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1. Introduction and Summary
1.1. Team Introduction
Name

University
(City, State)

Major

Relevant Experience

Aung Thein

San Jose State
University,
San Jose, CA

Electrical
Engineering

Matlab, C, C++

Gibran
Cazares

California State
University,
Chico
Chico, CA

Mechatronics
Engineering and
Spanish Major

Solidworks, Office Microsoft, Math
Team worker, basic C++, basic
welding, creative

Hao Tran

San Jose State
University,
San Jose, CA

Mechanical
Engineering

Autodesk Inventor, CAD, Siemens NX,
Linux, Matlab, Academic Essay
Writing, Physics Research, Team
Work

Harjot
Dhanota

Sacramento City
College,
Sacramento, CA

Aerospace
Engineering

Proposal and Essay Writing, Team
Leadership and Management, Physics
Research
CAD: Siemens NX, Autodesk Inventor,
Solidworks, Catia V5

Jada Curry

The University
Physics
of San Francisco.
San Francisco,
CA

Physics research and application,
Astronomy research and application,
EssayWriting, Group organization

Laurent
Chang

Cal Poly SLO,
San Luis Obispo,
CA

Mechanical
Engineering

SolidWorks, Python, HTML, ANSYS
Manufacturing: lathe, mill, welding,
metal casting

Ngoc Anh
Nguyen

San Jose State
University,
San Jose, CA

Management of
Information
Systems

Learning how to code at an additional
school,
Python, HTML, JS
Great individual thinker and
teammate
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Peter Li

The University
of California,
Berkeley,
Berkeley, CA

Applied Math and
Computer Science

Strong Math, Physics, and Computer
Science skills. Proficient
programming experience in multiple
languages and stacks (Python, Java,
HTML, CSS, JS, Swift, SQL, Scheme,
Django, React, Node.js). Matlab,
UI/UX Design (Figma), Research.

Robanjeet
Singh

Cosumnes River
College,
Sacramento, CA

Biology

Team worker, STEM research project
on microfluidics devices, laboratory
experience in qualitative analysis,
titration, familiar working with the
microscope, preparing slides, and
part of climate change project on
coral bleaching.

Vikram
Thridandam

Cal Poly SLO
San Luis Obispo,
CA

Mechanical
Engineering

Collaborated on many design projects
Manufacturing: lathe, mill, woodshop,
welding, foundry composite layups
CAD: SolidWorks, Fusion 360, NX,
AutoCAD, OnShape
FEA: Simcenter 3D, FEMAP, ANSYS,
ABAQUS
Analysis: MATLAB & Simulink,
Microsoft Excel, Python
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1.2. Mission Overview
1.2.1. Mission Statement
The ESSI mission will visit the most Eastern extension of the Damascus Tiger Stripe
on Enceladus’ south pole. This lander mission’s goals are to better understand the internal
structure of Enceladus by analyzing seismic and thermal energy and exploring the potential
of existing organics.
The data gathered will comprise longitudinal phase measurements, temperature
gradients, and microscopic imagery. Longitudinal phase measurements will determine the
ice shelf thickness and seismic location, and temperature gradients will determine a heat
transfer rate and thermal history. Additionally, microscopic imagery will map out the
hydrothermal vents. The microfluidic chips will measure the distributions of molecular
properties in organic molecules, including carboxylic acids and amino acids.
ESSI will obtain insights into the creation and existence of life in harsh conditions by
exploring Enceladus’ southern pole. Additionally, the field of seismology will be further
expanded, as data and new techniques for measuring recent seismic activity not found on
Earth will be able to be taken on the unique environment of Enceladus. More importantly,
any strives in data collection, and mission facilitation will hopefully motivate lander
missions to other geologically active icy moons.

1.2.2. Mission Requirements
Mission Requirements
MIS-01. The spacecraft’s mass shall not exceed 77 kg (170 lbs).
MIS-02. The spacecraft’s volume shall not exceed 51cm x 51cm x 76cm (20in x 20in x 30in).
MIS-03. The team’s budget shall not exceed $400M.
MIS-04. The mission shall reach completion by July 2039
MIS-05. The team shall have one safety officer from the business administration subteam.
MIS-06. The spacecraft shall land within 85km of the prominent plumes.
System Requirements
These requirements are further detailed in the Verification & Validation Plans in Sections
3.1.5 and 4.1.4.
COS. H-1. The hardware components shall withstand at least 3000 grays of ionizing
radiation doses throughout the landing and data acquisition phases.
-6-

COS. S-01. The mission software shall correct all commands throughout the mission.
DGS. E-01. The EDM’s shall obtain at least two raw images of the vent.
DGS. I-01. The mole shall reach a depth of at least 3 meters into the surface crust.
DGS. I-02. The TEM-A shall take at least 15 temperature gradient measures.
DGS. S-01. The SED shall measure at least one 3.0 magnitude quake event during the
mission.
DGS. S-02. The leveling system shall accommodate slopes of no more than 15 degrees.
DGS. S-03. The wind and thermal shield shall withstand squalls of 60 m/s and even survive
winds of 100 m/s.
EBFS. 01. Both control units shall remain tethered to their respective instruments at all
times throughout the mission.
IDA. 01. The Instrument Deployment shall lift no more than 40 kg at any given time.
LND-01. The legs shall have a carbon fiber 2x2 twill weave to support the lander’s weight,
with a safety factor of 2.5.
LND-02. The legs shall not buckle under the lander’s weight on Earth.
LND-03. The legs shall maintain deflection under 0.05 cm.
LND-04. The legs shall not delaminate on impact.
NAV-01. The GN&C algorithm shall scan the terrain and find locations within 100 cm for
landing.
POW. 01. All batteries shall remain within the temperature threshold (DEFINE) at any
given time.
PROP.D-01. The descent thrusters shall output 25 mN of thrust.
PROP.D-02. The fuel lines shall withstand leaking at temperatures of -30°C.
PROP.B-01. The braking thrusters shall output a maximum of 100 mN thrust.
PROP.B-02. The holding voltage shall remain at 3.3 VDC to maintain optimal operating
performance.
-7-

PWR-01. The batteries shall operate at the specified temperature range.
TCS-01. The MLI blankets shall provide sufficient insulation to maintain the operation of all
internal components.
THE. 01. The MLI film shall provide sufficient thermal control support to the EBFs, DGS, and
POW subsystems
TRA. 01. The drones shall remain within the necessary operating temperature range.
TRA. 02. The EDMs shall remain tethered to their respective drones at all times.

1.2.3. Mission Success Criteria
The ESSI mission’s success relies on acquiring a few iterations of each required data
measurement to ensure that they can achieve determined accepted accuracy and optimize
the data acquisition period.
This data can confidently predict the tiger stripe region’s ice thickness with
longitudinal data acquisition for at least two different 3.0 magnitude seismic events.
Additionally, the rate of principal seismic activity will be determined.
To successfully understand Enceladus’ thermal energy transfer, the mole must reach
the target depth of 3 meters by the halfway mark of the mission’s data acquisition period.
Ten days’ halfway mark will allow for at least ten temperature gradient measurements via
the TEM-A sensor. These ten different measurements provide a confident estimation of the
internal thermal energy output.
Finally, if each of the three EDMs individually obtains at least two images of the raw
wall surface inside a vent, macroscopic bio vermiculation patterns containing micro
bacterial life in the nanometer range are identifiable. Additionally, any visible liquid water
can provide greater insight into the biosignatures.
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1.2.4. Concept of Operations (COO)

Figure 1.2.4.a. Overall Concept of Operations
Upon launching from Cape Canaveral, the ESSI lander will start its seven-year
journey to Enceladus. As the main spacecraft approaches Enceladus, it transitions to lunar
orbit, and the orbiter will be deployed to orbit around Enceladus. After the orbiter
successfully achieves elliptical lunar polar orbit, an entry, descent, and landing maneuver
will be performed to complete the intended science operations. Lastly, all acquired data
will be transmitted back to the orbiter and then relayed back to Earth.
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Figure 1.2.4.b. In-Situ Concept of Operations
Upon landing on the surface of Enceladus, the surface calibration phase will begin to
operate. This phase includes calibration of the Seismic Exploration Device (SED), the
Enceladus Descent Modules (EDM), the Internal Thermal Meter (ITM), the Instrument
Deployment Arm, and all payload cameras. After the calibration phase is completed, the
SED will be deployed and placed onto the surface. Next, the IDA places the ITM on the
surface. Lastly, the drones will transport the EDMs to their respective locations.
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1.2.5. Major Milestones Schedule
There are six project phases to be accomplished in the mission. Those phases are
essential for the planning of project milestones. Project milestones are created for the
timelines based on the available budget and the mission requirements.
Table 1.2.5.a. Milestones Schedule
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1.3. Descent Maneuver and Lander Summary

Figure 1.3.a. EDL Graphic for the ESSI Lander
The ESSI lander will perform the proposed Entry, Descent, and Landing maneuver,
as shown above. This maneuver is loosely based on the planned European Space Agency
(ESA) Lunar Lander mission (Konstantinidis, 2018). First, the orbiting spacecraft reaches
its closest distance, 35 km, to the surface of Enceladus at the velocity of 177.2 m/s, and
then it releases the ESSI lander. After the lander separation stage, the ESSI lander
undergoes a free-fall for five minutes and enters the powered descent phase until it reaches
the altitude of 5 km from the surface. The descent thrusters shut off, and ESSI undergoes
another brief free-fall. Four other thrusters ignite for the braking phase, which will
significantly decrease the lander’s descent velocity. Most of the lander’s descent velocity is
terminated, and the surface of Enceladus comes into view of the camera located underneath
ESSI. The Guidance, Navigation & Control (GN&C) algorithm onboard the RAD750
processor activates for the approach phase. The thrusters throttle down, and the GN&C
algorithm actively scans the surface to decide if the desired landing site is optimal or if ESSI
needs to correct itself and choose a new landing. Once the lander is above the landing site
with no lateral velocity at an altitude of about 10 - 20 m, shock-absorbing legs are deployed
as ESSI slowly free-falls to a soft landing on the surface and prepares for the scientific
experimentation.
The ESSI lander has an overall mass of 70.5 kg, with a volume of 51 cm x 51 cm x 59
cm. The main structure is a 6061-T6 aluminum alloy shell with a carbon fiber deck. The
primary surface camera and the Temperature and Wind Enceladus Sensors (TWENS) are
- 12 -

located on the deck. Underneath the deck resides two Saft batteries that power every
component on board. There is also the Instrument Deployment Arm (IDA), which will
transport instruments from the deck to the surface of Enceladus to perform their science
operations. There are eight cold gas thrusters on board: four VACCO MiPS for powered
descent and four 100 mN HPGP thrusters for braking.
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1.4. Payload and Science Instrumentation Summary
The ESSI mission will utilize three instruments to perform science experiments to
carry out the mission objectives on the surface of Enceladus and the plumes. All
instruments will initially be stored on the lander deck and deployed onto the surface of
Enceladus upon the successful landing of ESSI via the Instrument Deployment Arm. Once
the IDA and drones deploy all instruments, they will carry out their necessary experiments
and analyses individually. The tables below provide an in-depth overview of the
components that make up each instrument and its purpose.
Table 1.4.a. Seismic Exploration Device (SED) Overview
Seismic Exploration Device (SED)
Component

Purpose
Establish an excellent mechanical coupling
between the ground and the instrument
sensors. It also ensures that the sensor
package is leveled on the ground to ensure
the necessary measurement axes’
alignment.

LVL Package

Aluminum Dome Cover
Wind & Thermal Shield
(WTS)

Gold-coated Kapton Skirt
Chain-mail Border

Provide additional protection against wind
and temperature variations on the surface
of Enceladus.

Three Legs

Remote Warm Enclosure Box (RWEB)

Provide additional thermal support and
cancel thermal noise by encasing the
vacuum sphere.

Vacuum Sphere

Guard the VBB sensors against surface
temperature variations.
Miniature Short Period (SP) seismic
probes (x 3)

Detect vibrations in all three spatial
directions.

Very BroadBand (VBB) oblique
seismometer (x 3)

Create a visual representation of the
ground motion.

Sensor Assembly

Electronic Box (EBox)

Host the nine electric boards necessary for
SEIS operation.

Connecting Tether

Provide the electrical link between the
Sensor Assembly and the EBox.
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Flux Gate
Auxiliary Payload
Support System

Micro Barometer Sensor

Provide environmental information that
will assist in instrument deployment on
the surface and correct SEIS data analysis

Temperature & Wind Sensors (x 2)

Table 1.4.b. Internal Thermal Meter (ITM) Overview
Internal Thermal Meter (ITM)
Component

Purpose
Measure the surface flux

Radiometer (RAD)
TEM-A
Active & Passive Thermal
Suite

Measures thermal conductivity
of Enceladus

TEM-P/ Science Tether

Measure the temperature
gradient along the borehole.

Static Tilt Sensors
(STALIL)

Accelerometer (x2) and
Tiltmeter (ACTIL)

Determine the advancement of
the Mole by determining the
orientation of the Mole axis with
respect to local gravity

MOLE

Motor
Gearbox
Hammer

Driveshaft

Provide the necessary force to
penetrate the surface of
Enceladus

Springs
Hammer

Tether Length Monitor (TLM)

Determines the Mole’s
advancement by determining
the length of the temperature.
Measuring cable pulled from
the casing.

Engineering Tether

Carries electrical power,
commands, and science data
between the lander and
surface package.
Controls SED’s operational
modes, monitors instrument
health, read all science and
housekeeping sensors,
operates the Mole launch lock,
heaters, and the Mole motor.

Back End Electronics (BEE)
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Table 1.4.c. Enceladus Descent Modules (EMDs) Overview
Enceladus Descent Modules (EDMs)
Component
Tether
Transportation
Drone (x3)

Purpose
Carrying EDMs to the targeted plume locations and supporting
back-up power and communication links while the EDMs
descend into the plumes.

Battery
Microscopic Imager
Microfluidics Chip
Enceladus Descent
Module

3-D mapping the interior of the vents and observing the
hydrothermal activities under the ocean. Moreover, all of the
EDMs will also have the ability to detect life in liquid. Locations
and supporting back-up power and communication links while
the EDMs descend the vents.

Stereo Camera (x2)

Capture raw images

Structured Light (x2)

Support image capturing via the light provision

ToF camera

Capture raw images
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2. Evolution of Project
2.1. Evolution of Descent Maneuver and Lander
Iteration #1

Figure 2.1.a. 1st Iteration of the ESSI Lander.
The main idea behind the first iteration was to put a single and big engine on the
bottom of the lander while all the instruments are stored inside the octagonal body.
However, this version of the lander does not allow easy utilization of the instruments. The
proposed entry, descent, and landing (EDL) maneuver for this iteration was a free-fall of
the lander with a braking phase at the end.

Iteration #2

Figure 2.1.b. 2nd Iteration
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The next iteration had four legs attached to a lander shell with a deck for some
components. The idea for this iteration was to have most of the components housed inside
the shell to keep a clean design. Instead of the large engine on the bottom, this one had four
static legs to keep the lander stable upon landing. The proposed EDL maneuver for this
iteration was a powered descent from the orbiting spacecraft and a free-fall before landing
on the surface.

Iteration #3

Figure 2.1.c. 3rd Iteration
The third iteration provided a more detailed design than the previous two
iterations. The lander will need a more transparent cube and placeholder locations for
instrumentation and thrusters. This iteration also included the Instrument Deployment
Arm (IDA), which would function to transport the instruments from the lander deck to the
surface. The batteries are mounted underneath the top deck. The EDL maneuver for this
iteration is not ideal because of the high consequence resulting from the tanks cracking
upon landing.
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Iteration #4

Figure 2.1.d. Final Iteration
A supporting structure around the propellant tanks is ideal for mitigating any
vibrational impacts from landing on the surface. Shock-absorbing legs were added in this
iteration, with three struts for extra support and stability after the free-fall EDL maneuver.
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2.2. Evolution of Payload and Science Instrumentation
Iteration #1
Initially, the mission goals contained an analysis and data acquisition plan
concerning five core areas: topography, atmosphere, organics, energy dissipation, and
magnetic fields. These five core areas came with complex instruments to carry out the
necessary experiments to achieve the mission success criteria. In the initial iteration of
payload science and instrumentation, six different instruments would be deployed by the
IDA. Two other possible instruments would supplement the main instruments. The reason
for the exclusion of the six researched instruments was that each of these instruments had
heritage linked to an orbiter mission, called Cassini. Since the ESSI mission requires landing
on the surface of Enceladus, it is non-resourceful to replicate instruments that are initially
meant to be taken from above the moon’s surface. The first iteration prioritized the need
for heritage instrumentation from solely lander missions. With the newly identified
priorities in instrument selection of the eight instruments, two of these instruments are
utilized for the ESSI mission, with lessened research objectives. The table below shows
critical information researched and taken into consideration as selection criteria for
mission usage.
Table 2.2.a. First Iteration of the Payload and Science Instrumentation:
Instrument Selection Overview
Core
Research
Area

Instrument

Purpose

Are they
included in the
final
instrumentation
selection?

Standard Laser
Altimeter

Measures the distance from an orbiting spacecraft
to the planet’s surface/asteroid that the spacecraft
is orbiting. The distance is determined by
measuring the total round trip time of a laser pulse
from the instrument to the planet's/asteroid's
surface and back to the instrument.

No

Atmosphere

Cosmic Dust
Analyzer (CDA)

Detect dust particles one-thousandth of a
millimeter wide (the size of smoke particles) and
sometimes as small as one-millionth of a
millimeter (smaller than a virus). It also
determines the particle's charge, speed, size, and
which direction it was going.

No

Organics

Mass
Spectrometer
for Planetary
Exploration/
Europa

Topography

Determine the composition of the surface and
subsurface ocean by measuring Europa’s
atmosphere and any surface material ejected into
space
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No

(MASPEX)

Energy
dissipation

Magnetic Field

Thermal
Emission
Imaging System

Measure a given object’s temperature by precisely
analyzing the light it emits by producing infrared
images that will measure surface temperatures
from a distance.

No

Seismometer

Measure seismic activity propagated through the
ice shell.

Yes

Magnetometer

Record the direction and strength of magnetic
fields around the spacecraft.

No

Supplementary Instrumentation
Organics

Atmosphere/
Magnetic field

Enceladus Vent
Explorer

Monitor hydrothermal activity, gather ocean
pictures, and detect potential life.

Yes

Mass
Spectrometer:
Ion & Neutral

Determine the composition and structure of
positive ions and neutral particles in the upper
atmosphere and Saturn’s magnetosphere.

No
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Iteration #2
After considering the science instrumentation consisting of SED, ITM, and EDMs, the
EDM data collection plan had to be modified to include a transportation system, including
the EDM Missile Concept in the second instrumentation iteration. While short-lived, this
missile concept would utilize a missile encasing the three EDMs to reach a location as close
as possible to the Damascus plume. Upon a controlled crash into the surface, the EDMs
would exit the missile chamber and continue on their way to the plume. Because of the high
risks of facilitating a controlled crash near the plume, the missile concept is inefficient. The
conjectured location for a controlled crash near a location closest to the Damascus plume
was determined to be too far away. The EDM could not travel without using a large amount
of power to do so. Pictures below are the CAD designs made to demonstrate the missile
concept.
Missile Shell

Drone Storage Chamber

Figure 2.2.a. Second Iteration of the Payload and Science Instrumentation: Missile Concept
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Iteration #3
The final iteration of science instrumentation involves only changes to the
transportation system of EDMs. After finishing those changes, it was determined that a
missile would not be suitable to transport the EDMs to the plumes so they could acquire
the necessary data; thus, the drone concept came to fruition. A transporting device known
as “DJI Mavic Pro Drone” has been selected as the sole system in charge of transporting the
drones to their designated data acquisition sites. To ensure a safe transportation sequence,
these were the considerations and research performed to ensure that the Mavic Pro would
be best for this mission:
Table 2.2.b. DJI Mavic Pro Drone Specifications
Max Ascent Speed

16.4 ft/s (5 m/s) in Sport mode

Max Descent Speed

9.8 ft/s (3 m/s)

Max Speed

40 mph (65 kph) in Sport mode without wind

Maximum Takeoff Altitude

16404 feet (5000 m)

Max Flight Time

27 minutes
(no wind at a consistent 15.5 mph (25 kph))

Max Hovering Time

24 minutes (no wind)

Figure 2.2.b. DJI Mavic Pro Drone
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2.3. Evolution of Mission Experiment Plan
Iteration #1
Initially, the article “Enceladus Vent Explorer Concept” (Ono, M. 2018) mentioned a
Surface Module (SM) that includes 20 small Descent Modules (DM) that helped to
understand the biological life underneath the icy layer. The DM was renamed into
Enceladus Descent Modules (EDM) for this mission. Initially, multiple EDMs would be used,
but later, the number of EDMs was reduced to less than four. The SM is designed as a lander
itself, which does not comply with ESSI’s mission constraints regarding dimensions and
mass. Because the EDMs are not autonomous without the SM, a replacement device must
be smaller and lighter. Moreover, the EDMs could travel from the desired landing site to
further locations without implementing the SM. The only option was something that could
fly, avoid craters and the icy crust. The missile design was a good start; however, it was
risky and unsafe for the scientific instruments. Therefore, the team replaced the SM with a
transporting device known as the DJI Mavic Pro Drone. The first iteration included one to
two drones picking up three EDM devices and dropping them on the designated location’s
surface. The drones were a primary basic transportation mode to move scientific EDM
instruments.

Figure 2.3.a. Surface module (SM)
Drone

Figure 2.3.b. SM replacement: DJI Mavic Pro

Iteration #2
Transporting these EDM instruments with drones was an innovative idea and
concept to apply in the mission. However, complications arose in transportation. The
article described how the EDMs would transfer their data to the SM through a direct wire
connection. In that case, the wire has to be added to connect the drones and EDM
instruments. The mission success criteria require that each EDM be distinct from one
another in design and location.
The drones would now be classified as; Closer Drone, Intermediate Drone, and the
Tiger Drone. The location that each drone will travel to is implied in their respective
names. The Closer Drone is the lightest, while the Intermediate & Tiger Drones will be the
heaviest; because of the long-distance, more batteries will be used for the farther drones to
- 24 -

operate maximum efficiency. In conclusion, the drone went from a primary transportation
mode to collect data from the three EDMs.

Iteration #3
Because the mission requires successful data transmission back to the lander, all
EDMs would need to be equipped with radios. The EDM will send data to the drones,
communicating with the lander to send the saved data. Furthermore, the lander will send
transferred data back to Earth. Incorporating GN&C in the navigation system for a safe
landing will provide a general topography of a safe location.
Concluding, a drone with an EDM attachment, looking for the destination by
navigating the surface of Enceladus for a safe landing, was chosen. Then, the EDMs will be
detached from the drones. The instrument will descend into the ocean communicating with
the drone and drone communicating with the lander, sending all the data collected, and
eventually being transferred from the mainlander to Earth by the lunar orbiter.
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3. Descent Maneuver and Lander Design
3.1. Selection, Design, and Verification
3.1.1. System Overview
The proposed ESSI lander will perform a descent maneuver in various phases as
described below:
Lander Separation:
In an elliptical polar orbit, the orbiting spacecraft releases the ESSI lander at a
perigee of 35 km from the surface of Enceladus and a velocity of 177.2 m/s. Then,
the lander undergoes a five-minute free fall before thruster ignition for powered
descent.
Descent Phase:
After the five-minute free fall from the orbiter, the ESSI lander is now about 23.3 km
from the surface of Enceladus. At this stage, four VACCO Standard Micro Propulsion
System (MiPS) cold gas thrusters ignite and perform a burn for the powered descent
towards Enceladus (VACCO Industries, 2020). The four thrusters burn until the
lander reaches a velocity of 181.9 m/s and a distance of 5 km from the surface of
Enceladus. These thrusters shut off, and the lander coasts in a free-fall until thruster
ignition for the braking phase.
Braking Phase:
Once the ESSI lander is 5 km from the surface of Enceladus, the VACCO MiPS
thrusters shut off, and four Bradford ECAPS 100 mN HPGP thrusters ignite for the
main braking phase (Bradford ECAPS, n.d.). Most of the lander’s descent velocity is
terminated, and the landing site will come into the field of view of the primary
camera located on the underbelly of the lander.
Approach Phase:
Once the lander has significantly reduced its velocity to about 60 m/s, the thrusters
throttle down to begin the targeted descent towards the landing site. During this
phase, the Hazard Detection and Avoidance (HDA) and Terrain Relative Navigation
(TRN) functions of the Ground Navigation & Control (GN&C) algorithm are active.
This activation will detect a secondary location if the first is deemed unfit for
landing (Konstantinidis, 2018). To maintain landing accuracy, the TRN uses sensors,
thermal and optic cameras, as well as LIDAR (light detection and ranging) to track
detected features on the surface. The GN&C system must assess if the planned
landing site is safe or autonomously chooses a new landing site based on detected
terrain via LIDAR. The GN&C control algorithm must then calculate a safe trajectory
and thrust arc to the new viable landing site. The barometric altimeter provides
atmospheric data to the GN&C algorithm of the main RAD750 computer to change
the thrusters’ throttle down accordingly and adjust the tilt to prepare for landing.
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Touchdown:
Once the spacecraft is above the landing site with no lateral velocity and a vertical
attitude at an altitude of about 10-20 m from the site, it is ready for touchdown. The
thrusters shut off, the four landing legs deploy, and the spacecraft slowly free fall at
2.1 m/s to a soft landing on the surface with its carbon fiber shock-absorbing legs.

Figure 3.1.1.a. EDL graphic of ESSI landing on Enceladus
The final design of the proposed lander is shown below in Figure 3.1.1.b. It includes
the main shell, inside which houses some of the scientific instrumentation, two Saft 4s2p
MP176065 xlr XLSO batteries, and four aluminum propellant tanks. This shell is
constructed of 6061-T6 aluminum alloy to withstand the extreme radiation in space and
the temperatures on Enceladus (Gabrian, 2019). Above the shell are the lander top deck,
where the rest of the science instruments reside, the Instrument Deployment Arm (IDA),
cameras, and antennas. This top deck is made of Toray M55J High Modulus Carbon Fiber
with Cyanate Ester, which has been used on many European Space Agency (ESA) missions.
The heritage usage proves that it can withstand the extreme environments of space and
Enceladus. Using carbon fiber also prevents communication interference between the
instruments and the main RAD750 computer (Toray, n.d.). There are eight total thrusters
onboard: four VACCO Standard Micro Propulsion System (MiPS) and four Bradford ECAPS
100mN HPGP, each set facing opposing directions. The VACCO MiPS is for the powered
descent phase of the EDL, and the ECAPS are for the braking phase of the EDL maneuver.
The ESSI lander has a total mass of 70.5 kg, with an approximate volume of 51 cm x 51 cm x
59 cm.
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Figure 3.1.1.b. Final Lander Design

3.1.2. Subsystem Overview
ESSI’s lander design consists of five subsystems:
1. Propulsion (PROP)
2. Landing (LND)
3. Power (PWR)
4. Navigation (NAV)
5. Thermal Control Subsystem (TCS).
Each subsystem can function individually yet also support each other together, completing
the entire EDL maneuver described in section 1.3.
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Propulsion Subsystem:
The propulsion subsystem consists of one Standard Micro Propulsion System (MiPS)
that includes four thrusters from VACCO Industries Inc and four 100 mN HPGP Thrusters
from Bradford ECAPS, for a total of 8 cold gas thrusters. VACCO MiPS and Bradford ECAPS
100mN HPGP are planned to be aboard for two upcoming missions, ArgoMoon and Lunar
Flashlight. Both missions are intended to be sent around the Moon for scientific exploration
(VACCO, n.d.). Cold gas thrusters were chosen because they require very little electrical
energy to operate, eliminate the need to engineer heat management systems, and their
simple design is less prone to failures. Among the eight cold gas thrusters, the four
supported by MiPS will face downwards and will be turned on during the descent phase for
powered descent. In contrast, the other four HPGP thrusters face upwards and will be
turned on during the braking phase for deceleration.
Attached at the bottom of the lander are four propellant tanks made of ⅛’’ wall
thickness 6061-T6 aluminum alloy with a tensile strength between 124 and 290 MPa,
which can withstand moderate to severe shocks. Due to Enceladus’s low gravity (0.113
m/s²) and higher air density (1.609g/cm3) than Earth, butane, C4H10, will be used as the
primary propellant. Although it has a slightly lower specific impulse than nitrogen (high
impulse is not needed for this mission), it has a significantly higher storage density. It is
conveniently stored at low pressure. Hence no pressure-regulation system is required
(Redd, 2016)(Dougherty, 2006) (Gibbon, 2001).
Landing Subsystem:
The landing subsystem consists of four legs, where each is constructed of composite
materials made of carbon-based layers of graphite fiber woven into a fabric, which is a
material that is more rigid than steel and lighter than aluminum. Titanium fittings are
bound on the lander beams, enabling them to be bolted together (NASA, n.d.).
Compared to wheels and airbags, using legs can maximize the amount of scientific
equipment the lander can carry (Reichhardt, 2007). Meanwhile, landing legs enable precise
landing and avoid potential accidents such as rolling into a deep crater from which a rover
would never escape.
The design of each leg includes two retractable joints surrounded by springs to
maximize shock absorption while landing. As the design of NASA’s InSight Mars Lander, on
top of each of ESSI’s leg is a trigger sensor that will be activated after the surface pushes up
the leg and hits the trigger (NASA, n.d.). As a result, the lander’s retrorockets will shut off,
and touchdown signals will be sent.
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Power Subsystem:

Figure 3.1.2.a. Saft's 4s2p MP176065 xlr XLSO battery (Saft Batteries, n.d.)
The power subsystem is the core subsystem as it provides power supply to the
propulsion, landing, navigation subsystems, and all other science instruments. Two of Saft’s
4s2p MP176065 xlr XLSO batteries will be used as ESSI’s primary power source (Saft
Batteries, n.d.).
Although the lithium-ion batteries’ limited temperature range is -35˚C to 60˚C, it was
still selected because of its higher longevity, energy density, voltage capacity,
power-efficiency, and lower self-discharge rate than other types of batteries such as
carbon-zinc, lead-acid, nickel-cadmium, nickel-hydrogen, silver-zinc, alkaline.
Plutonium-238 is out of consideration because of its scarceness and high price. While none
of the battery choices can work under -200˚C, Enceladus’s surface temperature, the
multi-layer insulation (MLI) blankets in the thermal control subsystem are crucial for the
functioning of the two lithium-ion batteries.
The Saft 4s2p MP176065 xlr XLSO battery is a 14.6V high energy rechargeable
Li-ion battery with size 25.9 cm x 7.9cm x 7.3 cm and mass 1.63 kg. It has a high energy
density (133 Wh/l and 177 Wh/kg) and life cycles of more than 1800 cycles at 100% DoD
(depth of discharge), making it fully competent for ESSI’s entire power supply.
Navigation Subsystem:

Figure 3.1.2.b. XCAM C3D CubeSat Camera (XCAM, n.d.)
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Figure 3.1.2.c. RAD 750 TM Radiation Hardened PowerPCTM Microprocessor (Berger,
2000)
The RAD750 radiation-hardened PowerPC microprocessor made of 0.25 µm
radiation-hardened bulk Complementary Metal Oxide Semiconductor (CMOS) will be using
the central control of the navigation system (BAE Systems, n.d.). With nearly ten times the
current rad-hard space processors’ performance, the RAD750 processor is the most
powerful radiation-hardened general-purpose microprocessor. This processor is the most
reliable product powering more than 100 satellites that have carried out a variety of space
missions since 2005 on Deep Impact, XSS-11, and Mars Reconnaissance Orbiter missions.
The GN&C transportation system by NASA Marshall Space Flight Center will plan for ascent
trajectory design, dynamic simulation, and guide all mission phases (NASA, 2016).
A barometric altimeter of size 14 cm × 7.8 cm × 0.5 cm made by ferrous alloy will be
deployed to calibrate according to the appropriate pressure setting to indicate flight level
or altitude above ground level. A gyroscopic sensor will also be deployed to determine the
orientations relative to a defined coordinate system and the surface of Enceladus.
Also, three C3D CubeSat Cameras of size 9.5 cm x 9.1 cm x 2.7 cm and mass 85 g will
be deployed on the arm, the lander deck, and the bottom of the lander. C3D is a reliable TRL
9 CubeSat camera system with proven flight-heritage, having flown on both the UK Space
Agency’s UKube-1 and AlSat Nano missions (XCAM, n.d.). It has a 360 m Ground Sampling
Distance (GSD) spatial resolution at 650 km and 5.3 µm pixels. Imaging options include
near- and far-field imaging, in RGB colorspace or black & white, which can be used to
deploy scientific instruments on the arm, monitor equipment on the lander deck, and
scan/detect proper landing sites. The TRN and the computer vision algorithm scanning
images via the camera, which will be used to verify the landing site.

- 31 -

Figure 3.1.2.d. Illustration of top-level GN&C system architecture (NASA, 2016)

Thermal Control Subsystem:
Enceladus has a surface temperature of -330˚F (-201˚C) whereas the operating
temperatures for most industrial level electronic and mechanical devices are between −40
to 85 °C (NASA, 2019). Hence, controlling each subsystem’s temperature level is essential
during all phases of the mission to protect flight hardware and guarantee optimum
performance.
ESSI’s thermal control subsystem includes CAPLINQ Linqstat PIT1N-Alum Series’
multi-layer insulation (MLI) blankets as a protection layer from exposure to extreme
temperature, UV radiation, atomic oxygen, and mechanical stresses. ESSI’s MLI comprises
around 40 layers of polyimide film with various thicknesses, with layers of aluminum on
both sides of the film to build reflector layers separated by materials with low conductivity
(Danylenko, 2017). Aluminized polyimide film is a high performance, mechanically stable,
and high-temperature resistant film, formed by sputtering aluminum onto polyimide using
an aluminum vacuum deposition method (Schepper, 2016). Besides being used for limiting
the heat flow to and from a spacecraft, polyimide film with aluminum coating may also
protect against micrometeoroids, atomic oxygen (AO), electron charge accumulation, and
rocket-engine plume impingement.
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Figure 3.1.2.e. PIT1N-ALUM | 1mil Polyimide (Kapton) Film with Sputtered Aluminized
Coating (CapLinq, n.d.)
Diagram illustrating the relationships among subsystems:

Figure 3.1.2.f. Correlation between Subsystems
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3.1.3. Dimensioned CAD Drawing of Entire Assembly

Figure 3.1.3.a. Stowed Configuration Drawing, in millimeters (mm)
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Figure 3.1.3.b. Instrument Deployment Arm (IDA)

Figure 3.1.3.c. Overall Drawing of Temperature and Wind Enceladus Sensors (TWENS)
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Figure 3.1.3.d. Surface Camera

Figure 3.1.3.e. Antennae
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Figure 3.1.3.f. Drone Drawing
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Figure 3.1.3.g. SED Drawing
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Figure 3.1.3.h. EDM Drawing
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Figure 3.1.3.i. ITM Drawing

3.1.4. Manufacturing and Integration Plans
There are three parts to the manufacturing and integration plan: manufacturing,
outsourcing, and integration. Inhouse parts play an essential role in the mission as designs
from previous missions are available for the manufacturing team. The manufacturing team
will manufacture according to the designs provided by the science and engineering teams.
Components that need to be outsourced will be ordered from suppliers to meet ESSI’s
quality control, budget, and timeline requirements. Integration team tests and combines all
the in-house and outsourced components.
The team’s plan for manufacturing includes a timeline for the completion of
manufacturing and testing components, the number of people required for manufacturing,
and the determination of outsourcing for required parts. ESSI’s timeline for manufacturing
is two years, as many parts need to be ordered for manufacturing. There will be around 20
people on the manufacturing team.
Outsourcing is needed for parts that need to be ordered from suppliers that are
good at making those parts. The engineering team determines components that need to be
outsourced. Budgeting plays an integral part in choosing suppliers and in determining the
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number of parts to be ordered. The team needs to ensure that suppliers have strict quality
control and meet deadlines to smooth the integration team’s transition.
Integrating components is the final step before testing the system and launching it
to the Enceladus. According to the timeline of ESSI’s mission, the goal of ESSI’s integration
plan is to have all the in-house and outsourced components to avoid unnecessarily delaying
the launch. Engineers will look for flaws and simulate the descent and lander system for a
successful mission.
The lander design will consist of 5 subsystems: Propulsion, Landing, Power,
Navigation, and Thermal Control. The propulsion subsystem consists of one Standard Micro
Propulsion System (MiPS) from VACCO Industries Inc and four 100 mN HPGP Thrusters
from Bradford ECAP, with eight cold gas thrusters. Before arriving at the surface, the
landing subsystem is used to slow down the impact. This subsystem will be composed of 4
shock-absorbing legs, which will be put to the test at NASA’s Johnson Space Center in
Houston, Texas, to ensure that they can withstand the impact of the landing without
causing damage to the instrumentation placed on top of the lander. This subsystem
consists of three C3D CubeSat Cameras to select a landing site if relocation is needed. The
power subsystem consists of lithium batteries, two Saft 4s2p MP176065 xlr XLSO batteries,
ESSI’s primary power source. While this battery option cannot function at Enceladus’
surface temperature (-200˚C), the multi-layer insulation blanket in the thermal control
subsystem will help keep the battery’s temperature at a functional level.
Furthermore, for the Navigation subsystem, a RAD750 radiation-hardened PowerPC
microprocessor made of 0.25 µm radiation-hardened bulk CMOS(Complementary Metal
Oxide Semiconductor) will be used as the central control (Bae Systems, n.d.). A barometric
altimeter of size 14 × 7.8 × 0.5cm made by ferrous alloy will be used to indicate flight level
or altitude above ground level. Moreover, three C3D CubeSat Cameras of size 9.5 x 9.1 x 2.7
cm and weighing 85g will be placed on the arm, the lander deck, and the bottom of the
lander. For the thermal control subsystem, multi-layer insulation will be used to protect
and optimize equipment performance. This subsystem is tested in the Antarctic to ensure
that it can withstand the cold temperatures of Enceladus.
An in-house system design team will manufacture propellers and engines for the
descent and lander system to ensure all the parts are fitted.
The assembly and integration schedule is planned for one year. The integration stage
will take several months as it is necessary to test the system after integrating components
that might have flaws in design or might not meet the mission’s requirements. Outsourced
components are critical in the integration stage because they will have to work flawlessly
with in-house components. ESSI’s team determines one year for the integration stage as it
is necessary to communicate between suppliers and engineers in the team for any issues
for outsourced components.

- 41 -

3.1.5. Verification and Validation Plans
Verification proves that an end product for any element within the system structure
conforms to its requirements or specifications. The outcome of verification testing is
confirmation that the end product, whether achieved by implementation or integration,
conforms to its specified requirements. On the other hand, validation is for the customer’s
and end-users’ benefit to ensure that the system functions as expected when placed in the
intended environment (Shea, 2019). Verification plans are typically done in Phase B and C
of the mission lifecycle, and validation in Phase D for the systems integration and test. For
the ESSI mission, verification and validation will be performed on the thrusters, legs,
batteries, and the instrument deployment arm to ensure they are operating up to
specification and as intended. The four main ways to do this are through inspection,
analysis, demonstration, and testing.
Verification
Table 3.1.5.a. Subsystem Verification Matrix
Subsystem

Component

Requirement
Verification
Requirement
Identifier
Method
PROP.D-01.

The descent
thrusters shall
Test
output 25 mN of
thrust.

VACCO
Industries
(Cardin &
Acosta)

PROP.D-02.

The fuel lines
shall withstand
leaking at
temperatures of
-30°C

VACCO
Industries
(Cardin &
Acosta)

PROP.B-01.

The braking
thrusters shall
output a
Test
maximum of 100
mN thrust.

FOI (Swedish
Defence
Research
Agency)
(Bradford
Locations)

PROP.B-02.

The holding
voltage shall
remain at 3.3
VDC to maintain Test
optimal
operating
performance.

Swedish Space
Corporation
(Bradford
Locations)

LND-01.

The legs shall
have a carbon
fiber 2x2 twill
Analysis
weave to support
the weight of the
lander, with a

NASA Goddard
SFC, Mechanical
Systems
Analysis (AETD MSD - Code 542)

VACCO MiPS

PROP

ECAPS HPGP

LND

Carbon Fiber
Legs

Facility or
Lab
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Inspection

safety factor of
2.5

PWR

NAV

TCS

Saft Batteries

GN&C

MLI Blankets

Test
(Compression
using Ametek
LD50)

NASA Goddard
SFC, Materials
Engineering
Branch
(Code 541)

LND-02.

The legs shall not
buckle under the
lander’s weight
on Earth.

LND-03.

The legs shall
maintain
Test (3-point
deflection under bend)
0.05 cm.

NASA Goddard
SFC, Materials
Engineering
Branch
(Code 541)

LND-04.

The legs shall not
Test (Impact
delaminate on
Loading)
impact.

NASA Goddard
SFC, Materials
Engineering
Branch
(Code 541)

PWR-01.

The batteries
shall operate at
the specified
temperature
range.

Test

Saft’s plant in
Bordeaux,
France (Saft,
2020)

NAV-01.

The GN&C
algorithm shall
scan the terrain
and find
locations within
100 cm for
landing.

Demonstration

NASA JPL

TCS-01.

The MLI blankets
shall provide
sufficient
insulation to
Inspection
maintain the
operation of all
internal
components.

NASA Goddard
SFC, Thermal
Engineering
Branch
(Code 545)

Validation
Once all the subsystem components have been verified as outlined above, then the
ESSI lander is ready for validation testing. This requires that all verified components be
integrated and assembled for the final validation testing. These tests will be performed at
McMurdo Station in Antarctica because scientists believe that Antarctica’s climate, terrain,
and temperature, provide an environment on Earth that most closely simulates the
conditions of long-duration missions in space. This analog provides a unique and accessible
testbed to develop Enceladus’ prototype systems and technologies (Kelli, 2016).
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3.1.6. FMEA and Risk Mitigation
Table 3.1.6.a. Engineering Failure Mode & Effect Analysis Matrix
FMEA and Risk Mitigation
Engineering
Component

Failure
Mode(s)

Effect(s)

Design
Controls
Prevention

Design
Controls
Detection

Recommended
Actions

Propulsion
Engine

Insufficient
thrust and
impulse

Lander cannot reach
the moon.

Configure the
engine to
produce
enough thrust
to reach the
moon

Flow Meter to
measure the
thruster flow
rate

Test engine to ensure
it produces enough
thrust

Lander Legs

High
speed/impact
landing on the
surface

Breakdown of legs

Use composite
carbon fiber
for legs for
maximum
impact.

Place strain
gauges on the
legs to
measure
deflections.

Test different
materials for legs that
are suitable for
landing on the surface
of the lunar

GN&C

Camera fails

No images sent back
to the control
station.

Maximize
shutter counts

Decreasing
the quality of
pictures

Carry extra cameras
to replace the existing
one

Batteries

Overheating

Blow out the entire
robot

Having a
cooling system
to maintain the
range of
operating
temperatures

Having
sensors to
measure the
internal
temperature
of batteries

Change the robot to
an automatic
minimum power
usage mode to control
the temperature of
batteries.

Fuel Tank

Ruptured
fuel lines

Insufficient fuel to
thrusters
Leaking gas

Place fuel
lines inside
the lander
shell.

Fuel lines
must
maintain
proper flow
to thrusters
during each
descent
stage.

Test fuel tank
before launch, for
different stages of
descent
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Figure 3.1.6.a. Risk Matrix
DMLD-01: The propulsion engine cannot reach a sufficient level of thrust, which
would fail the satellite’s ability to reach the lunar surface. To detect and prevent
insufficient thrust, measurements during the engine's manufacturing, testing, and design
process should ensure that it has enough power to achieve the optimal thrust.
DMLD-02: In the event of a high-speed landing or impact on the surface of the
destination, the lander legs may not be able to withstand the force of the impact and
would collapse or shatter. To look into this higher-risk issue, the team plans to conduct
research utilizing carbon fiber for the lander leg material to maximize force bearing.
Additional research on alternative materials will be taken to ensure that the most durable
material is used.
DMLD-03: Interference with foreign infrared rays may interrupt the GN&C
camera’s operations and render it nonfunctional. If there is no active working camera,
then no images can be sent back to the control station, thus jeopardizing the whole
mission. The shutter count will be maximized to mitigate this risk, and back-up cameras
will be implemented to make the most of any interference that may arise.
DMLD-04: Heavy usage and external temperature conditions may cause the
batteries to overheat and defuse the entire robot. Such an event has been deemed
particularly likely due to the many existing potential causes; therefore, observation is
required to mitigate any damage. By integrating an internal cooling system, the robot’s
temperature can be maintained, and its batteries have sensors to detect any fluctuations
of the batteries’ temperature. Additionally, the robot will operate on a low-power mode to
control the batteries’ temperature.
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DMLD-05: Foreign debris or temperature/weather conditions can potentially
rupture the fuel lines in place. This would lead to an insufficient fuel channel for the
thrusters and could pose a considerable potential hazard due to leaking gas. In this case,
lines will be placed within the lander shell to avoid external influences and test the fuel
tank and lines before launch.

3.1.7. Performance Characteristics and Predictions
The process of the descent and lander system will be the first prioritized factor
determining the whole mission’s success. Hence, it is indispensable to ensure the smooth
operation of the system. A Failure Mode and Effect Analysis (FMEA) is a useful tool when
analyzing the team’s design to address and mitigate any potential failure areas.
With the approximation of a two-year mission concept development, one year of
system assembly, integration, test launch, and the estimated seven-year journey from the
Earth to Enceladus’ surface, the ESSI lander would arrive on the icy moon in June 2030. At
this time, it would be summer season on Enceladus where it receives relatively warmer
temperatures with the solar power density could go up to (7 W/m2) in the south pole
region (Oberst et al., 2017). As a result, the instruments and lander's scientific components
will be more efficient within their operating temperatures.

Figure 3.1.7.a. Solar flux for areas perpendicular to the incoming solar radiation (black)
and areas on the South Pole surface (red).
The lander’s design assumes the use of an orbit insertion propulsion module, which
will bring the lander in an elliptical, equatorial orbit around Enceladus at an altitude of 100
km. At a periapsis (perigee) of 35 km above the surface of Enceladus, the mainlander will
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be released from the orbiting spacecraft. The cold gas thrusters will be used to slow down
the lander once it reaches a periapsis of 5 km. Low surface gravity allows small and light
thrusters and provides ample reaction time for landing control systems. A butane cold gas
thrust propulsion subsystem will be utilized to ensure a successful EDL maneuver within
the set volume, weight, and budget constraints. The simple cold gas thruster design is less
prone to failures than a traditional rocket engine in addition to the low-cost characteristic.
The subsystem will be operated by vaults/valves that control the flow of the propellant
supply.
To provide extra support, the main engine turns on for the main braking phase;
hence, most of the orbital velocity will be terminated, and the landing site will come into
the view of the underbelly camera. The lander will maneuver using pre-programmed
sequences in complex guidance, navigation, and control (GN&C) algorithms to reach the
desired location. For crash prevention, the lander will be implemented using an accurate
terrain relative navigation (TRN) system. The TRN system uses sensors such as cameras
(both thermal and optical) and LIDAR (light detection and ranging) to sense any hazards to
avoid debris or boulders on the surface and areas of extreme temperatures. The GN&C
system must assess if the planned landing site is safe or autonomously choose a new
landing site based on detected terrain via LIDAR. The GN&C control algorithm must then
calculate a safe trajectory and thrust arc to the new viable landing site.
The instruments carried in the lander will be carefully protected by the heat shield
covering the lander during the EDL process to avoid any damage created by extreme
atmospheric pressure and temperature. It shall be well-designed and tested to be able to
handle high impacts from the surrounding environment. Once the lander reaches the
amplitude of about 10-20 m from the site, it shuts off the engines and slowly free-falls for a
soft Touchdown (TD) on the surface. The calculations for this free-falling process need to
be conducted carefully to prevent damage to the lander and the instruments. It will require
a natural and scientific selection in terms of materials. Theoretically, the free-falling will
safely succeed since Enceladus has a relatively smaller gravity (0.113 m/s²) than Earth
(9.81 m/s²). This characteristic of Enceladus can provide significant evidence for the
success of the free-falling phase.
Enceladus’s surface may be unexpectedly hard — or so porous that the probe might
sink into it. The giant crevasses can threaten to swallow any visitor. With a fragile
atmosphere, low gravity, and bone-chilling temperatures of minus 330 degrees Fahrenheit
(minus 201 degrees Celsius), landing on an icy surface can be a big challenge. The team’s
landing site “Enceladors” (-57.759 N, 105.124 E) can be a safe place to land on due to its
high elevation, which can avoid the water unexpectedly spurting up through the cracks and
its flat surface to avoid slipping or sliding. The leg lander’s design will be extremely crucial
to stabilize and keep everything in the assigned location. Hence, it requires a large number
of testings in the lab to ensure a rigid structure. Four lander’s legs are designed
round-shaped and implemented with the micro spine grippers to prevent damage due to
slipping as the lander arrives at the moon’s surface. Lander’s legs will be made of carbon
fiber, to aid in shock-absorbing upon impact. Failure of the touchdown will possibly result
- 47 -

in the ruins of instruments carried inside the lander’s shield, especially the fuel tanks
located on the bottom. If there is a leg system failure in the worst-case scenario, an extra
brace acts as a cover for the fuel tanks. The protection shield initially wraps around the
mainlander to protect the scientific instruments.

Figure 3.1.7.b. Final Lander Design.
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Figure 3.1.7.c. Bottom view of the lander, showing the brace and leg designs to protect
the tanks and sliding prevention.
During the discoveries for programmed mission tasks on this icy moon, all the
scientific instruments and lander components will be waterproof to accomplish the ocean
surface tasks.
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3.1.8. Confidence and Maturity of Design
Initially, the design of the lander was utterly different. It began as an octagonal
cylinder with a single big thruster on the bottom to control the velocity. However, as the
team began doing more research, this first iteration was rapidly abandoned because it
was very impractical for instrument placement. Switching to an entirely new and
redesigned model was made, but there was a realization that this second iteration was
no different from the first one. The team quickly decided to change to a different model,
now closer to the final design. The main difference between the 3rd and the final
iteration was the legs. The idea behind this model was that it would land using only the
thrusters to control the landing. However, a couple of problems would have arisen in any
of the systems that happened to fail. For example, if the thrusters failed while the lander
was still in the air, there would not be anything to prevent it from crashing and damaging
every piece of equipment. Therefore, the team decided on a final iteration of
shock-absorbing legs, which will help to weaken the impact of landing.
This final design was chosen because, on a practical level, it is more manageable
for the instruments to be placed on top of the lander, which is a flat surface, making it
perfect for a sturdier base to keep the instruments from moving. Moreover, this design
has a broader surface for placement of instruments while still keeping everything within
size constraints, and it has easier access to the inside of the lander.
Furthermore, the instruments will be tested each in a specific place to ensure they
are fitted for the mission. There are a couple of risks to consider, but the goal during the
testing phase will be to reduce these risks. For instance, the shock-absorbing legs will be
tested at NASA’s Goddard Space Flight Center. This test will verify that the legs can
withstand any impact. The multi-layer insulation blanket will be tested at McMurdo
Station in Antarctica to simulate Enceladus’ extreme cold environment. Also, the
batteries will be tested at various temperatures to verify that they work correctly under
different conditions.
All these tests, the extensive research made by the team on different aspects of
the mission, and the knowledge gained from past NASA missions will ensure the success
of this one.
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3.2. Recovery/Redundancy System
Propulsion (PROP) & Navigation (NAV)
Propulsion System purpose: Provide necessary thrust and impulse for the EDL Maneuver
Navigation System purpose: Provide necessary calculations to perform EDL Maneuver
Precision Value: For barometric altimeter 1.5% for altitude above 4000 feet
This accuracy study was done onboard the “Space Shuttle Orbiter.” Altitude Landing
Test (ALT) flights were taken, as well as collecting data on the operational instrument (OI),
shuttle carrier aircraft (SCA), and development flight instrumentation (DFI). Afterward, the
data collected by the altimeter was compared to altitudes derived from the “C-band radar
tracking data. These data were sent through the Kalman filter at Johnson Space Center
(JSC), where it has been corrected for “ atmospheric fraction.”
Recovery System:
● The air pressure on Enceladus is 50-100 bar higher than on Earth, which will lead to
adjusting the instrument and thus makes it unique to use on Enceladus.
Table 3.2.a. Recovery System (Barometric Altimeter System)
Failure Modes
●

Barometric Altimeter System
●

Malfunction:
○ Thruster burst
○ GN&C malfunction

●
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Upon detection of a thruster burst, the
barometric altimeter will be utilized to
determine how far away from the surface
the lander is. Upon measuring the
anticipated landing distance and time, the
power system can provide more power to
the remaining thrusters to sustain a
successful EDL procedure. Equipping the
lander with eight thrusters will ensure that
if at most two of them result in failure
mode, the payload will still be able to land.
In case GN&C has a temporary malfunction
barometric altimeter can be used as an
orientation to the right direction and detect
how close the lander is from the landing
site, indeed it can replace the GN&C
temporarily.

Landing (LND)
System purpose: Ensure the safe landing of the lander.
Table 3.2.b. Recovery System (Airbag System)
Failure Modes
●

Airbag System
●

Malfunction:
○ Breakage of the legs
○ landing system

●

The lander will be able to sustain the
impact of a forced landing. Indeed carbon
fiber will be used for the lander. However, it
will be able to facilitate a successful landing
with at least one non-functioning leg.
The incorporation of an emergency airbag
system. will help absorb shock from the
impact that the lander hit the surface and
maintain the payload intact.

Power (PWR)
System purpose: Provide necessary power for a successful EDL maneuver.
Table 3.2.c. Recovery System (Cooling System)
Failure Mode
●

Cooling System
●

Malfunction:
○ Overheating of batteries
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The lander’s processor will be able to
monitor and track the health of the craft
throughout all phases of the mission. If an
overheating malfunction is presented
within the power system, the cooling
system, consisting of radiators, will engage
in regulating the lander temperature to a
satisfactory level.

Thermal Control System (TCS)
System purpose: Provide temperature regulation support to the payload.
Table 3.2.d. Recovery System (Aluminium Layering)
Failure Modes
●

Aluminum layering
●

Malfunction:
○ Tearing of MLI Blankets
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All MLI blankets will be reinforced with
aluminum layering to lessen the failure
mode of significant tearing. Since the MLI is
composed of 40+ layers of polyimide films
with a variety of thicknesses, the tearing of
several layers will not hugely affect the
overall protection and insulation capability.

3.3. Payload Integration

Figure 3.3.a. Transparent ESSI shell to show the science instrumentation

- 54 -

4. Payload Design and Science Instrumentation
4.1. Selection, Design, and Verification
4.1.1. System Overview
Table 4.1.1.a. N2 Chart
Command &
Data Handling

Monitor battery
health and usage

Execute corrective
commands

x

x

Supply power

Power

Supply power via
EBFS

Supply power via
DPSS

x

Provide all acquired
Science Data to
Payload Interface
Card

x

Payload

Provide initial
storage

x

Provide all acquired
Science Data to
Payload Interface
Card

x

Carry EDMs to
designated locations

Transportation

x

Insulate all Science
Instrumentation

Insulate all drones

Thermal

Insulate all
Insulate all batteries
hardware elements

4.1.2. Subsystem Overview
Command & Data Handling (C&DH)
The Command & Data Handling System comprises three subsystems, all concerned
with executing commands, facilitating communication, and handling acquired data. Each
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table below provides an in-depth breakdown of the subsystem components, operation plan,
purpose, and numerical specifications.
Computer Operation Subsystem (COS)
The Computer Operation Subsystem consists of the hardware units and software
tools necessary to control and visualize lander specifications. The details of these elements
are provided below.
Hardware Components
The components of the hardware elements are the processor and the payload
interface card. The ESSI mission will be utilizing the RAD750 single-board computer and a
payload interface card, both produced by BAE Systems. The need for durable hardware to
withstand the harsh environments of not only space but also Enceladus is a significant
priority for selecting the main computer, so both the processor and interface card were
selected from the Radiation Hardened catalog of BAE Systems. In addition to durability, fast
processing power and storage capabilities are essential to mission success. The RAD 750
can process 266 million instructions per second (MIPS), and the payload interface card
provides 64 gigabits of flash memory for non-volatile storage of science data. The
processor has to communicate all scientific information obtained to the orbiter, and the
payload interface card will serve as the final destination of all data obtained.
RAD 750 Processor

Payload Interface Card

Figure 4.1.2.a. BAE Systems Radiation Hardened Computer & Payload Interface Card
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Software Components
The software element components include two different forms of software: one
created in-house and one provided by NASA and a software development tool to support
the creation of flight software code. To maximize analysis time, the Science & Engineering
team’s flight software will have the main duties of monitoring, performing, and correcting
but will be supplemented by NASA’s Open MCT software as a backup and to allow real-time
operation analysis. Merging both of the software and configuring them to the main
processor will be no easy task, which is why the Wind River® Simics software
development tool will be used to support software development throughout the planning
phase.
Table 4.1.2.a. Software Specifications
Software
Produced
by
Duties

Flight

Open Mission Control
Technologies

Science & Engineering Team within the VxWorks
operating system

NASA’s Ames Research Center &
the Jet Propulsion Laboratory

Monitor the health status of the lander throughout
the entire mission

Provide visualization of data on
desktop and mobile devices

Monitor the presence of upcoming instrument
commands to execute

Support the transferring of data
from the drone back to the
lander

Perform instrument intercommunication functions

Support the flight software
analysis of incoming health data
and commands

Control spacecraft activities (i.e., instrument
deployment)
Corrective checking of all commands throughout the
mission

Drone Data Acquisition Subsystem (DDAS)
The Drone Data Acquisition Subsystem consists of three components, all tasked with
communicating all received data from the EDMs back to the Computer Operation
Subsystem, specifically the payload interface card for storage. Each drone utilizes a
GomSpace NANOCOM XT8250 radio operating in the X-band frequency (8000- 8500 MHz).
The integrated antenna is a 1U panel that will be mounted on each drone’s surface, and the
modulator is a PC104 type board that will be internally mounted. All data will be received
through the connected tether to each drone and communicated via the radio back to the
payload interface card.
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Communication / RF
● Configurable data-rate up to 225Mbps
Antenna
● Bandwidth: 500 MHz
Modulator
● 128GB local downlink data buffer

Figure 4.1.2.b. GomSpace NANOCOM XT8250 radio & specifications
EB Facilitation Subsystem (EBFS)
The EB Facilitation Subsystem consists of the two electronic control units, keeping
the SED and ITM running throughout the mission. The EBox hosts nine electronic-boards
that are all vital to the operation of the SED. Similarly, the BEE controls the ITM’s operation
modes, monitors health, reads all science and housekeeping sensors, and operates the Mole
launch lock, heaters, and the Mole motor. Due to the harsh cold environment, both of these
units are stored within the lander’s warm storage. While these units rely on the nearby
lithium-ion power source of the lander and its warmth, they are fully self-sufficient in their
purpose of keeping the instruments functioning.
EBFS Breakdown
Back End Electronics (BEE)

Electronic (EBox)

Figure 4.1.2.c. EBFS Overview
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Data Gathering & Deployment Support (DGS & DSS)
The Payload system consists of two subsystems: the Data Gathering Subsystem and
the Deployment Support Subsystem. Both of these subsystems together comprise all
components that facilitate science experimentation and instrumentation positioning on the
surface of Enceladus. The Payload Breakdown provides numerical and heritage
information on each subsystem.
Table 4.1.2.b. Payload Breakdown
PAY Breakdown

Subsystem

Component

Mass
(kg)

SED
29
Package
SED
WTS

Dimensions

Data
Rate/
Expected
Time

Heritage

3 liters (vacuum chamber)

69 cm in diameter
9.5

38
megabytes
per day

Seismic Experiment for
Interior Structure (SEIS):
Mars Insight Mission, 2018

350
megabits
throughout
the mission

Heat Flow and Physical
Properties Package (HP3):
Mars Insight Mission, 2018

35 cm high

Data
Gathering

35-cm
long

ITM

EDM (x 3)

Deployment
Support

Instrument
Deployment
Arm

3

3

3.4

Penetrometer

3.5-cm in
diameter
:

N/A

10 x 30 cm

1.8
meters

Length
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N/A

Enceladus Environmental
Explorer (EVE): A Mission
Concept, 2018

Instrument Deployment Arm
(IDA): Mars Insight Mission,
2018

Power (POW)
The power subsystem consists of two subsystems; the main power source (MPSS)
and the drone power source (DPSS). The MPSS relies upon two Saft 4s2p MP176065 xlr
XLSO batteries, and the DPSS relies on several Lithium-ion polymer batteries so that the
three designated delivery locations can be reached (Saft Batteries, n.d.).

DPSS
For the drone, if the battery’s total work is equal to or greater than the total work
required by the robot, the chosen battery is the right one to be used for the mission. It
would be necessary to adjust between power consumption usage by each component in the
robot and the available battery’s energy capacity. The determining calculations for the
drone battery sufficiency are provided below:
Table 4.1.2.c. Battery Selection Specifications
LiPO S3
3830 mAh make it travel distance
of 13 Km

Lithium ion’s mAh
compared with LiPO S3’s
mAh

Lithium-ion total
batteries used

2000 mAh will be traveling less
than 13 Km

One battery used for the “closer
drone” distance of 5 Km

14,436.1538 mAh will make it
travel distance of 49Km

2000 X 7.21807692 =
14,436.1538 mAh will make it
travel a distance of 49km.

Seven batteries +1 storage
battery will be used for the
“intermediate Drone” switching
and recharging while the drone
functions.
*will be adding more batteries
than 7, around 12 + 1 if used this
distance drone as a recovery
method for the 76KM.

23,274.6154 mAh will make it the
travel distance of 76Km

2000 X 11.6373077 =
23,274.6154 mAh will make it
travel a distance of 76km.

Twelve batteries + 1 storage
battery will be used for the “Tiger
Drone.” Switching and recharging
while the drone is in function.

MPSS
These two Saft batteries will provide all necessary power to the SED and ITM via the
EB Facilitation Subsystem housed in the lander and to the Command & Data Handling
Subsystem. The breakdown of power needs for both the CD&H and PAY systems are
summarized below.
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Table 4.1.2.d. Power Consumers Overview
POW Consumption
System

Command &
Data Handling
(C&DH)

Subsystem
Computer
Operation
Drone Data
Acquisition

Component

RAD 750

10

Integrated Antenna

23.5

Modulator

5

SED

SED Package

ITM

Payload
(PAY)

Max Power
Consumption
(W)

8.5
2

Data Gathering
EDM

DM (x 3)

30

Stereo Camera
(x2)

10

Structured light
(x2)

15

ToF Camera

>10

Thermal (THE)
ESSI’s thermal subsystem is similar to the Thermal Control Subsystem overview in
section three, including CAPLINQ Linqstat PIT1N-Alum Series’ multi-layer insulation (MLI)
blankets (CapLinq, n.d). These blankets will provide crucial thermal insulation to the EB
Facilitation Subsystem and the transportation subsystem’s several batteries. To optimize
the battery performance and ensure optimal data acquisition, the batteries must have at
least 20 layers of MLI film to ensure mission duration. The extensive available options
make this product the optimal choice for the mission’s needs.
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One millimeter polyimide film
Sputtered Aluminized Coating
>6000V Breakdown Voltage

Figure 4.1.2.d. Multi-Layer Insulation (MLI) Specifications
Transportation (TRA)
Once ESSI has successfully landed on Enceladus’ surface, three drones will deploy
from the mainlander to three separate designated locations during the mission’s
instrument deployment phase. This system’s sole component is the drone subsystem
(DROS), composed of three DJI Mavic Pro drones. All drones are designed identically, and
the only differentiation is the number of batteries needed to power them. Provided below
is a table overviewing some numerical specifications of the DROS.
Table 4.1.2.e. Drone Specifications

Materials
Folded Dimensions
Diagonal size (propellers
excluded)

Carbon Fiber
H83mm x W83mm x L198mm
335 mm
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Weight (Battery &
Propellers Included)
Overall Flight Time

1.62 lbs (734 g) (exclude gimbal cover)
1.64 lbs (743 g) (include gimbal cover)
21 minutes (In routine flight, 15%
remaining battery level )

Max Total Travel Distance
Eight mi (13 km, no wind)
(One Full Battery, No
Wind)
Operating Temperature
Range

32° to 104° F (0° to 40° C)

Duration on the flight may
increase base on high density and
low gravity on Enceladus
Distance may increase where
drones can travel more distance
using less power in less time.
The drone will be covered in
Multilayer insulation (MLI),
maintaining this temperature
range

4.1.3. Manufacturing Plan
All but one of the components of the Computer Operation Subsystem will be
Commercial-Off-The-Shelf (COTS) purchases. Hardware elements, including the processor
and payload interface card, will both be purchased from BAE Systems. The backup software
support provided by Open MCT will be purchased from NASA’s Ames Research Center, in
conjunction with NASA’s Jet Propulsion Laboratory. The flight software will be designed
in-house to support the purchased software tool from Wind River Simics. The necessary
radio for the Drone Data Acquisition system will be purchased from, and all of the
subsystem as mentioned above hardware subsystem components, regardless of the mode
of production, will need to be thermally reconfigured to ensure adequate thermal support
throughout the mission. Both components of the EB Facilitation Subsystem will be
outsourced to their heritage production source to ensure optimal product quality. The
EBox will be outsourced to the Swiss Federal Institute of Technology (ETHZ), and the BEE
will be outsourced to the German Aerospace Center.
All components of the Main and Drone Power Source subsystems and the Thermal
and Transportation systems will be COTS purchases but configured in-house with the
purchased thermal blanketing required. The two companies providing the lithium-ion
batteries will be Saft and Adafruit. All multi-layer insulation will be provided by capLINQ,
and DJI will provide the drones.
The overall majority of all the Data Gathering and Deployment Support Subsystem
components will be self-designed, as the science team must provide the necessary
oversight to production that will sustain ESSI’s science goal. The ITM components will all
be outsourced to the German Aerospace Center (DLR). They will receive significant
contributions from the Space Research Center (CBK) of the Polish Academy of Sciences and
Astronika in Poland Spain's Centro de Astrobiología (CAB) for the temperature and wind
sensors. All components will be designed in-house in conjunction with NASA’s JPL to
provide the best possible production quality and necessary oversight. The Seismometer
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requires the most robust mix of outsourcing and in-house design due to the complexity.
The modes of production for each component are outlined below:
SED:
Table 4.1.3.a. Mode of Production
Component

Mode of production (in-house or outsourced)

Insight Flux Gate

Outsourced- UCLA

Micro barometer sensor

Outsourced- TAVIS Corporation

Temperature and Winds for Enceladus
(TWENS) sensors

In-house

Connecting Tether

In-house

LVL Package

Outsourced- DLR

Remote Warm Enclosure Box (RWEB)

In-house

SP sensors

Outsourced- JPL

Tether

In- house

Vacuum Sphere

Outsourced- JPL

VBB Sensors

Outsourced- JPL

Wind & Thermal Shield

In-house
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Figure 4.1.3.a. Drone Specifications SEIS subsystems description (from Mimoun et al. 2017)
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4.1.4. Verification and Validation Plan
The verification process of all subsystems will occur between phases A and C of the
mission to ensure that all subsystem requirements have been factored into each
subsystem’s design. All verification tests will be performed within the Mechanical Systems
Division at NASA’s Goddard Space Flight Center. The most crucial element to mission
success must be that subsystem components must verify methods have reached the
necessary acceptance criteria. They will then be validated in the next phase of the mission.
Phase A: Concept and Technology Development

Subsystem

Requirement
Identifier

Requirement

Verification
Method

Facility or Lab

COS. S-01.

The software shall
correct all
commands
throughout the
mission.

COS. H-01.

The hardware
components shall
withstand at least
3000 grays of
Analysis
ionizing radiation
doses throughout
the landing and data
acquisition phases.

Data Gathering
Subsystem
DGS. S-03.
(DGS)

The wind and
thermal shield shall
be designed to
withstand squalls of Analysis
60 m/s and even
survive winds of
100 m/s.

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

series of functional
The Instrument
check-outs:
Deployment shall
electrical checkout,
lift no more than 40
and IDA functional
kg at any given time
test

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

The MLI film shall
provide sufficient
thermal control
Demonstration
support to the EBFs,
DGS, and POW.

THERMAL
ENGINEERING
BRANCH (CODE
545)

Computer
Operation
Subsystem
(COS)

Deployment
Support
Subsystem
(DSS)

IDA. 01.

Thermal (THE) THE. 01.
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Inspection

MECHANICAL
SYSTEMS DIVISION
(MSD/CODE 540)

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

Phase C: Final Design and Fabrication
Subsystem

Requirement
Identifier

Shall Statement

Verification
Method

Facility or Lab
MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

DGS. E-01.

The EDM’ shall
obtain at least two
raw images of the
vent.

DGS. I-01.

The mole shall reach
a depth of at least 3
Test- penetration
meters into the
surface crust.

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

DGS. I-02.

TheTEM-A shall take
at least 15
Test- thermal
temperature
gradient measures.

MECHANICAL
ENGINEERING
BRANCH (CODE
543)

DGS. S-01.

The SED shall
measure at least one
three magnitude
Test
quake event
throughout the
mission.

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

The leveling system
shall accommodate Test- Cradle
slopes no more than Levelling
15 degrees.

MECHANICAL
SYSTEMS ANALYSIS
AND SIMULATION
BRANCH (CODE
542)

All batteries shall
remain within the
temperature
threshold (DEFINE)
at any given time.

THERMAL
ENGINEERING
BRANCH (CODE
545)

Data Gathering DGS. S-02.
Subsystem
(DGS)

POW. 01.

DPSS + MPSS

EB Facilitation EBFS. 01.
Subsystem
(EBFS)
TRA. 01.

Test

Test

Both control units
shall remain
tethered to their
respective
Demonstration
instruments at all
times throughout the
mission.

MECHANICAL
ENGINEERING
BRANCH (CODE
543)

The drones shall
remain within the
Test
necessary operating
temperature range.

THERMAL
ENGINEERING
BRANCH (CODE
545)

Transportation
(TS)
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TRA. 02.

The EDMs shall
remain tethered to
their respective
drones at all times.

Test

MECHANICAL
ENGINEERING
BRANCH (CODE
543)

Phase D: System Assembly, Integration, and Test Launch
To determine if the final subsystems will function within the Enceladus
environment as intended, all subsystem components must be tested and analyzed in
conditions similar to those expected on Enceladus. To simulate the expected conditions, all
subsystems must be subjected to a final dry run test and analysis at a site in Antarctica with
three main location specifications:
1. An ocean thickness exceeding 15 km (Stahler, 2017)
2. Less than 5 km of ice thickness (NASA, 2020)
3. Slopes with an average of 15 degrees (Seis Insight, n.d.)
At least two dry run tests will be conducted to allow for an analysis period between
each test. The validation process will conclude with a vibration and vacuum test at the
Environmental Test Engineering and Integration Branch (CODE 549) to ensure that the
entire lander system is ready for the test launch sequence.
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4.1.5. FMEA and Risk Mitigation
Table 4.1.5.a. Science FMEA

FMEA and Risk Mitigation
Science
Compone
nt

Failure
Mode(s)

Effect(s)

Design
Controls
Prevention

Design
Controls
Detection

Recommended
Actions

Lunar Robot

Not enough
power

The robot cannot
make scientific
discoveries.

Design robot to
get enough
power

Power is not
enough for the
robot to move
around.

Design the battery
to store enough
power.

Lunar
Satellite

Damage of
Antennas

No communication
between the
satellite and the
robot

Test antennas for
various
communication
channels

It is not
transmitting or
receiving data.

Put antennas in safe
places.

Multi-Layer
Insulation

Tearing of MLI
blanket

Weakened thermal
control support for
batteries and
instrumentation

The adhesive and
durable inner
layer

Temperature
variation within
instrumentation
and loss of
power

Reliability testing
and usage of the
aforementioned
adhesive inner
linings

Drone/
Lander

Wireless
interference

Loss of data and
controls

Extra drones

The drone loses
connection with
the lander.

Observe potential
interferences and
adapt extra drones

Communication
malfunction

Jeopardy to the
entire mission,
lose control with
all systems.

Multiple
transceivers,
fail-safe testing

Information is
neither received
nor transmitted
from either end
of the mission.

Reliability testing
on current
communications
systems

Loss of power

Complicated
retrieval
operations, loss of
data and materials

Extra batteries
and thermal
control support

The EDM’s are
not transported
to their
locations to
retrieve data.

Design and testing
of the backup
battery system

Receiver/
Transmitter

Drone
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Figure 4.1.5.a. Science Risk Chart
PDSI-01: If the lunar robot either runs out of power or is not equipped with a
sufficient power source, it would become ineffectual and unable to provide further data. To
avoid this, the robot must pass manufacturing and testing qualifications to ensure it has a
large enough power source to support itself.
PDSI-02: While free-floating in space, the lunar satellite is vulnerable to damage by
miscellaneous foreign material similarly floating within the same region. Damage to the
satellite antennas would result in a loss of communication between the satellite and the
robot. This would prevent communication and retrieval of data from the robot, thus
jeopardizing the mission. To prevent this, an antenna of sturdy material would be
manufactured and placed in locations within a shielded exterior or non-vulnerable spots on
the satellite’s outer shell. Consistent testing and probing of the antennae communication
channels while in pre-production will help flush out any related communication errors.
PDSI-03: Tearing of the Multi-Layer Insulation may lead to potentially hazardous
matter leaking into the environment and cause damage to the surrounding area. It would
also lead to a loss of heat transfer to the rest of the thermal systems. This is a cause of many
external influences and, as such, must be accepted and mitigated. The insulation’s most
inner layer must be reinforced with durable and adhesive material, and the blankets must
be proven reliable through prior usage.
PDSI-04: Further observation and research will be conducted for magnetic fields
and solar interference in terms of the effects of the drone’s wireless communications with
the lander. Extra drones will need to be tested and put into the initiative to have a failsafe if
one drone loses connection.
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PDSI-05: Malfunctions within the technologies providing communications within
the entire mission system will prove fatal if not correctly identified. Thus, more research
will be needed towards the design and testing process to ensure that no unforeseen
circumstances occur during the mission’s launch. To mitigate the potential damage this
may cause, implementing multiple outputs and inputs within the communications system
and testing and utilizing said systems ensures reliability throughout the mission.
PDSI-06: Insufficient testing and research within the drone's battery usage or
unforeseen conditions may affect the drone’s battery life and lead to its loss. This would
result in a complex recovery operation to retrieve the lost data and materials. As each loss
of drone would be costly to the operation, a method of prevention in the event it happens
needs to be devised. Testing more extended battery usage (without sacrificing weight and
cost) and testing potential needs for the drone to ensure sufficient life for the purpose will
attempt to mitigate this issue early on in the mission. Due to unforeseen circumstances that
may arise, the drone's battery life may prove either too short or too long.
Moreover, the instruments will be examined and programmed to do their jobs
according to the schedules as the lander safely arrives at Enceladus. By referring to the
detailed analysis in terms of potential risks for each instrument in section 4.2.3, the
solutions will be logistically conducted to resolve the problems as in the following chart:
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Figure 4.1.5.b. Risk Mitigation Chart

4.1.6. Performance Characteristics
The payload system will be able to operate under the summer season of Enceladus.
Indeed, this season will be the best fit concerning the lander, payload, and batteries.
Variation in high temperatures in the southern region will be favorable for the mission.
Providing more sunlight time on it will give the mission advantageous for the UV light
sterilization and the exact image quality.
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Figure 4.1.6.a. Winter is coming (Shannon MacKenzie, Enceladus, 9/22/2020)
As shown in Figure 4.1.6.a., Enceladus will be between the Southern Vernal Equinox
and Southern Summer. The spacecraft will be landing on the moon in 2030 with a time
frame of twenty days. Indeed, the icy moon will be in apoapsis during the spacecraft’s
arrival, making it advantageous for the science instrument.

Figure 4.1.6.b. Academy session 4, Shannon Mac Kenzie, Enceladus 9/22/2020.
The left image in apoapsis showing no plume eruptions compared with the image on the
right, where the distance between Saturn and Enceladus is lower.
The landing location has been chosen to take into consideration the safety of the
science instruments. Landing in the season where there is less plume activity in the
southern region of Enceladus is ideal for a surface mission.
The scarcity of plume activity will positively affect the payload and the lander itself.
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ESSI will have fewer risks while landing on Enceladus to be impacted by particles
from the active plume. The payload will be less interference in the data and make the
science instrument more accurate on the data received and collected.
● SED will not be affected by the plume’s noise and determine and collect clear
seismic activity.
● EDMs will work in these conditions where the plume is semi-active, known as the
“boiling model.”
Drones will be working efficiently, saving power by avoiding plume particles
encountered throughout their travel time; thus, leading to fewer chances of the destruction
of the drone and replacing it with the recovery one. At this point, the warmer temperature
of the southern region is favorable for batteries as lithium-ion batteries will require MLI as
protection from the outside environment. It will also be a plus for the spacecraft to
maintain the batteries’ desired temperature to function properly compared to being in the
winter season to consume more energy.

Figure 4.1.6.c. Enceladus (NASA, 2020)
This figure represents a variation of the southern region of Enceladus under
infrared view, and the mission is concentrated inside the region marked in red. It is
assuring that the temperature where the mission will be taking place will be warmer.
Indeed, one of the tiger stripes will be the highest temperature represented with the bright
red leading into shades of red for the plume’s extensions and the landing site.
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4.2. Science Value
4.2.1. Science Payload Objectives
The two main scientific objectives of the payload are to assist in understanding the
internal structure of Enceladus and to explore the potential of micro bacterial lifeforms.
While predictions about the seismic and thermal energy output of Enceladus have
been estimated via orbiter missions, the ESSI payload will utilize the proximity to the
surface to acquire further concrete data to substantiate the hypothesis surrounding the
internal makeup of Enceladus. It is hypothesized that the global ocean thickness of
Enceladus varies, where the southern pole exceeds 15 km and everywhere else remains
below 10 km. To better understand how the southern pole varies in ocean thickness, the
SED will measure longitudinal seismic phases, which can then be used to determine the ice
thickness and pinpoint the location of seismic propagation. Additionally, while it has been
estimated that the surface temperature of Enceladus is -200 degrees Celsius, the location
and process of tidal heat dissipation and the thermal structure have yet to be understood.
By collecting temperature gradient data on the active southern region, a better
understanding of the balance between heating in the ice shell can be reached.
The most sought out mystery of Enceladus pertains to the question of life’s
existence, which is one of the payload objectives making up this mission. To stay within the
mission constraints, imagery data will be heavily relied upon to provide insight into the
possibility of micro bacterial life, as raw imagery will identify any macroscopic patterns
within its presence as it descends into the plumes. This will allow information about the
location of life and formation once the imagery is removed and compared against the
formation process of bio vermiculation life on earth.

4.2.2. Creativity/Originality and Significance
Designs are originally created by the engineering team with NX CAD software. This
spacecraft is designed to fit three different science instruments selected based on the goals
stated in the successful mission criteria with storage space for batteries and three drones.
The science instrument will be named uniquely for Enceladus mission, such as:
● SEIS will be replaced with Seismic Enceladus Device (SED)
● HP3 will be replaced with Internal Thermal Meter (ITM)
● EVE DMs will be replaced with Enceladus Descent Modules (EDM)
The drones will be named based on the location they will explore.
● Closer drone
● Intermediate drone
● Tiger drone
Two of the three instruments mentioned earlier were created for use in the Mars
Insight mission; these instruments will be implemented in Enceladus. They will be old
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instruments used in a new environment, making some instruments based on icy moon
conditions.
The landing site is unique based on the mission and safe from active plumes. As
stated in one of the outsides sources, “Vent explorer detailed article page 14”(Ino, M. 2020),
the landing site does meet all the requirements and constraints such as:
● Smooth flat terrain over 100 m radius.
● The vent is reachable from the landing point:
○ It will explore the plume’s extensions and one of the vents in the Damascus
tiger stripe.
● Estimate the size of vent and pressure:
○ The landing site will be far from the plumes to ensure safety;
○ Once landed, drones will deliver the EDM’s each on those three locations.
○ Landing EDM on the surface close to the plume so they can dive into the
ocean.
The landing site is found with JMARS, which has unique coordinates of:
-57.759 N, 105.124 E.
However, it does not provide nomenclature; therefore, it has been decided to represent the
landing site with new nomenclature, “Enceladors”. The following filters were used from
JMARS:
● “Enceladus Colorized Relief” is the first layer that is used to detect elevation.
● “Enceladus Global Color Mosaic” as the second layer is needed to identify the south
polar region and visualize the four tiger stripes.
Moreover, Overlays were automatically present, such as Map Scale Bar, north arrow,
Lat/Lon Grid, and Nomenclature.

Figure 4.2.2.a. JMARS
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In all these images, Overlayer and Enceladus Global color mosaic is intact.
● This image above captured a vast area to include southern region nomenclature for
orientation purposes. It is zoomed x4.
● Nomenclature, map scale bar, north arrow, and Lat/Lon Grid are present.

Figure 4.2.2.b. JMARS
● This image above transported from JMARS is zoomed at the desired landing site
incorporating the tiger stripes.
● Nomenclature overlay is still present; however, zooming into the southern region
starts to have no specific names. Coordinates selected the precise location.

Figure 4.2.2.c. JMARS
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● The figure above has been annotated, identifying the four stripes and labeling them
appropriately, considering multiple sources and tiger stripe maps.
● The red circle with a pigmented red point is representing the landing site.
● Pigmented dot is the specific location and radius of Enceladus, and the circle around
it is a general area for orientation purposes.

Figure 4.2.2.d. JMARS
● The image above was zoomed in x8 to visualize the texture of the icy crust.
● “Enceladors” has a smooth radius and is ideal for a landing location.

4.2.3. Payload Success Criteria
Seismic Exploration Device (SED)
After landing, with the transporting deployment arm’s help, the first science
instrument known as the Seismic Exploration Device on a smooth terrain surface will be
covered with wind and thermal shield. It will detect the ground motions and wide ranges of
the frequency of Enceladus’s quakes. Seismic Exploration Device, known as the
“ultrasensitive” instrument, records seismic wave data with a frequency exceeding 1 Hz.
SED is extremely sensitive to any type of movement, motion, disturbing the potential data
result. Therefore, ESSI will have added protection to the SED, the vacuum vessel, and the
wind and thermal shield for any weather change on Enceladus. After the data collected, the
auxiliary sensor will be monitoring the magnetic field, atmospheric pressure, and wind will
be taken into consideration while interpreting the data collected. The instrument will be
calibrated to be accurate when in function.
As reported, there was a small leakage in the vacuum container that was around the
seismometer.

- 78 -

Figure 4.2.3.a. Illustration of the RWEB and WTS configuration after deployment
(Lognonné, 2019)
As illustrated, the seismic probe must be maintained at a vacuum to ensure correct
and accurate measurements. Therefore, a vacuum test will be performed at the French
National Space Agency (CNES). If the seismometer fails during the mission, one of the
components, the “Very Broad Band” (VBB) with a mass of 190 grams, will be working as a
short-period seismometer having a 0.1 Hz to 40 Hz range of frequency sensitivity. Indeed,
VBB will be able to collect seismic data in case of seismometer failure.
SED deliverables are important by collecting data of quakes happening on
Enceladus. The tremors’ source can be identified by accumulating and graphing the
recorded data for investigating the causes. Indeed, it will better understand the magnitude
and frequency of quakes on Enceladus compared to earthquakes. This will lead to
correlating seismic studies to plume activity.
Internal Thermal Meter (ITM)
ITM’s primary mission is to burrow down to almost 16 feet (five meters) into
Enceladus' surface. This scientific instrument will then study the heat flow coming from
Enceladus' interior. This mission could provide an in-depth discovery of the in-core heat
pattern and the moon's energy source.
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Figure 4.2.3.b. HP3 Data Collection Plan.
Having such a slight mass (3 kg) and carrying some sensitive measure devices, the
ITM itself does have a couple of concerns for engineering preventions and improvements.

Figure 4.2.3.c. HP3 In-Depth Structure.
First and foremost, the selected site would be a significant concern for this
instrument to successfully serve its mission. The landing site should be relatively flat with
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no steep slope and no large craters, to be more precise. It is imperative to avoid rocks or
any other rigid objects underneath the penetrated surface. Moreover, the distance apart
from ITM to ESSI and SED must be large enough as these instruments would affect the
temperature profile beneath the ground.

Figure 4.2.3.d. “Enceladus” Potential Landing Site (-57.759 N, 105.124 E)

Figure 4.2.3.e. Sufficient Distance
Lastly, failure in terms of the Mole’s hardness would lead to the roadblock of this
mission. Engineers should ensure that the Mole is strong enough to be able to drill through
the icy surface. A rock obstruction causes the Mole’s failure to penetrate to the planned
depth (5 m) because the regolith is too consolidated or too thin. The minimum depth of
penetration for optimum measurement is 3 m. However, a useful heat-flow determination
could be made with shallow penetration but would require corrections for the annual wave
and corrections for surface temperature changes associated with the spacecraft.
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Figure 4.2.3.f. Hammering Mechanism for Mole.
Enceladus Descent Module (EDM)
EDM is originally a part of the EVE mission concept. EVE's goals are to descend into
erupting conduits up to ~2 km deep, characterize the vent-conduit system’s unknown
interior structure, and assess the accessibility to the subsurface ocean through the
vent-conduit system, potentially reach the liquid interface, and perform astrobiology and
volcanology observations in the vent-conduit system. The original concept consists of two
major modules: Surface Module (SM) and Descent Module (DM). SM is a lander that stays
on the surface, while tens of small (~3 kg, 10 cm in width and 30 cm in length) DMs
separate from SM, move to a vent, and descend into it. However, due to the limited
availability in space and the other instruments that have already covered the necessary
tasks in the ESSI lander, EDMs would be the only part that could be brought along.
Some adjustments and improvements should be conducted with this
modified-version of EVE. To be more precise, ESSI has come up with the idea of using three
drones to carry three EDMs to assigned locations for further discoveries. There are risks of
having a modified-version that is partly taken from the original.
Firstly, power should be one of the main aspects to be taken care of. Each DM uses
up to 10W of power for mobility. The concept of using batteries to power the DMs is
possible; however, extra support or a backup plan should be conducted if necessary as the
DMs are doing their tasks under the vents. Thus, the concept of an electrical support drone
takes place.
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The initial EVE's Mission Concept has proposed having the SM connected with DMs
via a tether. However, there is a risk of losing communication among the systems even
though tethers are used to ensure a better connection. Moreover, due to the absence of
actual SM in the ESSI mission concept and the significant distance between ESSI and DMs,
communication loss would be more likely to occur.
Last but not least, EVE's DM concept has a restriction in terms of operating the
devices. The system can also work under the “Boiling” model condition (Ono, 2018). It
indicates that the targeted vents are not too active at the time of operation. Cryovolcanic
conditions will be significant concerns for the EDMs regarding tolerance, distance travel,
and power consumption.

Figure 4.2.3.g. “Boiling” and “Cryovolcanic” models of Enceladus. (Ono, 2018)

4.2.4. Experimental Logic, Approach, and Method of Investigation
Each science instrument is independent of each other (drones are excluded as they
will not be counted as science instruments).
ITM, SED, and EDM will be working separately in gathering different types of data
such as temperature, seismic, and bio/images data. This data will be gathered and sent to
ESSI’s RAD750 processor. These instruments will be working simultaneously. One might
take more days to complete the mission than others. All the instruments will take up to
twenty days upon landing on Enceladus.
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Two of the transportation system components, the DJI Mavic Pro Drone and EDM
will be working closely together. The drone will be a transportation mode for the EDM. It
will be transported near the plumes with three distinct locations. The drone will be
connected to the EDM with a wire. When the EDM detaches from the drone, it will
submerge into the ocean. All three drones will be upgraded to communicate between the
EDM and the mainlander. The cable attached between the drone and the EDMs will help to
transfer data from EDM to the drone. Afterward, the drone will be responsible for sending
data to ESSI by the radio communication system.
As drones will be transporting EDM instruments, the same will be happening with
the deployment arm, transporting ITM and SED. The only variable change is the drone will
be able to fly out of the mainland. Simultaneously, the deployment arm will be attached to
ESSI for the mission’s duration having 360° movements to displace science instruments.
Following the timeline, SED will be next, then ITM will be installed; at last, the three drones
will be activated to carry the three EDMs to their three distinct locations. Two drones will
be sent parallelly; one will be deployed subsequently 5 km from the landing site.
All the instruments will be collecting data on the surface. Location may vary
depending on the instrument. ITM and SED will be used strictly to the landing site because
of the spacecraft’s direct wire connection. Each of the EDM will be used in different
locations as provided in early sections. EDM will be used once landed and will be the last
instrument to be deployed to distinct plumes, going into the deep ocean by descending
throughout an opening in boiling condition.
EDM will be distinguished into two parts:
● Scout EDM: creates a 3-D map of the geyser system with its stereo cameras and
structured light
● In-situ science EDM: carries miniaturized science instruments, such as a
microscopic imager and a microfluidics chip for biosignature detection.
There will be three phases from phase A to phase C exploring different locations.
The timeline for the phases will be:
● Phase A & phase C will be parallelly deploying drones, and Phase B will be deploying
“Intermediate Drone” afterward.
Phase B will be subsequently deployed because it will be designed as a potential recovery
for phase C. Phase C will have a recovery system because of the importance of the
Damascus tiger stripe investigation and investigation of a semi-active plume.
Those three different locations where each drone with EDM will land on the surface will be
in these phases:
Phase A: Executed by “ Closer Drone” + In-situ science EDM
● Extension of the Plume, staying close to the landing site
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● coordinates: -57.418N, 101.14E about 5.00 km from the landing site
● The drone will be lighter; thus requiring fewer batteries.

Figure 4.2.4.a. JMARS, distance 1.14° = 5.00 km
Phase B: Executed by “Intermediate Drone”+ Scout EDM
● Potential replacement for phase C in case of Phase C’s drone is lost or damaged.
● Between the extension and tiger stripe are coordinates: -62.521N, 124.295E about
49.0 km from the landing site.
In this case, the drone will be heavier than the Tiger drone and use more batteries in case
of replacement.

Figure 4.2.4.b. JMARS, distance 11.14° = 49.0 km
Phase C: Executed by “ Tiger Drone” + Scout and In-situ science EDM
This four-section EDM will carry both Scout’s camera system and In-situ science
miniaturized instrument package in order to navigate the internal paths which lead the
EDM to the surface of the ocean. Once the EDM reaches to the ocean, the microscopic
imager science package will activate and detect bio-vermiculation patterns as well as
diverse organisms.
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The closest plume is “DAMASCUS,” where one of the EDMs will be going, focusing
more on the hydrothermal activity. The coordinates for this plum are: -74.704N, 105.633E
and it is about 76 km from the landing site.
In this case, the drone will be heaviest than the closer drones and equal to the
intermediate drone.

Figure 4.2.4.c. JMARS, distance 17.28° = 76.0 km

4.2.5. Testing and Calibration Measurements
Upon landing on the surface of Enceladus, the Instrument Deployment Camera
(IDC), Instrument Context Camera (ICC), and the Instrument Deployment Arm (IDA) must
beall calibrated immediately. The IDA will be powered and will perform a set of test
rotations and extensions analyzed and compared to the pre-launch preliminary testing
series. This calibration is necessary to ensure that the joints of the arm can bend and
extend properly. After the joint tests have been completed and analyzed by the processor,
the IDC will inspect the lander deck to ensure that all instrumentation is in its proper
places based on the lander modeled configurations on earth before launch. After the lander
deck has been assessed, the ICC will be powered on to assess the landing location’s slope
degree. The ICC will locate an area within its 124° field of view that has slopes no greater
than 15°, just as it was tested to do just as required by the Data Gathering Subsystem. All
calibrations performed by the IDC, ICC, and the IDA will have been performed on Earth in
similar environments to ensure that these crucial components will function properly and
have the necessary data to assess itself once on the surface.
As soon as all visibility, placement, and joint calibrations have been performed, the
LVL Package will be picked up and placed on the surface to undergo slope adjustment
calibration. This process involves the inclinometers, measuring the packages positioning,
and providing feedback to the leg actuators, adjusting the package according to the optimal
performance slope requirement. After the LVL package is properly placed, the ICC will be
used to ensure that all other layers, the RWEB and the WTS will be placed over the package,
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rigorously practiced on Earth calibration. It is a cross-calibration between the VBB and the
SP sensors that compare to the absolute calibration done on Earth.
Before the ITM is deployed, the on-deck radiometer must be calibrated to ensure
that all temperatures are corrected as soon as the instrument is placed on the surface. The
RAD calibration will consist of the opening and closing of the temperature sensor cover
unit to allow initial measurements to be performed and assess if the mechanical functions
of the cover are still able to be carried out (Kopp, n.d.). After the RAD calibration has been
completed, the ITM will be placed on the surface, and the Thermal Conductivity Sensor will
be calibrated by analyzing and comparing the resistance vs. temperature calibration of the
initial surface readings to tests performed pre-launch. The calibration data is corrected for
offset and gain. In total, the 1-σ confidence interval for the calibration uncertainty is 30
mK.

4.2.6. Precision of Instrumentation, Repeatability of Measurement, and
Recovery System
All instruments will be sanitized once landed and minimize the Enceladus’
contamination; UV light will be a natural sterilizer if contamination happens on the surface.
All instruments, in case of power failure, will have access to a storage battery for recovery
purposes.
Instrument: SED
Purpose: Measure the quakes of Enceladus
Precision Value: VBB gain with an accuracy of 0.35%
Table 4.2.6.a. SED Calibration Procedure Accuracy
Accuracy of the calibration procedure

VBB1
gain

VBB2
gain

VBB3
gain

Average accuracy

0.12

0.31

0.50

90th percentile accuracy

0.22

0.48

0.76

Repeatability of Measurement: 23 (Gainvbb1 + Gainvbb2 + Gain vbb3 )
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Fig. 4.2.6.a.  Accuracy of the calibration procedure (Paul, L. 2019).
Accuracy (90th percentile) of the calibration procedure on the Z-axis of the VBB is
relative to the theoretical gain in %. The error on the Z-axis is lower than the sum of the
errors on each VBB gain. In most simulations, an error on the gain of one VBB is partially
canceled by the error on another VBB.
Table 4.2.6.b. Recovery System for SED
Failure Modes

Recovery Method

● Malfunction:
○ Error in reporting data
○ Error in interpreting data
○ The very sensible instrument
will be “contaminated” with
other motion than quakes.
● Power and battery issues.
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● Auxiliary Payload Support System
(APSS) each sensor will have a
distinct role. If the seismometer
records incorrect data or noise of
the wind, the APSS will correct data
and calculate the correct
measurement taken from the
seismometer.
● Power failure is less likely to occur
due to the direct cable connection to
the mainlander and receiving power
from it. Will have access to an extra
battery for temporary recovery.

Instrument: ITM

Purpose: Measure temperature of Enceladus

Precision Value:
● Uncertainty of the measurement aimed for shall be better than ±5 mW/m2
F (z) = k (z) dT
dz
dE =

√

kΠ
π

● The tether is equipped with 14 platinum resistance temperature sensors to measure
temperature differences with a 1-σ uncertainty of 6.5 mK.
● Mole includes temperature sensors and heaters to measure the regolith thermal
conductivity to better than 3.5% (1-σ)
Repeatability of Measurement is based on “The Heat Flow and Physical Properties Package
(HP3) for the InSight Mission” article (Spohn, 2018).
Table 4.2.6.c. Recovery System for ITM
Failure Modes

Recovery Method

● Malfunction one of a subsystem of
ITM, the mole cannot go in enough
depth to measure the right
temperature.
● Battery and power issues.

● IDA can readjust ITM position, and
the Enceladus scoop on the IDA will
be a recovery method to dig and
help the mole readjust its position
making it functional again.
● Power failure is less likely to occur
due to the direct cable connection to
the mainlander and receiving power
from it.
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Instrument: EDM

Purpose:
● Create a 3D map of the geyser system, use a microscopic imager and a microfluidic
chip for biosignature detection.
Precision Value:
● Radar: Beamwidth >1° range accuracy >25cm
● 20 mm of insertion of the ice screw (consistent with the experiment), and a
conservative 10 N of the normal force is assumed, then the energy requirement
would be 0.2 J.
Table 4.2.6.d. Recovery system for EDM
Failure Modes
●
●
●
●

Recovery Method
●

Transportation problems
Not finding active plumes
Wire issues with a drone
Communication error

●

●
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Other than a wire connection, there will be
a drone grip to ensure that the EDM will be
safe to transport.
The drone will be responsible for finding a
smooth location and searching a
semi-active plume through GN&C
navigation, and the camera will provide
clear identification of the right vent.
EDM will have Archimedes screw, Melt
anchors, Ice screw, which will help EDM
going into the hydrothermal vent. Wire
issues could affect communication loss and
data transfer error. Indeed the drone will
have radio communication between the
mainlander and EDM and use that as a
recovery communication method.

Transportation System: Drones
Purpose: Transportation for EDMs
Precision Value:
● Vertical: +/- 0.1 m (when Vision Positioning is active) or +/-0.5 m
● Horizontal: +/- 0.3 m (when Vision Positioning is active) or +/-1.5 m
Repeatability of Measurement: N/A
Table 4.2.6.e. Recovery System for Drone
Failure Modes
●
●
●
●
●

Recovery Method

Not enough power to travel, not be able to
fly(taking off issues)
Communication error with the mainlander
and or EDM
Poor weather conditions
Losing the drone
Battery malfunction

●
●
●

●

●
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Lithium-ion batteries will have one extra
storage for each drone.
Radio communication with different
channels will be communicating.
The GN&C navigation system will ensure
safe landing with a radius of 200m from the
destination location. The camera will be
used to avoid weather obstacles such as
active plumes. Furthermore, using Carbon
fiber will be able to sustain an impact from
whether and potential force landing. The
drone will be attached with the EDM
physically taking off pressure from the
wire.
One recovery drone, “intermediate drone,”
will be replaced with a“Tiger drone” in case
of “Tiger drone” failure. Indeed will have
the same scout EDM sent for the same goal.
DJI Mavic Pro drone has an intelligent
battery system that will know battery
malfunction before taking off to prevent
major damage to the drone.

Deployment Support Subsystem: Instrument Deployment Arm (IDA)
Purpose: Able to move science instrumentation to the surface of Enceladus
Precision Value: IDA is required to have a minimum controllable motion of ± 1 mm.
Repeatability of Measurement: shall be 4 mm in position and 3 mm in orientation
Table 4.2.6.f. IDA Actuator Parameters

Table 4.2.6.g. Recovery System for Instrument Deployment Arm
Failure Modes
●
●

Recovery Method

Function error, power issues, jammed
issues.
Lifting issues, placing the instrument issues

●

●
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Is an electro-mechanical design, which
includes light-weight actuators,
multi-conductor flex-print cable, and a
self-triggered launch-restraint system.
It is capable of generating high joint
torques to lift and manipulate payloads.

4.2.7. Expected Data & Analysis
SED

Figure 4.2.7.a. Seismographic Global Stack Data Example
The data from the SED will be in the form of this figure, which shows a global stack
of seismograms for an Enceladus model of 52 km ice thickness. The Rayleigh (a
combination of P and SV motions) and Love Surface waves (SH waves trapped near the
surface) orbit the moon in 800 seconds, which leads to the SED relying upon repeated wave
occurrences to determine location sources (Rawlison, n.d.). This is the logic behind the
requirement of measuring at least five longitudinal wave phases to acquire enough
information about the overall seismic activity measured. From the comparison of time and
distance/ degree, it will be possible to estimate seismic activity epicenters.
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Table 4.2.7.a. Distance Ranges of Seismograms Regimes on Different Icy Worlds

Ocean shadow refers to the measured direct body waves that are masked by the
moon’s curvature and an ideal distance regime because this category pertains to
longitudinal, Crary, and Phase waves. Because primarily longitudinal but also love waves
will be measured, this model of ocean shadow regimes will guide the analysis of data.

- 94 -

ITM

Figure 4.2.7.b. Depth vs. Core Temperature Measurement
The data gathered from the TEM-A and TEM-P (or Science Tether) sensors within
the active and passive thermal suite of the mole can be expected to be expressed like the
graphs here. The graph on the left represents the TEM-P data, as this tether measures the
temperature along the borehole throughout the mission. The graph on the right represents
the TEM-A data as this particular tether will be using the modified line heat source at the
top of the mole configuration to determine the thermal conductivity of the surface. The
following equation can then find the thermal conductivity based on measured data:

This figure shows the different contributions to the total error budget of ITM based
on the surface of Mars as calculated for the heritage Insight mission. Thermal conductivity
of 0.05 W/mK and a surface heat flow at the landing site of 20 mW/m2 is assumed.
Estimates are given for a final Mole-tip depth of 3 m, and all numbers represent 1-𝜎
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confidence limits. This error budget would have to be recalculated using the estimation of a
heat flux value range within 200 – 270 mW/m2 to gain better insight into the thermal
conductivity properties (Gies, 2008).
Table 4.2.7.b. Error Source Chart
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EDMs

Figure 4.2.7.b. Microscopic Views of Microbial Life
(Ono, 2018)
The images above are patterns of bio vermiculation created by microbial life that
can be expected of microscopic organisms, which will be observed during the Enceldaor
mission. The raw images obtained by the EDMs stereo cameras, if life is indeed present, can
be expected to look similar to these images, which will then be analyzed to determine
characteristics and biosignatures of the life forms. The sensing range for these cameras is
between 0.1 m - infinity, and the accuracy of the cameras are solely dependent on
presented textures. Because textures must be present to be detected, the accuracy will fail
if otherwise.

- 97 -

5. Safety
5.1. Personnel Safety
5.1.1. Safety Officer
A large part of the ESSI’s mission success depends on Aung’s role as the safety
officer and his attention to planning outlines of safety procedures at every phase of the
mission. The team did research on the responsibilities and the role of the safety officer at
NASA. There are many responsibilities for a safety officer who ensures the team’s safety
during the mission.
The team’s safety officer ensures that all the necessary steps are taken to keep the
general population, NASA employees, and astronauts safe during the mission. The officer
must ensure that private and public properties are not damaged during the spacecraft’s
launching and landing. The objective is to plan the safety requirements during launching,
fly, landing, testing launch, and testing vehicles before launch.
The safety officer must identify and evaluate all potential hazards and mitigate the
risk to an acceptable level.
These are the team-identified tasks for the Safety Officer:
● Investigate and report potential accidents
● Upkeep and submit (paste on shared PDR doc) for all Safety Hazards
● Maintain and upkeep CDC guidelines in regards to COVID-19 as the mission
develops
● Developing a risk mitigation chart, and a risk chart (see Skill Module 6: Systems
Engineering)
● Overview materials for Section 5.2 from respective teams

5.1.2. List of Personnel Hazards
Along with the mission’s criteria, safety culture is an extremely crucial factor that
could lead to its success and employees’ wellbeing. Hence, safety programs must take place
to provide sufficient training for everyone in a team. Nevertheless, identifying the threats
and developing an awareness of the surroundings would help mitigate the workplace’s
dangers.
Not all hazards are apparent; however, the consequences would always be the
primary concern. It is everyone's responsibility to be mindful of hazards in the workplace
to protect themselves and individuals.
There are a variety of hazards that could take place during the process of this mission. They
would fall into the following categories:
1. Biological:
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● Biological hazards include viruses, bacteria, insects, animals, to name a few. It
causes health impacts.
○ Mold, blood, harmful plants, and dust. During this time, the primary concern
is the COVID-19 pandemic, which is expected to affect the working
environment during this mission.
2. Chemical:
● Chemical hazards involve dangerous substances. This factor could result in both
health and physical impacts such as skin irritations, blindness, explosion, corrosion,
and respiratory system irritations.
3. Physical:
● Physical hazards sometimes are not that obvious; it could harm an employee
without necessarily interacting with them, such as height, noise, pressure, and
radiation.
4. Safety:
● Safety hazards are a significant concern and more likely to occur during this mission
than the other hazardous types since the mission requires a vast amount of time
working with machines, designs, and materials. The mission itself involves dangers
while working with machinery, electrical wires, assembly/ testing process, batteries
simulation, explosive and pyrotechnic hazards, to name a few.
5. Ergonomic:
● Ergonomic hazards are a result of physical factors that can result in musculoskeletal
injuries. For example, a low workstation set up in an office, poor posture, and
manual handling.
6. Psychological:
● Psychological impacts are another concern that could lead to the success of the
mission. It can intensely manipulate the performances of employees. It involves
mental health and wellbeing. For example, working environment aspects include
poor leadership, poor communication, stress, sexual harassment, and workplace
violence.

5.1.3. Hazard Mitigation
● General Workplace & employee Guidelines
○ Safety training for employees must be conducted.
○ Wearing goggles, rubber gloves, and an apron while handling chemical
substances must be required.
○ Ensure the safety of electrical elements. Make sure to proceed with any
experiments with precautions and current cut-offs.
○ Carefully ensure safety while working with machinery/testing/assembly.
There must be a requirement to wear appropriate PPE.
○ Embrace excellent teamwork, leadership, and communication.
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○ Value individual's works and ideas, respect must be shown between
employees.
● COVID-19
○ CDC guidelines in regards to COVID-19 must be maintained, updated, and
monitored along with the mission developments.
● Upkeep of facility
○ Possible hazard signs must be hung up correspondingly.
○ Ensure a well-organized and logically-designed workstation for an
individual's excellent performance and convenience.
● High process reliability to prevent design flaws and flight failure
○ Actively ensure that flight operation meets the criteria for the probable risks
of individuals in the flight operation.
○ Management of debris on protected property.
○ Assess the casualty expectation criteria.
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5.2. Lander/Payload Safety
5.2.1. Environmental Hazards
The following items pose potential hazards to the ESSI Payload:
● Blizzard-like weather conditions to be expected upon landing
● Intense UV Radiation
● Fluctuations in magnetosphere
● Visibility upon descent
● Plume particle bombardment

5.2.2. Hazard Mitigation
Hazards

Solutions

Blizzard-like weather
conditions
Communication loss*

●
●
●

Passive thermal control: heat pipes,
radiators/coating.
Active methods:
Multi-Layer Insulation (MLI)
Temperature sensor

●

Heat shields.

Hypervelocity collision
via plume particle
bombardment

●
●
●

Perform collision avoidance maneuver.
Launch configuration.
Add a protective shield to the spacecraft.

Via vibrations

●

Use a vibration isolator.

●
●

Back up batteries.
Develop a contingency operation plan and
investigate the operational procedures and
operational controls.

●
●

Full spacecraft sterilization.
UV and radiation will be natural sterilizers.

Fluctuations in
magnetosphere

Intense UV Radiation

Spacecraft damage

Loss of Power source

●

Dead batteries

Contamination
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6. Activity Plan
6.1. Budget
Using the NASA Instrumentation Cost Model, the team researched costs for the
science instrumentation program’s goal and transportation costs for the team to be at the
launch.
Table 6.1.a. Budget Summary
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6.2. Schedule
This is the full mission schedule, which details more than the significant milestones
schedule in section 1.2.5. This schedule reads top-down starting from the concept phase
and moving forward to closeout.
Table 6.2.a. Mission Schedule
Task

Month

Date

Year

Phase A: Concept and Technology Development

December

29

2020

Project Start

September

1

2020

Conceptual Research and Design

December

23

2020

MCR (Mission Concept Review)

December

29

2020

Phase B: Preliminary Design and Technology Completion

December

30

2020

PDR Presentation

December

30

2020

Phase C: Final Design and Fabrication

June

2022

CDR (Critical Design Review)

June

2022

Fabrication

June

2021

March

2023

SIR (System Integration Review)

December

2022

SMSR (Safety and Mission Success Review)

February

2023

March

2023

June

2030

Phase D: System Assembly, Integration, and Test Launch

Test Launch
Phase E: Operations and Sustainment
Launch

April

1st

2023

Land on Enceladus

June

5th

2030

Perform Science Operations

June

6th

2030

End Science Operations

June

26th

2030

Phase F: Closeout

July

Mission End

July
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2039
1st

2039

6.3. Outreach Summary
The outreach program’s goal is to increase the public's attention to scientific
research for space exploration. Information about the project’s budget, the spacecraft’s
designs, and the team’s mission will be shared with the public.
Outreach is vital for the community to know the objectives of our mission. Social
media campaigns and a blog will be used for virtual communication with our community.
Facebook, Instagram, and Twitter will be used for social media campaigns. The contents on
social media will be updated based on the progress of our project.
Brochures will be used to share the information with residents about our project.
Brochures will include the images, the prototype, and sketches of our project. Brochures
are mainly used for public awareness.
Newspapers and magazines are traditional sources of news. They are still important
to share information because they are reliable. It is planned to advertise locally, such as the
San Francisco Chronicle, and national newspapers, such as The New York Times.
K12 schools are considered for our outreach program. Our interest in K12 schools is
to inform students to become more interested in space exploration. A discussion panel will
be held with some K12 schools for information about our project.
Community discussion panels will explain how our project will contribute to society
and the human being. Our team will answer questions from the people for the public's
attention. Project brochures will be shared on those discussion panels.
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6.4. Program Management Approach
The project involves three teams to conduct the mission; science, engineering, and
business admin. The science team will research the lunar’s information, the possible
landing sites for the robot, and the possible area to do scientific exploration. The
engineering team will design the spacecraft and the robot that the cost of the project will
fall within the budget. The business team will do budgeting, scheduling, safety plan, and
outreach.
Each team will have a team leader, and there will be a deputy project manager and
project manager. Team configuration allows for teamwork, but there will be a
communication channel between them to solve problems. The project manager and the
deputy project manager will receive reports from all team leaders, and the team members
of each team will report to their team leaders for tasks.
The team’s structure is to flow the information quickly and accurately between each
team and the managers. It is more convenient to communicate between team leaders and
managers for any issues occurring during the project. Each team will have its meetings
every week to discuss the project. Moreover, every week, there will be a general meeting
for all team members to discuss any issues where managers collaborate with team
members.

Figure 6.4.a. Organizational Chart for the ESSI Mission Concept
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7. Conclusion
The discovery of Enceladus prompts an exciting principle for new life and
sustainability in a new environment. The Enceladus Strategic Scientific Investigation (ESSI)
strives to better understand the internal structure of Enceladus by analyzing seismic and
thermal energy and exploring the potential of existing organics. With the data collected and
facilitated, ESSI aims to encourage further lander missions to similarly geographically
active icy moons.
One of the ESSI’s main plans for the Critical Design Review (CDR) includes the
detailed schedule of phases that start in June of 2022, when the majority of the instruments
will go through verification testing. Once the CDR committee approves, fabrication will be
the next step to prepare for the test launch. System Integration Review (SIR) will then be
conducted at the end of the final design phase and before the system’s assembly,
integration, and test phase.
After the SIR is done, a safety and mission success review is conducted to assess the
readiness to independently assess the ESSI mission. The team will also facilitate test flights
and demonstrations of the commercially developed launch vehicles and spacecraft
required by NASA. A successful test launch is expected to occur in collaboration with
Goddard Space Flight Center, followed by the actual launch when the spacecraft will launch
from Cape Canaveral in 3 years (2023). Landing on Enceladus will happen after traveling 7
years to Enceladus. Performance of science operations is expected by June 21, 2022, and
the end of science operations by June of 2030.
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