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Executive Summary

Julh G SN & Y 2 2 yintethdzbdhBrgyfron tigalAhGakingand a global subsurface
saltwater oceanunder a thick ice shell, presents incredible promise to the planetary science
communityin the search for life anth ourunderstandingof oceanworlds Euopa Clipper and a
9dzN2 LJ [ FYRSNJ ¢g2dzf R NBGdzNY GF fdzl 6t S AYyF2NNI GA
scientific returns requirggoing beyon® dzNRB LJ- Q& & dz2NFIF OS FyR | O0Saaniy
t SYSGNF GAy 3 9 dzNP IdiffilateckiniKdicBe]lende &t is acdhd the sdope oft
existingplanetary sciencenission& (G Kdza | NRBIFRYF L) 2F K2g¢g @2 3Si
successful Europaubsurfacemission isequired Early and continuousivestment must be made
to close these Sigficant Technology Gapswe wish to realize a Euromaubsurfacemission in
the next two decades.

This report identifies Significant Technology Gaps for a Ewwapsurfacenission, giving
context aroundeachtechnology as well aiss applicationto GelNH A I ¢ SOKQ& +SNI A O}
for Navigating Europa (VERNE) vehicle. Technology nigledsifying where eachtechnology
mustadvanceare exploredandcompared tathe closest existing applications of the technology,
including the state of the art andiorent work in each field. Next steps for each technoldmsed
on the gap between the technology needs and the current work being dane then
recommendedTopics explored include drilling technology, power and thermal systems, sample
handling, gidane navigation & contrgland structuresThis document caadditionally be used
as a norexhaustive literature review of these technologies limited to the scope of their
application to a Europaubsurfacemission.If NASA invests in these critical technologies early
and consistently, a Europa melt probe could be selected as early as the decade 2033-2042.
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l. Introduction

I.LA. ReportBackground

This report wasleveloped as part of the Vertical Entry Robot for Navigating Europa
6+9wb90 LINRP2SOG Ay O2ftflo0o2NX A2y o Sihaokhgy DS2N
Lab andhe Space Systems Design Lab. VERBE ¥ dzy R S FSciantific HExplofatiok’ &

Subsuface Access Mechanism for Europa (SESAKGjamfor atwo-yearperiod from May
2019 to May 2021.

The goal of this report is to: (1) identify Significdiethnology Gaps betwedhe
technology needed for a Europaelt probemission and its current state, and (2) outline the
current work and next steps to catalyze the maturation of theseocalitechnologies.

|.B. VERNBission Concept

The following is aummary of the VERNE spacecraft shown in Figure 1 and concept of
2LISNI GA2ya SEOSNLIWISR FTNRY (GKS LI LISNI a+SNIAOI
iceeandoceaAlJNE FAT Ay3d GKSNXY2YSOKFYAOFf &dzoadz2NFI OS Y
(Schmidtet al 2021)

RTG Modulcs_: Communications Module:
+ House RTGs (3 total) * Houses acoustic pucks
* Thermal management Profiling System: and fiber optic tether
Thermal/Mechanical Drill system, including + Custom tether + Separable with
+ Counter-rotating drill exterior hot plates, runs management system with anchoring system to
design full length of vehicle tension decoupling enable pmﬁ]ing
* Estimated length: 0.26 m + Estimated length: 0.6 m * Estimated length: 0.58 m } * Estimated length: 1.3 m
\‘ {
Guidance, Navigation, and Science/Sample Handling: L
Controls: * Melt pocket/ocean Anchoring System:
* Main computer for sample intake, « Extendable/retractable
navigation and forward processing, and thermal pick anchor
sensing analysis * Estimated length: 0.1 m
+ Estimated length: 0.3 m + Estimated length: 0.3 m

Figure 1. The VERNE spacecraft consists of a forward thermomechanical drill, three Radioisotope
Thermoelectric Generators, a science bay with inlets for sample handling, a profiling tether and anchor
system, and a rear teth@nclosing deployablacoustic puckgrobm Schmidt et al 2021).

The VERNE spacecraft consists of a monolithic body 35 cm in diameter and 4.7 meters in length,
with a mechanical drill module at the front of the vehicle, three finless Radioisotope Thernraelect
Generators (RT$}, a science bay, and rear module housing communications and the high bandwidth
deployable tether with integrated backup acoustic communications pucks (Figure 1). The landing
vehicle is outside the scope of this study, we assume theespaft to be deligred to the surface

and placed in the vertical position prior to the start of operations. We designed the spacecraft using
highTechnology Readiness LevER({. components, for example choosing the MMRTG as the power
source in order toeduce mission risénd to achieve a closed design that could be selected in the
next decade independent of technical developments in major subsystems, outside of the lander.



While fission reactors or next generation RTGs may be developed for flightfuttine, the

historical challenges for developing and flight qualifying these systems place additional
programmatic risk that can be avoided by choosing the MMRTG. Stepwise improvements in the
availability of streamlined RTG pucks or other form factorate snass and imprevpower
distributionwithin the vehicle would represent more feasible steps in the coming decade. As
designed, the system has an approximate dry mass of 480 kg, inclusive of all contained subsystems,
and with an assumed payload mass 8flkg derived fromhie SSSLOW study (Schmidt et al 2021).
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Figure 2. A summary of the VERNE concept of operations. Over three years, VERNE will travel through 15
km of ice and routinely conduct science investigations within the ice shell. Operatibasraerface are
driven by life detection goals, and ocean operations provide environmental context and the first chance

to sample ocean composition and dynamfesnd Schmidt et al 2021).

The concept of operations, as seen in Figure 2, would begmpeitetration of the
cryogenic upper ice shell via mechanical drilliwbere the ice is too coltb meltinto aliquid
melt pocketat Europan neasurface temperaturesOnce deep enough into the ice to begin
forming a melt pocket fromth@ SKA Of SQa w ¢ damphingdf theSmeldvatdngoyldi A T A O
occur at a minimum of every kilometer in the ice sheltharacterie the ice environment and
search for traces of lifeAs the vehicle descends, a fiber optic tether connected to the surface
lander will beunspooledfrom the vehite, with acoustic transponders additionally deployed
regularly as a backup communications systélpon approaching the icecean interface, the
rear section of the vehicle containing the communication system willrs¢pdrom the main
body of the vehicland anchor into the ice using thermal picks, whdeainng connectedo
the main bodyby areinforced tether. The rear section would act as an anchor as the main body
of the vehicle would vertically profile the watbody to a depth ofat least100m,
characterizinghe interface and ocean environmefudr at leastone month until end of mission



I.C. Subsystem Significant Technology Gap Overview

Table | provides a summary of all tBgnificantTechnologyGaps(STGsidentified in
this report. For each tdmology gap, a brief summary of the technology needs of a Europa

subsurfacemission relevant work being done developing this technology, and suggested next

steps todevelop this techologyare provided.The remainder of the paper investigates eacth
these significanttechnologygapsin detail soted by subsystem: structures, command and data
handling, drillingand guidance navigation &ontrol, electrical power, thermal management,
andscience and sample handlirnghile thisdocument focuses on a VERBt{le mission, thee

STGs arapplicable for a wide swath of melt probe missions.

Tablel. Subsystem Significant Technology Gap Owervie

Significant
Technology| Technology Neesl Current Work Next Steps
Gap (STG)
1  Stop descent of vehicle
1 \{\g(t)fz)skla\nd load of at least 41 yOK2NRY3 ) )
T Deplovinto ice in icy moon stability and 1 /2yiGAydzS DS2NBAI
II.LA. Descent eployinto ice Y20AtAG&E ol | testing of themal picks for Europmelt
) reasonable time -
Arresting and 1 Be retractabl 2020) probeapplication
Anchoring System € retractaue, DS2 NHASVERNEOK { §  Testin Europaelevant environments
f redeployable, and secure )
inlce ) heatedthermaldeployable and the field
hold in slush and )
S picks for Europaprobe
convective ice anchoring
1  Minimize mass and power
consumption
Absorb shocks to the
11.B. Robust vehicle and manage wide Coastal Autonomous
Autonomous range of loads Profiling and Boundary 1 Testin marine environment similar to
Tether 1  Maintain canstant tension Layer (CAPABLE) System x
9 dzN2 LJ Qa
Management to the spool (Barnard et al 2010)
. . 1  Package system to mass and volume
System for 1 Operate autonomously in 3 Axelrappellingrover conducive to a Europmelt probe
Profiling Europan marine environment (Brown et al 2018) mission paelt p
Water 1  Prevent excessive damage| G NHAl ¢S0OKQ
Environment wear, and bending to Tether Management Syster
tether
NereidUnder Ice Remotely
Operated Vehicle (Jakuba ¢ 1  Miniaturize fiberoptic passive spoolin
. 1  Passively unspool ¥km al 2018) u pticp P 9
11.C. Passive : . systems
) of tether Nereid Under Icenicro- . )
Unspooling of . 1 Test passively unspool armored fiber
. 1  Prevent tangling or damagg tether (Bowen 2009) . i -
Tether in Europa to tether Tether Management optic tether in ice environment for
Envi " : -
nvironmen 1 Minimize totalvolume Systems for Remotely multiple kilometers
Operated Vehicles (Christ e
al 2014)
Compass Tunnelbot Report]
11.D. Lightweight, (Oleson et al 2019) 1  Test corrosive responses of materials tq
Corrosive 1  Withstandcorrosive saline Argooceanographyrobes Europa conditions
Resistan, environment for multiple usingT&Rey S al N Fieldtest materials in Europlike
Watertight years APEX Current Profiling Flog conditions over long timacales
Exterior Material | §  Sustain temperatures from (Riser et al 2018) 1  Develop composite material technologyj
Capable of 90K to 273 K Icefin UndeflceVehicle for spacecraft apjpt¢ations
Withstanding (Meisteret al 2018) 1 Continue developing novéghtweight

High Pressure

Compositehoneycomb
structure with aluminum

high-strength materials




facesheeting for Mars
rovers (Atams et al 2007)
Plasmeelectrolytic
oxidation corrosion
resistantcoating for
aluminum (Shrestha et al
2010)

Communication and Data Handling Technology Gaps

Driihg System Technology Gaps

IV.A.1. Durable
Leaf Springs
Capable of

Sustaining High
Loads at Low

Temperatures

IV.A.2. Anti
Torque Skates

Capable of
Handling Ice Chips
and Slush

IV.A.3. Counter
Rotating Ice Drill

1

1

1

1

1

1

1

1

GN&C and

Provide counteitorque in
variable diameter borehole|
Operate in90K cryogenic
ice as well as slush

Be durable enough to
operate for 3 years without]
repair

Avoid freezing ath locking
inice

Provide equal torques
between upper and lower
sections

Ensure continuous caact
with ice for upper and
lower sections

Prevent particles entering
between sections
Facilitatecontinuouschip
transport between sections

1

1  South Pole Acoustic Test
1  Contain onboard power Setup (Ab.d ou etal 2012)
T Minimize system volume, T Charactgnzanon of Demonstrate data transmissidhrough
mass, ad power attenuation (_)fspundwaves ice
IIlLA. Compact S throughglacierice (Meyer S . .
Transmitter of consumption et al 2019) Miniaturize selfcontained acoustic
Simol .| T  Survive andommunicate - B transmitterswith onboard paver
imple Acoustic ; 1  Feasibility ofvireless ) i
) in temperatures fromB0 K . . . Demonstrateacoustic data transmission
Signals through acoustictransmitters in the . )
c - to 273 K vertically through Europanalogous ice
ryogenic Ice . Greenland IcéSheet
1  Communicate over (Lishman et al 2013) Demonstrate modulated data
hundreds to thousands of transmission through ice
meters in ice 1 IceMole Autonomous
Pinger Units (Weinstock et
al 2020)
T \IIDVatta[Hgazne:jlin a SI s)tfei fo/r Continuedevelopment of low
II.B. Higher 1  Be radiation hardened the Europa Lgnd)(/er (Bolotin temperature, compact, radiation
ArealDensity 1  Tolerate lowtemperatures et al 20 1F8)) hardened avionics
Radiation 1 Fitin minimal volume 1 Highperformance Reduce areal density of memory storag
Hardened 1 Reliably store tens of co?nrr'?ercialoff the shelf Increase total storage capacity of
Memory Storage gigabytes radiation-hardened spaceated memory

spacerated electronics
(Pignol 2010)

Leaf Sprind\nti-Torque
Systems used for leBoring
Drills (Talalay et al 2014)
Eclipse Ice Coring Dirill
(Scambos 2020)
Automotive carborfiber
leaf springs (Soner et al
2012)

Skate AntiTorque Systems
used for IceCoring Drills
(Talalay et al 2014)

Smallscalecounterrotating
thermomechanical drill for
Europa application (Weiss
et al 2011)

storage systems

Test leaf springs at cryogenic
temperatures and salinenvironment
Design and test leaf spigs for operating
autonomously for 3+ years

Testskatemounted-on-leaf-spring
design

Demonstrate icechipmanagenent
capability

Investigate embedded thermal resistorg
in antitorque system

Design and test skates for operating
autonomously for 3+ years

Test counterrotating thermomechanical
drills further in laboratory setting

Scale up to fulsized drills tested in the
field, then Europdike environments




IV.B.1Auger Like
Chip Transport on
Drill

IV.C.1. Long
Range Wide
Angle Sonar

IV.C.2. Compact
Radar Capable of
Identifying Close

Distance Objects

V.A. Compact
Finless
Radioisotope
Thermoelectric
Generators
(RTGs)

V.B. Low
Temperature
Rechargeable

Batteries

V.C. Low
Temperature
High-Energy

Density Primary

Batteries

|l

1

1

1

f
f

1

= =

=

Transport ice chips from in
front of vehicle to behind
Have high cutting ficiency
across different
environments

Minimize loss of chips
between countefrotating
drill sections

Side and frontmounted
sorar/radar

>100 m range
Minimizevolume, power,
and blind spatcone ahead
of vehicle

Electrical Power System Technolo

Capture heat fronRTGs
through an active thermal
loop

Minimize diameter and
mass

Utilize no radiator fins
Increase electrical
conversion efficiency

Withstand temperaturesn
the range of60 °C ta-80 °C
Maximize energy density

Operate with-80 °C
transmitter internal
temperatures

Energy density of at least
800 Whr/L, idedly 2400
W-hr/L

1

Ice chip transport for
electromechanical augers i
polar glacier environments
(Hong et al 2014)

I 2ySeo6SS w20
drill (Zacney et al 2018)
Smal-scale counterotating
thermomechanical drill for
Europa application (Weiss
et al 2011)

IceMole Acoustic
Reconaissance System (AR
(Kowalski et al 2016)
IceMoleAutonomous Pinger
Unit (APU) (Weinstock et al
2020)

VALKYRIEe Synthetic
Aperture Radar (Pradhan et
al 2016)

Autonomous phassensitive
RadieEcho Sounder (ApRES
(Bagshaw et al 2018)

a9y KL y O$ligsioa dz
Radioisobpe
Thermoelectric Generator
6Saaw¢Du [/ 2V
"Finless RTG Power Syster
/ 2y OS¢
a58ylYAO wlR
t26SNI {2adsSy
NextGen Sectioned
Modular RTGs (Zakrajsek €
al 2017)

Mars hsight Landebattery
(M. C. Smart et al 2019)
Lowtemperature
rechargeabldithium-ion
batteries (Surampudi 2017),

Thionyl Chloride ((30CI2),
Lithium-Carbon
Monofluoride (LiCFx),
Thionyl Chloride ((30CI2)
(Surampudi 2017)

il

1

1
1

1
1

1

1
1

1

1
1

1
1

1

1
1

1

1
1

Test conical drills with augdike chp
transport in Europdike conditions
including cryogenic and temperate ice 3
well as salt deposits

Field tests in multiple mters to
kilometers of ice

Test lmdy mounted acoustic transducers
Balance long range witufficient
resolution

Improve medium coupling of acoustic
transducers to the ice

Reduce losses due to the water film
between the transduceand ice
environment.

Improve efficiencyf low-frequency
small antennae

Minimize power, volume, and mass
Develop autonomous system tharc
operate for years without repair
Develop techniques to eliminate
interference from components in front o
the sensor

ps

Develop RTG without fins

Develop SKD thermocouple technology
and test module

Begindevelopment of qualification unit
for segmented and modular RTGs
Completeprototypes of Dynamic
Radioisotope Power Systems

Develop lowtemperature electrolytes
that can conduct ionically in a film on th
electrode

Using solvents with low viscosity and
melting poirt

Enablebatterieswith specific energies
150200 Wh/kg with aroperating range
of -60 °C to 30 °C

Develop alternate electrolytes, salts, an
additives

Modified electrode design

Understand effects of radiation exposuf|
to devebp methods for planetary
protection

Themal Management System Technology Gaps



VLA,
Mechanically
Pumped Fluid
Loop for Heat

Transfer to
Rotating Drill
Head

VI.B. Light
Weight
Corrosion
Resistant
Thermal Hot
Plate

Transfer heat from a
nuclear power source to
the nose of the vehicle at
high efficiency and mimal
sidewall loss
Operatecontinuously for
multiple years

Minimize mass, volume,
and power consumption

Have a low density and a
high strength

Be corrosion resistant for
possible years of exposure
to saline environments
Conducive to complex fluid
channelgeometries

Mars Science Laboratory
Mechanically Pumped Fluid
Loop (Bhandari et al 2013)
VALKYRI@tobe open
meltwater loop (Stone et al
2014)

SPINDLEIlosed Flai Loop
(Stoeet al 2018)

IceCubdirn heatedfluid drill
(Benson et al 2014)
Smallscale counterotating
thermomechanical drill for
Europa application (Weiss ef
al 2011)

ElectronBeam Additively
Manufactured Titanium
Structures (Sciaky 2021)

Test a mechanically pumped fluid loop
for a Europanelt probevehicle
prototype

Utilize a nuclear or nuclear
representative heat source

Design and test system allowing for
transfer of heat by a nomotating fluid
loop to a rotating drill head

Develop small lowpower, highreliability
pumps

Demastrate corrosion resistance in
saline environments

Demonstrate additive manufacturing of
embedded fluid channels

Explore other lightweightorrosion
resistant highstrength materials

VII. Sciencand
Sample Handling
System

1  Tolerate launch,
spaceflight, high
pressure liquid
environments, and
possibly corrosive
salts and deposits

1  Detect low
concentrations of
biosignatures

1  Operate highly
autonomously

1  Sample with high
resolution in
unsteady terrain

1  Hardle dust, debris,
salts, and trapped
gasses

Instrument development for|
Europa missiondield-

tested oceanographic
science vehiclesifé-
detection and sampling
technologies for icy ocean
worlds, and Europanelt
probepayload conceptsge
Lawrene et al 202%or
review)

Leverage existing expertise across
different fields and industries

Increase autonomousapabilities of
small volume liquid sample collection
Combine flow through and discrete liqui
sampling for small volume systems
Autonomous desiéing, depressurizing,
and concentration of milliliter and
microliter sized systems




. StructuresTechnologysaps

lI.LA. DescemArresting and Anchoring System in Ice
Context:

For a Europanelt probemissionto descendhrough the ice sheknd stop neatthe ice
ocean interface, a mechanism to prevent the vehicle feinking into the ocean as well as
maintain a connection to the surface is necessary. A-higkhmethod of doing this is relying
solely on a tether to keephe vehicle from sinking or floating away. Alternatively, a buoyancy
device attached to a tether cdaibe utilized, but if the tether breaks at a point not in the ice,
the vehicle could still lose connection to the surface.

Another method is to have the wele separate into two sections, with the rear section
anchoring into the icegonnected to the fowvard section by reinforced tethewhile it
investigates the water bodyhis way, a break in the tether above the anchor point does not
risk loss of vehicleand the tether connecting the anchor and profiling section of the vehicle can
be heavily reinfored without significant mass increasénelanchoring section of the vehicle
can be secured bgeveral lowTRL concepts, includimgmechanical clamp usingdtion to grip
the sidewall or by picks penetrating mechanically or thermally into the ice.

VERNE Crext:

When approaching the ieecean interface, the rear anchor module of the VERNE
vehicle separates and releases thermal picks laterally into the istopothe descent of the
OSKAOf S® ¢KS | yOK2NJ Y2RdzA S Ffazma@@wémokya (KS
storage, allowing continued transmission of onboard data in the event the main vehicle section
is lost. The main section of the vehicle is carted byareinforced tether that transmits data
and power to the anchor module as it profiles thater body.

CKSNXYIf LIAO1& 6SNBE OK2aSy F2NJ +9wbo9Qa RSaa
as compared to mechanical clamps, allowing for operatidiexibility. Thermal insertion by
pressing heated picks into the ice was found to better maimthe structural integrity of the
ice compared to mechanical insertion (Halperin et al 2019).

Technology Needs:

The anchoring system must be able to artés descent of the full weight of the vehicle
by deploying sufficiently heated picks in acceptable timeframe and withstand a load of at
least 1300 N (derived fromconservative estimate of a 500 kg vehicle with a safety factor of
two). The anchoring sgem must be retractable, redeployable, and able to secure itself in slush
and convectivedge while minimizing mass and power consumption.

Current Work:



I P YAGBSNRBRAGE 2 FAnchdridgBhermaf dRills ot idzidon Sapilityiand
Y 2 6 A fedted latéral thermal picks witanintended application for the surface of icy moons,
with anemphasis on sublimating cryogenic icebf0%/ G KIF G ¢2dzf R 06S F2dzyR
surface rather than convective ice neat@that would be found near the ig&eaninterface
(Halperin et al 2020)The test setup is shown in Figueand parameters examed included tip
shape, insulation of thermal pick, heater power, thermal pick temperature, intervals between
pick reinsertion, and pressure exerted by the pick ithie ice.

Thermal
Pick

G-10

Ice

Constant Force Extension
Springs Spring

Roller Bearing

Ice Mount Top Positioning Slide

Bottom
Positioning Slide

Aluminum Mounting
Plate

G-10 G-10

Vacuum Chamber Platen

Figure 3. Thermal Pick Test Rig Schemédtiong Halperin et al 2020).

A small negative taper (narr@stat base and widest ahe tip) of 3.58 degrees was
found to prevent the probe from undesirably pulling out from the ice while minimizieg th
amount of ice that wouldhave to be remelted when retracting. Tamore efficiently penetrate
the iceand minimize unwanted conductive heat loss to the environment, a duty cycle
(retracting from the ice temporarily while the pick reheatss found to beeffective. Ice failure
dueto thermal stall was minimized at higher pick temperatures (hottest tested was 160 °C due
to melting point of epoxy used) and small insertion steps (3mm), with reheating intervals below
20 seconds. Ideal pick conditions and @éufe mechanisms are expied to be different for
the tested cryogenic ice 6170 T near vacuuntompared to the expected near € and
significant pressures at the igean interface. Heater cartridges used were from248V with
a power consumptionof 16-32 W, and a duty cyelbetween ice insertions of-85%, with the
thermal picks successfully holding the 100 N force. Through these experiments, the viability of a
thermal pick to maintain ice integrity and hold vehitdads at a reasonable size ano\ger
consumption habeenshown(Halperin et al 2020).

The Georgia Tech VERNE team is in the process of testing thermal picks for arresting
RS&a0Syid Ay (KS 02y RA GocenyiaterfaceThaOoiicddlity of ater@l dzNB LI Q
insertion into ice refreezing, and retraain will be demonstrated first for a linearly actuated
0SYOK(G2L) GKSNXNI f LA OHalgernétak2020as Sezn in Highe@.NRA y Qa

The scenario of a descending vehicle will then be tested and the thermaldapl®yed into ice



blocksas shown in Figuré (b), first with a static mass pulling downward, then with the thermal

pick platform moving downward at expected speeds with the simulated vehicle weight. Upon

demonstration of the descending platform, the tesill be repeated with thesystem

surrounded by a liquid water jacket, replicating the water pocket that will surround the vehicle
on Europa.

Figure4. (a) Benchtop Thermal Pick Testing Rig (b) Descending Thermal Pick Testing Rig.
Next Steps:
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optimal tip shape, tip entry angle, duty cycle, and power vs. time operating can be
determined through further experiments. Testing could then progress from a laboratory setting
to the field such asce shelveswhere deployment and anchoring can be demonstrated in a
marine ice environment.

[I.B. Robust Autonomasi Tether Management System fenofiling

Europanwater Environment
Context:

For a Europanelt probevehicle to fully characterize the subsurface ocean, it must
deploy a system capable of traversinglihemelt probevehicle can servessan autonomous
underwater vehiclgAUV) itself, station into the ice am#ployan AUVunconnected to the
main vehicleor it canseparateinto a section that anchors into the ice and a section that
profiles the ocean, connected by tethékn anchor anddther systenrepresents thedwest
risk by anchoring the vehicle and not relying on a separate system, and lowest complexity by
not requiringadditional vehicles or autonomous ocean navigation.



A tether must connect the anchored section of the vehiol¢he oceanprofiling
section, serving the structural purpose of mooring the profiler and keep it from floating away,
as well as possibly providing communications and/or electricity between the profiler and
anchored section. A Tether Management System{J M eeded to wind and unwind the
tether as the vehicle profiles up and down in the water column. The system must minimize
shocks experienced by the tether and sustain a range of loads on the tether from possibly
varying ocean currents while maintainingnstart tension to the spool for consistent winding
and unwinding.

VERNE Context:

The rear section of the VERNE vehicle anchors into the ice and attaches to the ocean
profiling section viatether. The tether prevents the profitdrom drifting away asvell as
exchanges both communication signal and electrical power between the profiler and anchor
aSOlA2yad £+9wb9Qa ¢SIHKSNJ alyl3ISYSyad {eaidsSy
prevent the variable tension experienced on the tether from transfertinthe spooling
system. The spooling system operates under constant tension, allowing the motorized spool to
more smoothly wind and unwind tether, assisted by a level wind to prevent tangling and
knotting. The tether is designed to be ~200 m long, allgwli0 mof profiling in the water
body and enough tether to extend from the anchor to the-azean interface.

Technology Needs:

A Tether Management System is needed to absorb shocks to the vehicle and maintain a
constant tension to the spool while managia wic range of loads experienced by the vehicle.
The TMS needs to operate autonomouslyhe ice shell andnarine environment and prevent
excessive damage, wear, or bending to the tether.

Current Work:

The Coastal Autonomous Profiling and Boundaser (CAPABLE) Systenan
autonomous vehicle that measures coastal ocean environments in high resolution by vertically
profiling the water attaching byatether to the ocean floo(Barnard et al 2010)rhe vehicle
demonstrates an onboard winch systehmat can autonomously spool and unspool 250 m of
tether and operate for a period of three months. Different from a Europdt probemission,
the tether transmits neither communication nor pow&APABLiGstead communicasby RF
signal and reéson onboard power. The vehicle is anchored at the bottom of the ocean rather
than the top and is positively buoyant, requiring power when going downwards towards the
underwater dock. The tether sustains significantly less tension than a Eovelpprobe would,
YR (GKdza R2SayQid dzaS || GSyairzy RSO2dzJ Ay 3
an onboard marine winch system for a vertical profiler.

Axel is a fieldested rover designed to rappel steep terrains on rocky planets that
traditional roverscannottraverse(Brown et al 2018)A tether management system like one
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needed for a Europmnelt probemission has been tested for Axel in a laboratory setting, whose
diagram can be seen in Figue
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Figure5. Axel Tether Margement System Diagranfr¢gm Brown et al 2018).
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transmits power and communications. Additionally, Axel uses a tension decoupling system to
separate thetension of the deployed tether from the internal untensioned spool, utilizing a
serieselastic actuator acting as a rotational sprirgabsorb shocks. A slack buffer decouples
the motion of the spool from the motion of the tension decoupler, while als@asueing the
tension on the line. The spool is wound and unwound by a motor with a level winder to prevent
tangles and knots in the te#r. A tether response the authors noted that they anticipate
testing further is the increase in stiffness the tether esiprces when under strain. This could
Ol dzaS AaadzSa Ay (GKS FASEtR RdzS 2 OKFy3aSa Ay i
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management system, when deployedtie field, will demonstrate successful usage of a
G6Syairzy RSO2dzZL) Ay3 aedaidSyYy FyR fS@St stehyiR 2y |
a terrestrial setting.
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Managemat System (TMS) designed for a Eurapelt probe seen in Figuré. The tension
SELISNASYOSR o6& (idédupkedby thelupp@riensiod deébipling dystem. The
constanttensioned tether is then wound and unwound around its spool uaiteyel wind.

Upon completion, the project will demonstrate a benchtop TMS that can autonomously spool
and unspool multiple wras of tether.



Figure6. VERNE Tether Management System (a) CAD Model (b) Prqttirgson)
Next Steps:

A Tether Managment System still needs to be developed and figddted in a marine
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for a Europanelt probeboth promise increaseis technology readiness. Upon successful lab
testing of a marine TMS using a tension decoupling systeldstésting in a marine location
such as Antarcticavould provide valuable information on designing a Europan TMS with
confidence.

[I.C. Passive Unspooling of Tether in Europan Environment
Context:
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system poses a significarttallenge A fiber optic tether is a lowmass extremely high
throughput option that would allow large amounts of data exchanged between the vehicle and

the surface. Acoustic or RF repeaters are also considered in designs such as Tunnelbot as
backups in case the fib@ptic tether is severe@lesonet al 2019.

The fiber optic tether would need to be on the Eurapalt probevehicle, aghe ice will
refreeze behind the vehicle, eliminatimgspooimanagedrom the surface To fit onboard the
vehicle, the 1830 km of tether needs to respect a minimum bend radius while minimizing



overall diameterAfiber optic tetherwould primarilyfunction for communicationrather than
structural loading or transmitting powen order to simplify operations and save masgsd the
tether may notrequireto beingre-wound, though this may vary by missiddonetheless
passive uspooling othe tether as the vehicle descesdvould reduce complexity and
eliminate the need for a spool motor.

VERNE Context:

The VERNE vehicle vpilissively deplog fiber optic tether outof the rear of the
vehicle.The tether in the brittleupper ice shell may be reinforced, while the tetheithe lower
ice shell can be bare fiber optic, as ice shear will not be an issue in the warmer convective ice.
VERNE will also have acoustic repeater pucks placed each kilometer in the ice shell as a
semndary communication system in case the tether tk®a

Technology Needs:

A method of passively unspooling fiber optic tether for significant length<8(1&n),
while preventing tangling or damaging of the tether and minimizing total volume is needed.

Current Work:

The Nereid Under Ice (NUI) is a ReatypOperated Vehicle used in exploring undsr
ocean environments in the arctic (Jakuba et al 20I8)allow unrestricted movement under
shiftingseaicein the open ocean, while stationed from an icebreaker ship with limited
mobility, along, thin unarmored expendable fiber optic tether, dubbed a miether, is used
to communicate with the vehicle. The mictether is 250 microns in diameter and has been
testedup to a length of 5 km, with a theoretical maximum of2@km,able to bear a load of
up to 2 N before breaking. The mietether is fit into two small canistey®ne near the vehicle
and one near the ship, and the tether is free to unspool from either end, as seen In Figure



Cable to Ship

Topside Fiber Canister

Depressol r

Micro-Tether

in Body
Subsea Fiber Canister

Umbilical

1"’
Figure7. Nereid Under Ice Micitether Deploymentffom Jakuba et al 2018).

The micretether patent describes the cable payout device that can be seé&igure8
(Bowen 2009). The micttether is stored in a spool in the bottom canister (660), and under
tension is pulled vertically off thgpool, wraps around the capstan drum &xoupled to a
tension assembly (654) then upward between the top cleats (652) forming a brake system. This
brake system can either operate passively with constant torque through a mechanical spring or
actively though an electrical system.
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Figure8. Underwater Microtether Payout Device Diagraritdm Bowen 2009).

In Chapter 9 of ThROV Manual
(a system that is lowered underwater from a winch from the maip simd manages the tether
for the ROV) ardiscussed that can be seen in Figarghrist et al 2014). A reel with a slip ring
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has a rotary joint in the tether drum that rotates to spool and unspool tether, adding

complexity but reducing wear. Alternativelg bailing arm can rotate around a statary drum

{eads

to spool and unspool tether, reducing complexity but increasing wear on the tether. Both these
systems are bulky and actively controlled by a motor, as opposed to a mindrameter
lightweight passive sgem needed for a Europaelt probe.
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Figure9. Internal Tether Management Systems
(a) Reel/Slipring TMS (b) Bailing Arm TMSr(Christ et al 2014).

NASA Tunnelbotdesign contains a fiber optic tether integrated with three large
repeaters Qleson et al 2019). The fiber optather is wound around the repeaters which have
'y 2dziSNI RAFYSGSNI 2F mMHdccec OYI YR GKS @SKAOf
coaxial with the vehicle. The tether seems to unspool from the vehicle passitaiyigh exact
mechanisms and depyment are not specified.
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coaxial with the vehicle (Zacny et al 2019). SLUSH proposes three deployable spool bays that
separate from the vieicle during descent and contain R¥peaters. Each spool bay would have
GSGKSNI 2LIGAYAT SR T2NJ OSNIiFAy &aSOdAzya 2F 9 dzNP
motor, implying passive unspooling through an unspecified method.

Next Steps:

Further work must be done in miniaturizingofer optic spooling systems that can pay
out tether passively while minimizing volume. Passive unspooling of armored fiber optic from a
vehicle must be tested in a@ne environment for multiple kilometers, and the systemist be
capable of preventing tangtewhile avoiding wear and damage to the tether.

II.D. Lightweight, CorrosivResistant, Watertight Exterior Material Capable

of Withstanding High Pressure
Context:

The structural integrity of an underwater vehicle is criticakeep the interior of the
vehicle protected from intense pressures and a corrosive saline environment. The exterior must
be rigid and reliable while being as lightweight as possible.

VERNE Context:

Both titanium and carbon fiber are materiddeing cosidered for the exterior
cylindrical vehicle structure due to thdigh strengthto-weight ratios,corrosion resistance,
andheritage in aerospace and deepa applications. To further reduce mass and provide
effective insulation, an aerogéilled honeyomb composite structure witluminumface
sheets is also considered.

Technology Needs:

A Europanelt probevehicle will require an exterior that can withstand a corrosive
saline environment for multiple years while sustaining a wide rangeraperatures from90 K
to 273 K and pressuregreater thanl8 MPa at 15 km dept (Oleson et al 2019). Selecting an
exterior material with minimal mass is critical to minimize mission cost and maximize scientific
value.



Current Work:

TheCompas§unnelbot Report theorized multiple structural materials, including
aluminum (Al 7075973), stainless steel (AISI 304), and titaniur6AF4V) (Oleson et al 2019)
Stainless steel was eliminated for being too heavy, and aluminum wasedeagainst for its
susceptibility to buckling and welding challenges, as it loses temper (thus strength) with
welding. Titaniums mast idealgivenits radiation shielding, weldability, high modulus
(providing buckling restance), and high strength with only a small mass increase compared to
aluminum.

Carbon fiber has been used in Earth oceanic applications such as Argo oceanography
probes. Acommoh NH2 RS&A3Iy A& ¢SftSReyS alNAyS@ma !t 9-
m sea level (roughly 20 MP@iseret al2018), which is higher than the 17.9 MPa expected at
Mp 1Y 0Sf2g 9(@bdkBredlal2od9. ArgbSloats iaSdl the oceansrf3-5 years
continuously taking data, a demonstration of the corrosionstsmce and durability of these
pressure vessels.

Aluminum has been used astructural material irocean vehicles, including in the
Antarctic undeilice by the Icefin vehicle, similar in size and shape to an expected faurelt
probevehicle. Hareanodized6061Aluminum rated to 1500 m depth (~15 MPa) was used in
ocean temperatures as low a°C and air temperatures as low &0°C(Spearst al2016
Meister et al 2018

Composite honeycomb structure withushinum facesheeting has been used in
spacecraft aplication on Mars Science Laboratory and Mars Perseverance rover in the aero
backshell as well as the heat exchanger surrounding the RTG. A@lleddNomexhoneycomb
between Al 7075173 facesheets proided highperformance lowmass insulation that codlbe
utilized on a Europanelt probemission to insulate internal systen(idastropietroet al2010.
Manufacturing difficulties could arise in shaping a honeycomb structure into a cylindeawith
small radius of curvature, as well as the issuat thelding aluminum reduces its strength. NASA
has done extensive study of sandwich structures of compositegheets and foam core for
lightweight high strength radiation and debris protection for spapelication that could be
leveraged for aluminumrad honeycomb structure@Atamset al 2007).

Aluminum coatings for corrosion resistance and environmental protection continue to
advance. In addition to anodic coating and hard coating, plasma elgiitrokidation is being
studied for spacecraft applicains, promising more durable and multifunctional surface
characteristic§Shrestheet al2010).

Next Steps:

Significant work must be done to advance knowledge of titanium, aluminum, and composite
materialdo SKI @A 2 NR Ay NB atedpgiatuses, 8aine endiddnedit, dl 2 &
pressure. Laboratory testing of material responses as well astio@gcale fieldtesting must



be done to ensure material suitability to maintain structural integrity for therfudision

lifetime. A full study of pasible corrosive effects to materials from the Europan surface
environmentfollowing in the footstepsof dzZI / I t £ SQa &/ 2NNRaiAz2y 2y al
OYPBANRBYYSY(G 2y { LI OSONI T i uraimdérSanding 6f endterial i dzZR& 4 2
responsesor Europa application (Calle 2019). And to minimize structural nd@sglopments

must be made in more novel lightweight higlrength materials such as composites and

honeycomb sandwich structures and thersted in a comparable environmerinother

consideration is selecting a material that has similar thermal coefficients to rest of the vehicle

to minimize theproblems arising frondifferingthermal expansion across the vehicle due to the

wide range of tempraturesto whichthe vehicle will be exposed

lll. Communication and Data Handling Technology Gaps

lIILA.  Compact Transmitter of Simple Acoustic Signals through

Cryogenic Ice
Context:

For a vehicle traveling any significant depth in the paroice shell, a communication
system to the surface is necessary to return data to Earth. Many Eunefigorobedesigns
consider a fiber optic tether for lounass higkdata-rate communicéon to the surface. Shifts
in the upper conductive icayer pose a risk of shearing the tether, justifying a secondary
communication system to reduce mission risk.

Radio Frequency (RF) and acoustic (sound wave) signals are both candidates for a
seconday communication system. RF signals have the issue ofisag attenuation, reducing
communication range to just meters througlgueousS Y A NRy YSy ia SELISOGSR A
shell, such as/ater pockets (Schmidt et al 201 Baturatedice and salts (Chivers et al 202t
temperateice (Lishman et al 2013). RF signals are also more sensitheedbemical
properties of the ice and require more power, making acoustic communicati@ttractive but

underdevelopecthoice.

For any communication systenhe larger the distare between transmitter and
receiver, the more power is needeahaking direct communication between the vehicle and
surface infeasibleOne solution is for the vehicle to drop off transmitters at regular intervals
that act ascommunication relays to the surface. Acoustic transmittees@mmonly used in air
and water communication, but to date have not been used to communicate through ice.

VERNE Context:

The VERNE vehiskeuld utilize acoustic communication pucks spacearg 900 m in
the ice shell as a backup to the fiber optic tether:

The Wireless Acoustic LinK through Ice on Earth and Europa (WALKIEE) pucksarasedtl
wireless acoustic receivers and transponders powered bmall battery system. As needed, the



pucks are heated by lightweight Radioisotope Heater Units (RHUS), insulated by silica aerogel,
and use an outer structure made of Delrin. Primary lithium batteries with power densities of
around 700 Whr/L and a minimim temperature of55 °C were selecteds the reference power
supplies. By analyzing an integrated link budget, the optimal puck specifications include a
maximum separation distance of 900 m, a transmit power of 70 mW, a carrier frequency of 5
kHz,andaQ{ Y Y2Rdzf I G§A2Yy & O rgp¢ Bas been fabdcatdd ¥nd sested IINE
air and across ice in the lab with commercially available off the shelf (COTS) parts, and further
testing will occur in ice over 2021 (Schmidt et al 2021).

Figurel0Oshows tle WALKIEE acoustic puck concept.
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Figue 10. WALKIEE Communication puck design and Thermal Analysis. (a) Heated puck deployed in
cryogenic ice; (b) Unheated puck deployed in temperatdrama Schmidt et al 2021).

Technology Needs:

Acoustic transmitters must be developed to be saifitainedwith onboard power and
must be able to survive and communicate in a wide range of ice temperatures on EQ€dfa (
to 273 K), all while being compact and capable of communicating over hundréasusands
of meters in ice with low power consumption.

Curent Work:

The South Pole Acoustic Test Setup (SPATS) in Antarctica, in collaboration with IceCube,
consists of strings of acoustic transmitters and sensors spaced across multiple boreholes to
detect neutrinos (Abdou et al 2012). Each SPATS stage, shéugunell, contains an acoustic
transmitter and sensor, with a steel pressure housing for electronics of outer diameter 101.6
mm. The entire stage has a length of 1.5 m, maximum diameter ofmtB0anda mass of 10



kg. The power source and additional éteaics are stored in a weatherproof box on the

surfaceof each borehole. @ SPATS stages are spaced from depths of 80 m to 400 nthevith

power consumption per string ranging from ~35 W~@6 W when all modules are powered on.

The transducer elementfNadS YIRS 2F &t SR TAND2yAdzy GAGEYF G
a soft piezeceramic material with a high piezoelectric charge constant, high permittivity and a

KA3IK O2 dzLX AaladagattamiteNgdwer opdfafes in the-B0 kHz range. SPAT

has been operating for over 5 years and demonstrates acoustic transmitters operating in low
temperatures and high pressures, however with offboard power and acting as a scientific

instrument, not for data communication purposes.

Figurell. Fully assenbd SPATS stage showing the transmitter module (a), the transmitter (b) and the
sensor module (c) (Abdou et al 2012).

A study to characterize the attenuation of soundwaves in ice was condbetseen
the frequencies of 2 kHz and 35 kHz in an ltalianeldbeyer et al 2019). Acoustic emitters
and receivers were placed into holes multiple meters deep and covered by 30+ cm of water to
refreeze in:

Two spherical, 4.28ch, acoustic transducers type ITEL001 from the International

Transducer Corporationsed for sending and receiving the signals. This type of transducer

providesa highJ2 6 SNJ O NR I RolF YR 1 02dzAGA O 2YYARANBOUAZ2Y I
equally good receiving propees (Meyer et al 2019).

Transmitters and receivers were spadsgtween 5 m to 90 m laterally apart in the glacier, all at
a depth of 23 m. All power, processing, and data acquisitiasdone by electronics housed in
weatherproof boxes on the surface. The signals used to test attenuation were Barker codes
(autocorrehting discrete signals used to synchronize patterns between emitter and receiver)
and chirp signals (sinusoidal signals ittlearly increasing frequency) from 2 kHz to 38 kHz.
The tests were consistent with others glacier attenuation studies from véigreint regions,
showinganincrease of attenuation with temperature arakslight increase of attenuation with
frequency. Tis study characterized acoustic signals in terrestrial glacier ice, but from near the
surface of the glaciers with offboard powerdaprocessing, with results that may not translate
to the differing ice environment of Europa.

In a study to determine theegsibility of wireless acoustic transmitters deployed in
Greenland ice sheets, communication was determined feasible in the 40lHEz range, with
higher frequencies likely to improve efficiency (Lishman et al 2013). The acoustic transmitter



dza SR #léptunelSonar T257 transducer, powered by a 400 W Vibe Marien Space
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showed transmission through 1 km of ice requdire W of electrical power outputHowever,

attenuation was found to be highly geographically and ice composition dependent, and the
Europan ice composition and temperature walikely lead to very different results.

I OKSY ! YADSNEA (& Qa -RANEEGRnLetimdu$ Expidratayivae-A 2 Yy SR 9
Robust autonomous Acoustic Navigation in Glacial icE) project utilized a network of
Autonomous Pinger Units (APUSs) to assist tedole vehicle in navigatiofWeinstock et al
2020) Each APU is housed in a cylindrical stairdessl pressug vessel that can withstaral
pressure of up to 20 bar, has an outer diameter of § andatotal length of 90 cm. The
IceMolevehicle uses fou780 kHz phased resonant piezo arrays for obstacle detection of up to
15 m in water ice. Both IceMole and the APUs use acoustics, ithazegh the signals only
traveled small distances andlere used for obstale detection intead of transmitting data.

Next Steps:

This work demonstrates and characterizes acoustic transmission laterally in terrestrial
glaciers. However, this behavior may not extrapolate to a Europan environment with much
colder ice, and different ice compositi@md structure. Significant work muselgone in
miniaturizing transmitters for these environments while accommodating onboard power and
testingin Europan representative environments.

[1.B.  Higher AreaDensity RadiatioiiHardened Memory Storage

Context:

Improvementsin memory storage technologyave happened by leaps and bounds over
the recent decades in the commercial computing market. However, those same increases have
not been fully realized for space command and data handling applications. Harsh space
environments can create extreme thermah@ronments and radiation damage through single
event upsets and accumulated radiation doses, events which terrestrialp@igbrmance
computing technologysnt designed for. Any spacecraft traireg to Europa wilbe exposed to
@8SEFNER 2F aLIJ OS NIXIRAFGAZ2Y Fa ¢Sttt Fa WdzIA GSNRa&
enters the ice shell, where radiation is minimal. During descent into the ice shell, electronics
and memory storage will additiofig need to operat in cold temperatures.

During descent, a Europaelt probewill be collecting large amounts of telemetry and
scientific data for multiple years. If data transmission to the surface is bottlenecked by a broken
fiber optic cableor slow data rats, the vehicle will generate valuable data faster than can be
transmitted, requiring significant memory storage capability onboard to prevent valuable data
from being overwritten. A Europaelt probevehicle will need to minimemass and volumia
order to increase scientific capabilities and reduce cost, illuminating a need for large amounts
of memory storage in a very small volume.



VERNE Context:
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acoustic tansducer pucks to communicate to the surface, throttling the data rate and leading
to faster creation of valuable scientific and operational data than can be transmitted to the
surface, creating the need for large robust storage capacity

Technology Needs

A memory storage system will need to be radiation hardened, tolerant of low
temperatures, and fit into an extremely constrained volunbe etimated memory needed
for a Europanelt probemission is on the order of tens of gigabytes.

Current Wak:

Work is being done at JPL to develop compact avionics for the Europa lander and ocean
world missions capable of being stored at ambient Europa temperatures and conceivably
reducing avionics voluenby 10x, mass by 3x, and power by 2x (Bolotin et al 2@iBuit
02FNR (SOKyz2ft 238 daenisitysdbdtrgtafabticatetiBrontstirpartcles K A 3 K
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higher channel density. The Manx Command and Data Hen8lystem, shown in Figuté,
will be capable of withstanding 300 krads of radiation, fit in a 10 x 10 x 2 cm envelope, with an
G 95! / -car@dtidPphdtected NAND flash [electronicallyweitable] memory of 2 GBs for
science and engineering telemétg ® a SY2 NB & (i 2 M&ltprBberday pvanii & F 2 NJ
order of magnitude higher, but even at a linear extrapolatithre system could fit into anelt
probevehicle envelope. @npared to a Europa lander, radiation exposure may be $evere
RdzS G2 (G0KS @OSKAOfS o60SAy3a LINRUGSOGSR 06& 9dz2NRLI Q
requirements.

Figurel2. JPL Manx Computer Card (a) Front (b) Bemh Bolotin et al 2018)

Analternative method to developing higberformancespacerated memory storage is
to utilize existing commercialfbthe shelf (COTS) higlterformance electronics in a radiation
tolerant architecture (Pignol 2010). The French space agency CNES developedlthor



validation techniques of lot acceptance testssts for singleevent upsets and total integrated
dose, destructive physical analysis, and thermal cycling to qualify COTS components for a space
environment. System structures can be architected to cefib singleevent upsets and make

the overall syfem radiation tolerant, such as elementary protection mechanisms like watchdog
timers used by NASA Small Explorer and the CNES MYRIADEateitite. Other systems

include Duplex or Triplex Architecturaghere duplicate signals go through multiple seguar
processors, or alternativelyime delay two signals through the same processor to verify an
answer. So far these radiatignlerant architectures using COTS electronics have been
deployed primarily irsmall lowEarthorbit environments, where the migm timeline is short,

and the radiation environment is less extreme than a Europa spacecraft would expef@nce.
the near future, COTS memory storage technology may be difficult to validate and quiadify f
Europamelt probeapplication due & the extremely low risktolerances of flagship missions.

Next Steps:

Continued development in losemperature, compact, radiatichardened avionics
must be made to store necessary scientific data for a-kemgn Europamelt probemission.
Further technology improvements include reducitig areal density of memorgtorage and
increasinghe total storage capacity of radiatiehardened spaceated memory storage
systems.



IV. Guidance Navigation, Control and Drilling System

Technology Gaps
IV.A. Anti-Torque and Roll Stabilization

Context:

A Europamelt probevehicle using a rotating mechanical drdtjuires a system to
provide countertorque. Without an antrtorque systemthe drill motorwould spin the vehicle
body instead of the drill heed when thedrill encounters resistancd he most common method
to apply countestorque is by having piecejutting from the non-rotating main bodyvehicle in
contact with the borehole to apply sufficiefriction to prevent the main body from rotating.
Hgure 13 shows different approaches gathered from a study investigatingtangue systems
of cablesuspended drill§Talalayet al2014).
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Figurel3. Types of AntTorque System3ypes of antiorque systems: (a) hinged friction blades; (b) leaf
springsystem; (c) skates; (d) side milling cutters; (shbbed blade syste(from Talalayet al2014).
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VERNE Context:

Leaf springs and skates have been asseasd¢tiemost promising desigrfer VERNHeaf
springsfunction better in irregular or soft ice eimonments and requireless volumewhile
skateshaveimproved torque and resistance in constant density environments of harder ice
(Talalay et al 2014).

Technology Needs:

To be effective in the Europa environment, an @ntque system must be capable operating

in boreholes of vafingdiameteras wel asice environments ranging from extremely hard
cryogenicd90K ice tonearmeltingconvective ice and slush. The system must also be extremely
durable, operating for at least three years without repaithmman intervention. A material



science challenges finding material that is both durable and flexible across a wide range of
GSYLISNI dzNBa oKAETS G2t SNFYGAYy3 9dzNRBLI Q& &l fAYyS
IV.A.1. Durable Leaf Springs Capable of Sustaining High Loads at
Low Tempertres
Current Work:

Multiple leaf spring anttorque systems have been deployed on catlspended ice
drills, exhaustiveljisted in Tabldl,A y Of dzRA Yy 3 {!JaQ 9 OF @Y PAISNIR®ueadf '/ t | X
| KAYl Qa [/ | L(balaleystalZ084s (0 S Y &

Tabk II. Leaf Spring AiTorque Systems used for4€ering Drills (Talalay et al 2014)

Type (country) Number of springs  Distance between hinges  Thickness x width of leaf spring Source
mm mm

CRREL (USA) 3 760 NA x 38 Rand (1976)

UCPH (Denmark) 3 500 2 %20 Johnsen and others (1980)

ISTUK (Denmark) 3 690 2.5 %20 Gundestrup and others (1984)

LGGE (France) 4 720 NA Gillet and others (1984)

NHRI (Canada) 3 930 5.2x38 Holdsworth (1984)

PICO-4-inch (USA) 3 815 3.2x25 Litwak and others (1984)

PICO-5.2-inch (USA) 6x2 NA NA Wumbkes (1994)

JARE {Japan) 3 640 2.5x25 Fujii and others (2002)

NGRIP (Denmark) 3 850 2.5%30 S. Hansen, personal communication
(2014)

ECLIPSE (Canada) 3 NA NA Blake and others (1998)

BPRC (USA) 3 580-605 1.6 x22.5 V. Zagorodnov, personal communication
(2014)

DISC (USA) 4 510-522 2.4x25.4 J. Johnson, personal communication
(2014)

CHINARE (China) 3 667 2.5x%30 A. Takahashi, personal communication
(2014)

Note: NA: data not available.

The Eclipse Drill ice coring drill from theSUce Drilling Program useswetal leaf-spring
anti-torque system shown in Figufel, with extensive fieldesting inAntarctic iceand proven
succesgU.S Ice Drilling PrograinThe system is lowered down on a cable less than 300 m into
ice of temperatures 20250 K(Scambo2020 for under200 hourscomparedto a Europanelt
probe missionoperating in tempeatures of90 K-273 K autonomously for at least three years,
traversing up to 15 km.
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Figurel4.(a) Eclipse Drill (b) anti-torque leaf spring modul@rom Talday et al 20%4).

Leaf springs have seen nickgacerated applications iron-orbit telescqe stabilization
in cryogenic environments without repair, howeytrese leaf springs are fairly static, are not
used for antitorque, are made of aluminum, and do not sustain significant(kaxs et al
2017) In addition, the space environmeis dragically differentrom9 dzN2 LJF Q&4 A OS
environment,providing minimal validation of leaf springs ifEaropn ice environment

Studies from automobile applications have shown fitginforced polymeibased

matrix composite (carbon fiber) leaf springave campared to aluminumhigher corrosion and

chemical resistance, reduced mass, and higbesilestrengthunder cyclic tensile loading
(Soner et al 2012).

Next Steps:

Further work must be done in testing leaf spring systems that can withstand cryogenic

temperatures and hava lifespanof at least three years isaline and icenvironmentdike
Europa

IV.A.2.  Anti-Torque Skates Capable of Handling Ice Chips and Slush
Current Waok:

Skates have been used across a multitude of ice deklsaustively listed in Tablé,

AyOft dzZRAY 3 {6AGT SNIFYRQA ,ICPR LWK ElTagetdl 2008 . ! { =

Skate deploymentan be actuated bgprings, scroll plate and camshaft, or tensioned cable.

Tablelll. Skate AntiTorque Systems used for{Cering Difls (Talalay et al 2014)



Issues identified with skate arirque systems includslipping in densityarying
materials like slush (Kohshima et al 2088) accumulation of flaking ieehips which can clog
the borehole, increasingeeded drill torqugSchwandeet al 1988).

A combination of skates and leaf springs has the potential to operate in hard ice as well
as softer firn. One method is to have passive leaf springs always pressed against the borehole
while skates are deployed during active drdl. Anothermethodis toattach skatego the leaf
spring surfacewhich canprove more effectivein transition layers between hard and softer ice
(Talalayet al 2014.

Next Steps:

Anti-torque systems for ice core drilling have been usgténsivelyin the field
however further work must be done in autonomous atgrque systems that can operate
without human interventiornin cryogenic ice environmentSome combination of skated leaf
spring designs must be tested to ensure they provide-amtjue ina wide variety of
environments and do not generate more ice chips than the vehicle can hasrdleat cause
the vehicle to freeze into the ice. An additional direction to expler@vestigating thermal
resistor integration into the antitorque system poevent freezing into the ice.

IV.A.3. CounterRotating Ice Dirill
Context:






































































































