Soft-Robotic Rover with
Electrodynamic Power
Scavenging

NIAC Phase 1 Final Report

Cornell University
3/9/2016






Soft Robotics and Electrodynamic Tethers
NIAC Phase | Final Report
March 9, 2016

Cornell University
College of Engineering

2 Executive Summary

The purpose of studying the capabilities of Electrodynamic Tethers (EDT) and Soft Robotics is to
ascertain the feasibility of using cross-cutting EDT and soft robotics technologies to achieve future NASA
mission objectives with mass and power budgets orders of magnitude lower than conventional
spacecraft. In this context, the Phase | study focuses on three technological elements: the design of a
soft-robotic rover that can operate in extraterrestrial oceans, demonstrating feasibility of
electrodynamic tethers for power scavenging in the Europa environment, and utilizing electrolysis to
power biomimetic propulsion.

The Phase | results show that a soft robotic, underwater rover has many advantages over a traditional
view of autonomous underwater vehicles. Many of these advantages stem from its ability to collapse or
expand the body, which carries two key benefits: (i) cost savings in transport and (ii) buoyancy control.
Furthermore, this rover’s material offers properties that enable it to survive most oceanic conditions,
withstand a likely radiation environment, and retard ice formation. The use of these soft robots under
water is very attractive because buoyancy enables very large robots without the need for skeletal
structures that limit their shape-changing ability. The prime limitation of soft robots for underwater
exploration is their nascent state of development, an issue that this study has begun to address and that
we hope to continue in Phase Il

The theoretical calculations and experimental investigation on electrodynamic tethers discussed in this
report show that their use in saltwater environments is feasible. However, magnetohydrodynamic
effects require attention, which will be a priority in Phase Il. A possible approach involves magnetic
shielding of a portion of the EDT array to generate significant current from imposed alternating
magnetic fields. The Phase | experiments show that this approach may enable enough power to be
generated for a soft robotic rover of the scale contemplated here. This power is in the range of 1ImW to
1W and determines the time required to collect and transmit science data.

The interface between the EDT and rover resembles a fuel cell. This tehnology generates the gases
required to power the actuators and recombines these gases, if needed, to extract electricity for several
subsystems. For example, there exist science instruments that complement the low mass and low power
of our rover and still return substantial new science data. Examples include miniature mass
spectrometers, voltammeters, magnetometers, pressure sensors, temperature sensors, and other
MEMS and soft sensors. Such a sensor suite can be used to determine chemical-composition data of
nutrient particulates in the ocean, magnetic-field specifics, and pressure and temperature gradients.

Designing a soft robotic rover for a mission to the Europan ocean requires a holistic view of the entire
mission--for example, accommodating issues of radiation exposure during transit, conditions in the
ocean, and conditions during travel through ice. The Phase | study did not concentrate on EDL or
passage through the ice, as explained in the Phase | proposal, because JPL and others are already looking
into those aspects of a mission. We incorporated these concepts into a general system architecture.
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The Europa environment is poorly understood due to the limited scientific data from which to draw
conclusions. A mission centered on the proposed soft-rover technology holds promise for answering
these conjectures with science data bolstering some definitive answers about the unique Europa
environment. Despite these uncertainties, a soft rover has high potential of being capable of surviving in
Europa’s subsurface ocean environment.

Phase | explored the concept of an eel- or squid-inspired rover. A key conclusion is that a buoyancy-
controlled underwater glider may be the best use of a soft actuator’s capabilities. The Phase | report
summarizes mathematical models of buoyancy and underwater gliding for such a system. Additionally,
the Phase | work shows that a rover can use hydrogen fuel for combustion powered hydrojetting. The
combination of a buoyancy controlled glider and combustion powered hydrojetting can complement
slow, long-duration, underwater exploration with the ability for rapid movements when necessary. As
both buoyancy control and hydrojetting use fuel generated from sea water, the in-situ use of resources
substantially reduces the launched system mass necessary [1].

These results point to the real utility of both an EDT energy harvesting system and an underwater soft
robotic rover. The integration of the two systems via a fuel cell for in-situ resource use motivates further
study in a proposed Phase Il project.

3 NIAC Concept Evaluation Criteria

The purpose of sending a probe to Europa’s subsurface ocean stems from the decadal survey to search
for planetary habitats meeting the requirements for earth-like life and new life. To meet this goal, a
probe will be designed to explore the subsurface ocean below Europa’s ice crust. The niche this rover
fills is in cross-cutting low mass and low energy exploration, maximizing the science data returned per
tax dollar of the whole mission by substantially reducing system mass.

The goals of this research is to develop a new transportation system that is capable of moving long
distances with low energy cost and performing proximity operations at a point of high interest. A
majority of the goals for an underwater probe can be achieved at the entry point to the water body as
high nutrient transport should occur in this region. Our probe will be capable of performing these
subsurface operations, a deep dive, and ocean floor operations. These operations are achieved through
exploiting 3 major benefits of using a soft rover—shape change, gas utilization, and material selection.

Key exploitation of shape change is the primary benefit of soft actuators. Buoyancy is an efficient
method of transportation that can carry the rover from the subsurface to the depths of Europa,
increasing the breadth of all possible science that can be gathered. The rising and falling caused by
buoyancy can generate forward motion using soft wings. These soft wings can be made to change shape
between large surface areas for low velocity gliding and small surface areas for high velocity gliding. The
rate of motion is often dependent upon the “lung capacity” which is quite large for elastomers. Higher
velocity shape change resulting from combustion of hydrogen and oxygen gas can be used to power
water jets resulting in short bursts of high speed motion. Rapid shape change occurring in sequences can
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be used to generate vortex shedding and motion generated based off of pressure differences like an eel
or squid.

Key exploitation of fuel utilization provides redundancy in power and multifunctionality. The fuel that
will be used to actuate and power the rover comes from the saltwater ocean (in-situ resource
utilization). The H, and O, gas produced by electrolysis first and foremost stores chemical energy to be
consumed by the fuel cells for powering guidance, navigation, control, sensors, and communication
systems. The H, and O, gas produced can be used for gradual shape change, such as buoyancy and wing
shape change. The H, and O, gas can be used for high pressure storage for fast actuation of actuators.

Key exploitation of material selection can be used to select composite elastomer combinations that will
extend mission life and design robustness to the ocean’s uncertainties. Silicone is an ice formation
retarding material that will prevent failure due to ice. Silicone is resistant to radiation and only
experiences a decrease in material strength. Some elastomers exist that are self-healing, a property that
could be exploited to prevent failure due to shearing caused by frazzle ice. Silicone is an inert material
that will not significantly interact with the environment. Elastomers can be selected such that they
comply with NASA outgassing standards [2]. The silicone material is capable of withstanding current
COSPAR decontamination regulations without reducing material properties prior to launch. The silicone
material has a low leak rate of H, and O, gas making it a suitable material for fuel storage.

4 Europa Environment
Understanding the environment is critical to designing any successful robot. The greater the variation in
parameters, the more robust the system must be to complete its mission in the unknown environment.

4.1 Internal Composition

There is a high variability in the estimated ice crust thickness dependent upon the method and
assumptions used. Predictions range anywhere between 2 and 150 km. Gravity data and spectroscopy of
Europa suggest a roughly 150 km thick ice crust and a rocky interior [3]. Analysis of the surface structure
ice breakup from surface images suggests the ice thickness is only a few kilometers thick. This image
analysis is based off of a comparison between iceberg height versus iceberg width.

The thickness of the Ice on Europa may not be uniform. In fact, the ice may not have a continuous ocean
layer, but instead be composed of many smaller lakes bounded by ice that range in starting depths just
below the moon’s surface from the low predictions of 2 km to the high predictions of 150 km [4].
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The depth of the ice shell is calculated to be within 105
and 160Km based off of Galileo gravity measurements,
thermodynamic data, high-pressure ices, and meteoritic
material. The inner core radius of the moon is predicted
to be between 470 to 640 km. The H, O layer thickness
is predicted to be between 115+/-10 km to 135+/-10
km [5].

Due to meteorite impacts and the content of Europa
being largely heavier than water, it is likely that there
are large rocks somewhere within the ice crust. These
rocks would impede the operation of something like the
ice drill, VALKYRIE or any other cryobot.

4.1.1 Temperature
There are several possibilities for predicting the
temperature of the water just below the ice surface.
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Figure 1: Ice Depth Discrepancies may
Indicate Large Lakes of Water in the Ice Crust
(Image courtesy of NASA) [4]

Crude convection modeling indicates an average temperature of 230-240 K. Near surface thermal

gradients are expected to be at least 10 K km™ [3]. This indicates that an ice crust 3Km thick will be at

approximately 270 Kelvin and thicker crusts would only mean warmer subsurface temperatures.

Penetrative convection from the heat generated in the core and ocean would result in water just

millikKelvins above freezing. Maximum density theory suggests that the water exists at its maximum

density due to the compressive strength of the ice. This maximum density occurs at a temperature of

3.98°C [6].

4.1.2 Pressure

The water expected to be on Europa is under many km of ice
pressurizing the water underneath. Evidence of this pressurization can
be observed in the geysers that spray ice and water miles into the air
above the planet's surface. Assuming that the depth of the frozen ice is
3 km, interpolation of Figure 3 along the P, . indicates that the water
pressure is 5 * 10° Pa or roughly 5 atm. If the ice crust is as thick as the
150 km predicted, the maximum pressure of the water could be as high
as 150 bar(15 MPa). The maximum the plot indicates is 50km depth
resulting in approximately 30 bar of pressure. The nonlinearities in the
scale make this pressure difficult to decipher accurately. Calculating the
water pressure using the density of ice as 934 Kg/m3 and Europa
gravity of 1.315m/s? yields a pressure of 36.8bar with a 3 km deep ice

sheet assuming all ice rests atop the ocean.

Figure 2:Thermal Vents
Diagram (Courtesy of
Discovery News)
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It is important to note that the compressive
strength of ice is between 5 and 25 MPa

depending on the temperature of the ice
(between -10C and -20C) meaning that at some
pressure caused by a column of ice, the ice will
be continuously fracturing and become an ice
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Figure 3: Water Pressure on Europa vs Ice Crust Depth in loosely packed ice at the bottom of the ice
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[38] surface. These will exist in a form of slurry that

contains ice of varying sizes and constantly freezes and refreezes. It will be important to determine if
this region has been encountered and the sizes of the ice chunks encountered. The sizes and frequency
of occurrence of these ice chunks is important for optimizing the operation of the rover to be designed.
These ice chunks will also have some velocity relative to the Ice crust. This is driven by the prediction of
thermal based currents in the water. The resulting ice chunks with velocity present a dangerous scenario
for any rover designed as it should be capable of withstanding being crushed between two of these.

4.1.3 Subsurface Currents

The predicted mean radial current speeds are ~3 cm s and zonal speeds are upwards of ~250 cm s™. To
give a sense of scale, Gulf currents achieve speeds of ~1 m s™ [8]. This indicates that there are regions of
disrupted ice called chaos terrains covering 40% of the satellite's surface.

The chaos regions where the highest transport of fluid occurs is the area of greatest interest as they
should contain a representative sample of all chemicals being exchanged at the ice water barrier as well
as those being brought up by the thermal vents in Figure 2Figure 2:Thermal Vents Diagram (Courtesy of
Discovery News, should they exist. Similarly, the thermal vents and ocean floor are interesting for the
same reasons; they represent areas of high nutrient exchange and therefore probability of life.

4.1.4 Proposed NASA Mission: Europa Clipper

In order to refine the planetary properties and behaviors of Europa derived from the Galileo fly by,
another probe must be sent with the dedicated mission of collecting data that refine these parameters.
NASA has currently proposed a Clipper spacecraft that will flyby Jupiter's moon Europa 45 times in
repeated close flybys, seeking the conditions for life by observing the moon.

This satellite will be equipped with an array of sensors. The first of which is a neutral mass spectrometer
to analyze materials ejected from Europa's surface for organic materials related to life and for clues to
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its ocean composition. Langmuir probes will analyze Jupiter's charged particles that pelt Europa's
surface, looking at the possibility of this phenomenon creating oxygen-rich byproducts. Impurity
mapping on Europa's surface with a shortwave infrared spectrometer will provide further clues about
the ocean's makeup. Magnetometers will determine ocean salinity and depth based on the response to
Jupiter's magnetic field. Ice penetrating radar will look for liquid under Europa's Icy shell and determine
its thickness. A topographical imager will reveal how geology has shaped Europa's ice and fluid motion in
it. A thermal vent imager will detect any active surface features. A reconnaissance camera will survey
the surface and look for smooth places suitable for future missions to land on the surface.

While all of these scientific investigations are important, the images of possible landing locations are
critical before any landing should be attempted. These images will be used to derive Lander system
requirements and identify the optimal landing location.

5 Concept of Operations
Two concepts of operation architectures were considered to deliver the Europa Rover to the surface of

Europa. The first proposes to use an orbiter that will deploy a small Lander to surface while the second
proposes to use a larger Lander. In both cases, the Lander will house the payload and the drilling
mechanism needed to deposit the rover in Europa’s ocean. In both architectures, the rover will be stored
in the lander with a current packed baseline volume of a 1.25 m long by 20 cm diameter cylinder. This
pack volume is based off the current scientific payload bay proposed for the JPL CHIRPS cryo-bot
(Zimmerman, 2001). In general, orbiter and Lander architectures will appear better in trade studies at
present until an orbiter is sent to Europa so this architecture is the planned mission.
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Europa Landing

Europa Surface
Operations
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Underwater
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Figure 4: CONOPS for Europa Entry Descent Landing, Surface Operations, Drilling, Underwater Deployment,
Deep Dive, and Ocean Floor Operations (parts of image Courtesy of NASA)
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The basic modes of operation at Europa begin with the deorbiting of the lander, effectively beginning
the entry descent and landing phase of operation where the lander takes control and will autonomously
land itself on the surface in the renamed “53 minutes of terror” experience. The lander will then begin
deployment of the melt probe and proceed to perform its communication relay and surface science
operations. The melt probe will then autonomously drill through the ice for days, performing science
operations as it goes until it finally reaches the subsurface ocean. The ice drill will then begin
deployment of the rover in development. The ice drill will now act as a communication relay between
the rover and lander. The ice drill will also perform any science operations it was designed to perform.
The Europa rover will perform subsurface science operations where a majority of the mission critical
information is obtained. The rover will then begin its “deep dive” performing science operations along
the way. Once the rover reaches the ocean floor, the rover will perform more science operations. Once
completed, the rover will rise back to the surface and locate the relative location of the ice drill to relay
data back to the surface.

5.1 Orbiter and Lander Architecture

For the orbiter and Lander architecture, the spacecraft will be similar to the Cassini spacecraft delivering
the Huygen’s probe onto the surface of Saturn’s moon Titan. However, because Europa’s atmosphere has
anegligible density compared to that of Titan’s and the Earth’s, a more complicated retro rocket
propulsion system will be required to perform the entry, landing, and descent (EDL) portion of the
mission in place of a parachute. This not only increases mission risk, but the cost, mass, and complexity
of the spacecraft as well.

According to unofficial JPL calculations, if a Lander with a mass of 200 kg were added to the
Europa Clipper, the mass of the entire spacecraft would more than double due to the extra fuel
and EDL retro propulsion stage required. Since the mass of the Europa Clipper is already 5,000 kg,
this new architecture would require the heavy lift version of the Space Launch System (SLS) that is
estimated to not be complete until the early 2030s. Based off historical data from the Mars
Pathfinder and similar missions where a rover is deployed from a Lander, the rover’s mass is
approximately 5 to 10% of the total mass of the Lander. To be conservative, a maximum estimate
value (MEV) for the baseline mass of the Europa Rover is 15 kg [9]. If the probe is not added to
the Europa Clipper, an orbiter and Lander architecture with less scientific payloads could be
selected to cut down on the mass of the orbiter. If the Europa Clipper does not return data before
this mission is carried out, the lack of data from its ice penetrating radar to verify the presence of
a global ocean and verify the thickness of the ice crust will increase mission risk.

5.2 Lander Architecture

Mission architecture with just a Lander will require that all communications occur directly between the
Lander and Earth. This may result in greater blackout periods and less redundancy compared to a Lander
communicating with the Earth or via an orbiter relay.

The second option is to send a Lander without an orbiter. According to [10], with near-future launch
vehicles and technologies, the MEV dry mass of the Lander would not exceed 750 kg. This would provide
up to 75 kg for the rover, but the reason this mission was dropped in favor of an orbiter is the increased
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risk and costs compared to an orbiter. The benefit of both an orbiter and Lander is that if the Lander
fails, the orbiter, which is a more well-known system, will be able to provide degraded scientific data to
justify the cost and 5-7 years transit time to Jupiter. The orbiter also provides redundancy in
communications to the grounds station. Instead of the Lander having to have land with the necessary
equipment to communicate with the ground station directly, it can close the link to earth via the orbiter.
The orbiter will also have a better field of view compared to the Lander, allowing blackout periods in
communication to be minimized.

5.3 Transportation to Subsurface Ocean

5.3.1 Launch Vehicles

The delta V between Earth and Europa is 67,390 m/s [11] and would take 5 years 6 months to get there
using a Hohmann transfer orbit although departure and burn times can be adjusted so the spacecraft
arrives between 5 and 6 years. This means any underwater rover will require sufficient shielding to
survive after that long in the space radiation environment [11].

The basic transportation path from Earth to Europa starts with the launch to space and circularization to
orbit. The system will then begin the Hohmann transfer orbit or another alternative maneuver to propel
the spacecraft towards Jupiter. The spacecraft will then slow as it enters Jupiter’s orbit to enter its
gravity well. From here the orbiter may enter orbit of Europa, or swing by in multiple flybys and deposit
the Lander during one of these flybys.
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The baseline SLS configuration, the iCPS upper
stage, will be able to deliver 2.9 metric tons to
Europa [12].Upper Stage Concept with a single
RL-10 B2 engine

Launch

Earth Orbit

The Large Upper Stage(LUS) with 4 RL10 engines
is metric tons to Europa [12].
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The LUS with 2 MB60 engines is capable of
sending 8.5 metric tons to Europa [12].
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The LUS with a single J2X engine would be
capable of sending 7.1 metric tons to Europa [12].

Europa Orbit
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5.3.2 Ice Drill

There are two probes, VALKYRIE and CHIRPS, both known as cryobots and currently are the best known
method of breaching Europa’s ice crust. Both systems utilize approximately 1 kW of power provided by
an RTG to in-take in-situ water, heat it up, and then propel it out to increase heat transfer between the
probe and the ice. However, even with this amount of power, the maximum expected drill rate is 2 mhr
! for a minimum travel time of 200 days through a 10 km sheet of ice. These systems are projected to
have a mass of 25-40 kg and prototypes have already been tested, achieving a depth of 10s of meters in
glaciers on Earth. While the CHIRPS cryobot could be tethered to explore the polar ice caps of Mars, due
to the depth and predicted motion of the ice sheets on Europa, the option of tethering the rover to the
lander on the surface for communications and power is infeasible. Instead, they suggest using a series of
Beacons dropped periodically during decent to maintain communication between the rover and lander
[13].

The proposed cryobot will need to be autonomous as it penetrates through the ice, using sonar to
detect rocks and formations in the ice that cannot be melted through. Using directional drilling, a

practice common in drilling for oil, the cryobot can
maneuver over to something of science interest like a
geyser [14].

The VALKYRIE probe will also be equipped with astrobiology
sensors that will autonomously make the decision to collect
wall core ice samples as it melts through the glacier. The
cryobot will also deploy line sensors as it melts through the
ice. This will allow for a new method of long-term
autonomous glacial monitoring, something that is of
interest to the science community [15].

The concept behind the cryobot proposed behind stone
aerospace is the use of a long micron-wide fiber-optic cable
to transfer up to a theoretical 4.6 megawatts of power from

the surface where the thermoelectric generator rests with

the Lander to the bottom of the ice crust. Figure 5: VALKYRIE Impassible object

o . o avoidance [15] (Image Courtesy of
The Ice Drill will also be equipped with its own set of NASA)

scientific instruments to take measurements as it drills
downwards through the ice. These could be anything from
ice composition to instruments looking for microbes

deposited in the ice using protein fluorescent cytometer
[14].
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6 Electrodynamic Tethers

6.1 Introduction

EDTs currently have a TRL level of 8 or 9 for Low Earth Orbit (LEO) use, but they have never been used in
deep space. The difference between the tethers proposed in this report and those used in past missions
are that we are proposing to close the circuit through the saltwater of Europa’s Ocean instead of the
plasma in the Earth’s ionosphere. The majority of tethers deployed in LEO also are used to deorbit or
raise the orbit of a spacecraft, while no spacecraft to date has flown with an EDT as its main power
source. The closest parallel is the Plasma Motor Generator (PMG) experiment that piggy-backed on the
second stage of a Delta Il launch vehicle. While its primary purpose was to prove the capabilities of using
EDTs to deorbit the second stage, it also generated power using a 500 m insulated tether in LEO [16]. If
completing the circuit in saltwater is not feasible, the modest magnetic field experienced at Europa’s
orbit due to Jupiter and the speed that Europa moves through this magnetic field may make an EDT with
a magnetically shielded return cable a viable solution.

Magnetic field perturbations measured during Galileo flybys of Europa are consistent with dipole fields
induced by temporal variations of the ambient Jovian magnetosphere. This field behavior is close to
what would be expected if the moon was a perfect conductor, which by applying the simple shell model
for Europa’s conductivity as detailed by Zimmer and Khurana, indicates that there must be regions that
have conductivity in excess of 0.06 S/m. Since this kind of conductivity is not possible in ice or silicates,
this indicates a body of salt water exists under Europa’s ice crust. Combined with the tidal heating that
Europa undergoes as it is expands and contracts by Jupiter’s gravitational field in its elliptical orbit, the
ice crust is expected to be between 2 km and 150 km thick, with 10 km being the most common
estimate.

This aquatic environment, whether it be a global ocean or comprised of several underwater “lakes”
under the ice crust, are effectively shielded from the harmful radiation of Jupiter’s radiation belts and
from space debris. If life can exist in the deepest parts of Earth’s oceans, then the likelihood of finding
life at the ice-water interface of Europa’s ice is of interest. The reason to look at this interface is that this
is the location where nutrients would be expected to be exchanged between the ocean and the ice
crust. However, life may also be present deeper in the ocean depending on the currents and thermal
gradient present. The dark red streaks on Europa’s surface also may be signs of organic material passing
between the ocean through the ice and onto the surface [17]. By sending a rover to the ice-water
interface with the necessary payloads to search for life, the mission will satisfy the goal of the most
recent Planetary Science Decals Survey to “explore Europa to investigate its habitability and search for
life” [18].

From the same Galileo data, the magnetic field that Europa experiences due to Jupiter is between 200-
250nT [19]. Jupiter’s magnetosphere plasma co-rotates with Jupiter at a mean co-rotational velocity of
118 km s at Europa’s orbit. However, since Europa is in a retrograde orbit around Jupiter, Europa
moves with respect to Jupiter’s rotating magnetic field lines at a relative velocity of approximately 102
km s [20]. These two parameters are key to determining the best EDT architectures to deploy in
Europa’s ocean. Also, by crafting a soft-robotic rover that can navigate Europa’s ocean biomimetically
that is passively powered by an EDT, it is has singular consequences for the possibility of extraterrestrial
life based on magnetic energy. While Dirk Schulze-Makuch and Louis N. Irwin assert that this type of
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organism is unlikely to exist on the microbial scale, but the possibility of elongated organisms or colonies
of organisms, similar that of an EDT used the scavenge power from a magnetic field via the Lorentz
force, could be possible [17].

While the use of soft robotics for bioinspired locomotion is a focus of this project, the majority of this
work is being developed by Dr. Shepherd’s group. Both teams have been in contact to discuss the
desired capabilities of rover locomotion, whether it be actively powered by the detonation of hydrogen
and oxygen gas created via electrolysis, or if the rover will inflate soft gas vesicles using electrolyzed
water to change its shape to navigate the expected currents in Europa’s ocean. Using similar locomotion
concepts, the inertia of the vehicle may also be used to orient the five EDTs perpendicular to the
magnetic field, but this idea must be further explored after determining if an EDT on the order of 10’s of
meters or 10’s of kilometers is needed to generate power within the range of 1 W. Shepherd’s team has
made great process in learning how to manufacture and actuate soft robotic tentacles and a rover
“head” using compressed air. Additionally, Shepherd has demonstrated combustion powered
hydrojetting using soft actuators and hydrogen gas generated via water electrolysis.

To design the EDT, the methodology outlined in the Tethers in Space Hand Book was used to estimate
the amount of power a given tether could produce in Europa’s ocean. Unlike past tethers that harvest
power via the Lorentz force by completing the circuit in Earth’s ionosphere in LEO, our tether could
complete the circuit when immersed in saltwater or a shielded cable. The questions that must be
answered first is if it is possible to generate current via an EDT in saltwater or a shielded cable. One
concern is that a bare tether in saltwater would be effectively grounded along the entire length of the
tether, thus inhibiting it from gaining the necessary electromotive force along its length via the Lorentz
force to generate power. If a sheathed tether is used with two bare ends in saltwater, the next question
is what is the optimal exposed area for power generation? For the equivalent space system, a hollow
cathode system is used to emit a dense cloud of plasma at either end by ionizing a gas [21]. While this
process consumes a small amount of energy, it greatly increases the plasma density at either end of the
tether to lower the effective resistance of the tether system. This process will be discussed in detail in
the analysis section when the data from the Plasma Motor Generator (PMG) experiment is used to
validate the predicted power of the aquatic EDT in the Analysis Section. The PMG experiment also shows
that the effective resistance of plasma is approximately three to four orders of magnitude lower than
that of a column of saltwater, which was an unexpected result that will be verified through testing.

While all proposed mechanisms to drill through a 10 km ice crust propose use a radioisotope thermal
generator (RTG) with a power output on the order of 0.6-0.8 kW, the inclusion of an EDT that is able to
power the rover after reaching the ice-water interface is a significant enabling technology to explore
other moons in our solar system that orbit plant’s with strong magnetic fields. Unlike solar power, an
EDT will generate continuous power as long as it is oriented perpendicular to the magnetic field and is
independent of its distance to the sun. It also avoids the use of an RTG fueled by plutonium, which is
currently scarce and expensive to handle. The unique properties of an EDT immersed in saltwater may
enable the creation of architectures that utilize multiple tethers in various directions that are close
together.
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6.2 For Europa’s Oceans

While past EDTs utilize the plasma of the ionosphere in LEO, the tether for the Europa Rover proposes to
use the conductivity of saltwater to complete the circuit. The initial hypothesis was that the conductivity
of saltwater would be much lower than that of plasma, thus enabling the tether to be more effective
than in space. However, preliminary calculations based of the conductance of saltwater show this not to
be the case. When comparing the resistance of a 500 m tether immersed in saltwater to the 500 m
tether of the Plasma Motor Generator (PMG) experiment, the resistance of saltwater was found to be
three to four orders of magnitude larger than that of the plasma when in full sunlight. The result is that
a carbon fiber tether on the order of 75 km would be needed in order to provide a little over 1.13 watts.
This number also assumes that the entire length of the tether is aligned perpendicular to that of
Jupiter’s magnetic field.

While silver and copper wire have much lower resistances than that of carbon fiber, the main driver for
the length of the tether is the high resistance of saltwater. This led to the investigation of a magnetically
shielded return line to complete the circuit using Mu-Metal iron-alloy foil. Since Mu-Metal as thin as
0.002” is capable of attenuating an external magnetic field in excess of a factor of 1,000, this tether
architecture appears to have the capability of generating 1 watt with tether that is 100’s of meters long.
Since Jupiter’s magnetic field is only 200-250 nT compared to the 18,000 nT provided by Earth’s
magnetic field in LEO, redirecting the magnetic field with Mu-Metal or another iron alloy with a high
magnetic permeability is feasible. Currently 0.002”-0.020” Mu-Metal is used to create rooms that are
isolated from Earth’s magnetic field, which ranges from 0.25 to 0.65 gauss on the surface of the Earth.

The challenge with a tether on the order of 100’s of kilometers rather than 100’s of meters is that it is
difficult to complete the circuit in the ocean. If a tether this long was suggested, it would make sense to
deploy the tether as the rover descends through the ice crust. However, based off a feasibility study
performed by JPL for a communication and power tether to connect the CHRIPS cryobot to a lander on
Europa, the mass of the tether and the amount of shielding required to stop it from being sheared from
the moving ice crust would make it infeasible. The mass of the 75 km tether, even if it was assumed to
have the density of carbon fiber tow, would be several 100 to 1,000’s of kilograms, making this option
infeasible without modification. The predicted mass for a variety of carbon fiber, copper, and aluminum
tethers are show in Table 2. The other downside of carbon fiber tow is that its electrical conductivity is
on the order of 10e-5, which is three orders of magnitude lower than silver. If we assume that graphene
wire will be able in the near future, a conductivity of 10e-8 could be used.
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Material Densigy No. of | Length | Diameter Vogume Mass Power
(kg/m”) | Tethers | (m) (m) (m”) (kg) W)
Carbon Fiber Tow | 1790 1 1000 1.60E-03 | 2.01E-03 3.60 4.88E-05
Carbon Fiber Tow | 1790 5 1000 1.60E-03 | 2.01E-03 18.00 2.44E-04
Carbon Fiber Tow | 1790 1 5000 1.60E-03 | 1.01E-02 18.00 2.44E-04
Carbon Fiber Tow | 1790 1 10000 | 1.60E-03 | 2.01E-02 35.99 4.88E-04
Carbon Fiber Tow | 1790 1 4000 4.00E-03 | 5.03E-02 89.98 2.19E-03
Copper 8940 1 1000 1.60E-03 | 2.01E-03 17.97 2.56E-04
Carbon Fiber Tow | 1790 1 75000 | 1.00E-02 | 5.89E+00 | 10543.97 | 1.13
Carbon Fiber Tow | 1790 75 1000 1.00E-03 | 5.89E-02 7907.98 ] 0.1125
Carbon Fiber Tow | 1790 1 75000 | 1.00E-02 | 5.89E+00 | 10543.97 | 1.13
Carbon Fiber Tow | 1790 75 1000 1.00E-03 | 5.89E-02 7907.98 | 0.1125

The path between both ends of the tether can be reduced by creating a parallel tether architecture
where the effective 75km length is achieved via 75 1km tethers. In space, the ability to place two tethers
next to one another is limited by the Debeye length, which defines how far the electrostatic effects of a
source persist. When an EDT produces a current, if it is approximated as an infinite wire, it produces a
magnetic field according (1:

Mol

C 2mr

(1)

Where B is the magnetic field generated by the wire, u, is the magnetic permeability of the conductor, I
is the current flowing through the wire, and r is the radius of the wire. The formula to calculate the
Debye length in an electrolyte, which is assumed to be ocean sea water, is given in (2:

o1 = &r&okpgT
2Nye?l

Where | is the lonic strength of the electrolyte, ¢, is the permittivity of free space, ¢, is the dielectric

(2)

constant of the electrolyte, T is the temperature of the electrolyte in Kelvin, N, is Avogadro’s number,
and e is the charge of an electron. By substituting the values for saltwater,x %, which is the symbol used
to denote the Debye length in an electrolyte, is approximately 1.23e-8 m. This means that if two “active”
wires that are scavenging power from Jupiter’s magnetic field are placed next to one another separated
by a thin layer of saltwater, the magnetic fields they produce will not affect one another. A similar
calculation for the Debye length in the ionosphere and magnetosphere of earth is on the order of 10e-3
and 10e2 respectively, which may make parallel tethers bundled close together not an option [22].
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Whether placing two tethers right next to one another when immersed in saltwater effectively doubles

the current will have to be tested using the set ups discussed in Section 5 in the future.

PVC
Insulation

Active Wire
Tethers

Mu-Metal

Shielding
Silver Wire

Core

Figure 6: Magnetically shielded
conducting core with 12 "active" EDT
wires in parallel to scavenge power

One potential design chosen to analyze as an example in
detail is shown in Figure 6. This EDT architecture combines
the possibility of 12 parallel EDTs to shorten the overall
length of the system and the concept of circumventing the
high resistance of the saltwater by using a silver return cable
that is shielded from Jupiter’s magnetic field by a thin Mu-
Metal foil. In order for the Mu-Metal to effectively shield the
center core, it must not make contact with the center core
conductor or the conductor of the active tether wires. This is
why a flexible PVC insulator was chosen to cover all the
conducting wires. This insulator also helps prevent arcing
between wires if they build up a large enough difference in
potential, but this effect must be analyzed in greater detail

when sizing the thickness of the insulation material. Other polymers may be advantageous, as PVC

becomes brittle at temperatures expected near the surface of Europa despite being corrosion resistant.

Due to its use in common household electrical wire insulation, it will be used for experimentation. This

design is predicted to produce upwards of 1 watt with a 100 meter length with the core wire being 18

gage silver and the outer “active” wires being 28 gage silver.

6.3
Because the conductivity of an electrolytic solution (seawater, for instance) depends on the

Analysis of Current through Water

concentration of the ionic species, it is valuable to know how the ionic strength of the water might affect
the various aspects of performance of an EDT underwater.

Current generation: Following Ohm’s law, the effective resistance of a path of current through water
directly relates to the magnitude of the current generated, as

i (3)

Where R is the resistance (Q, “ohms”), U is the potential difference (V, “Volts”) and i is the current (A,
“Amperes”). Conductance G (S, Siemens) is then defined as the reciprocal of the resistance:

=— (@)
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And k is the conductivity (S m"l), A is the cross-sectional area of the electrodes (mz; i.e., the effective
area available for conducting electrons through liquid), and | is the distance between electrodes (m). k is
directly proportional to the molar concentration of the electrolytic solution, ¢

Therefore, the lonic strength of a solution is related to the molar concentration by (5:

I = Cizi2 (5)

N =

n
i=1

Where z; is the charge number of the ion, and the sum is taken over all ions in the solution.

Using these equations, we determine that the resistance of the water is inversely proportional to the
ionic strength of the electrolyte, and so a strong electrolyte will give us a larger current generated.

UkA UIA
(=« “

Debye Length: the magnitude of the ionic strength of the solution is also related to the Debye length,
and so this could be a useful variable (though because the Debye length is already so small, our system
is not very sensitive to the ionic strength here).

6.4 Magnetically Shielded Tether Analysis
To calculate the electromotive force produced in a single EDT, the equation for the Lorentz force can be
arranged to yield (7 as stated in the Tethers in Space Handbook:

Vems = UXB - L ()

where v is the velocity of the tether with respect to the magnetic field, B is the magnetic field, and OXB
is equivalent to the electric field generated along the length of the tether, which is then projected onto
the length of tether, Z, via the dot product. The result is Vems » which is the electromotive force within
the wire. (7 can be re-written into scalar form using the definitions of a cross product and dot product
in (8:

Vems = vBLsin(6) cos(¢) (8)

Where 0 is the angle between the velocity vector of the tether and the magnetic field vector, and ¢ is
the angle between the direction of the electrical field and the length of the tether. To estimate the
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current and power generated by a single EDT in saltwater, the total system resistance, Ry, is
equivalent to (9:

Rsys = Rt + Ry + Ripaa (9)

Where Ry is the resistance of the tether, Ry, the resistance of the saltwater, and R;,,4 is the resistance
of the rover in ohms. When solving for Ry, the resistance of saltwater is on the order of 1e3 ohms for
an insulated 10 m tether and is heavily dependent of the contact area present at the ends of the tether.
This prediction will be verified by experiment. The result is a low current, which requires a tether on the
order of 75 km, as stated in [21], to produce power on the order of 1W using (13.

To avoid the high resistance of saltwater, an EDT comprised of several “active” tethers in parallel with a
single magnetically shielded tether core, as discussed in Section 3.6, may be feasible. The concept of
magnetic shielding utilizes a material with a high magnetic permeability, u, to redirect the magnetic field
lines around the conductor one wishes to shield. Mu-Metal, which is an iron alloy, is such a material and
is used to create zero gauss chambers in lab spaces and shield electrical components from external
magnetic shields. When exposed to an external magnetic field in H,, the magnetic flux density in the
shield material, B, is found using (10:

(10)
B = (1.25DH,)/t

Where D is the diameter of the shield in inches, tis the thickness of the shield in inches, and both B and
H,are given in Gauss. Bis the strength of the magnetic field that needs to be re-directed within the
shield itself. By using the B-H Flux Density versus Magnetizing Force curve given in Figure 7for Mu-Metal,
the magnetic permeability of the material, y, can be approximated via the diagonals on the graph. The
magnetic field attenuation, A, provided by the shield is then given in (11, where t is the thickness of the
shield and D is the diameter of the wire to be shielded.

A= (u=xt)/D (12)

Since H, is equivalent to 200 nT-250 nT, which is the magnetic field of Jupiter at Europa, a 0.002” thick
shield with a diameter equivalent to 18 gauge wire, provides an attenuation on the order of 1e3, which
essentially reduces the field strength in the core wire to zero. This will provide a low resistance return
path for the active tethers that is independent of the resistance of saltwater. However, in Figure 6, a gap
must be provided between each active tether to allow saltwater to surround each tether. If the
prediction that the Debye length is on the order of 1e-8m is true from (2, this will ensure the active
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tethers will not interfere with one another.

100,000

*After final annealing,
MuMETAL® properties

10,000 - Annealed alloy.

a
=2
=T
3
>
=
wy
= 1000
o
>
=
=
1 (/ R
[2=] «\ o
& A
100 — oS-
SO
10! »
0001 001

are similar to Perfection

D.C. PERMEABILITY - CO-NETIC AA & NETIC S3-6

01 1 10 10 100
H - MAGNETIZING FORCE - OERSTEDS

force, H [23]

Figure 7: D.C. Permeability of Mu-Metal magnetic shielding materials versus the magnetizing

Another benefit derived from using n active tethers in

Reore Ry Ry
B P
Rioad Vemit ——, Vemx =,
n
Tlmt:zlk l11 l’k
k=1

parallel around a magnetically shielded core is that the
resistance of each active tether, R; , is in parallel with the
- ken resistance of the core, Ry, and the resistance of the

rover, Rj,qq4- This circuit diagram for this system is depicted
in (9.

Figure 8: Circuit diagram for

active tethers in parallel

magnetically shielded wire core with n

Assuming each active tether produces an identical V¢
according to (8, by using Kirchoff’s Law, the expression for
the total current passing through the rover, I;,; , is given by
(12:

Vemf (12)
RT + n(Rcore + Rload)

ltor =

The power generated by the tether can then be found by (13:

P = Itotvemf (13)

The calculations for the magnetically shielded core with 12 active tethers (n=12) is shown in Table 3 and
Table 4. The linear density of this tether is estimated to be 5226.2 kg/m”3, which results in a 100 m
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tether predicted to generate 1.16 watts of power with a mass of approximately 2.31 kg. For this

calculation, the resistance of the rover is assumed to be negligible. Further research will be needed to
confirm the validity of this analysis and to test the ability of the Mu-Metal foil to attenuate a 250nT field.
However, the ability of a 0.002” thick Mu-Metal shield to attenuate the 0.25-0.65 G electric field of the
Earth by a factor of 1000, shows this option to be promising [23].

Table 3: Calculations for magnetically shielded core wire with 12 tethers in parallel

Magnetically Shielded Tether

Number of | Resistance of
L (m) Tethers Load (Q)
100 12 0

18 Gauge Wire

D (mm) Density of Silver | V (m”3) M (kg) Resistivity  of | Resistance of
(kg/m~3) Silver (Qm) Return  Wire
(Q)
1.024 10490 8.229E-05 0.863 1.59E-08 1.93
28 Gauge Wire
D (mm) Density of Silver | V (m”3) M (kg) Resistivity  of | Resistance of
(kg/m~3) Silver (Qm) Active Wire (Q)
0.320 10490 9.653E-05 1.013 1.59E-08 19.77
18 Gauge Insulation
t (mm) Do (mm) D, (mm) Density of PVC | V (m”3) M (kg)
(kg/m"3)
0.0762 1.176 1.024 1100 2.633E-05 0.0290
28 Gauge Insulation
t (mm) Do (mm) D, (mm) Density of PVC | V (m”3) M (kg)
(kg/m"3)
0.127 0.574 0.320 1100 2.140E-04 0.235
Mu-Metal Shielding
t (mm) D, (mm) D, (mm) Density of PVC | V (m”3) M (kg)
(kg/m"3)
0.0508 1.278 1.176 8700 1.958E-05 0.170
Total Mass (kg) | Total Volume | Total Density | Total Diameter
(m”3) (kg/m"3) (mm)
2.310639456 4.388E-04 5266.2 2.426
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Table 4: Power calculations using the magnetically shielded tether defined in Table 3 and the calculations
presented in the Tethers in Space Handbook

Magnetically Shielded Tether Power Generation

Variable Units Value
v_rel m/s 1.02E+05
B T 2.00E-07
L m/s 100

C] Degrees 90

0] Degrees 0

V_emf \Y 2.04
R_tether Q 42.95
|_tether A 0.57
P_tether w 1.16

6.5 Bare Tether Experiments
A quick, initial setup was first used to determine the possibility of an EDT being used in this
environment. As such, this model aimed to reflect the best possible conditions for current generation
underwater. Because water salinity and temperature were widely variable in our understanding of
Europa’s environment, we chose to create test setups that would offer constant geometric properties
(wire length, distance from magnetic field, etc.) and that would allow us to easily change the water
properties to their extrema by draining and filling our setup with different water preparations through a
port on one of the bulkheads. Due to the current’s dependency on the lonic strength of the solution, it
would be best to test solutions with the highest possible concentrations. After proving the concept is
possible, according to the Galileo observations, we can determine the most effective setup is a solution
with conductivity between 0.02 and 0.06 S/m [19]. For reference, the typical conductivity of ocean
water on Earth is 5 S/m, the conductivity of drinking water is in the range of 0.005 — 0.05 mS/m, and the
conductivity of distilled water would approach

zero [24]. Re

N \
N Maznetic Field Lines
Saltwater Bridge

PVC cylinder of 1 inch inner-diameter, and SNZZN 7 /

In order to simulate the physics for the EDT,
our wire ‘tether’ was placed within a hollow

iy Spinning Magnet

suspended in the center of the cylinder by
four acrylic cutouts with small holes in their C, KO}

centers, and a ‘spoke’ design to allow water to

L —

freely flow between the sections of the test
setup. The wire is centered in the cylinder in || ’ i

order to keep it perpendicular to the magnetic : s : A
field, and to allow us to pass magnets across

the length of the cylinder from any angular Figure 9: Europa Rover tether subscale mockup test
orientation of the subscale mockup. The wires | chamber
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meet at the center of the cylinder where they will then exit through a small hole and are connected to a
multimeter in order to measure the current and voltage generated. We have chosen standard copper
wire for its high conductivity and abundance, which will make it a good candidate for this test.

Following the production of the test setup, a single cylindrical magnet was attached to the end of a
power drill and spun perpendicular to the wire setup, alternating between north and south poles as it
spun through its radial center. Due to limits in measurement capabilities of AC power, we were unable
to measure beyond the milliamp range in current and the millivolt range in voltage. However, initial
experiments of this test setup yielded occasional readings of 1mA, signaling that current generation
through the electrolyte may be possible and warranting further study after obtaining more sensitive
measurement devices.

This testing also revealed the difficulty in measuring the current generated solely as a result of the EDT,
as the circuit setup does not allow any one place to measure current independently. The current will
always be dependent on two unknowns; the voltage generated by the EDT, and the resistance of the
water, both of which are under examination and cannot be assumed to be known.

6.6 Magnetically Shielded Tether

Though having shown that we may be able to develop a current using the electrolytic solution, the
magnetic field required in order to do this would be thousands of times stronger than that of Europa’s
field, and still would result in extremely large lengths of tether in order to be able to generate even 1
mW of power. As previously shown for a magnetically shielded tether, there will be no current
generated in half of the loop, and only the active tether which is outside of the shielding will experience
the EMF associated with the magnetic field. This vastly reduces the predicted resistance (~10 kOhm to
~10 mOhm) compared to the saltwater tether, and will provide a greater current for the same voltage
yielding greater power per length of tether. The numbers expressed in Tables 5 and 6 for initial
estimates of this type of tether are promising — nearly 1 W of power for 1000 m of total tether length,
and so it became a priority to pursue a test case for how predictable this type of power generation
actually is.

To test the numerical model, a set of Mu-Metal magnetic shielding was acquired, and a 2ft long sleeve
of shielding was used to test the physical model (part #1/4” SSC-250). The maximum field strength for
the Mu-Metal shielding to not experience saturation was found to be 70 Gauss, or .007 Tesla, according
to the equations in the magnetically shielded tether analysis. This provides the information for selecting
the magnets for experimentation, and magnets were ordered such that their magnetic field strength
would yield 70 Gauss at a distance of 1.25 inches.

Page 27 of 59



Soft Robotics and Electrodynamic Tethers
NIAC Phase | Final Report
March 9, 2016

Cornell University
College of Engineering

The magnets were set into a PVC pipe

Magnetic

with their poles aligned and facing radially Field Lines

out from the PVC pipe, spaced .8” away s {\w
HENNNNN ]

from one another in order to fit 24 of i e

them within an 18 inch section, to be

4 4

centered over the Mu-Metal sleeve Magnetically
Shielded Tether

assembly; in order to avoid end effects,
we did not align magnets over the whole

length of the shielding, but centered the

magnet assembly with 3 inches free on
either side.

There is some readily available
documentation on how to solve for the
magnetic field at any location in space due
to two point charges, yet it has been hard
to find analytical equations of a magnetic
field of a physical magnet, where the
magnetic field strength is a property of
magnet dimensions. This has made it
difficult to fully realize the strength of the
magnetic field at any location along the Figure 10: Magnetically Shielded Tether Test Setup
path of the wire, but with the help of K&J

Magnetics field strength calculators we were able to solve for the field strength of each magnet at

various key points along the length of the wire. However, due to the vector addition of the magnetic
fields from each magnet, the perpendicular field across the wire will be influenced by several magnets at
a time. The result is an average magnetic field of about 100 Gauss at a distance of 1.5 inches — this is
unfortunately entering the realm of saturation.

The magnet tube assembly is rotated at ~3000RPM above a tank with a Mu-metal sleeve assembly being
suspended in water. The sleeve is suspended within the water by extending a length of string across the
filled tank and tensioning it, to keep the sleeve as taut as possible.

An alternating current is generated in this setup — this happens as the magnetic poles drive the positive
and the negative maxima while rotating. The calculations for the voltage potential generated in a length
of wire due to magnetic fields are all considered for DC considerations, but a quick conversion from AC
to DC is acceptable here to consider the root mean square voltage (Vrms) that is the equivalent DC
voltage;
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