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1 Design

1.1 Design Overview

The Northeastern University Prospecting Underground Distilling Liquid Extractor (PUDLE) is a robot
which extracts subsurface water and evaluates regolith layer properties on extraterrestrial bodies, shown
in Figure 1. This system is engineered to meet the requirements of the NASA’s 2019 RASC-AL Special
Edition: Moon to Mars Ice and Prospecting Challenge and it incorporates the lessons learned from the
Planetary Articulating Water Extraction System (PAWES), Northeastern University’s entry in the 2018
Mars Ice Challenge [1].

PUDLE is designed as two separate systems which work in tandem to assess regolith composition
and extract clean water. These two systems are the Jackhammer Extraction Tool (JET), a combination
prospecting and water extraction jackhammer, and the multiple-effect distillation system capable of pro-
viding purified water. The system uses a jackhammer outfitted with load cells to penetrate and analyze
overburden. The tip of the jackhammer is heated and lowered via cables to melt ice and extract water.
The water is cleaned in a multiple-effect distillation system. The system weighs 58 kg with an operational
volume of 0.95 x 0.95 x 1.7 m. The JET shaft of the jackhammer is 0.87 m long, capable of applying a
weight on bit (WOB) of 150 N at an expected average penetration speed of 3.33 mm/s. The system is
powered by a 120 VAC wall outlet, controlled via a Robot Operating System (ROS) software suite, and
operated remotely. A Hidden Markov Model (HMM) applied to system telemetry aids the operator in
producing a digital core. The resulting system is a robust solution for subsurface water extraction on Mars
and determining regolith composition on the moon.

1.2 Jackhammer Extraction Tool

Figure 1: An overview of the
complete system design

The JET is composed of a Bosch DH507 jackhammer, a coupler,
a shaft, an an actuated heated tip, driven via a tension cabling
system and secured via a clamp, shown in Figure 2. The tip acts as
both the jackhammer bit and the ice melting element. The tip is
connected via a cable, which contains power and sensor wiring, an
endoscopic camera, water tubing, and two steel tensioning cables.
Two NEMA 23 stepper motors drive the cable, allowing the tip
to separate from the shaft, descend through the ice deposit, and
melt ice deeper than the length of the jackhammer shaft. The only
change made to the JET since the midpoint review is the addition
of a second stepper motor to aid in driving the tip downward. The
depth of accessible ice is limited only by the length of the cable.
Before jackhammering, the tip is drawn into the shaft and the steel
tensioning cables are clamped in place using a bike shifter cable
tensioned via a linear actuator with a 250 N maximum static force.
The tip contains two Tutco 150 W cartridge heaters, a hermetically
sealed thermocouple, and two water inlet ports. The inlet ports are
covered by the shaft while jackhammering and are only exposed
when the tip is released into the ice block. This geometry greatly
mitigates the risk of developing a clog while jackhammering.

The shaft is a high carbon steel tube: 1.125 in. OD, 0.875 in.
ID, and 0.87 m long. The tension cables, wires, and water tubing
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from the tip are routed through the shaft and out via holes in the coupler, which attaches the JET shaft
to the jackhammer. The shaft is inserted into the coupler and held in via a 0.44 in. diameter quick release
pin. A Bosch DH507 demolition hammer was chosen for its compact size, 11 x 18 x 4 in., and weight,
5.62 kg, capable of penetrating stone and concrete. Springs attached between the jackhammer mount
and the coupler preload the jackhammer by approximately 200 N, which allows the percussion mechanism
to activate with minimal WOB. This allows percussive hammering in low density materials and provides
damping to reduce noise without losing accuracy in WOB data.

Figure 2: Jackhammer Extraction Tool

PUDLE’s water extraction approach uses
the Rodwell method, which submerges a heater
into a pool of water and transfers heat to sur-
rounding ice [2]. The Rodwell method is imple-
mented by unspooling the tensioning cables and
lowering the heated tip into the ice, creating a
pool of meltwater which gradually grows as it
is heated. The only limitation of the accessible
depth for this method is the length of cable on
the spool.

1.3 Distillation System

PUDLE uses a distillation system to process wa-
ter extracted by the JET. Distillation is an ef-
fective way to remove impurities and sediment
from water, but it is energy-intensive. To al-
leviate power concerns, PUDLE implements a
multiple-effect distillation process in which va-
por from the primary distillation tank flows in
a helically coiled tube through a secondary heat
exchange tank before it enters the radiator. This
heat exchanger has two benefits: the water in
the heat exchange tank cools the helical tube,
causing some of the vapor to condense and re-
duce the load on the radiator and fan, and the
energy released by this condensation pre-heats
the water in the heat exchange tank before it
enters the primary distillation tank. Some of

the water in the heat exchange tank will also evaporate, as the temperature will be raised to 100� C by the
helical heat exchange coil. The combination of these features results in a more power-efficient distillation
system.

The isolated distillation system is shown in Figure 3. Incoming water from the JET enters the collection
tank, which is a reservoir to allow the JET to continue collecting water while the distillation system is
operating and closed. An actuated ball valve connects the collection tank to the heat exchange tank, and
another connects the heat exchange tank to the distillation tank. While the distillation system is active, a
650 W band heater boils water inside the distillation tank. The water vapor passes through a FEP tube to
the heat exchange coil, where it is partially condensed, after which it reaches the air-cooled radiator. When
the distillation tank finishes boiling a batch of water, the heat exchange tank empties into it to provide the

3



next batch. The distillation tank re-seals, and the heat exchange tank is filled from the collection tank,
at which point the distillation process starts again. A valve at the bottom of the distillation tank allows
any accumulated sediment to be purged once several distillation cycles have been conducted. A bypass
valve allows meltwater to be separated based on its turbidity, to allow the distillation system to prioritize
processing the dirtiest water while clean water is diverted. Water diversion is controlled by the operator
monitoring incoming water through the onboard cameras.

Figure 3: Distillation System

Eight thermistors and two water-presence
monitor the distillation system state. Ther-
mistors are mounted on the distillation tank
heater, distillation tank body, distillation va-
por outlet, heat exchange tank body, radia-
tor inlet, and radiator outlet. Water-presence
sensors are located at the tops of the distilla-
tion tank and heat exchange tank.

Since the midpoint review, it was dis-
covered that it is not necessary to pressure-
seal the distillation system for optimal perfor-
mance. This allowed the storage tank to be
removed, with condensed water instead run-
ning directly to the collection bucket.

1.4 Structural Mounting

The JET is mounted on a single z-axis
powered movement system, driven with lead
screws by two NEMA 23 stepper motors. To
prevent unnecessary torsion on the frame, the
JET is aligned between the two lead screws so
the force applied by the jackhammer is evenly
distributed. PUDLE is adjustable in the x-y
plane, but is not powered. For the challenge, the tower will be adjusted manually by loosening the 8 screws
holding the z-axis in place, sliding the assembly, and re-securing it in the new position. A non-powered
movement system in the y-axis reduces system weight, power draw, and prototyping cost. Use of the
Rodwell method means the system can remain at the same extraction hole for a long duration. PUDLE’s
structure and movement system functions exclusively to showcase the JET for the RASC-AL testbed.
Additional benefits are discussed further in the Path to Flight section.

The CAD model is shown in Figure 1. The frame is mounted to the testbed with wood screws fixing
standard 80/20 corner brackets onto the 2x4 wood beams. An H-structure made of 80/20 extruded alu-
minum acts as the main frame. In the middle of the H cross beam, a vertical 80/20 beam is mounted with
two lead screws to allow for Z-axis movement.

1.5 Electrical System

The electrical system of PUDLE is split into two parts: the JET electrical box and the distillation electrical
box. The boxes are connectorized and use custom cable harnesses to be as modular as possible for ease
of transportation. PUDLE is powered by a 120 VAC source from a wall outlet that plugs into the JET
electrical box. The maximum system current draw is limited by the required 9 A fuse as well as an 8.5 A
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circuit breaker that acts as the manual kill switch of the system. The fast-blow fuse and circuit breaker
ensure that the system is protected from any electrical shorts. The power is distributed to 24 VDC, 12
VDC and 5 VDC terminal blocks within the JET electrical box, and the distillation electrical box receives
120 VAC and 24 VDC to power its components. Because the distribution of power takes place in the
isolated, grounded electrical boxes, the team is not at risk of an electrical accident.

Figure 4: JET Electrical Box

Figure 5: Distillation Electrical Box

The ground station interfaces
with the JET electrical box via Eth-
ernet that plugs into a bulkhead
jack. The Ethernet cable is routed
to a Raspberry Pi 3 that serves
as the onboard computer for the
system. The Pi interfaces with a
USB hub that aggregates signals
from the three system cameras and
three system Arduino Mega micro-
controllers. Two of the Megas are
housed in the JET electrical box
and are responsible for the con-
trol of the pump, z-axis movement
system, WOB sensors, jackhammer
control, cable driving motors, cur-
rent sensing for the JET assembly,
JET thermistors, and heater con-
trol. The layout of the JET electri-
cal box is shown in Figure 4. The
JET control box features thermis-
tor and limit switch through-hole
breakout boards. The distillation
electrical box houses the controls of
the filtration system including a sin-
gle Arduino Mega responsible for
valve control, fan control, heater
control, and sensor I/O. The box in-
cludes custom thermistor and valve
control signal through-hole breakout
boards. The distillation electrical
box, shown in Figure 5, is modular

and can be completely disassembled for challenge transport.

1.6 Software and Controls

The software and controls on PUDLE use the ROS framework. The controls system is distributed across
two processors and three microcontroller AVR chips. The AVR microcontrollers are responsible for handling
all hardware interactions and control loops. The onboard computer (OBC) is responsible for managing the
interactions between the three microcontrollers and handling image collection from three onboard cameras.
The ground station computer (GSC) is tasked with data logging, displaying system telemetry, and accepting
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user input. Communication between each processor is handled by the ROS backend and allows for serial
communication to and from the AVR chips as well a higher data rate Ethernet communication between
the GSC and OBC.

PUDLE is operated through user input from a custom Qt-based GUI, shown in Figure 6. This interface
is designed to enable the operator to issue macro-style commands which initiate different phases of operation
such as initiating a JET drilling sequence or a JET ice melting sequence. Control of PUDLE’s distillation
system is similar but will start only once and operate in the background, monitoring system behavior to
determine what actions to perform. In addition to these high level controls, all low-level functionality of
PUDLE is exposed to allow the operator to perform localized actions such as actuating individual valves
or adjusting the position of the JET.

Figure 6: PUDLE UI and System Camera Views

To facilitate this operation, the GUI
displays all measured system informa-
tion for the operator. Additionally,
the operator has constant video streams
from three cameras on PUDLE show-
ing the target drilling area, a downwards
view from the top of the system and an
endoscopic camera showing the tip from
15 cm above. In addition to displaying
this information, telemetry is recorded
on the GSC to .csv files. This includes
total system current draw as measured
by a Hall Effect current sensor and sys-
tem WOB as measured by two S-type
load cells. This data is the main source
of information used to perform post anal-
ysis for digital core determinations.

1.7 Digital Core Analysis

Creation of a digital core is completed
through manual inspection of WOB data

collected throughout the drilling phase, aided by an unsupervised learning algorithm to identify layer
boundaries. Clustering of WOB data enables differentiation between materials in the overburden with
respect to hardness. However, this alone does not utilize position data and risks overestimating the number
of layers by misclassifying outliers within a layer. To benefit from materials commonly being contiguous
in position, a Hidden Markov Model (HMM) is used with depth as the time axis [3]. In this model, there
exists a set of states (materials), and a set of observable behaviors (WOB). For a pair of states (A; B),
there exists a transition probability that a system in state A at time t will transition to state B at time
t + 1 [3]. This allows the model to prioritize staying in the same state, or material, over transitioning
to a new state. Additionally, for each state A there exists a set of emission probabilities that describe
the distribution of that state over the set of observable behaviors [3]. Given a sequence of measurements
from a drilling cycle, the model can infer a sequence of layers that most accurately reflects the observed
telemetry. The analysis employs a simple model using a single behavior of WOB to infer the hidden states.
Pandas, NumPy and Scikit-learn software packages were used to build a framework to ingest the data
logged through the controls system and run this model.
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In order to achieve good results from the model, data cleaning post-collection is performed prior to
running the HMM. These methods include filtering such as removing periods where drilling was paused
or in the ice layer, as well as noise reduction in WOB. Data processing methods are automated using
Pandas and explored through an interactive GUI. Data smoothing parameters are determined through
both manual inspection and optimization of the log probability of the smoothed data under the model.
Number of layers and layer boundaries can be explored and validated through an interactive GUI that
allows for manual adjustment of these parameters.

2 Testing and Validation

2.1 Full System Integration Testing

Full system integration testing was conducted throughout the month of May and is detailed in the following
sections. Testing included jackhammering through multiple layers of varied overburden and ice melting.
Extensive notes were taken during each test allowing strategic improvement of any underperforming sub-
systems. In this period, PUDLE drilled 27 holes through three different configurations of overburden layers.
Many of these drill trials were used to test overburden drilling and refine strategies for digital core analysis.
The final four holes were used to test an integrated drill-melt operation. While these holes validated the
ability of PUDLE to drill and melt continuously, a software bug prevented extraction of any water from
these melt holes.

Extraction integration testing was performed after software fixes had been implemented. A small ice
block was covered with a layer of loose clay to simulate a potential overburden-ice interface. PUDLE then
performed an extraction operation deploying the JET heated tip �3 in. from the end of the JET shaft.
In this test 0.5 L of water was collected over a testing time of �30 mins. After measuring, the collected
dirty water was re-pumped through the JET and into the distillation system. A full distillation run with
user control successfully converted the collected water into pure clear water in �50 mins.

PUDLE underwent full system operation for a total of 13 hours. Throughout this period, each extraction
sub-process was tested, and integrated process transitions were validated. Testing will continue up until
the competition, during which the team will work to hone processes and collect more data for digital core
creation.

2.2 Distillation Testing

The distillation system was tested in stages throughout the development process. Initial testing focused on
leak-proofing and heater performance. During integration testing, 0.5 L of sediment-laden water extracted
by the JET in a previous test was pumped into the collection tank to initiate a standard distillation cycle.
0.45 L of water was distilled in 50 minutes, giving a flow rate of 0.54 L/hr with the duty cycle of the 650 W
distillation tank heater at 100% until the end of testing. Testing was concluded once the heater duty cycle
dropped to approximately 25%, indicating that no further water was inside the tank to absorb energy.

2.3 Rodwell Testing

Testing of the ice melting using the Rodwell method was conducted periodically throughout the develop-
ment of PUDLE. Testing results guided the design of three JET tip iterations, shown in Figure 8. The
first Rodwell testing was done by holding the first iteration of the heated tip against an ice block, shown
in Figure 7. This test suggested that heat was not effectively reaching the bottom point of the tip, which
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