue is less

* Decreasingu(t): vertical line segment &=u

a, B, of the hysteresis transducer. The Preisach func- than thea value of a later segment having the sgine
tion, u(a,B), is defined for altr > B, —ap < a < oy, and— value or if itsB value is less than thgvalue of a
Og < B < oy, forming a triangle i—f3 space. later segment that has the samealue.

4. The last line segment ends on theg line.
Construction of the output of the composite hysteresis g

transducer is done by integrating the individ\‘adaq3 An exploration of the Preisach hysteresis model focused
values, as shown in Equation 1. on four of the important features of the outer hysteresis
curve shape: number of loops, direction of loops, sepa-

f(t) = J’J’ H(a, B)Vq, gu(t)dadp Eql ration between increasing and decreasing curved Bhd

(@>p) dy, resulting in several important insights. The proper

choice ofu(a,B) can produce single or multiple hystere-
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sis loops, in either clockwise or counterclockwise direc+o u,, the difference in output values is equal to the inte-
tions. The separation between increasing and decreasingral of u(a,3) over the triangle.

curves can be written as an integral@d, 3) over a
region in the top left corner of tlee-3 space. Thus, high
amplitudes ofu(a,B) in the top left corner of the—
space, where is nearay andp is near-ag, result in

Numerical Implementation To determingu(a,B)

from output differences, Mayergdizsuggests differen-
tiating the output data twice with respect to the input.

large separations between the increasing and decreasifgking two derivatives of measured data values would

output curves.

Model identification The model identification pro-
cess for the Preisach model involves calculating the
weighting functioru(a,3) from experimental data. The
central premise of the Preisach model identification
methods is that the difference between two output val-
ues is equal to the integral jofa, 3) over a region whose
bounds are known from the input history. Calculating

amplify random noise to unacceptable levels, so the
method that Mayergoy? recommends is not practical.

An alternative Preisach model identification scheme,
developed by Doong and Mayergdyand further

explained by Ge and Jouafiets based on the same
premise, but avoids differentiating data in the identifica-
tion step and double integrations in the implementation

the integrategii(a, B) for a sufficient number of regions ~ Step- This method avoids differentiation and integration
allows the Preisach model to be implemented to predicPY calculating the integral gf(a,8) over a collection of

the hysteretic system’s output as a function of its input
and input history. The following derivation shows how
the integral ofu(a,B) over a region with known bounds

can be calculated from the difference between two out-

put values.

triangles ina— space from output differences, then
uses sums and differences of the triangle integrals to
construct the output for any input history.

According to Equation 3, the integral fa,3) over a
triangle bounded by the= line and thexr=u, B=u,

The input to the hysteresis transducer begins below thepoint is equal td’1-T,, as long as the input increased

low input limit, —a, and increases to a valug which

is below the high input limit. The corresponding output,
whenu=u,, isT=T;. In thea-S plane, the §S bound-
ary lies ata=u;. The input then decreases fromu, to
u=u,, and a vertical segment is added to tSS
boundary ap=u,. The output when=u, isT=T»,.

According to Equation 2, the outplifu) is equal to the
integral ofu(a,B) over the $ region minus the integral

of u(a,B) over the Sregion. Using Equation 2 to calcu-
late the difference betwedn andT, results in the fol-

lowing expression for the output difference, in terms of
the S” and Sregions ati=u; andu=us.

Ti—-Ty = Thax—2 J’ Iu(a, B3)dadp +

S 1

N Tmax_2 I J’H(G, B)dadB
S 2
Ti=Tp=2[ [ W(a,B)dadp
S 2-S 1
The difference between integration areas,Sg5;, for

u=u, andu=uy, is a triangle that has vertices(at,u,),
(uq, up) and(u,, W). When the input decreases from

from its lower limit tou,, then reversed direction and
decreased ta,, with no other direction reversals. This

relationship allows the integral afa,3) to be calcu-

lated based on the appropriate output differences for tri-
angles bounded by tlee=(3 line and any point inside the
large triangle over which(a,B) is defined. The quantity
X(aq,By) is defined as the integral pfa,3) over a trian-

gle bounded by, B; and thea=g line. If u increases
from its low limit, reverses direction atay, then
decreases B, X(a1,53,) is given by

X(ayq, By) = (T(u=0a,)=T(u=By))
X(ay By) = 2 [u(a,B)dacp
BB

Eq 4

If X(a,B) is known for all-ag< a<ag, -ag< < ag, 0>p,
thenX(a,pf) values can be added and subtracted to con-
struct any Preisach model output, provided that the
boundary between'Sand Sis drawn according to the
rules described above. The integralgd, 8) over S is
given by:
n
T = X(@g—ag)+ 3 -1""X(a;, B)
i=1

Eq 5

Error Analysis Because the hysteresis model coeffi-
cients are determined from experimental data, random
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errors in the experimental data lead to random errors in
the model output whose statistical properties can be pre
dicted. The error analysis provides a method for gener-
ating confidence intervals for the Preisach model output
if the model is identified and implemented according to

the Doong and Mayergo?znethod.

‘E40
£
o 20r

z
Y
=

According to Equation 5, the Preisach model output is
the sum of positive and negatéa,3) values at the

vertices of the 8S contour. Assuming that the errors in
the experimental torque and angle data that was used t
calculateX(a,3) are random, white noise, errors in
X(a,B) should be uncorrelated with errors{rat other
values ofo andf. Thus, the variance of the model out-
putT is equal to the sum of the variances of the individ-
ual X(a,B) values that were summed to obtain

Time (sec)

FIGURE 5. Knee flexion torque compared to

Summing the variances of thevalues at the SY/S
boundary vertices results in the variance of the model

outputT. The variance of the measured torquezis
and the variance of the measured angt#js

"X, X
var(T) = (2n)o2 + o4 L+ 0 Eq6
T Agl%ai 0RO

The hysteresis models were implemented for each join
and compared to experimental torque-angle data for

t

hysteresis model prediction for subjects
B (top), C (middle), and E(bottom).

The Preisach model outputs match well with data for
elbow flexion, hip abduction and knee flexion, with

R%>0.6 for these joints. The error estimates generated
appear to be a reliable, or at least conservative, estimate
of the error standard deviations.

The Preisach hysteresis model is a useful tool for pre-
dicting the torque needed to bend space suit joints as a

function of time for complicated angle trajectories. The

motions that were generated by space-suited human I~ F i .
ability to reproduce realistic space suit torques dynami-

subjects, as described in Section 3.0. Joint angle data . ) :
from the human subjects was used as an input for the cally makes the Preisach model well-suited for use in

hysteresis model, which generated a torque prediction a&Y"amic simulation of EVA tasks. The experimental
well as a 95% confidence interval on the prediction. The?ata reported in Chapter 3 as well as other investigators

€ L . .
experimental joint torque data is compared to the modepata indicate that the torque-angle relationship for space

predictions and confidence intervals for the elbow in  Sult joints is markedly hysteretic. Consequently, repro-
Figure 4 and for the knee in Figure 5. ducing dynamic behavior of space suit joints requires a

model that captures hysteresis; other modeling tech-
nigues such as linear regressions on angle and angular
velocity will not accurately predict the effects of the
angle history on the torque required to bend the space
suit’s joints.

20

gz The Preisach hysteresis model has some limitations in
Tg’l modeling space suit joints, however. To identify the
g 0 model coefficients, it is necessary to vary the input
F between several distinct minima and maxima. Because

of this, the model identification process is not well-
suited to human-generated motions, although character-
istics of human-generated motions, such as range and
speed, can be incorporated into the input data for real-
ism. Another limitation of the Preisach model is that the
maximum input and output are set when the model coef-
ficients are identified. When the model is implemented
later, if the input exceeds the previously-set maximum,
the output saturates and errors between the model pre-

Time (sec)

FIGURE 4. Elbow flexion torque compared to
hysteresis model prediction for subjects
B (top), C (middle), and E (bottom).
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diction and actual torques may become large. Modelingside of the bend and decreases linearly until it reaches
the hysteretic characteristics of space suit joints is the wrinkling limit, then the wrinkling condition sets it
essential for making accurate predictions of the torquesqual to zero.

required to bend the space suit joints in dynamic situa-

tions. This work demonstrates that the Preisach hysterefo determine the curvature of the beam, it is first neces-
sis model accurately reproduces torques needed to berf@ry to find the extent of the wrinkled region, using the

space suit joints. relation between applied momeht, internal pressure,
p, and beam radius. A polar coordinate frame is defined
4.2 Physics-based modeling with 6=0 on the inside of the bend, at the center of the

wrinkled region and= 6, at the edge of the wrinkled
Beam modelThe beam model, which was developed region. The value of, is given by Equation 9.
by Comer and Lev?yand extended by Main, Peterson,

and Straus$1° treats a pressurized cylinder as a long, M _
slender member, loaded in a single plane, whose behav- pre sinB + (T1— 6) cosB,
ior is governed by elasticity and buckling phenomena. 2 _ )
The central idea of the beam model is that fabric can V(- &) — (- &) sinbycosd, — (2sinby) ]
sustain only extensional stresses; when the fabric wall of sinB + (11— ) cosh,

the beam is compressed, it wrinkles and does not con-
tribute to the stiffness of the beam. The beam model pr
dicts the extent of the wrinkled portion of the beam andcally for specifiedV/pr® can then be substituted into
integrates the extensional stress resultants over the tenEquation 10 to obtain the curvature resulting from the
sioned, unwrinkled, portion of the beam to obtaina  applied moment.

moment-curvature relationship for the pressurized

beam? 16 19Stress resultants are normalized by the K =

thickness of the fabric, and expressed in terms of load Er¥[(n- 8,) + sinBycosH]

per unit length in units of N/m, because fabric stress-

strain behavior is not highly correlated with fabric thick- In contrast to the beam model, the membrane model

ness. treats the fabric cylinder wall as an inextensible material
that transmits forces only along its surface and only in

The applied loads and the constitutive relations of fab- tension. Bending deflections of the structure result in

ric, which relate stresses and strains and are given in  changes in its cylinder’s cross-sectional shape and the

Equation 7, determine the extent of wrinkling in the fab-yolume that it encloses. The cross-sectional shape of the

ric. In general, fabric is assumed to be orthotropic, withfapric tube is determined by the assumptions of inexten-

g[(n— 6) + sinBycosH] +

Eq 9

g.he 6y that is calculated by solving Equation 9 numeri-

3.
M —2upr~sing
Pr % Eq 10

Poisson ratioy and different moduliE, andE, in the sibility and exclusively tensile loading. These assump-
hoop and longitudinal directions. tions result in reliable approximations of the tube’s
shape, even when deflections are large.
o, uoy Oy Lo,
LCETE %TE R Y
L B HoOEL Membrane modelThe membrane model uses a

. . variational principle to relate applied bending moment,

'lI)'he beam Sodelhpre?r:ctsl thalt lthe f?b(jr!c vlvaltl O_f the force applied at the tube’s ends, and the bending angle
eam wrinkies W enthe Qca ongitudinal stran, of the pressurized fabric tube. The potential energy of a

becomes negative. Equation 7 shows that the cross-coy,pe with volumey, internal pressurp, end forceQ,

pling component in the constitutive relations makes thebending momeni, bending angleand linear dis-
fabric wrinkle at positive values of longitudinal stress, placemendis given by:

o, when the hoop stress,,, is positive. The hoop load-
ing due to pressurization thus makes the fabric wrinkle

aF lower applied "?ads as the beam is pen_t. The IongltuWhen the system is at equilibrium, the potential energy
dinal stress at which wrinkling occurs is given by: is minimized. For the case of pure bendi@g0 and
o, = upr Eq8 06=0. The moment-angle relationship that minimizes the
potential energy is calculated by holding the bending
When the fabric is wrinkled, its stress resultant is con- momentM, fixed and differentiating the potential
sidered to be zero, because it cannot resist compressive
loads. The longitudinal stress is maximum on the out-

MN=-pV-Qd-Mg Eq 11l
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energy,/1, with respect to the bending angieWhen The distance between points P and S, which can be cal-

dn ] o culated from Equation 13, and continuity of slope
do ~ 0, the potential energy is minimized. between the rectangular portion and the circular portion
of the cross-section allow the cross-sectional area to be
an _ _dvV_ - o calculated as a function 6f The cross-sectional area of
do do Eq 12 the tube is given by Equation 14, as a functioH athe
aOM = pdV distance between points P and S.
do
A() = nB?Z—BQ—@BZB Eq 14

Equation 12 shows that the equilibrium bending
moment-bending angle relationship is set by the rela-
tionship between the internal volume of the tube and th
bending angle. The assumptions of inextensibility and
tensile loading set the shape of the tube as a function
bending angle. Based on the four principles of mem-

brane shape listed in Referer{gce¢he shape of the bent

tube can be determined. The geometry of a bent pressys-comparison of the torque-angle predictions of the
ized tube is shown in Figure 6. For a tube of raBus ~ beam model, membrane model and experimental data
the radius of the bent outer surface of the tuBRig he from the knee joint is shown in Figure 7. The mem-
inner surface at the bend folds inward, towards the CéNprane model agrees with experimenta| data within 30
ter of the tube, forming a kink in the tube wall. Away  degrees of the knee joint's equilibrium angle, while the

from the kinked region, the tube is Straight. Points P an(beam model’s torque predictions do not agree with the
S, which lie on the tube wall, are defined to aid in calcuexperimental data.

lating the tube’s cross-sectional area. Point P is located 8o
on the kink at the inside of the bend, and point S is the
corresponding point on the outside of the bend. Point P
and point S are the same distance away from the end c g 49
the tube A is the angle between a line drawn from the
inside of the bend to point S and another line that is noi
mal to the straight sides of the tube. The length of the
bent portion of the tube on the outer edgéRe.

The cross-sectional area is integrated over the length of
%he tube to obtain the bent tube volume. The moment-
0li)ending angle relation is obtained by differentiating the
volume numerically with respect t@ according to
Equation 12.

60
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o

Knee flexion torque (N
Ny
© o

e === Beam model
.60 - e —— Membrane model | |
.- o Data
80 ; ; ; ; ;
0 20 40 60 80 100

Knee flexion angle (deg)

FIGURE 7. Comparison between beam model,
membrane model and experimental data
for knee joint.

The beam model and membrane model represent oppo-
site extremes of the processes governing space suit joint
FIGURE 6. Bent tube shape, according to membranemobility. The beam model assumes that the space suit
model. joint torque-angle relationship is determined solely by
elastic deformations of the fabric wall of the space suit,
with no changes in the internal volume of the space suit
Xp = 0 segment. The membrane model makes the opposite
assumptions: that the space suit fabric does not stretch,

The locations of points P and S are defined as follows.

= 2R(1+6 : o

Ye ( ) Eq 13 although the cross-sectional shape deforms, resulting in

Xg = 2R(1-cos(¢-6)) reduction in internal volume as the joint is bent. Accord-
Ys = 2Rsin(¢— 6) ing to the beam model, bending moments only stretch

the space suit fabric; according to the membrane model,
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bending moments only compress the gas insidethe 5.0 The work enve|ope; App|ying
space sult. space suit modeling to EVA

It is reasonable to expect that the actual behavior of a OpPerations

space suit falls between these two extremes, that both ) o ) )
elasticity and volume changes determine space suit joinf réach envelope is the region in three-dimensional
mobility. Comparing these two approximate models to SPace that a person can reach. The work envelope is a
experimental data illustrates where on the continuum Subset of the reach envelope, representing the volume in
between elasticity and volume change the space suit Which a person can comfortably work. Reach and work
joint behavior falls and indicates whether the space suihvelopes depend on the size and flexibility of the indi-

other. accommodate the reach and work envelopes of individu-

als at the extremes of the expected size range, for exam-

The beam model is inconsistent with experimental dataple, 5th percentile females and 95th percentile nfales.

for the elbow and knee joints, both in the bending Most work envelopes are determined experimentally, by
moment magnitudes predicted and the trend in bendingmeasuring how far people of different sizes can reach
moment with increasing deflection. The beam model  and obtaining subjective information about the difficulty
predicts bending moments for the elbow and knee jointsf working with the hands in different locations. An

that exceed the experimental data by at least a factor ofiternative approach to reach envelope analysis has been
5. In addition, the beam model predicts a decreasing developed recently, which uses robot kinematic analysis
slope of the moment-angle curve as bending angle  methods to determine the boundaries within which a
increases, while the data shows a increasing slope withperson can reach with prescribed limits on joint ranges
increasing bending angle. of motion10-13. 25

The shape of the torque-angle curves generated by they ey \ork envelope analysis method, which combines

membrane model is consistent with the experimental ,orse kinematics and the space suit model, enables the
data, because the model's torque-angle curves are flat, o envelope of a space-suited person to be assessed in

near the equilibrium position of the joint and increase 'ngreater detail and with more generality than the current,
slope as deflection increases. The membrane model fo Sxperimental, methods allow. For any proposed hand

lows the experimental data over a bending angle range ,gjtion, the inverse kinematics analysis determines the
approximately 30-50 degrees from the equilibrium 55y configurations that place the hand on target. Based
angle, for the elbow and knee joints. Outside of this , yhe arm joint angles, the joint torques required to
range, the amplitude of the experimental torque data isy,q|q 4 specific arm position are determined by the space
greater than the membrane model's predictions. suit model. Knowledge of joint torques as a function of
Although the membrane model can predict the torque 54 pasition allows a detailed analysis of worksite

needed to bend the joints over about half of the availablg .o ment: areas requiring excessive torques at any joint
range of motion, the model's underprediction of torques.y, pe eliminated from the feasible work space, while
near the extremes of the angle range prevent it rom 5045 that are particularly easy to reach can be preferred.
being used to predict a joint's angular range of Motion. g hermore, the inverse kinematics method allows the
Other physical processes, including fabric bunching, o envelope analysis to be customized for individuals
sideways compression of the space suit arm or leg, anq gigterent sizes. Work envelope analysis represents
friction between fabric layers, which were not included one area in which fundamental models of space suit

in the membrane model, likely play an important role in e ohanics are useful in predicting and understanding a
determining the torque needed to bend the space suit |06 seale EVA human factors performance metric.
joints at high bending angles.

, . ) Three criteria determine whether a proposed hand posi-
The results of this analysis indicate that elastic deformaﬁon is in the work envelope: torques needed to hold the
tions of the space suit fabric do not contribute signifi- required arm configuration, visibility, and the shape of
cantly to the torque needed to bend the elbow and knegy,q yeqiting work envelope boundaries. The shape of
joints near the equilibrium angle, and the mobility of the ¢ \york envelope is considered because highly convo-
EMU el_bow and kr_u?e joints near thelr eq“"'b”‘ﬁm luted work envelope boundaries are difficult to use,
angles is not sensitive to changes in the material propeince they are excessively sensitive to the relative posi-
ties of the fabric. The membrane model predicts that s of the EVA astronaut and the worksite. However,
only internal pressurization and joint geometry deter- 5 qqing the shape criterion overconstrains the problem:
mine mobility. as a result, a single torque limit cannot be enforced uni-
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formly. To deal with this issue, a smoothing algorithm is
used to systematically trade off the joint torque and
work envelope shape criteria.

The volume surrounding the astronaut is evaluated E
point-by-point to determine whether each pointina |, | ®

-

three-dimensional mesh is inside or outside of the work "0

envelope. Points are placed in three categories, based 2.

their visibility and the joint torques required to place the R = o R
hand on that point. Points that are not visible, or require 1= == gl TR IR ) e

more than 30% of the maximum torque from any joint

go into the “always exclude” category. Points that are =
visible and require no more than 15% of the maximum
torque from all joints go into the “always include” cate-
gory. The remaining points, which are visible and
require torques between 15% and 30% of the maximun
torques from some joints, go into the “possibly include” 1=
category. The smoothing algorithm then draws the work
envelope boundaries to include all of the “always e - R L T N -

include” points, none of the “always exclude” points, .

and then draws a limited number of points from the FIGURE 8.fsrwglgthSe&a/vgél:ctae%\f[ﬁllaogget)oggtcﬂ‘arles for
“possibly include” category to smooth the shape of the percenlcile strength '

work envelope.

=

The arm model chosen for the inverse kinematics calcu Height = 1% om bakow shoulde

lations is a simplified approximation of the complex g fLe
mechanics of the human arm. The number and type of =g o1g
articulations of the model arm were chosen to coincide 016
with the joints included in the space suit model and to "

014

limit the kinematic redundancy of the model arm. The = 3t
model arm includes four joints: shoulder flexion, shoul- Z_
der abduction, humerus rotation, and elbow flexion. A §~"
wrist joint is not included in the model. E 10
L
Results of the work envelope analysis are shown in 0
Figure 8 and Figure 9. Figure 8 shows the boundaries ¢ &

the region in the smoothed work envelope. Figure 9
shows a horizontal slice through the work envelope 19
cm below the shoulder, indicating the smoothed work
envelope boundaries and the reach difficulty metric.
Dark areas are easy to reach, while white areas are diffi-
cult to reach.

1
[ =)

B0 40 20 50 40 80
Cat-r gqn (e

FIGURE 9. Horizontal slice through work envelope,
showing reach difficulty metric and work
envelope boundary.

All of the work envelope criteria listed above contribute
to the size and shape of the work envelope. Because
multiple constraints set the boundaries of the work enve-
lope, it is informative to determine which constraints
affect the outcome of the work envelope analysis and
which constraints do not. The combination of space suit
joint stiffness and human strength limits sets the range
of motion for each joint. The joint ranges of motion,
combined with the lengths of the arm segments, deter-
mine the region that a person can reach.
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Looking at the effects of increasing torque limits for ~ The space suit torque-angle database compiled in this
individual joints indicates which joints limit the overall thesis is more extensive in the number of joints and
size of the work envelope and where each joint’s limits angular range than any other published space suit mobil-
bound the work envelope. Individual joints were ana- ity data set. Furthermore, the data was collected under
lyzed using the female, 50th percentile size, 95th per- realistic conditions, using joint angle trajectories that
centile strength case. The baseline case uses torque were generated by space-suited human subjects and
limits of 30% of the maximum strength for all joints. torques measured using an instrumented robot as a sur-
Eight variations on the baseline case were analyzed. Inrogate for a person in the space suit. This database pro-
each variation, the positive or negative torque limit for vides the basis for developing and validating models of
one joint was increased from 30% of the strength limit space suit mobility.
to 50% of the strength limit. The work envelope volume
in the baseline case and the six variations, normalized The modeling work in this thesis contributes both
by the volume of a hemisphere with radius equal to thenumerical predictions of the torques needed to bend the
total arm length, are shown in Figure 10. The largest ~Space sulit joints and insight into the physical processes
gain in work envelope volume is associated with an ~ that govern space suit joint mobility. Preisach hysteresis
increase in the negative shoulder abduction torque limitmodel coefficients were identified from experimental
Increasing the negative shoulder flexion limit also space suit torque-angle data and a new method was
increases the work envelope volume somewhat, while dEVE|Op8d for estimating the variance of the error in the
positive shoulder flexion and positive and negative Preisach model's torque predictions. The Preisach
elbow flexion do not limit the work envelope volume. model was then used to generate numerical predictions
of the torque needed to bend the space suit joint as a
function of time. The physics-based modeling work

50 ‘ ‘ ‘ ‘ ; ‘ ‘ compared two approximate models which describe pres-
surized fabric cylinder bending to experimental data.
The beam model assumes that space suit joint bending
occurs through elastic deformations of the space suit
fabric, while the membrane model assumes that space
suit fabric never stretches. The experimental data agrees
most closely with the membrane model, indicating that
elasticity is not an important contribution to space suit
joint bending performance and efforts to improve space
suit joint mobility should focus on geometrical aspects
of joint design, rather than the material properties of the
fabric.

N
o

Percentage of available volume

The work envelope analysis demonstrates the usefulness
of modeling space suit mobility in predicting a global
human factors metric. The work envelope prediction
method developed in this thesis is rapid and easily
FIGURE 10. Percentage of available volume reconfigurable for people of different siz_es and

occupied by work envelope when torque strengt_hs. It generates n(_)t only bouno!arles on ac_ceptable

limits are increased from 30% to 50%  Work sites, but also predicts the locations of desirable

for single joints. work sites. A sensitivity analysis on the work envelope
revealed that improvements in shoulder mobility and
upward and downward visibility would be most effec-

6.0 Summary of contributions tive in enlarging the space suited astronaut’s work enve-
ope.

-sh flex
+sh abd
-sh abd
-elb flex

x
(3]
=
<
0
+

Baseline
+elb flex
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Title: Advanced Crew Escape Suit
From: Aerospace Engineering September 1995

Author:

Summary

The Advanced Crew Escape (ACE) Suit was designed to be a quick don/doff suit for emergency
situations. An earlier suit wasthe S1-32 Launch Entry Suit (LES). Since then, the S1035 ACE has
been designed with some added improvements. Though the suit is still afull volume pressure suit,
some of the material layers and connecting mechanisms may be of use in the new bio-suit system.
One of the major goals was to reduce bulk and weight. A lighter ventilation system was put in
place. The separate restrain layer was removed by incorporating the restraint into the nomex fab-
ric while still providing adequate knee mobility. There were some trade-offs for heavier materials
to provide additional comfort. Breathable material was used as opposed to the urethane-coated
nylons making the suit heavier. However, the thermal |oad was reduced, keeping the astronaut
cooler and more comfortable. The focus was on the improvements to the self don/doff. The major
improvements dealt with athe use of a multi-function pressure |ocking mechanism and improved
locking glove mechanism that could be initiated with either bare or gloved hands. David Clark
Company, Inc. was contracted by NASA to design the ACE.

Relevance to Bio-Suit

Though the suit is not made for EVA purposes, there were efforts in designing a thinner and
lighter suit. Some of the innovative design incorporating don/doff mechanisms, materials and fab-
rics could be used or improved given the most recent technology in the Bio-Suit. There were no
details on any of the new incorporated technologies. No information could be obtained by Daniel
Barry and John Bassick of David Clark Company since the company was contracted by NASA.
For detailed information on the suits, NASA Scientific and Technical Information Center should
be contacted directly.

References

David Clark Company

360 Franklin St

Box 15054

Worcester, MA 01615-0054
(508) 751-5800



Title: “ Aspen Systems takes a giant step toward commercialization of Aerogels- Thermal
Insulation for the Space Age”
From: News from Aspen Systems, February 1, 2001

Summary

Aspen Systems has developed a high speed, low cost, manufacturing process for
aerogels for which Aspen received the prestigious SBIR Technology of the Year Award in
Manufacturing/Materials in November 1999. The ability to produce low cost aerogels
givesriseto the potential of commercial use and incorporation into products. The flexible
Aerogel Blanket isafabric that acts asinsulation. Currently, NASA isfunding a project to
develop advanced Space Suit Insulation using the Flexible Aerogel Insulation. Spacel oft
and Aerotex are potential next generation clothing insulation material.

Relevance to Bio-Suit

The use of aerogel may be useful in insulating the astronaut and can be incorpo-
rated into many different materials. Aerogels can be used in awide range from —273 to
550 degrees Celsius. Due to the aerogel’s hydrophobicity, the material is a good imperme-
able encapsulation. This may be useful to protect sensors and other electronics from per-
spiration. In addition, the aerogel can protect the astronaut from materials such as SMAs
that must be heated to extremely high temperatures to actuate.
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Titlee Medicine on Mars
From:

Author: Jerome Groopman

Summary

This article raises questions about the medical complications of going to Mars. Long-term expo-
sure to cosmic radiation and zero-gravity, medical emergencies in space, and psychological
effects al pose asreal problems to the point of jeopardizing the Mars mission. Of the 279 astro-
nauts that participated in space missions between 1988 and 1995, only three of them returned
without getting any illness. Theloss of gravity can create vertigo, space sickness, dehydration due
to the pooling of blood, anemia, and deterioration of the musculoskeletal system. It is estimated
that the probability of breaking a bone in space will be between 20-30%. After returning to the
Earth’s atmosphere, rehabilitation is needed to regain balance, health, fitness and general strength.
Though Marshasonly _ G, thiswill still be asignificant force to an astronaut that has been in
flight for six months. Artificial gravity chairs are under development to reverse or inhibit the
zero-g effects. The question is whether or not the brain can adapt to a dual readaptation- that is
can the brain adjust quickly to both a zero-g and gravity environment. Another problem isradia-
tion in which Earth is protected by a magnetic field. Genetic mutation in the body, surrounding
bacteria and viruses have the potential to cause cancer, dangerous defects, or change into virulent
pathogens, respectively. The chances of getting cancer during a voyage to Mars could be as high
as40%, alevel illegal for NASA to send astronauts to Mars. Complicationsin space surgery arise
due to issues such as blood aerolization, weightlessness of the surgical tools, and the lack of com-
muni cation between Mars and Earth. Invasive surgery and virtual mentors with aided robotics are
under development to aid the in-flight surgeon. Pyschological well-being will also be achallenge.
Between working with an international space crew, loss of circadian rhythm and restful REM
sleep, confined space, home sickness, anxiety and depression are all likely scenarios. Again, due
to transmission difficulties, psychiatric help will not be possible from Earth.

Relevance to Bio-Suit

Of the medical issues that arise in space exploration, only radiation and compression can be
addressed by the suit. Materialsthat are resistant to UV and cosmic rays can be applied to the suit
to protect the astronaut from radiation. Lead is one source of protection. However, lead isaso rel-
atively heavy and will be an issue during EVA on Mars. NASA is currently searching for waysto
protect the astronauts. Due to the weightlessness of space, the blood that is normally pooled in the
legs and lower torso rushesto the head and upper body. Continual compression in the upper torso
may help alleviate some of the dehydration caused by zero-g. However, G-suits and a water and
salt tablet regiment have not been very successful. The compression of the suit will only replace
the G-suit and will most likely not prove to be any better. The Bio-Suit was not meant to tackle
these issues of space flight. However, new technologies may be incorporated into the suit if the
mechanisms are small enough.
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Natick Soldier Center
Dr. Dava Newman, Cam Brensinger and George Hanson met with group at Natick Monday,
August 6 2001 at 8am.

Meeting organized by Rita Gonzalez, Director National Protection Center; Lynn Valcourt, NPC;
David Querim, Sr. Technology Program Manager, NPC.

The Soldier Center isadivision of the Army Materials command, comprised mostly of scientists
and located in Natick, Massachusetts. They are concerned with technologies pertaining to what a
soldier might carry, consume or wear. They have partnersin other military organizations, NASA,
government and business. John Hines, NASA ARC, facilitated the meeting between NSC and
MIT. NSC works in conjunction with ARIEM and NCTRF to provide the technology demanded
by the US Army.

NPCs design approach is systemsintegration. They try to avoid a"christmas tree" approach
where items are simply hung on the soldier. They are concerned with
making battle gear as lightweight, efficient, effective and economical as possible.

NPC clearly faces many of the same issuesin their design of soldier equipment as the Bio-Suit
group facesinitsdesign for Mars. Both are concerned with human survival in extreme environ-
ments.

The first of two technologies Natick demonstrated for us was the use of gel polymersin a Navy
Seal single piece combat suit. The suit uses the polymers to change breathability depending on
temperature so that the same suit can be comfortably worn on land and in water for areasonable
range of temperatures. The minimum temperature resistance is limited by the thickness of the
polyurethane. As well, the suit isimpermeable to dust particles. Dr. Quoc Truong also showed us
afew examples of chemical/biological protection two piece suits. Apparently, thistechnology was
devel oped with Mitsubishi Corp. Both suits had limited breathability despite being impervious to
toxic chemicals. Thisis achieved by carefully engineering the semi-permeable membrane. Other
forms of chemical protection were also discussed as well. Carbon spheres could be used in place
of the charcoal based materials, reducing the weight by 50%. There are efforts in designing bio-
logical chemical layers that decontaminate the suit automatically.

A side project from the Navy Seal Amphibious Suit was a three layer laminate material under
joint development between Malden Mills and Mitsubishi Corp. The material had excellent ther-
mal retention properties, was breathable, elastic and stretched in two directions.

Dr. Heidi Gibson demonstrated the second applied technology: electrospinlacing. We will be
receiving technical papersto explain the processin detail, but basically it involves charging and
projecting tiny fibers of polymer. Versions of this process can involve projecting directly onto the
skin, or projecting elastic or semi permeable materials. The

el ectrospinlacing hardware can be consolidated into a small unit, but the current limitation for any
size unit isthe rate at which material can be spun. For now, high volume can be achieved with
multiple jets. In the future, the airborne fibers may be accelerated by an electrical field. Melt
blowing is another projecting process. Melt blowing involves liquefying polymer and blowing it



onto surfaces. It does not produce such fibrous material, but is good for creating thin elastic lay-
ers. Both processes, but

especially melt blowing, have been used in limited applications, commercially. It isimportant to
note that electrospinlacing is a solvent based system. Its practicality for space use might involve
guestions about power consumption and necessity of

dangerous chemicals. Some references in academiawere brought up regarding these technol ogies.
North Carolina State University has demonstrated 3D melt blowing capabilities. University of
Tennessee has been working with Natick on the electrospinlacing technology, however a 3D
application has not been achieved yet. Thus far, only one company is currently using electrospin-
lacing technology. Most companies do not have the necessary equipment. Aswell the learning
curveisvery high. Thefinal deterrent is EPA restrictions. In the near future, carbon nanotubes
and conductive polymers will be incorporated into the electrospun fabric.

Other technologies, which we discussed briefly, and need to pursue with Natick include closure
systems. Apparently Natick has much to offer in terms of innovative zippers and fasteners. One
such observed zipper was from the chemical protection suit. The zipper was lined on either side
with arubber strip. This rubber was on both halves of the zipper so that when closed, the two rub-
ber strips came in contact with each other providing a seal to protect the zipper. However, bubbles
have been found within the seal.

Harvesting and reusing moisture is also something being considered for soldier systems which
could apply to space suit technology. Dust control is of concern to the military becauseit can be a
mode of transport for biological/chemical weapons. Of course, it is of great concern to Mars suit
design. Woven technol ogies and integration of wearable computing and conductive layersis
something Natick isworking on. Lastly,

refrigeration at avery small scale using electronic chips within fabric layers has been studied at
Natick and could benefit thermal control for space suits.



Dr. John Madden, Mechanical Engineering Department, MIT
Meeting with Cam Brensinger and George Hanson on 8/8/01

Summary

Dr. Madden is currently working with conductive polymers but has done some work with
SMAs. The speed of the conductive polymers are limited by the diffusion rate so the
smaller the cross sectional area, the faster the polymer will react to the stimuli. Currently,
the polymer creates 35 MPa of force and has 10x the strength of skeletal muscle. Hislab
will be conducting studies on the life span of the conductive polymer. He estimates that
there will be roughly 1,000,000 cycles but the polymer will be running off of a battery so
the polymer will not generate alot of force. Another current project that Dr. Madden is
working on is molecular actuators with Swager in the Chem. Dept. at MIT. They are
sacrificing force ofr displacement. The strain could potentially reach up to 20%, avalue
similar to muscle. But regardless, this technology looks promising and may have serious
potential in the future. Dr. Madden also mentioned of some other projects that may be of
interest. Kornbluh at SRI isworking on dielectric elastomers. | had read some about this
material. The major problem isthat it requires alot of voltage but Bar-Cohen (JPL) feels
that they are the closest to having a practical material. Aswell, a new circuit has been
designed to use low current and generate a high voltage. Another project of interest is
under Dubowsky of MIT (Mech E. Dept). They are also being funded by NIAC for a
multi-limbed robot that will be used on Mars. A student working under Dubowsky is
(Andres) islooking at dielastic elastomers so he could be a good starting point for that
field of polymers. Finally, he mentioned that Bob Hanley was working with magnetic
SMAs afew years back so he might be another contact.
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Jessica Banks, Graduate Student, MIT
Artificial Intelligence Laboratory

Meeting with Cam Brensinger and George Hanson on 8/23

Summary

Jessica Banks's research initially proposed a design for arobotic finger using a Shape Memory
Alloy platform. As her work progressed, her interests turned toward detection of multi-point, 3-
dimensional force application on the periphery of the robot so the SMAswere replaced with small
DC motors. Integration of tactile perception is akey component in rendering systems which
organically interact with the world. Such behavior is characterized by compliant performance that
isinitiative of internal and responsive to external force application in adynamic environment. The
tactile sensor currently under research is an optical transducer technology whereby localized
changesin light intensity within an illuminated foam substrate correspond to the distribution and
magnitude of forces applied to the sensor surface plane. This enables high resolution, multi-point
force feedback for tasks such as grasping, pushing, and investigating. The goal is to approach a
primitive correlate of human skin. Future work will involve an engineered analogue of the human
hand along with the control architecture to support dextrous manipulation.

Relevance to Bio-Suit

The robotic finger is a step in human assisted motion. This technology may be one way to keep
the hand from fatiguing so quickly due to the cumbersome glove. Though SMAswere not used, it
may be possible to incorporate them at alater date. With the increased experimentation with gels,
this may also be a possibility. The force sensor could also be useful in aiding the astronaut to gain
a better sense of touch. Again, currently due to the glove, it is difficult to gauge the force being
applied to tools aswell as feeling texture of objects. Using the force sensor in conjunction with a
tactile feedback system similar to Yoseph Bar-Cohen’s feedback system using el ectrorheol ogical
polymerswould greatly aid in the senses of the astronaut. Fiber optics are used which are flexible
and light enough that the sensors could be directly incorporated into the suit without hindering its
motion. However, fiber optics can get very expensive.
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