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SmartSuit is an advanced planetary spacesuit for the next generation of exploration
missions that capitalizes on a novel architecture to improve on current gas-pressurized
spacesuits. The SmartSuit, while gas-pressurized, also incorporates the following three
technological innovations: 1) a full-body soft-robotic layer inside the gas-pressurized suit to
enhance mobility, 2) an outer layer made of stretchable self-healing skin to enhance safety, 3)
stretchable optoelectronic sensors embedded in the membrane to improve interaction with the
environment and monitor skin membrane integrity. SmartSuit will exploit soft-robotic
actuation to counteract spacesuit joint torques, thus improving mobility and metabolic
expenditure on EVA missions. Additionally, the soft-robotic layer also provides mechanical
counterpressure (MCP) to the wearer, which allows a decrease in the gas-operating pressure
within the suit (therefore further enhancing suit mobility), and/or relaxing prebreathe
requirements. We expect the proposed spacesuit soft-robotic technology to also reduce the
numerous spacesuit-fit injuries and discomfort experienced by present astronauts due to the
current highly pressurized spacesuits with no robotic assistance. In this paper, we introduce
our SmartSuit spacesuit architecture and present preliminary results on feasibility and
prototyping, and we discuss potential benefits during future planetary exploration missions.
In particular, we built and characterized two knee soft-robotic actuator prototypes in the
context of the SmartSuit, and we compared theoretical and empirical performance limits.
Additionally, we conducted a human-spacesuit biomechanics analysis and quantified
improvements in metabolic expenditures and other biomechanical metrics from the soft-
robotic actuators. Finally, we present prototype testing of the self-healing membrane and
performance of the optoelectronic sensors. These features of the SmartSuit were considered
in the current mission architecture for EVAs on the Mars Design Reference Mission 5.0.
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I. Introduction

C urrent extravehicular activities (EVAs) aboard the International Space Station (ISS) are performed using the
extravehicular mobility unit (EMU) spacesuit, which is pressurized to 4.3 psia (29.6 kPa) at 100% oxygen.!
A combination of the gas-pressurization and poor fit inside the EMU has resulted in a spacesuit environment that is
injury prone,> '3 energy inefficient,'*!” and impairs movement.'32* Astronauts on future planetary EVA missions will
operate in the exploration extravehicular mobility unit (xEMU), which is also gas-pressurized and capable of
pressurizing to 8.2 psia (56.5 kPa).?* Built for movement on planetary surfaces, the mobility of the xXEMU will be an
improvement on the EMU, but high operating pressures may exacerbate existing problems of the EMU and lead to
poor performance in EVAs that already bear many risks.?

In this context, we propose SmartSuit, a novel spacesuit architecture for EVA on Mars and other planetary surfaces
that increases human performance for the next generation of exploration missions. SmartSuit introduces soft-robotic
technology into the spacesuit, improving mobility by allowing for a fuller range of movements while performing an
EVA. Additionally, the mechanical counterpressure (MCP) generated by the soft-robotic layer inside the suit reduces
pre-breathe times, which currently can last up to four hours?*2° and therefore, entail a large investment of mission
resources (i.e., astronaut time). The spacesuit also incorporates a soft and stretchable self-healing membrane located
in the outer layer that not only protects the astronaut, but also collects data through transparent sensors embedded in
the self-healing membrane. Surface displacements are more efficient, and the optoelectronic technology embedded in
the membrane allows for an enhanced interaction with the environment during EVA traverses, and permits astronauts
to interact with and “feel” rocks directly during a sampling traverse when exploring the Martian surface. This enhanced
interaction during traverses also enables greater crew autonomy and facilitates in-situ decision making. In summary,
EVA times can be drastically reduced through all phases of EVA: pre-breathe time, transportation to worksite, and
worksite operations. The SmartSuit concept and technologies are summarized in Figure 1. In the present publication,
we review the SmartSuit architecture, present the results of our initial investigations and prototyping, and discuss
future benefits of the technological innovations.

SmartSuit Architecture
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Figure 1.  SmartSuit spacesuit architecture, which features three technological innovations: 1) a full-body soft-robotic layer inside the
gas-pressurized spacesuit to enhance mobility, 2) an outer layer made of stretchable self-healing skin to enhance safety, and 3) stretchable
integrated optoelectronic sensors embedded in the membrane to enhance interaction with the environment and monitor skin membrane
integrity. (Credit figure: Pat Pataranutaporn)
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II. Soft-Robotic Elements

A. Introduction to Soft-Robotics to Enhance Human Performance

We propose the use of soft-robotic elements to improve human-spacesuit interaction and mitigate the adverse
effects of assistive devices made of hard materials. Robotic elements, such as exoskeletons, could greatly enhance
human performance during planetary exploration. However, exoskeletons comprised of hard materials can cause
contact injuries and abnormal gait patterns,*® and their integration into spacesuits is difficult.*! Soft-robotic actuation
will allow astronauts to use their full range of motion at a fraction of the effort previously needed without robotic
assistance, and without the additional pain and discomfort of hard elements. Soft-robotic elements have been
previously used on robotic gloves.?? Each finger had a series of interconnected chambers that could expand upon
pressurization, resulting in a grasping motion, and allowing the soft-robotic glove to improving grip strength by 60%.3
Using conventional composite beam theory for actuator motion analysis, the maximum net moment produced by a
finger is:

Mipgx = mx7% % Ap (1)

where r is the radius of the glove chamber of the aforementioned finger when pressurized and Ap is the applied pressure
differential. This equation indicates that an increasing pressure differential or height of the pressure chambers in the
actuator increase the maximum theoretical torque that can be produced.

B. Design and Testing of Soft-Robotic Knee Prototypes

For our specific application to the spacesuit, we designed and built two soft-robotic knee actuator prototypes
(Figure 2). Both models are made of carbon resin — elastic polyurethane (EPU40, Carbon 3D Incorporated) and
manufactured by combining 3D printing and bonding techniques (Digital Light Synthesis, DLS). These models were
specifically made for the knee, but we envision to incorporate the same technology in other joints used for ambulation.
The first prototype has a series of interconnected air chambers and a strain-limiting layer along the knee side, so upon
fluid pressurization, the actuator causes a bending motion.

The second prototype #2 was made such that the actuator lacks a strain limiting layer, which would be replaced by
the wearer’s knee. This design requires the hollow chambers to be connected by stretchable external tubing, as can be
seen in Figure 2. Upon fluid pressurization, the chambers inflate and push against each other.

Prototype #1 Prototype #2

a)

Figure 2.  Knee soft-robotic prototype #1 with integrated strain-limiting layer (chambers are connected internally through the strain-
limiting layer): front view (a) and isometric view (b). Knee soft-robotic prototype #2 without integrated strain-limiting layer (chambers
are connected via external stretchable tubing and extendable layer than allows elongation in the axial direction): front view (c¢) and
isometric view (d).

To characterize the performance of the actuators, a test bed was created to conduct a four-point bending test (shown
in Figure 3) and characterize the relationships between pressurization differential (psid), bending angle (degrees), and
torque produced (Nm). During testing, a known force F was applied on the actuators using two cables located at known
distances D from the edges of the testing apparatus, and the actuator was pressurized at increasing increments. Based
on conventional beam theory and under these circumstances, the maximum moment (M) generated by an actuator
under a pre-defined force F is defined by:

1
M= ZDF )
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For prototype #l, testing pressures ranged from
1 to 15 psid (103 kPa). The pressure differential
limit of 15 psid (103 kPa) was set due to safety
considerations given that this was the first
prototype iteration and the relatively simple design
of our test bed. For prototype #2, improved
manufacturing permitted a pressure differential of
20 psid (138 kPa). Additionally, blue markers were
positioned at known locations to facilitate the
calculation of the bending angle at each testing
condition. Thus, images of the loaded and

pressurized actuator were taken at each test Figure 3. Images of the prototype #1 loaded with known forces and
condition and were later analyz ed by a custom pressurized during four-point bending testing. The actuator also has three

. . blue markers that were used to calculate the bending angle generated
script to calculate the bending angle of the actuator. during each test condition (a); Screenshot of the script created to calculate

The angle was limited to a maximum of  the bending angle based on the three blue marker positions (b).
approximately 85 degrees due to the actuator

folding back on itself. Figure 3 shows the process

of calculating the bending angle based on the blue

markers identified on the actuator.

Results are illustrated in Figure 4 where the full range of pressures, angles, and torques generated are shown for
both actuators. Prototype #1 was capable of reaching a torque of 4.6 Nm with a pressurization of 15 psid at an angle
of approximately 24 degrees. Theoretically, we can calculate the expected assistive-net moment generated by the new
actuator design using Equation (1): using a fluid pneumatic pressure equal to Ap = 15 psid (103 kPa), and a radius of
r = 2.5 cm, the theoretical maximum soft-robotic induced moment yields My, = 5.1 Nm. Thus, the maximum
torque generated experimentally was approximately 9% smaller than the ideal maximum torque.

Using the same four-point bending methodology, prototype #2 was capable of producing 10.7 Nm at an angle of
26 degrees when pressurized at 20 psid (138 kPa). Theoretically, using a pressure of Ap = 20 psid (138 kPa) and a
knee radius (simulated with an artificial restrained layer) of r = 3 cm, the maximum soft-robotic induced moment
yields My = 11.7 Nm, which is close to what we were able to achieve experimentally. This value is also higher
than the maximum EMU induced knee torque during walking (~10 Nm). Actuator performance and functional testing
on a human subject still needs to be proven, including an investigation on how to better accommodate and fix the
actuator onto a body joint such as the knee.
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Figure 4.  Relationships between bending angle generated, pressurization applied to actuate, and torque produced by the actuator
prototype #1 (a) and Prototype #2 (b). The higher the moment, the larger the pressure necessary to create the same angle. Alternatively, a
larger torque for a given angle requires a higher pressure. The maximum torque generated by prototype #1 was ~4.6 Nm at 15 psid. The
maximum torque generated by prototype #2 was ~10.7 Nm at 20 psid.
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C. Reduction of Spacesuit Joint Torques — Biomechanical Analysis

To study to the impact of our soft-robotic actuators on spacesuit performance, we developed a computational
framework®*** using OpenSim.*> OpenSim is a biomechanics software that is capable of computing inverse
kinematics, inverse dynamics, and computed muscle control for motions such as walking*® and running.®” Utilizing
joint torques obtained from experimental spacesuit testing,?**%*° the metabolic rate of walking with applied spacesuit
joint torques can also be calculated.***! We used this framework to investigate motion biomechanics and metabolic
cost of a walking motion in unsuited conditions (Unsuited), in EMU-suited conditions (EMU), and in EMU-suited
conditions with assistive actuators incorporated in the SmartSuit soft-robotic layer (EMU-assisted) (see Figure 5). In
our simulations, we used a 3D musculoskeletal model with 54 linear muscle actuators and 23 degrees of freedom*?,
representing an astronaut model of 75 kg and 1.8 m of height.

Experimental | Computed
Motion Ki nvers:(c_e Muscle
Capture Data inematics Control

Metabolic
Calculation

Residual
Reduction
Algorithm

Figure 5.  The summarized OpenSim methodology implemented for our biomechanical simulations. Experimental motion capture data
refers to the data recorded from experiments (we used existing walking data available through OpenSim). Inverse Kinematics computes
the joint position and angles of the musculoskeletal model. Inverse Dynamics solves for the forces and torques of the model’s joints and
segments. Using the Residual Reduction Algorithm, we are able to minimize errors in the joints and body locations. Finally, individual
muscle force and soft-robotic actuator activation are calculated using Computed Muscle Control, which can then be used to determine the
metabolic cost of the simulation.

For the suited simulations, external EMU torques from the ankle, knee, and hip were applied to the musculoskeletal
model, and an example of the knee torques is shown in Figure 6. Figure 6A shows the angle-joint torque relationships
of the EMU spacesuit. Figure 6B presents the knee angle (i.e., kinematics) of our model throughout one gait cycle of
the walking simulation. Finally, based on Figure 6A and Figure 6B, Figure 6C shows the resulting applied joint torque
to the model during the particular walking motion being analyzed. Taken together, for example, we can see that at
50% of the gait cycle, Figure 6B shows the left knee is at approximately 60 degrees and performing an extension
motion because the joint angle is decreasing. Figure 6A indicates that the applied joint torque at 60 degrees in extension
is anegative 5 Nm torque (resisting knee extension) and this is confirmed in Figure 6C. The sudden changes in applied
torque (e.g., right knee at ~70% of gait cycle) can be attributed to the knee joint changing its direction of motion (e.g.,
flexion to extension). The rest of joint angles and applied joint torques can be found elsewhere.**

In addition to the EMU simulations (EMU conditions), another set of simulations was completed in which robotic
actuators at the hip, knee, and ankle joints assisted in ambulation (EMU-assisted). We investigated the following
maximum torque limits for the actuators: 5 Nm, 10 Nm, and 15 Nm. These three limits were chosen for several reasons.
First, a torque of 5 Nm is capable of being produced by the 2" prototype actuator at all joint angles achieved by the
ankle, knee, and hip (Figure 6). For example, the highest angle achieved in the knee is approximately 70 degrees, at
which the 2" prototype actuator can produce 6.2 Nm of torque when pressurized to 19 psid (131 kPa). Second, 10 Nm
is approximately the limit of torque produced by the 2" prototype when pressurized to the 20 psid (138 kPa) limit.
Unlike the 5 Nm limit, the actuator can only sustain the 10 Nm of torque up to 23 degrees. Finally, 15 Nm is used as
a reference for future iterations of the soft-robotic actuator that may produce higher amounts of torque. Thus, using a
metabolic model developed and improved by Umberger*®*! and the methodology characterized by our previous
publications,*** we calculated the metabolic cost of walking without spacesuit joint torques (Unsuited), with EMU
join torques (EMU), and with EMU joint torques and soft-robotic actuators at various actuator limits (EMU-assisted).
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Figure 6. A) EMU Kknee joint-torque relationship (flexion/extension), B) knee kinematics of the musculoskeletal model throughout one
gait cycle of the walking simulation (0 degrees represents the tibia parallel with the femur, flexion is positive), C) associated EMU knee
joint-torques applied to the musculoskeletal model throughout one gait cycle of the walking simulation (positive torques resist knee flexion).
A similar process is also performed for the ankle and hip joints. See full results.** Adapted from.'8**

Table 1 describes the results from our simulations. The metabolic cost is shown in terms of Kilocalories/Gait Cycle
and Kilocalories/Hour for Unsuited, EMU, and EMU-assisted conditions at various assistive actuator conditions. The
second column specifies energy expenditure in terms of one gait cycle (right heel strike to right heel strike) and the
third column specifies energy cost in terms of time (approximately | gait cycle every 1.2 seconds). Our results indicate
that the addition of 5, 10, and 15 Nm of soft-robotic actuation could improve spacesuit ambulation by up to 33, 144,
and 227 kilocalories/hour respectively. Soft-robotic actuators that produced 5 Nm of torque have a minor impact on
the metabolic performance while incremental additions of 5 Nm significantly increase performance of spacesuit
ambulation. These results indicate that a soft-robotic actuator that is capable of producing 15 Nm of torque up to 70
degrees is an excellent goal for future iterations of our actuator design.

Table 1. Total metabolic cost for Unsuited, EMU, and EMU-assisted walking conditions. The addition of 5, 10, and 15 Nm of soft-
robotic actuation to the EMU improves metabolic performance by 33, 144, and 227 kilocalories/hour respectively.

Condition Kilocalories/Gait Cycle Kilocalories/Hour
Unsuited 0.170 510
EMU 0.315 943
EMU-assisted (5 Nm Actuators) 0.305 910
EMU-assisted (10 Nm Actuators) 0.267 799
EMU-assisted (15 Nm Actuators) 0.240 716

We used an already available, normal gait walking motion for our biomechanical analysis in both suited and
unsuited conditions. However, we recognize that walking motion in a spacesuit is different from “normal” (i.e.,
unsuited) walking motion.**#* This difference in gait is not captured in our analysis and suited results could be altered
due to differences in human spacesuit-interaction. Ideally, suited gait motions should be used, for example using
wearable technology that could be implemented inside the spacesuit to record true suited human motion. Future work
will focus on integrating data on suited walking gaits, new xEMU joint torques, and the mass of the spacesuit. In
addition, our simulations assumed the actuators performed optimally, based on the astronaut gait, using optimization
algorithms built in Opensim.* Future work will entail approaching this problem with machine learning techniques.’!

D. Operational Impacts on Prebreathe Time

The full-body soft-robotic layer, located inside the suit and against the body of the astronaut, also generates a
certain amount of MCP. Our suit architecture allows for two potential possibilities to generate MCP. First, EPU40,
the material used for the robotic actuators, has a yield strength of approximately 9 MPa and can stretch to a 300%
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strain. As a result, the material could be over-pressurized and stretched to allow the astronaut to don the soft-robotic
layer, then depressurized to apply a certain amount of MCP. Alternatively, the actuators could act as a restraint layer
in the regions of the body that are historically difficult to apply MCP (armpits, popliteal region, etc.) and when
pressurized, the actuators could expand to apply MCP against the body. We could also combine these methodologies
with other existing MCP technologies.*®*° The addition of MCP allows for: 1) a decrease in gas-pressure that results
in an increase in mobility and/or b) an increase in overall pressure, which reduces pre-breathe times to avoid
decompression sickness (DCS), a potentially fatal condition. When the human body transitions rapidly from a high-
pressure atmosphere (e.g., the International Space Station) to a lower pressure atmosphere (e.g., EMU spacesuit), the
nitrogen from body tissues gets released and forms bubbles in the bloodstream, potentially causing DCS. To prevent
DCS, astronauts pre-breathe pure oxygen before EVA missions to wash out this nitrogen from the tissues in the body.
The required pre-breathe time depends on multiple factors including atmospheric composition (or the atmosphere of
a space station cabin), initial pressure (i.e., space station cabin), and final pressure (i.e., spacesuit). We investigated
the relationship between these factors in the context of SmartSuit, including the implications of the additional MCP
capability. We utilized prebreathe models based on the amount of nitrogen remaining in the tissues of the body after
the pre-breathe of 100% oxygen for varying durations.** This model defines the following risk factor, R**:

R= Lt
Psuie 3)

where Py, is the partial pressure of nitrogen in the atmosphere (i.e., initial absorbed tissue N2 pressure), Psy;, is the
total pressure of the spacesuit, and R is the risk factor (also known as bends ratio) that evolves as a function of time
during the pre-breathe of pure oxygen. The removal of nitrogen can be represented by an exponential decay curve and
is dependent on the tissue half time, t; ,,, which is conventionally set to 360 minutes. Thus, R can be defined as:

R(t) = R(0)exp [—In(2) i] )

where R(0) is the initial risk factor and R (t) is the risk factor at time, t. For reference, current NASA protocols require
the risk factor to be at least R = 1.6-1.7 after oxygen prebreathe.?6-°

Figure 7 shows the relationship between spacesuit pressure, prebreathe time, and DCS risk value in three separate
atmospheric conditions. Similar studies have considered the relationship between these variables but we take a more
quantitative approach for each of the three variables.’! The three atmospheres used for the analysis are the International
Space Station (14.7 psia (101 kPa), 21% O»), the Adjusted Space Shuttle (10.2 psia (70.3 kPa), 26.5 % O2; a low
pressure-high oxygen environment used before EVAs to reduce the risk of DCS), and an exploration atmosphere
recommended by the Exploration Atmospheres Working Group (EAWG) based on factors such as hypoxia,
flammability, mission impact, and DCS (8.2 psia (56.5 kPa), 34% 02).>%%2 The x-axis of Figure 7 represents the total
pressure of the SmartSuit spacesuit that also includes 1 psia (6.9 kPa) of MCP. For example, a total spacesuit pressure
of 4.3 psia (29.6 kPa) consists of 3.3 psia (22.8 kPa) of gas pressure and 1 psia (6.9 kPa) of MCP. Similarly, a total
spacesuit pressure of 5.3 psia (36.5kPa) consists of 4.3 psia (29.6 kPa) of gas pressure and 1 psia (6.9 kPa) of MCP.
This range of spacesuit pressures represents the following trade off when starting with a nominal spacesuit operating
pressure (4.3 psia) and either maintaining the total spacesuit pressure and reducing gas pressure by introducing MCP
(i.e., 3.3 psia (22.8 kPa) gas pressure + 1 psia (6.9 kPa) MCP = 4.3 psia (29.6 kPa) total pressure) or 2) increasing the
total spacesuit pressure by adding the MCP to the gas pressure (i.e., 4.3 psia (29.6 kPa) gas pressure + 1 psia (6.9 kPa)
MCP = 5.3 psia (36.5kPa) total pressure). The y-axis of Figure 7 represents the calculated risk value after completing
a prebreathe time indicated by the different color lines on the figures. Current operational conditions on the ISS require
a 4-hour prebreathe (240 minutes) when entering a total spacesuit gas pressure of 4.3 psia (29.6 kPa) to achieve a risk
value of R = 1.7. The top panel of Figure 7 confirms these calculations. For comparison, a spacesuit architecture, like
that of the SmartSuit, that can apply 1 psia of MCP could benefit the astronauts by reducing the amount of prebreathe
time to achieve a risk value of R = 1.7 by almost 2 hours (see top Figure 7).

The atmosphere from which the astronaut is operating plays a significant role in whether the reduction of gas
pressure in the spacesuit or the increase in total pressure has greater benefit to the mission. For example, the bottom
panel of Figure 7 indicates that the risk value of a 4.3 psia (29.6 kPa) spacesuit emerging from the Exploration
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atmosphere is already well below the R = 1.7 mark. As a result, a spacesuit with a lower gas pressure (a spacesuit
environment of 3.3 psia (22.8 kPa) of gas pressure and | psia (6.9 kPa) of MCP) would be preferred to a spacesuit
with nominal gas pressure and additional MCP due to greater benefits in mobility.

o5 International Space Station (14.7 psia, 21% 02)
| w
15F R=17 [ A |

0 Minutes of Prebreathe
60 Minutes of Prebreathe
120 Minutes of Prebreathe
1 1 180 Minutes of Prebreathe
05k | 240 Minutes of Prebreathe
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0 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 7.  Trade-off between total spacesuit pressure (x-axis), prebreathe time, and risk value (y-axis) for ISS, Adjusted Space Shuttle,
and Exploration atmosphere conditions. The total spacesuit pressure is a combination of gas pressure and 1 psia of MCP. For ISS
conditions, the mission can benefit from increased spacesuit pressure (due to the additional MCP) as the required prebreathe time will be
reduced by almost 2 hours. In comparison, there will not be operational benefits to increasing total spacesuit pressure in an environment
such as the Exploration atmosphere. The risk value is already well below R = 1.7 and lower spacesuit gas pressures provide significant
improvement in mobility.

There are several other factors that can be considered in the trade-off between prebreathe time, mobility, spacesuit
pressure, and environmental conditions. For example, variable pressure spacesuits could take advantage of both
improved mobility and reduced prebreathe times. We explore the benefits of variable pressure spacesuits and other
trade-offs in the context of the SmartSuit elsewhere.*

III. Self-Healing Membrane

Self-healing materials can be characterized into extrinsic self-healing and intrinsic self-healing. Extrinsic self-
healing materials are typically encapsulated microdroplets that can initiate polymerization once punctured. This
approach is limited by the number of times it can heal. To enhance spacesuit safety, we chose an intrinsic self-healing
material for the self-healable membrane, which can be cut and healed infinite times due to the mechanisms of the
dynamic bonds. In addition, this material is flexible and capable of stretching to move with the astronaut. The material
we developed is a self-healing polyurethane urea elastomer (sPUU), with soft segments composed of
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polytetramethylene glycol (PTMEG, Mw=1,000) and isophorone diisocyanate (IPDI), and a hard segment of bis (4-
hydroxyphenyl) disulfide (disulfide bridge, or S-S). Self-healing is enabled primarily by the strong dynamic covalent
bond of the disulfide bridge (251 kJ/mol bond energy), and partially assisted by the hydrogen bonds from the urea
groups (8 kJ/mol bond energy).

To demonstrate the material’s self-healing ability as a protective membrane, we made a macroscopic cut to a piece
of sPUU and left it at room temperature without any intervention. Figure 8 shows the macroscopic cut mostly heals
in room temperature in 1 hour and completely heals in 12 hours. As EVA usually happens in environments with
extreme temperature changes, we have also characterized sPUU’s working range of temperatures. A differential
scanning calorimetry test shows the glass transition temperature for sPUU is -42.12°C, below which the elastomer
transitions to a glassy state. Thermogravimetric analysis shows sPUU starts to decompose at 331.29°C. This working
range of temperature suggests that the self-healing sensing layer should be protected by other temperature insulating
layers if the EVA temperature exceeds this range.

Figure 8.  Macroscopic crack self-heals in room temperature. The images are shown at times t = 0 hours (a), t =1 hour (b), and t =12
hours (c).

IV. Stretchable Optoelectronic Sensors

In recent years, stretchable sensors for wearable applications have demonstrated their capabilities to continuously
monitor health with high level of fidelity and comfort. Integrating these stretchable sensors into spacesuits could
provide valuable insights into astronauts’ movements during EVA. We have developed a new class of stretchable
sensors based on optical waveguides, which have shown to have high sensitivity, accuracy, repeatability, and low
hysteresis.>**® Furthermore, the optoelectronic sensors could also monitor the integrity of spacesuits for potential
damage. Figure 9 demonstrates the use of an optoelectronic sensor for damage detection. These optical waveguide
sensors are elastomeric waveguides made of a high refractive index core, and a low reflective index cladding. An LED
is coupled to one end as the input, which is transmitted based on total internal reflection to the other end and received
by a photodiode. By recording the light intensity change, deformation can be measured. Methods utilizing these
sensors as wearables for human motion monitoring can be found in our previous work.’® Furthermore, the
optoelectronic sensors could also monitor the integrity of spacesuits for alert of potential damage. Figure 9 shows a
stretchable waveguide made of polyurethane (Clear Flex™ 30) is embedded in a silicone matrix (SYLGARD™ 184).
Deformations such as pressing cause moderate output intensity decrease; physical damages such as cuts cause
temporary output intensity to decrease to zero. This is representative of a scenario in which the optoelectronic sensors
are embedded in the self-healing membrane. A cut to the sensor would result in a drop in intensity but the self-healing
nature of the surrounding matrix would aid in restoring the signal.
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Figure 9. Damage detection with an optoelectronic sensor. Pressing down on the sensor reduces the normalized intensity perceived
by the photodiode. Cutting the sensor temporarily decreases the intensity to zero.

V. Conclusion

We can apply these results into a Martian mission characterized by the Mars Design Reference Mission 5.0 (DRM
5.0).%7 If astronauts average four EVAs per week on a 539-day mission, approximately 300 EVAs would be performed
per Martian stay. Traversing distances before the aid of pressurized or unpressurized rovers are estimated to be 1-2
km per EVA.3® In addition, astronauts will walk around the work site, which we estimate to be two extra hours of
walking. Assuming a gait cycle that traverses a distance of 1.4 meters in 1.2 seconds, the astronaut will be walking
approximately 2 hours and 26 minutes per mission. According to our results in Table 1, the benefit from soft-robotic
actuators could range from 80.5 (5 Nm actuators) to 553.9 (15 Nm actuators) kilocalories per EVA mission ((943
minus kilocalories walking with each actuator torque limit) * 2.44 hours/EVA). The safety of the EVA mission will
also improve greatly due to the addition of the self-healing membrane and optoelectronic sensors. Falls during EVAs
are likely, and rocks and other debris on the Martian surface may contain sharp and pointed surfaces, which can
puncture the spacesuit. The SmartSuit architecture will be capable of detecting cuts or holes in the spacesuit thanks to
the optoelectronic sensors. Once notified, the astronaut can affirm that the lesion has been closed by the self-healing
membrane and proceed to a pressurized rover or habitat to make any necessary repairs. The combination of improved
mobility and safety will greatly increase the amount of science that can be collected on every EVA mission.
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