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Executive Summary 

 JupƛǘŜǊΩǎ Ƴƻƻƴ 9ǳǊƻǇŀΣ ǿƛǘƘ internal energy from tidal heating and a global subsurface 

saltwater ocean under a thick ice shell, presents incredible promise to the planetary science 

community in the search for life and in our understanding of ocean worlds. Europa Clipper and a 

9ǳǊƻǇŀ [ŀƴŘŜǊ ǿƻǳƭŘ ǊŜǘǳǊƴ ǾŀƭǳŀōƭŜ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ 9ǳǊƻǇŀΩǎ ŜƴǾƛǊƻƴƳŜƴǘΣ ōǳǘ ǘƘŜ ƎǊŜŀǘŜǎǘ 

scientific returns require going beyond 9ǳǊƻǇŀΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ŀŎŎŜǎǎƛƴƎ ǘƘŜ ƻŎŜŀƴ ǳƴŘŜǊƴŜŀǘƘΦ 

tŜƴŜǘǊŀǘƛƴƎ 9ǳǊƻǇŀΩǎ ǘƘƛŎƪ ƛŎŜ ǎƘŜƭƭ ƛǎ ŀ difficult technical challenge that is beyond the scope of 

existing planetary science missionsΣ ǘƘǳǎ ŀ ǊƻŀŘƳŀǇ ƻŦ Ƙƻǿ ǘƻ ƎŜǘ ŦǊƻƳ ǘƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅ ǘƻ a 

successful Europa subsurface mission is required. Early and continuous investment must be made 

to close these Significant Technology Gaps if we wish to realize a Europa subsurface mission in 

the next two decades.  

 This report identifies Significant Technology Gaps for a Europa subsurface mission, giving 

context around each technology as well as its application to GeoǊƎƛŀ ¢ŜŎƘΩǎ ±ŜǊǘƛŎŀƭ 9ƴǘǊȅ wƻōƻǘ 

for Navigating Europa (VERNE) vehicle. Technology needs, identifying where each technology 

must advance, are explored and compared to the closest existing applications of the technology, 

including the state of the art and current work in each field. Next steps for each technology, based 

on the gap between the technology needs and the current work being done, are then 

recommended. Topics explored include drilling technology, power and thermal systems, sample 

handling, guidance navigation & control, and structures. This document can additionally be used 

as a non-exhaustive literature review of these technologies limited to the scope of their 

application to a Europa subsurface mission. 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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I. Introduction 

I.A. Report Background 
 This report was developed as part of the Vertical Entry Robot for Navigating Europa 

ό±9wb9ύ ǇǊƻƧŜŎǘ ƛƴ ŎƻƭƭŀōƻǊŀǘƛƻƴ ōŜǘǿŜŜƴ DŜƻǊƎƛŀ ¢ŜŎƘΩǎ tƭŀƴŜǘŀǊȅ Iŀōƛǘŀōƛƭƛǘȅ ŀƴŘ ¢ŜŎhnology 

Lab and the Space Systems Design Lab. VERNE ƛǎ ŦǳƴŘŜŘ ōȅ b!{!Ψǎ Scientific Exploration 

Subsurface Access Mechanism for Europa (SESAME) program for a two-year period from May 

2019 to May 2021.  

The goal of this report is to: (1) identify Significant Technology Gaps between the 

technology needed for a Europa melt probe mission and its current state, and (2) outline the 

current work and next steps to catalyze the maturation of these critical technologies. 

I.B. VERNE Mission Concept 
 The following is a summary of the VERNE spacecraft shown in Figure 1 and concept of 

ƻǇŜǊŀǘƛƻƴǎ ŜȄŎŜǊǇǘŜŘ ŦǊƻƳ ǘƘŜ ǇŀǇŜǊ ά±ŜǊǘƛŎŀƭ 9ƴǘǊȅ wƻōƻǘ ŦƻǊ bŀǾƛƎŀǘƛƴƎ 9ǳǊƻǇŀ ό±9wb9ύΥ !ƴ 

ice- and ocean-ǇǊƻŦƛƭƛƴƎ ǘƘŜǊƳƻƳŜŎƘŀƴƛŎŀƭ ǎǳōǎǳǊŦŀŎŜ Ƴƛǎǎƛƻƴ ǘƻ ǎŜŀǊŎƘ ŦƻǊ ƭƛŦŜ ƻƴ 9ǳǊƻǇŀέ 

(Schmidt et al 2021): 

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 tether enclosing deployable acoustic pucks (from 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 Thermoelectric 

Generators (RTGs), 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 the spacecraft to be delivered to the surface 

and placed in the vertical position prior to the start of operations. We designed the spacecraft using 

high Technology Readiness Level (TRL) components, for example choosing the MMRTG as the power 

source in order to reduce mission risk and 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 flight in the future, 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 factors to save mass and improve power 

distribution within 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 of 43 kg derived from the SSSLOW study (Schmidt et al 2021). 

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. Operations at the interface are 

driven by life detection goals, and ocean operations provide environmental context and the first chance 

to sample ocean composition and dynamics (from Schmidt et al 2021). 

 The concept of operations, as seen in Figure 2, would begin with penetration of the 

cryogenic upper ice shell via mechanical drilling, where the ice is too cold to melt into a liquid 

melt pocket at Europan near-surface temperatures. Once deep enough into the ice to begin 

forming a melt pocket from the ǾŜƘƛŎƭŜΩǎ w¢D ƘŜŀǘΣ ǎŎƛŜƴǘƛŦƛŎ sampling of the meltwater would 

occur at a minimum of every kilometer in the ice shell to characterize the ice environment and 

search for traces of life. As the vehicle descends, a fiber optic tether connected to the surface 

lander will be unspooled from the vehicle, with acoustic transponders additionally deployed 

regularly as a backup communications system. Upon approaching the ice-ocean interface, the 

rear section of the vehicle containing the communication system will separate from the main 

body of the vehicle and anchor into the ice using thermal picks, while remaining connected to 

the main body by a reinforced tether. The rear section would act as an anchor as the main body 

of the vehicle would vertically profile the water body to a depth of  at least 100 m, 

characterizing the interface and ocean environment for at least one month until end of mission. 



I.C. Subsystem Significant Technology Gap Overview 
Table I provides a summary of all the Significant Technology Gaps (STGs) identified in 

this report. For each technology gap, a brief summary of the technology needs of a Europa 

subsurface mission, relevant work being done developing this technology, and suggested next 

steps to develop this technology are provided. The remainder of the paper investigates each of 

these significant technology gaps in detail sorted by subsystem: structures, command and data 

handling, drilling and guidance navigation & control, electrical power, thermal management, 

and science and sample handling. While this document focuses on a VERNE-style mission, these 

STGs are applicable for a wide swath of melt probe missions. 

Table I. Subsystem Significant Technology Gap Overview 

Significant 
Technology 
Gap (STG) 

Technology Needs Current Work Next Steps 

Structures Technology Gaps 

II.A. Descent-
Arresting and 

Anchoring System 
in Ice 

¶ Stop descent of vehicle 

¶ Withstand load of at least 
1300 N 

¶ Deploy into ice in 
reasonable time 

¶ Be retractable, 
redeployable, and secure 
hold in slush and 
convective ice 

¶ Minimize mass and power 
consumption 

¶ ά!ƴŎƘƻǊƛƴƎ ǘƘŜǊƳŀƭ ŘǊƛƭƭǎ ŦƻǊ 
icy moon stability and 
Ƴƻōƛƭƛǘȅέ όIŀƭǇŜǊƛƴ Ŝǘ ŀƭ 
2020) 

¶ DŜƻǊƎƛŀ ¢ŜŎƘΩs VERNE 
heated/thermal deployable 
picks for Europa  probe 
anchoring  

¶ /ƻƴǘƛƴǳŜ DŜƻǊƎƛŀ ¢ŜŎƘΩǎ ōŜƴŎƘǘƻǇ 
testing of thermal picks for Europa melt 
probe application 

¶ Test in Europa-relevant environments 
and the field 

 

II.B. Robust 
Autonomous 

Tether 
Management 

System for 
Profiling Europan 

Water 
Environment 

¶ Absorb shocks to the 
vehicle and manage wide 
range of loads 

¶ Maintain constant tension 
to the spool 

¶ Operate autonomously in a 
marine environment 

¶ Prevent excessive damage, 
wear, and bending to 
tether 

¶ Coastal Autonomous 
Profiling and Boundary 
Layer (CAPABLE) System 
(Barnard et al 2010) 

¶ Axel rappelling rover 
(Brown et al 2018) 

¶ GeƻǊƎƛŀ ¢ŜŎƘΩǎ ±9wb9 
Tether Management System  

¶ Test in marine environment similar to 
9ǳǊƻǇŀΩǎ 

¶ Package system to mass and volume 
conducive to a Europa melt probe 
mission 

II.C. Passive 
Unspooling of 

Tether in Europan 
Environment 

¶ Passively unspool 15+ km 
of tether 

¶ Prevent tangling or damage 
to tether 

¶ Minimize total volume 

¶ Nereid Under Ice Remotely 
Operated Vehicle (Jakuba et 
al 2018) 

¶ Nereid Under Ice micro-
tether (Bowen 2009) 

¶ Tether Management 
Systems for Remotely 
Operated Vehicles (Christ et 
al 2014) 

¶ Miniaturize fiber optic passive spooling 
systems 

¶ Test passively unspool armored fiber 
optic tether in ice environment for 
multiple kilometers 

 

II.D. Lightweight, 
Corrosive-
Resistant, 
Watertight 

Exterior Material 
Capable of 

Withstanding 
High Pressure 

¶ Withstand corrosive saline 
environment for multiple 
years 

¶ Sustain temperatures from 
90 K to 273 K 

 

¶ Compass Tunnelbot Report 
(Oleson et al 2019) 

¶ Argo oceanography probes 
using TelŜŘȅƴŜ aŀǊƛƴŜΩǎ 
APEX Current Profiling Float 
(Riser et al 2018) 

¶ Icefin Under-Ice Vehicle 
(Meister et al 2018) 

¶ Composite honeycomb 
structure with aluminum 

¶ Test corrosive responses of materials to 
Europa conditions 

¶ Field-test materials in Europa-like 
conditions over long time-scales 

¶ Develop composite material technology 
for spacecraft applications 

¶ Continue developing novel lightweight 
high-strength materials 



face sheeting for Mars 
rovers (Atams et al 2007) 

¶ Plasma electrolytic 
oxidation corrosion 
resistant coating for 
aluminum (Shrestha et al 
2010) 

Communication and Data Handling Technology Gaps 

III.A. Compact 
Transmitter of 

Simple Acoustic 
Signals through 
Cryogenic Ice 

¶ Contain onboard power 

¶ Minimize system volume, 
mass, and power 
consumption 

¶ Survive and communicate 
in temperatures from 90 K 
to 273 K 

¶ Communicate over 
hundreds to thousands of 
meters in ice 

¶ South Pole Acoustic Test 
Setup (Abdou et al 2012) 

¶ Characterization of 
attenuation of soundwaves 
through glacier ice (Meyer 
et al 2019) 

¶ Feasibility of wireless 
acoustic transmitters in the 
Greenland Ice-Sheet 
(Lishman et al 2013) 

¶  IceMole Autonomous 
Pinger Units (Weinstock et 
al 2020) 

¶ Demonstrate data transmission through 
ice 

¶ Miniaturize self-contained acoustic 
transmitters with onboard power 

¶ Demonstrate acoustic data transmission 
vertically through Europa-analogous ice 

¶ Demonstrate modulated data 
transmission through ice 

III.B.   Higher 
Areal-Density 

Radiation-
Hardened 

Memory Storage 

¶ Be radiation hardened 

¶ Tolerate low temperatures 

¶ Fit in minimal volume 

¶ Reliably store tens of 

gigabytes 

¶ Wt[Ωǎ aŀƴȄ /ƻƳƳŀƴŘ ŀƴŘ 

Data Handling System for 

the Europa Lander (Bolotin 

et al 2018) 

¶ High-performance 

commercial off the shelf 

space-rated electronics 

(Pignol 2010) 

¶ Continue development of low-

temperature, compact, radiation-

hardened avionics 

¶ Reduce areal density of memory storage 

¶ Increase total storage capacity of 

radiation-hardened space-rated memory 

storage systems 

GN&C and Drilling System Technology Gaps 

IV.A.1. Durable 
Leaf Springs 
Capable of 

Sustaining High 
Loads at Low 
Temperatures 

¶ Provide counter-torque in 

variable diameter borehole 

¶ Operate in 90 K cryogenic 

ice as well as slush 

¶ Be durable enough to 

operate for 3 years without 

repair 

¶ Avoid freezing and locking 

in ice 

 

¶ Leaf Spring Anti-Torque 

Systems used for Ice-Coring 

Drills (Talalay et al 2014) 

¶ Eclipse Ice Coring Drill 

(Scambos 2020) 

¶ Automotive carbon-fiber 

leaf springs (Soner et al 

2012) 

¶ Test leaf springs at cryogenic 

temperatures and saline environment 

¶ Design and test leaf springs for operating 

autonomously for 3+ years 

IV.A.2. Anti-
Torque Skates 

Capable of 
Handling Ice Chips 

and Slush 

¶ Skate Anti-Torque Systems 

used for Ice-Coring Drills 

(Talalay et al 2014) 

¶ Test skate-mounted-on-leaf-spring 

design 

¶ Demonstrate ice-chip-management 

capability 

¶ Investigate embedded thermal resistors 

in anti-torque system 

¶ Design and test skates for operating 

autonomously for 3+ years 

IV.A.3. Counter- 
Rotating Ice Drill 

¶ Provide equal torques 

between upper and lower 

sections 

¶ Ensure continuous contact 

with ice for upper and 

lower sections 

¶ Prevent particles entering 

between sections 

¶ Facilitate continuous chip 

transport between sections 

¶ Small-scale counter-rotating 

thermomechanical drill for 

Europa application (Weiss 

et al 2011) 

 

¶ Test counter-rotating thermomechanical 

drills further in laboratory setting 

¶ Scale up to full-sized drills tested in the 

field, then Europa-like environments 

 



IV.B.1 Auger Like 
Chip Transport on 

Drill 
 

¶ Transport ice chips from in 

front of vehicle to behind 

¶ Have high cutting efficiency 

across different 

environments  

¶ Minimize loss of chips 

between counter-rotating 

drill sections 

 

¶ Ice chip transport for 

electromechanical augers in 

polar glacier environments 

(Hong et al 2014) 

¶ IƻƴŜȅōŜŜ wƻōƻǘƛŎǎΩ {[¦{I 

drill (Zacney et al 2018) 

¶ Small-scale counter-rotating 

thermomechanical drill for 

Europa application (Weiss 

et al 2011) 

¶ Test conical drills with auger-like chip 

transport in Europa-like conditions 

including cryogenic and temperate ice as 

well as salt deposits 

¶ Field tests in multiple meters to 

kilometers of ice 

 

IV.C.1. Long-
Range Wide-
Angle Sonar 

¶ Side- and front-mounted 
sonar/radar 

¶ >100 m range 

¶ Minimize volume, power, 
and blind spot/cone ahead 
of vehicle 

¶ IceMole Acoustic 
Reconaissance System (ARS) 
(Kowalski et al 2016)   

¶ IceMole Autonomous Pinger 
Unit (APU) (Weinstock et al 
2020)   

¶ Test body mounted acoustic transducers  

¶ Balance long range with sufficient 
resolution 

¶ Improve medium coupling of acoustic 
transducers to the ice  

¶ Reduce losses due to the water film 
between the transducer and ice 
environment. 

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

¶ VALKYRIE Ice Synthetic 
Aperture Radar (Pradhan et 
al 2016) 

¶ Autonomous phase-sensitive 
Radio-Echo Sounder (ApRES) 
(Bagshaw et al 2018) 

¶ Improve efficiency of low-frequency 
small antennae 

¶ Minimize power, volume, and mass 

¶ Develop autonomous system that can 
operate for years without repair 

¶ Develop techniques to eliminate 
interference from components in front of 
the sensor 

Electrical Power System Technology Gaps 

V.A. Compact 

Finless 

Radioisotope 

Thermoelectric 

Generators 

(RTGs) 

¶ Capture heat from RTGs 
through an active thermal 
loop 

¶ Minimize diameter and 
mass 

¶ Utilize no radiator fins 

¶ Increase electrical 
conversion efficiency 

 

¶ ά9ƴƘŀƴŎŜŘ aǳƭǘƛ-Mission 
Radioisotope 
Thermoelectric Generator 
όŜaaw¢Dύ /ƻƴŎŜǇǘέ 

¶ "Finless RTG Power System 
/ƻƴŎŜǇǘέ 

¶ ά5ȅƴŀƳƛŎ wŀŘƛƻƛǎƻǘƻǇŜ 
tƻǿŜǊ {ȅǎǘŜƳǎέ 

¶ Next-Gen Sectioned 
Modular RTGs (Zakrajsek et 
al 2017) 

¶ Develop RTG without fins 

¶ Develop SKD thermocouple technology 
and test module 

¶ Begin development of qualification unit 
for segmented and modular RTGs 

¶ Complete prototypes of Dynamic 
Radioisotope Power Systems 

 

V.B. Low-

Temperature 

Rechargeable 

Batteries 

¶ Withstand temperatures in 
the range of -60 °C to -80 °C 

¶ Maximize energy density 

¶ Mars Insight Lander battery 
(M. C. Smart et al 2019) 

¶ Low-temperature 
rechargeable lithium-ion 
batteries (Surampudi 2017) 

¶ Develop low-temperature electrolytes 
that can conduct ionically in a film on the 
electrode 

¶ Using solvents with low viscosity and 
melting point 

¶ Enable batteries with specific energies 
150-200 Wh/kg with an operating range 
of -60 °C to 30 °C 

V.C. Low-

Temperature 

High-Energy-

Density Primary 

Batteries 

¶ Operate with -80 °C 
transmitter internal 
temperatures 

¶ Energy density of at least 
800 W-hr/L, ideally 2400 
W-hr/L 

¶ Thionyl Chloride (Li-SOCl2), 

Lithium-Carbon 

Monofluoride (Li-CFx), 

Thionyl Chloride (Li-SOCl2) 

(Surampudi 2017) 

¶ Develop alternate electrolytes, salts, and 

additives 

¶ Modified electrode design 

¶ Understand effects of radiation exposure 

to develop methods for planetary 

protection 

Thermal Management System Technology Gaps 



VI.A. 
Mechanically 
Pumped Fluid 
Loop for Heat 
Transfer to 

Rotating Drill 
Head 

¶ Transfer heat from a 
nuclear power source to 
the nose of the vehicle at 
high efficiency and minimal 
sidewall loss 

¶ Operate continuously for 
multiple years 

¶ Minimize mass, volume, 
and power consumption 

¶ Mars Science Laboratory 
Mechanically Pumped Fluid 
Loop (Bhandari et al 2013) 

¶ VALKYRIE probe open 
meltwater loop (Stone et al 
2014) 

¶ SPINDLE Closed Fluid Loop 
(Stoe et al 2018) 

¶ IceCube firn heated fluid drill 
(Benson et al 2014) 

¶ Small-scale counter-rotating 
thermomechanical drill for 
Europa application (Weiss et 
al 2011) 

¶ Test a mechanically pumped fluid loop 
for a Europa melt probe vehicle 
prototype 

¶ Utilize a nuclear or nuclear-
representative heat source 

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

¶ Develop small low-power, high-reliability 
pumps 

VI.B. Light-
Weight 

Corrosion-
Resistant 

Thermal Hot 
Plate 

¶ Have a low density and a 
high strength 

¶ Be corrosion resistant for 
possible years of exposure 
to saline environments 

¶ Conducive to complex fluid 
channel geometries 

¶ Electron-Beam Additively 
Manufactured Titanium 
Structures (Sciaky 2021) 

¶ Demonstrate corrosion resistance in 
saline environments 

¶ Demonstrate additive manufacturing of 
embedded fluid channels 

¶ Explore other lightweight, corrosion-
resistant high-strength materials 

Science and Sample Handling System Technology Gaps 

VII. Science and 
Sample Handling 

System 

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

¶ Detect low 
concentrations of 
biosignatures 

¶ Operate highly 
autonomously 

¶ Sample with high 
resolution in 
unsteady terrain 

¶ Handle dust, debris, 
salts, and trapped 
gasses 

¶ Instrument development for 

Europa missions, field-

tested oceanographic 

science vehicles, life-

detection and sampling 

technologies for icy ocean 

worlds, and Europa melt 

probe payload concept (see 

Lawrence et al 2021 for 

review) 

¶ Leverage existing expertise across 

different fields and industries 

¶ Increase autonomous capabilities of 

small volume liquid sample collection 

¶ Combine flow through and discrete liquid 

sampling for small volume systems 

¶ Autonomous desalting, depressurizing, 

and concentration of milliliter and 

microliter sized systems 

 



II. Structures Technology Gaps 
II.A. Descent-Arresting and Anchoring System in Ice 
Context: 

 For a Europa melt probe mission to descend through the ice shell and stop near the ice-

ocean interface, a mechanism to prevent the vehicle from sinking into the ocean as well as 

maintain a connection to the surface is necessary. A high-risk method of doing this is relying 

solely on a tether to keep the vehicle from sinking or floating away. Alternatively, a buoyancy 

device attached to a tether could be 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 vehicle separate into two sections, with the rear section 

anchoring into the ice, connected to the forward section by reinforced tether while it 

investigates the water body. This way, a break in the tether above the anchor point does not 

risk loss of vehicle, and the tether connecting the anchor and profiling section of the vehicle can 

be heavily reinforced without significant mass increase. The anchoring section of the vehicle 

can be secured by several low-TRL concepts, including a mechanical clamp using friction to grip 

the sidewall or by picks penetrating mechanically or thermally into the ice. 

VERNE Context:  

 When approaching the ice-ocean interface, the rear anchor module of the VERNE 

vehicle separates and releases thermal picks laterally into the ice to stop the descent of the 

ǾŜƘƛŎƭŜΦ ¢ƘŜ ŀƴŎƘƻǊ ƳƻŘǳƭŜ ŀƭǎƻ Ŏƻƴǘŀƛƴǎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǎȅǎǘŜm and memory 

storage, allowing continued transmission of onboard data in the event the main vehicle section 

is lost. The main section of the vehicle is connected by a reinforced tether that transmits data 

and power to the anchor module as it profiles the water body.  

¢ƘŜǊƳŀƭ ǇƛŎƪǎ ǿŜǊŜ ŎƘƻǎŜƴ ŦƻǊ ±9wb9Ωǎ ŘŜǎƛƎƴ ŦƻǊ ǘƘŜƛǊ ǊŜǘǊŀŎǘŀōƛƭƛǘȅ ŀƴŘ ŘŜŎǊŜŀǎŜŘ ǎƛȊŜ 

as compared to mechanical clamps, allowing for operational flexibility. Thermal insertion by 

pressing heated picks into the ice was found to better maintain the structural integrity of the 

ice compared to mechanical insertion (Halperin et al 2019). 

Technology Needs: 

 The anchoring system must be able to arrest the descent of the full weight of the vehicle 

by deploying sufficiently heated picks in an acceptable timeframe and withstand a load of at 

least 1300 N (derived from a conservative estimate of a 500 kg vehicle with a safety factor of 

two). The anchoring system must be retractable, redeployable, and able to secure itself in slush 

and convective ice while minimizing mass and power consumption. 

Current Work: 



 ! ¦ƴƛǾŜǊǎƛǘȅ ƻŦ aŀǊȅƭŀƴŘ ǎǘǳŘȅ ƻƴ άAnchoring thermal drills for icy moon stability and 

Ƴƻōƛƭƛǘȅέ tested lateral thermal picks with an intended application for the surface of icy moons, 

with an emphasis on sublimating cryogenic ice of -170 °/ ǘƘŀǘ ǿƻǳƭŘ ōŜ ŦƻǳƴŘ ƻƴ 9ǳǊƻǇŀΩǎ 

surface rather than convective ice near 0 °C that would be found near the ice-ocean interface 

(Halperin et al 2020). The test setup is shown in Figure 3, and parameters examined included tip 

shape, insulation of thermal pick, heater power, thermal pick temperature, intervals between 

pick reinsertion, and pressure exerted by the pick into the ice.  

 

Figure 3. Thermal Pick Test Rig Schematic (from Halperin et al 2020). 

 A small negative taper (narrowest at base and widest at the tip) of 3.58 degrees was 

found to prevent the probe from undesirably pulling out from the ice while minimizing the 

amount of ice that would have to be re-melted when retracting. To more efficiently penetrate 

the ice and minimize unwanted conductive heat loss to the environment, a duty cycle 

(retracting from the ice temporarily while the pick reheats) was found to be effective. Ice failure 

due to 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 ice failure mechanisms are expected to be different for 

the tested cryogenic ice of -170 °C near vacuum, compared to the expected near 0 °C and 

significant pressures at the ice-ocean interface. Heater cartridges used were from 18-24 V with 

a power consumption of 16-32 W, and a duty cycle between ice insertions of 5-25%, 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 vehicle loads at a reasonable size and power 

consumption has been shown (Halperin et al 2020). 

 The Georgia Tech VERNE team is in the process of testing thermal picks for arresting 

ŘŜǎŎŜƴǘ ƛƴ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ŜȄǇŜŎǘŜŘ ŀǘ 9ǳǊƻǇŀΩǎ ƛŎŜ-ocean interface. The functionality of lateral 

insertion into ice, refreezing, and retraction will be demonstrated first for a linearly actuated 

ōŜƴŎƘǘƻǇ ǘƘŜǊƳŀƭ ǇƛŎƪ ǎƛƳƛƭŀǊ ǘƻ IŀƭǇŜǊƛƴΩǎ ǘŜǎǘǎ (Halperin et al 2020), as seen in Figure 4 (a). 

The scenario of a descending vehicle will then be tested and the thermal picks deployed into ice 



blocks as shown in Figure 4 (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 test will be repeated with the system 

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

on Europa. 

          

Figure 4. (a) Benchtop Thermal Pick Testing Rig (b) Descending Thermal Pick Testing Rig. 

Next Steps: 

 DŜƻǊƎƛŀ ¢ŜŎƘΩǎ ǿƻǊƪ ƛƴǘŜƴŘǎ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ƻŦ ŀ ƭŀǘŜǊŀƭƭȅ ŀŎǘǳŀǘŜŘ 

ǘƘŜǊƳŀƭ ǇƛŎƪ ƛƴ ŀ ǊŜƭŜǾŀƴǘ ŜƴǾƛǊƻƴƳŜƴǘ ǘƻ 9ǳǊƻǇŀΩǎ ƛŎŜ-ocean interface. Upon its completion, 

optimal tip shape, tip entry angle, duty cycle, and power vs. time operating point can be 

determined through further experiments. Testing could then progress from a laboratory setting 

to the field such as  ice shelves, where deployment and anchoring can be demonstrated in a 

marine ice environment. 

II.B. Robust Autonomous Tether Management System for Profiling 

Europan Water Environment 
Context: 

For a Europa melt probe vehicle to fully characterize the subsurface ocean, it must 

deploy a system capable of traversing it. The melt probe vehicle can serve as an autonomous 

underwater vehicle (AUV) itself, station into the ice and deploy an AUV unconnected to the 

main vehicle, or it can separate into a section that anchors into the ice and a section that 

profiles the ocean, connected by tether. An anchor and tether system represents the lowest 

risk by anchoring the vehicle and not relying on a separate system, and lowest complexity by 

not requiring additional vehicles or autonomous ocean navigation. 



A tether must connect the anchored section of the vehicle to the ocean-profiling 

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 (TMS) is needed 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 maintaining constant 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 via a tether. The tether prevents the profiler from drifting away as well as 

exchanges both communication signal and electrical power between the profiler and anchor 

ǎŜŎǘƛƻƴǎΦ ±9wb9Ωǎ ¢ŜǘƘŜǊ aŀƴŀƎŜƳŜƴǘ {ȅǎǘŜƳ Ŏƻƴǘŀƛƴǎ ŀ ǘŜƴǎƛƻƴ ŘŜŎƻǳǇƭƛƴƎ ƳŜŎƘŀƴƛǎƳ ǘƻ 

prevent the variable tension experienced on the tether from transferring to the 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, allowing 100 m of profiling in the water 

body and enough tether to extend from the anchor to the ice-ocean interface. 

Technology Needs: 

A Tether Management System is needed to absorb shocks to the vehicle and maintain a 

constant tension to the spool while managing a wide range of loads experienced by the vehicle. 

The TMS needs to operate autonomously in the ice shell and marine environment and prevent 

excessive damage, wear, or bending to the tether. 

Current Work: 

 The Coastal Autonomous Profiling and Boundary Layer (CAPABLE) System is an 

autonomous vehicle that measures coastal ocean environments in high resolution by vertically 

profiling the water, attaching by a tether to the ocean floor (Barnard et al 2010). The vehicle 

demonstrates an onboard winch system that can autonomously spool and unspool 250 m of 

tether and operate for a period of three months. Different from a Europa melt probe mission, 

the tether transmits neither communication nor power, CAPABLE instead communicates by RF 

signal and relies on 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 Europa melt probe would, 

ŀƴŘ ǘƘǳǎ ŘƻŜǎƴΩǘ ǳǎŜ ŀ ǘŜƴǎƛƻƴ ŘŜŎƻǳǇƭƛƴƎ ǎȅǎǘŜƳΣ ōǳǘ /!t!.[9 ŘƻŜǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ŘŜƳƻƴǎǘǊŀǘŜ 

an onboard marine winch system for a vertical profiler. 

 Axel is a field-tested rover designed to rappel steep terrains on rocky planets that 

traditional rovers cannot traverse (Brown et al 2018). A tether management system like one 



needed for a Europa melt probe mission has been tested for Axel in a laboratory setting, whose 

diagram can be seen in Figure 5. 

 

Figure 5. Axel Tether Management System Diagram (from Brown et al 2018). 

!ȄŜƭΩǎ ǘŜǘƘŜǊΣ ƭƛƪŜ ŀ ǇƻǎǎƛōƭŜ 9ǳǊƻǇŀ melt probe ŘŜǎƛƎƴΣ ƘƻƭŘǎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ǿeight as well as 

transmits power and communications. Additionally, Axel uses a tension decoupling system to 

separate the tension of the deployed tether from the internal untensioned spool, utilizing a 

series-elastic actuator acting as a rotational spring to absorb shocks. A slack buffer decouples 

the motion of the spool from the motion of the tension decoupler, while also measuring 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 tether. A tether response the authors noted that they anticipate 

testing further is the increase in stiffness the tether experiences when under strain. This could 

ŎŀǳǎŜ ƛǎǎǳŜǎ ƛƴ ǘƘŜ ŦƛŜƭŘ ŘǳŜ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǘŜǘƘŜǊΩǎ ƳƛƴƛƳǳƳ ŀƭƭƻǿŜŘ ōŜƴŘ ǊŀŘƛǳǎ ƛŦ ǳƴŘŜǊ 

strŜǎǎΣ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ƴŜŜŘ ŦƻǊ ŀ ǘŜƴǎƛƻƴ ŘŜŎƻǳǇƭƛƴƎ ǎȅǎǘŜƳ ǿƛǘƘƛƴ ŀ ¢a{Φ !ȄŜƭΩǎ ǘŜǘƘŜǊ 

management system, when deployed in the field, will demonstrate successful usage of a 

ǘŜƴǎƛƻƴ ŘŜŎƻǳǇƭƛƴƎ ǎȅǎǘŜƳ ŀƴŘ ƭŜǾŜƭ ǿƛƴŘ ƻƴ ŀƴ ŜȄǇƭƻǊŀǘƻǊȅ ǾŜƘƛŎƭŜΩǎ ƻƴōƻŀǊŘ ǿƛƴŎƘ ǎȅstem in 

a terrestrial setting. 

DŜƻǊƎƛŀ ¢ŜŎƘΩǎ ±9wb9 ǇǊƻƧŜŎǘ ƛǎ ŘŜǾŜƭƻǇƛƴƎ ŀ ƭŀōƻǊŀǘƻǊȅ ǇǊƻǘƻǘȅǇŜ ƻŦ a Tether 

Management System (TMS) designed for a Europa melt probe, seen in Figure 6. The tension 

ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ǎȅǎǘŜƳΩǎ ǿŜƛƎƘǘ ƛǎ decoupled by the upper tension decoupling system. The 

constant-tensioned tether is then wound and unwound around its spool using a level wind. 

Upon completion, the project will demonstrate a benchtop TMS that can autonomously spool 

and unspool multiple wraps of tether. 



 

Figure 6. VERNE Tether Management System (a) CAD Model (b) Prototype (F. Bryson). 

Next Steps: 

 A Tether Management System still needs to be developed and field-tested in a marine 

ŜƴǾƛǊƻƴƳŜƴǘ ǎƛƳƛƭŀǊ ǘƻ 9ǳǊƻǇŀΩǎΣ ǿƛǘƘ ŀ Ƴŀǎǎ ŀƴŘ ǾƻƭǳƳŜ ǘƘŀǘ ǿƻǳƭŘ ōŜ ŎƻƴŘǳŎƛǾŜ ǘƻ ŀ 

Europan melt probe ǾŜƘƛŎƭŜΩǎ ŘƛŀƳŜǘŜǊΦ ¢ƘŜ !ȄŜƭ ǇǊƻƎǊŀƳΩǎ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ŀ ¢a{ ƛƴ ŀ 

terrestrial above-ground environment, as well as GŜƻǊƎƛŀ ¢ŜŎƘΩǎ ±9wb9 ǇǊƻǘƻǘȅǇƛƴƎ ƻŦ ŀ ¢a{ 

for a Europa melt probe both promise increases in technology readiness. Upon successful lab 

testing of a marine TMS using a tension decoupling system, field-testing in a marine location 

such as Antarctica would provide valuable information on designing a Europan TMS with 

confidence.  

II.C. Passive Unspooling of Tether in Europan Environment 
Context: 

 ¢ƘŜ ƴŜŜŘ ŦƻǊ ŀ ǾŜƘƛŎƭŜ ǘƻ ŎƻƳƳǳƴƛŎŀǘŜ ǘƘǊƻǳƎƘ 9ǳǊƻǇŀΩǎ ǘƘƛŎƪ ƛŎe shell with a surface 

system poses a significant challenge. A fiber optic tether is a low-mass, 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 fiber optic tether is severed (Oleson et al 2019). 

 The fiber optic tether would need to be on the Europa melt probe vehicle, as the ice will 

refreeze behind the vehicle, eliminating a spool managed from the surface. To fit onboard the 

vehicle, the 15-30 km of tether needs to respect a minimum bend radius while minimizing 



overall diameter. A fiber optic tether would primarily function for communication, rather than 

structural loading or transmitting power in order to simplify operations and save mass, and the 

tether may not require to being re-wound, though this may vary by mission. Nonetheless, 

passive unspooling of the tether as the vehicle descends would reduce complexity and 

eliminate the need for a spool motor.  

VERNE Context:  

 The VERNE vehicle will passively deploy a fiber optic tether out of the rear of the 

vehicle. The tether in the brittle upper ice shell may be reinforced, while the tether in the 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 

secondary communication system in case the tether breaks. 

Technology Needs: 

 A method of passively unspooling fiber optic tether for significant lengths (15-30 km), 

while preventing tangling or damaging of the tether and minimizing total volume is needed.  

Current Work: 

The Nereid Under Ice (NUI) is a Remotely Operated Vehicle used in exploring under-ice 

ocean environments in the arctic (Jakuba et al 2018). To allow unrestricted movement under 

shifting sea ice in the open ocean, while stationed from an icebreaker ship with limited 

mobility, a long, thin unarmored expendable fiber optic tether, dubbed a micro-tether, is used 

to communicate with the vehicle. The micro-tether is 250 microns in diameter and has been 

tested up to a length of 5 km, with a theoretical maximum of 10-20 km, able to bear a load of 

up to 2 N before breaking. The micro-tether is fit into two small canisters, one near the vehicle 

and one near the ship, and the tether is free to unspool from either end, as seen In Figure 7.  



 

Figure 7. Nereid Under Ice Micro-tether Deployment (from Jakuba et al 2018). 

The micro-tether patent describes the cable payout device that can be seen in Figure 8 

(Bowen 2009). The micro-tether is stored in a spool in the bottom canister (660), and under 

tension is pulled vertically off the spool, wraps around the capstan drum (658) coupled 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 through an electrical system. 



 

Figure 8. Underwater Micro-tether Payout Device Diagram (from Bowen 2009). 

In Chapter 9 of The ROV ManualΣ ǘǿƻ ¢ŜǘƘŜǊ aŀƴŀƎŜƳŜƴǘ {ȅǎǘŜƳǎ ƛƴǘŜǊƴŀƭ ǘƻ ŀ άŎŀƎŜέ 

(a system that is lowered underwater from a winch from the main ship and manages the tether 

for the ROV) are discussed that can be seen in Figure 9 (Christ et al 2014). A reel with a slip ring 

has a rotary joint in the tether drum that rotates to spool and unspool tether, adding 

complexity but reducing wear. Alternatively, a bailing arm can rotate around a stationary drum 

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 minimum-diameter 

lightweight passive system needed for a Europa melt probe. 

 



Figure 9. Internal Tether Management Systems 

(a) Reel/Slipring TMS (b) Bailing Arm TMS (from Christ et al 2014). 

NASAΩs Tunnelbot design contains a fiber optic tether integrated with three large 

repeaters (Oleson et al 2019). The fiber optic tether is wound around the repeaters which have 

ŀƴ ƻǳǘŜǊ ŘƛŀƳŜǘŜǊ ƻŦ мнΦсс ŎƳΣ ŀƴŘ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ƻǳǘŜǊ ŘƛŀƳŜǘŜǊ ƛǎ нпΦрт ŎƳ ǿƛǘƘ ǘƘŜ ǎǇƻƻƭ 

coaxial with the vehicle. The tether seems to unspool from the vehicle passively, although exact 

mechanisms and deployment are not specified. 

IƻƴŜȅōŜŜ wƻōƻǘƛŎΩǎ {[¦{I ǾŜƘƛŎƭŜ ǳǎŜǎ ŀ ŦƛōŜǊ ƻǇǘƛŎ ǘŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ǎǇƻƻƭǎ ǎǘƻǊŜŘ 

coaxial with the vehicle (Zacny et al 2019). SLUSH proposes three deployable spool bays that 

separate from the vehicle during descent and contain RF repeaters. Each spool bay would have 

ǘŜǘƘŜǊ ƻǇǘƛƳƛȊŜŘ ŦƻǊ ŎŜǊǘŀƛƴ ǎŜŎǘƛƻƴǎ ƻŦ 9ǳǊƻǇŀΩǎ ƛŎŜ ǎƘŜƭƭΦ ¢ƘŜ ǎǇƻƻƭ ōŀȅ ŘƻŜǎ ƴƻǘ Ŏƻƴǘŀƛƴ ŀ 

motor, implying passive unspooling through an unspecified method.  

Next Steps: 

 Further work must be done in miniaturizing fiber 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 an ice environment for multiple kilometers, and the system must be 

capable of preventing tangles while avoiding wear and damage to the tether. 

II.D. Lightweight, Corrosive-Resistant, Watertight Exterior Material Capable 

of Withstanding High Pressure 
Context: 

The structural integrity of an underwater vehicle is critical to keep 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 materials being considered for the exterior 

cylindrical vehicle structure due to their high strength-to-weight ratios, corrosion resistance, 

and heritage in aerospace and deep-sea applications. To further reduce mass and provide 

effective insulation, an aerogel-filled honeycomb composite structure with aluminum face-

sheets is also considered.  

Technology Needs:  

A Europa melt probe vehicle will require an exterior that can withstand a corrosive 

saline environment for multiple years while sustaining a wide range of temperatures from 90 K 

to 273 K and pressures greater than 18 MPa at 15+ km depth (Oleson et al 2019). Selecting an 

exterior material with minimal mass is critical to minimize mission cost and maximize scientific 

value. 



Current Work: 

 The Compass Tunnelbot Report theorized multiple structural materials, including 

aluminum (Al 7075-T73), stainless steel (AISI 304), and titanium (Ti-6Al-4V) (Oleson et al 2019). 

Stainless steel was eliminated for being too heavy, and aluminum was decided against for its 

susceptibility to buckling and welding challenges, as it loses temper (thus strength) with 

welding. Titanium is most ideal given its radiation shielding, weldability, high modulus 

(providing buckling resistance), 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. A common !ǊƎƻ ŘŜǎƛƎƴ ƛǎ ¢ŜƭŜŘȅƴŜ aŀǊƛƴŜΩǎ !t9· /ǳǊǊŜƴǘ tǊƻŦƛƭƛƴƎ ŦƭƻŀǘΣ ǊŀǘŜŘ ǘƻ нл00 

m sea level (roughly 20 MPa) (Riser et al 2018), which is higher than the 17.9 MPa expected at 

мр ƪƳ ōŜƭƻǿ 9ǳǊƻǇŀΩǎ ƛŎŜ ǎƘŜƭƭ (Oleson et al 2019). Argo floats travel the oceans for 3-5 years 

continuously taking data, a demonstration of the corrosion resistance and durability of these 

pressure vessels.  

 Aluminum has been used as a structural material in ocean vehicles, including in the 

Antarctic under ice by the Icefin vehicle, similar in size and shape to an expected Europa melt 

probe vehicle. Hard-anodized 6061 Aluminum rated to 1500 m depth (~15 MPa) was used in 

ocean temperatures as low as -5 °C and air temperatures as low as -50°C (Spears et al 2016, 

Meister et al 2018). 

 Composite honeycomb structure with aluminum face-sheeting has been used in 

spacecraft application on Mars Science Laboratory and Mars Perseverance rover in the aero-

backshell as well as the heat exchanger surrounding the RTG. Aerogel-filled Nomex-honeycomb 

between Al 7075-T73 face-sheets provided high-performance low-mass insulation that could be 

utilized on a Europa melt probe mission to insulate internal systems (Mastropietro et al 2010). 

Manufacturing difficulties could arise in shaping a honeycomb structure into a cylinder with a 

small radius of curvature, as well as the issue that welding aluminum reduces its strength. NASA 

has done extensive study of sandwich structures of composite face-sheets and foam core for 

lightweight high strength radiation and debris protection for space application that could be 

leveraged for aluminum and honeycomb structures (Atams et al 2007). 

 Aluminum coatings for corrosion resistance and environmental protection continue to 

advance. In addition to anodic coating and hard coating, plasma electrolytic oxidation is being 

studied for spacecraft applications, promising more durable and multifunctional surface 

characteristics (Shrestha et al 2010). 

Next Steps: 

Significant work must be done to advance knowledge of titanium, aluminum, and composite 

material ōŜƘŀǾƛƻǊǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 9ǳǊƻǇŀΩǎ ƭƻǿ temperatures, saline environment, and 

pressure. Laboratory testing of material responses as well as long-timescale field-testing must 



be done to ensure material suitability to maintain structural integrity for the full mission 

lifetime. A full study of possible corrosive effects to materials from the Europan surface 

environment following in the footsteps of [ǳȊ /ŀƭƭŜΩǎ ά/ƻǊǊƻǎƛƻƴ ƻƴ aŀǊǎΥ 9ŦŦŜŎǘ ƻŦ ǘƘŜ aŀǊǎ 

9ƴǾƛǊƻƴƳŜƴǘ ƻƴ {ǇŀŎŜŎǊŀŦǘ aŀǘŜǊƛŀƭǎέ ǎǘǳŘȅ ǿƻǳƭŘ ŀŘǾŀƴŎŜ ƻur understanding of material 

responses for Europa application (Calle 2019). And to minimize structural mass, developments 

must be made in more novel lightweight high-strength materials such as composites and 

honeycomb sandwich structures and then tested in a comparable environment. Another 

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

to minimize the problems arising from differing thermal expansion across the vehicle due to the 

wide range of temperatures to which the vehicle will be exposed. 

III. Communication and Data Handling Technology Gaps 
III.A. Compact Transmitter of Simple Acoustic Signals through 

Cryogenic Ice 
Context: 

  For a vehicle traveling any significant depth in the Europan ice shell, a communication 

system to the surface is necessary to return data to Earth. Many Europa melt probe designs 

consider a fiber optic tether for low-mass high-data-rate communication to the surface. Shifts 

in the upper conductive ice layer 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 

secondary communication system. RF signals have the issue of significant attenuation, reducing 

communication range to just meters through aqueous ŜƴǾƛǊƻƴƳŜƴǘǎ ŜȄǇŜŎǘŜŘ ƛƴ 9ǳǊƻǇŀΩǎ ƛŎŜ 

shell, such as water pockets (Schmidt et al 2011), saturated ice and salts (Chivers et al 2021, or 

temperate ice (Lishman et al 2013). RF signals are also more sensitive to the chemical 

properties of the ice and require more power, making acoustic communication an attractive but 

underdeveloped choice.  

For any communication system, the larger the distance between transmitter and 

receiver, the more power is needed, making direct communication between the vehicle and 

surface infeasible. One solution is for the vehicle to drop off transmitters at regular intervals 

that act as communication relays to the surface. Acoustic transmitters are commonly used in air 

and water communication, but to date have not been used to communicate through ice.  

VERNE Context:  

The VERNE vehicle would utilize acoustic communication pucks spaced every 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) pucks are self-contained 

wireless acoustic receivers and transponders powered by a small 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 W-hr/L and a minimum temperature of -55 °C were selected as 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, and a Qt{Y ƳƻŘǳƭŀǘƛƻƴ ǎŎƘŜƳŜ Χ ! ²![YL99 ǇǊƻǘotype has been fabricated and tested in 

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).  

Figure 10 shows the WALKIEE acoustic puck concept. 

 

Figure 10. WALKIEE Communication puck design and Thermal Analysis. (a) Heated puck deployed in 

cryogenic ice; (b) Unheated puck deployed in temperate ice (from Schmidt et al 2021). 

Technology Needs: 

Acoustic transmitters must be developed to be self-contained with onboard power and 

must be able to survive and communicate in a wide range of ice temperatures on Europa (90 K 

to 273 K), all while being compact and capable of communicating over hundreds to thousands 

of meters in ice with low power consumption.  

Current 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, shown in Figure 11, 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 of 160 mm, and a mass of 10 



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

surface of each borehole. 6-8 SPATS stages are spaced from depths of 80 m to 400 m, with the 

power consumption per string ranging from ~35 W to ~96 W when all modules are powered on. 

The transducer elements aǊŜ ƳŀŘŜ ƻŦ άƭŜŀŘ ȊƛǊŎƻƴƛǳƳ ǘƛǘŀƴŀǘŜ όt½¢ύ ƳŀǘŜǊƛŀƭΣ ƴŀƳŜƭȅ tL/мрмΣ Χ 

a soft piezo-ceramic material with a high piezoelectric charge constant, high permittivity and a 

ƘƛƎƘ ŎƻǳǇƭƛƴƎ ŦŀŎǘƻǊΦέ ¢ƘŜ average transmitter power operates in the 20-60 kHz range. SPATS 

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. 

 

Figure 11. Fully assembled 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 conducted between 

the frequencies of 2 kHz and 35 kHz in an Italian glacier (Meyer 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, 4.25-inch, acoustic transducers of type ITC-1001 from the International 

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

provides a high-ǇƻǿŜǊ ōǊƻŀŘōŀƴŘ ŀŎƻǳǎǘƛŎ ƻƳƴƛŘƛǊŜŎǘƛƻƴŀƭ ŜƳƛǎǎƛǾƛǘȅ ŦǊƻƳ н ƪIȊ ǘƻ оу ƪIȊ ŀƴŘ 

equally good receiving properties (Meyer et al 2019).  

Transmitters and receivers were spaced between 5 m to 90 m laterally apart in the glacier, all at 

a depth of 2-3 m. All power, processing, and data acquisition was done by electronics housed in 

weatherproof boxes on the surface. The signals used to test attenuation were Barker codes 

(autocorrelating discrete signals used to synchronize patterns between emitter and receiver) 

and chirp signals (sinusoidal signals with linearly increasing frequency) from 2 kHz to 38 kHz. 

The tests were consistent with others glacier attenuation studies from very different regions, 

showing an increase of attenuation with temperature and a slight increase of attenuation with 

frequency. This study characterized acoustic signals in terrestrial glacier ice, but from near the 

surface of the glaciers with offboard power and processing, with results that may not translate 

to the differing ice environment of Europa.  

In a study to determine the feasibility of wireless acoustic transmitters deployed in 

Greenland ice sheets, communication was determined feasible in the 4 Hz- 40 kHz range, with 

higher frequencies likely to improve efficiency (Lishman et al 2013). The acoustic transmitter 



ǳǎŜŘ ǿŀǎ ŀ άNeptune Sonar T257 transducer, powered by a 400 W Vibe Marien Space 

ŀƳǇƭƛŦƛŜǊέ ǳǎƛƴƎ ǘǊŀƴǎƳƛǎǎƛƻƴ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ мл-30 kHz placed 1 m beneath surface ice. Results 

showed transmission through 1 km of ice required 1 W of electrical power output. However, 

attenuation was found to be highly geographically and ice composition dependent, and the 

Europan ice composition and temperature would likely lead to very different results.  

!ŀŎƘŜƴ ¦ƴƛǾŜǊǎƛǘȅΩǎ ǇǊŜǾƛƻǳǎƭȅ ƳŜƴǘƛƻƴŜŘ 9ƴ9Ȅ-RANGE (Enceladus Explorer Initiative- 

Robust autonomous Acoustic Navigation in Glacial icE) project utilized a network of 

Autonomous Pinger Units (APUs) to assist the IceMole vehicle in navigation (Weinstock et al 

2020). Each APU is housed in a cylindrical stainless-steel pressure vessel that can withstand a 

pressure of up to 20 bar, has an outer diameter of 8 cm, and a total length of 90 cm. The 

IceMole vehicle uses four 780 kHz phased resonant piezo arrays for obstacle detection of up to 

15 m in water ice. Both IceMole and the APUs use acoustics in ice, though the signals only 

traveled small distances and were used for obstacle detection instead 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 composition and structure. Significant work must be done in 

miniaturizing transmitters for these environments while accommodating onboard power and 

testing in Europan representative environments.  

III.B.    Higher Areal-Density Radiation-Hardened Memory Storage 

Context: 

Improvements in memory storage technology have 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 thermal environments and radiation damage through single-

event upsets and accumulated radiation doses, events which terrestrial high-performance 

computing technology isn't designed for. Any spacecraft traveling to Europa will be exposed to 

ȅŜŀǊǎ ƻŦ ǎǇŀŎŜ ǊŀŘƛŀǘƛƻƴ ŀǎ ǿŜƭƭ ŀǎ WǳǇƛǘŜǊΩǎ ƛƴǘŜƴǎŜ ǊŀŘƛŀǘƛƻƴ ŜƴǾƛǊƻƴƳŜƴǘ ǳƴǘƛƭ ǘƘŜ ǾŜƘƛŎƭŜ 

enters the ice shell, where radiation is minimal. During descent into the ice shell, electronics 

and memory storage will additionally need to operate in cold temperatures.  

During descent, a Europa melt probe will 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 cable or slow data rates, 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 Europa melt probe vehicle will need to minimize mass and volume in 

order to increase scientific capabilities and reduce cost, illuminating a need for large amounts 

of memory storage in a very small volume. 



VERNE Context:  

LŦ ǘƘŜ ±9wb9 ǾŜƘƛŎƭŜΩǎ ŦƛōŜǊ ƻǇǘƛŎ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǘŜǘƘŜǊ ōǊŜŀƪǎΣ ǘƘŜ ǎȅǎǘŜƳ ǿƛƭƭ rely on 

acoustic transducer 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 volume. The estimated memory needed 

for a Europa melt probe mission is on the order of tens of gigabytes. 

Current Work: 

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 volume by 10x, mass by 3x, and power by 2x (Bolotin et al 2018). Circuit 

ōƻŀǊŘ ǘŜŎƘƴƻƭƻƎȅ ǳǘƛƭƛȊƛƴƎ /ƻǊŜ9½ϯΣ άŀ ƘƛƎƘ-density substrate fabricated from thin particles 

ŎƻƴǘŀƛƴƛƴƎ ƻǊƎŀƴƛŎ ƭŀƳƛƴŀǘŜǎέ ƛƴǎǘŜŀŘ ƻŦ ǘǊŀŘƛǘƛƻƴŀƭ Ǝƭŀǎǎ ŎƭƻǘƘ Ŏŀƴ ŀƭƭƻǿ ŦƻǊ ƭƻǿŜǊ ǾƻƭǳƳŜ ŀƴŘ 

higher channel density. The Manx Command and Data Handling System, shown in Figure 12, 

will be capable of withstanding 300 krads of radiation, fit in a 10 x 10 x 2 cm envelope, with an 

ά95!/ ώŜǊǊƻǊ-correcting] protected NAND flash [electronically re-writable] memory of 2 GBs for 

science and engineering telemetrȅέΦ aŜƳƻǊȅ ǎǘƻǊŀƎŜ ŎŀǇŀŎƛǘȅ ŦƻǊ ŀ melt probe may prove an 

order of magnitude higher, but even at a linear extrapolation, the system could fit into a melt 

probe vehicle envelope. Compared to a Europa lander, radiation exposure may be less severe 

ŘǳŜ ǘƻ ǘƘŜ ǾŜƘƛŎƭŜ ōŜƛƴƎ ǇǊƻǘŜŎǘŜŘ ōȅ 9ǳǊƻǇŀΩǎ ƛŎŜ ǎƘŜƭƭ ŀŦǘŜǊ ƛŎŜ ƛƴǎŜǊǘƛƻƴΣ ŜŀǎƛƴƎ ŘŜǾŜƭƻǇƳŜƴǘ 

requirements. 

 

Figure 12. JPL Manx Computer Card (a) Front (b) Back (from Bolotin et al 2018). 

An alternative method to developing high-performance space-rated memory storage is 

to utilize existing commercial off the shelf (COTS) high-performance electronics in a radiation-

tolerant architecture (Pignol 2010). The French space agency CNES developed thorough 



validation techniques of lot acceptance tests, tests for single-event 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 cope with single-event upsets and make 

the overall system radiation tolerant, such as elementary protection mechanisms like watchdog 

timers used by NASA Small Explorer and the CNES MYRIADE micro-satellite. Other systems 

include Duplex or Triplex Architectures, where duplicate signals go through multiple separate 

processors, or alternatively, time delay two signals through the same processor to verify an 

answer. So far these radiation-tolerant architectures using COTS electronics have been 

deployed primarily in small low-Earth-orbit environments, where the mission timeline is short, 

and the radiation environment is less extreme than a Europa spacecraft would experience. For 

the near future, COTS memory storage technology may be difficult to validate and qualify for a 

Europa melt probe application due to the extremely low risk-tolerances of flagship missions. 

Next Steps: 

Continued development in low-temperature, compact, radiation-hardened avionics 

must be made to store necessary scientific data for a long-term Europa melt probe mission. 

Further technology improvements include reducing the areal density of memory storage and 

increasing the total storage capacity of radiation-hardened space-rated memory storage 

systems. 

 

  



 

IV. Guidance Navigation, Control and Drilling System 

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

Context: 

 A Europa melt probe vehicle using a rotating mechanical drill requires a system to 

provide counter-torque. Without an anti-torque system, the drill motor would spin the vehicle 

body instead of the drill head when the drill encounters resistance. The most common method 

to apply counter-torque is by having a piece jutting from the non-rotating main body vehicle in 

contact with the borehole to apply sufficient friction to prevent the main body from rotating. 

Figure 13 shows different approaches gathered from a study investigating anti-torque systems 

of cable-suspended drills (Talalay et al 2014). 

 

Figure 13. Types of Anti-Torque Systems: Types of anti-torque systems: (a) hinged friction blades; (b) leaf 

spring system; (c) skates; (d) side milling cutters; (e) U-shaped blade system (from Talalay et al 2014). 

VERNE Context: 

Leaf springs and skates have been assessed as the most promising designs for VERNE. Leaf 

springs function better in irregular or soft ice environments and require less volume, while 

skates have improved torque and resistance in constant density environments of harder ice 

(Talalay et al 2014). 

Technology Needs:  

To be effective in the Europa environment, an anti-torque system must be capable of operating 

in boreholes of varying diameter as well as ice environments ranging from extremely hard 

cryogenic 90 K ice to near-melting convective ice and slush. The system must also be extremely 

durable, operating for at least three years without repair or human intervention. A material 



science challenge is finding material that is both durable and flexible across a wide range of 

ǘŜƳǇŜǊŀǘǳǊŜǎ ǿƘƛƭŜ ǘƻƭŜǊŀǘƛƴƎ 9ǳǊƻǇŀΩǎ ǎŀƭƛƴŜ ŜƴǾƛǊƻƴƳŜƴǘΦ  

IV.A.1. Durable Leaf Springs Capable of Sustaining High Loads at 

Low Temperatures 
Current Work: 

 Multiple leaf spring anti-torque systems have been deployed on cable-suspended ice 

drills, exhaustively listed in Table II, ƛƴŎƭǳŘƛƴƎ ¦{Ω /ww9[Σ ¦{Ωǎ 9ŎƭƛǇǎŜ ŘǊƛƭƭ 5ŜƴƳŀǊƪΩǎ ¦/tIΣ and 

/ƘƛƴŀΩǎ /ILb!w9 ǎȅǎǘŜƳǎ (Talalay et al 2014).  

Table II. Leaf Spring Anti-Torque Systems used for Ice-Coring Drills (Talalay et al 2014). 

 

 The Eclipse Drill ice coring drill from the U.S. Ice Drilling Program uses a metal leaf-spring 

anti-torque system shown in Figure 14, with extensive field-testing in Antarctic ice and proven 

success (U.S. Ice Drilling Program). The system is lowered down on a cable less than 300 m into 

ice of temperatures 200-250 K (Scambos 2020) for under 200 hours, compared to a Europa melt 

probe mission operating in temperatures of 90 K-273 K autonomously for at least three years, 

traversing up to 15 km. 

 



 

Figure 14. (a) Eclipse Drill ; (b) anti-torque leaf spring module (from Talalay et al 2014). 

Leaf springs have seen niche space-rated applications in on-orbit telescope stabilization 

in cryogenic environments without repair, however, these leaf springs are fairly static, are not 

used for antitorque, are made of aluminum, and do not sustain significant load (Kroes et al 

2017). In addition, the space environment is drastically different from 9ǳǊƻǇŀΩǎ ƛŎŜ 

environment, providing minimal validation of leaf springs in a Europan ice environment. 

Studies from automobile applications have shown fiber-reinforced polymer-based 

matrix composite (carbon fiber) leaf springs have, compared to aluminum, higher corrosion and 

chemical resistance, reduced mass, and higher tensile strength under 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 have a lifespan of at least three years in saline and ice environments like 

Europa. 

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

Skates have been used across a multitude of ice drills, exhaustively listed in Table III, 

ƛƴŎƭǳŘƛƴƎ {ǿƛǘȊŜǊƭŀƴŘΩǎ C9[L/{Σ ǘƘŜ ¦YΩǎ .!{Σ ¦{!Ωǎ /ww9[, ŀƴŘ WŀǇŀƴΩǎ L[¢{ (Talalay et al 2014). 

Skate deployment can be actuated by springs, scroll plate and camshaft, or tensioned cable. 

Table III. Skate Anti-Torque Systems used for Ice-Coring Drills (Talalay et al 2014). 



 

 Issues identified with skate anti-torque systems include slipping in density-varying 

materials like slush (Kohshima et al 2002) and accumulation of flaking ice-chips, which can clog 

the borehole, increasing needed drill torque (Schwander et 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 drilling. Another method is to attach skates to the leaf 

spring surface, which can prove more effective in transition layers between hard and softer ice 

(Talalay et al 2014). 

Next Steps: 

Anti-torque systems for ice core drilling have been used extensively in the field, 

however further work must be done in autonomous anti-torque systems that can operate 

without human intervention in cryogenic ice environments. Some combination of skate and leaf 

spring designs must be tested to ensure they provide anti-torque in a wide variety of 

environments and do not generate more ice chips than the vehicle can handle, or that cause 

the vehicle to freeze into the ice. An additional direction to explore is investigating thermal 

resistor integration into the antitorque system to prevent freezing into the ice. 

IV.A.3. Counter-Rotating Ice Drill 
Context:  




































































