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bank of three 1000 pF electrolytic capacitors
mounted on the 12 V output side to absorb voltage
transients caused by the ESCs' switching loads and
protect the converters from reflected ripple (not
currently shown), and two UBECs that step 12 V down
to 6 V for the primary manipulator's servos (8 A for the
Blue Trail gripper, 6 A for the MS825 wrist). The
vehicle is powered by a 48 V, 30 A surface-side DC
supply that feeds the main distribution board through
a 30 Afuse, sized to the calculated full-load
amperage of 26.25 A, with no voltage conversion
occurring topside, per ELEC-003E and ELEC-005E.
Buck converter loads are split by function: BC1
supplies the four horizontal thrusters (forward/back
and side-to-side movement plus yaw) and both
UBECs. BC2 supplies the four vertical thrusters
(up/down movement plus pitch and roll) and the
ninth ESC driving the brushless motor on the rotating
end effector used for Task 2.5 biofouling

removal. This allocation balances the load between
converters and keeps each manipulator's power path
co-located with its mechanically related thruster

Figure 13, Electrical Layer 3 by Emily Brereton
The third layer carries the ESCs, the manipulator

circuitry, and the two ESC-side PDB’s that receive 12 V
from the secondary-layer buck converters and fan it
out to the appropriate ESC groups. The nine ESCs are
arranged horizontally, with eight thruster ESCs in two
rows of four, and the ninth ESC for the rotating end
effector at the rear (mount fabricated, not currently
shown), all of which are laid flat with heat sinks facing
upward to maximize convective cooling. Each ESC
sits in an elevated, custom 3D-printed holder with
deliberate spacing to route the seven wires per ESC
(three motor phases, power and ground, signal and
ground) cleanly along the layer surface. Each ESC
PDB is positioned adjacent to its ESC group to
minimize the 12 V run length and voltage drop under

load. The side-by-side, heat-sink-up arrangement
creates a modular layout that simplifies maintenance
and keeps each ESC physically close to its
corresponding thruster connection. A threaded
mounting grid secures components and wiring across
all three layers, and custom 3D-printed wire holders
route cables along the layer surfaces to minimize
movement and mechanical strain on solder pads. A
section of the housing's "ducktail" was removed to
accommodate the multicore tether's bend radius

without forcing a tight bend at the housing entry.
The Raspberry Pi 5 communicates with the PCA9685,

MPU-6050, and BARO2 over a shared I?C bus on GPIO 2
(SDA) and GPIO 3 (SCL), routed through the SDA/SCL
sharing board. The PCA9685's logic VCC ties to the Pi's
3.3 Vrail to keep SDA/SCL at a uniform 3.3 Vand
protect the Pi's non-5 V-tolerant GPIO, while its V+
output rail remains at 5 V for reliable ESC triggering.
The PCA9685's eleven active PWM channels drive nine

ESCs and two servos: ESC signal lines route from the
third layer up to the top layer through two custom

inter-layer harnesses repurposed from Cat 6 Ethernet
cable, with each harness carrying signal and ground
for four ESCs and using the twisted-pair geometry to
suppress crosstalk between adjacent PWM channels;
the two servo lines run as 22 AWG stranded hookup
wire directly from the PCA9685 to the manipulator
backplate, with their signal grounds bonded to power
ground at the second layer through a Wago lever-nut
connector. Power and signal wiring follow separate
routing paths through the layer stack where practical,
with twisted-pair geometry providing primary EMI
mitigation where physical separation is incomplete.

Backplate

For the 2026 competition season, Crush Depth
redesigned the watertight housing's aluminum
backplate to serve as a high-efficiency interface for
power and signal distribution. The updated bulkhead
accommodates an increased number of subsea
penetrators, establishing short, direct wiring paths
from the surface tether to designated power and
Ethernet terminals inside the electronics chassis. This
geometric optimization prevents crosstalk and
reduces wire management complexity between the.
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Figure 15, Control Systems Flow
Chart by Aiden Lu

Control System connected before
The control system spans three coordinated initialization to prevent _
subsystems: a Python surface application, a partially configured Raspberry Pi 5

] ) . - Runs the main.cpp code on
multithreaded C++ program on the Raspberry Pi, and Input states. Fegeleny FUE

a PCA9685 PWM driver, which are linked by UDP over Processed inputs are . connects to network controller over

Ethernet and I°C onboard (Figure 9). packed into a 13- Ethernet (UDP)

Architecture and Rationale value UDP datagram - Controls thrusteroutputs via

Crush Depth'’s control system requirements were and transmitted at 20 P©A99554 /O expander - Reads inputs
. . . . .. . provided over 12C to the PCA9554

determined by analyzing this year's mission tasks Hz to the Pi. UDP was

against last year's code base and incorporating selected over TCP because real-time control prioritizes

feedback from the pilot. The task analysis established the freshness of the latest packet over guaranteed

the baseline hardware interface, which includes eight delivery: a dropped TCP packet triggers

thrusters for navigation, a two-degree-of-rotation  retransmission of stale input, whereas a dropped UDP
manipulator, and a rotating end effector for packet is superseded by the next one 50 ms later. The
biofouling removal, while pilot input drove operator- downside of this was the acceptance of transient
facing features such as slow mode (a 35% thruster ~ input loss, but it is mitigated by stale-packet detection
output cap requested for fine control during precision on the receiving end.

tasks) and the Auto-Leveling System. Requirements The Piruns a multithreaded C++ program. A listener
were verified through iterative pool testing of the thread receives and timestamps incoming packets
actual mission tasks, with adjustments made asthe ~ While a control thread runs the primary loop at 20 Hz.
pilot identified gaps or requested refinements during Each cycle verifies that a valid packet arrived within
practice runs. the previous 250 ms. If communication is lost, all

The surface application runs on an operator's thrusters stop and servos return to neutral, preventing
Windows laptop and reads two Xbox controllers via the ROV from acting on outdated commands.
PyGame. Python was chosen because the workload is The most significant redesign this season was the
I/O-bound rather than compute-bound, and faster thruster mixing system. Last year's Auto-Leveling
iteration during pre-competition testing outweighed System (ALS) used the Eigen linear algebra library to
any execution-speed advantage of C++. A startup compute yaw, pitch, and roll corrections through
verification routine confirms that both controllers are matrix operations. The Eigen dependency was added
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compile-time complexity that wasn't justified by the
math involved, so thruster mixing was rewritten as
direct arithmetic, and each of the eight thrusters has
its output calculated by adding and subtracting
movement axes based on its physical placement. The
ALS was retained as a discrete subsystem and now
runs on a PID controller that applies yaw, pitch, and
roll corrections to the mixer output when leveling is
enabled. The result is faster compilation, more
readable code, and the elimination of a dependency
that previously caused build failures. The third
subsystem, the PCA9685, generates all eleven PWM
signals over I°C, freeing the Pi's main loop from timing-
sensitive output work.

Integration With Other Subsystems

The control software is parameterized by decisions
made across Crush Depth. The thruster mixer's
coefficients come directly from the propulsion team's
SolidWorks flow simulations, where changing thruster
placement requires only a coefficient update, not a
code rewrite. The MPU-6050 gyroscope, shared over
the I°C bus, feeds the ALS PID loop. The manipulator
team's swappable BLDC end effector was
accommodated by adding one ESC channel under
the existing Thruster safety wrappers, requiring no
changes to networking or mixing code.
Operator-Performace Features

Several features target pilot performance directly.
Analog deadzones eliminate involuntary stick drift,
exponential smoothing damps abrupt inputs for fine
manipulator work, and three-tier dynamic speed
scaling lets the pilot trade top speed for precision on
demand, with full speed for transit, reduced for
approach, and fine control for docking.

The most impactful operator-performance feature is
P.O.P.P.A. (Pilot Optimization Program for
Performance Advancement), a C++ tool that replaces
intuition-based mission planning with a data-driven
ordering. P.O.P.P.A. uses the pilot's task completion
times and computes a points-per-second value for
every mission task, then models the mission as a
weighted directed graph: vertices carry the points per
second values derived from the pilot’s data, and
edges hold the average travel time between task
locations measured from points-awarded to next-prop

-contact. P.O.P.P.A. searches the graph for the task
orderings that maximize points within the 15-minute
mission budget for each major task, and its respective
subtasks, then returns the top five. This gives pilots a
primary run plan and four pre-considered
alternatives if a task fails. The tool also doubles as a
training diagnostic, the tasks with consistently low
points-per-second values flag where practice time and
ROV modifications should be focused.
Development and Testing

Code is version-controlled through GitHub, with the
laptop pushing commits and the Pi pulling over SSH.
This ensures the deployment environment always
matches what was committed, eliminating the manual-
copy mismatches that caused 2025 deployment
failures. Each module was tested independently
before integration. A packet-loss simulator validated
the stale-packet detector triggered within its 250-ms
window. The Thruster safety wrappers were verified
by commanding deliberately out-of-range PWM
values and confirming cutoffs engaged before the
signal reached the ESC. The thruster mixer was
validated in two stages: hand-calculated expected
values were compared against the arithmetic output
on the laptop, and then the same inputs were
replayed on the assembled ROV on a dry test stand
while a logic analyzer captured and confirmed correct
PWM on every ESC channel. Pool integration logs
input latency, packet age, and ALS correction
magnitudes to CSV, which our pilots, Daniel Larralde
and Kevin Yazon, used alongside P.O.P.P.A. data to
tune deadzone thresholds, smoothing constants, and
PID gains.

Advantages and Limitations

The Python-surface / C++-embedded split lets each
side use the language best suited to its workload, with
UDP forming a clean boundary either side can be
rewritten behind. Direct-arithmetic mixing eliminated a
class of build issues without sacrificing functionality,
and the modular configuration section allows any
subset of hardware to be bench-tested in isolation,
dramatically shortening debug cycles.

However, this architecture has known limits. The 250-
ms stale-packet window is conservative the pilots will
notice a perceptible pause before recovery on a












DESIGN RATIONALE

cutouts into the interior gripper surfaces to increase
contact area and improve grip stability on
cylindrical PVC-based obijects, which are frequently
used throughout competition tasks. Another
refinement introduced a secondary cutout feature
that allowed rope manipulation without requiring the
gripper jaws to fully close. This hook-like geometry
significantly increased the versatility of the primary
claw and provided an efficient method for
completing rope-related operations, including Task
2.5, which involved connecting the sensor to the
Holyrood subsea observatory. This manipulator can
also accomplish tasks such as Task 1.1 to grab the
basket star and corral retrieval, Task 2.3 lobster pot
manipulation, Task 2.4 buoy U-bolt line collection, and
Task 3.2 power connector and cover removal, to
achieve continuous 360-degree rotational capability
However, as the team evaluated motor selection,
mechanical integration, and the additional complexity
required to implement a fully rotating manipulator, it
became evident that this approach would introduce
unnecessary design constraints and reduce overall
system simplicity. As a result, the team decided to
transition away from integrating rotational capability
into the primary claw and instead pursued the
development of a dedicated, task-specific tool that
could be rapidly swapped onto the ROV when
required. This decision simplified the design of the
primary manipulator while also providing greater
flexibility for solving the unique requirements of Task
2.5. After extensive collaborative brainstorming and
concept evaluation, the team selected a specialized
rotating end effector design. The final concept
consisted of a custom “Lego Hand” attachment
mounted to a 15:1 bespoke cycloidal drive and
brushless DC (BLDC) motor, enabling controlled
rotational motion specifically intended to complete
the sensor connection task. The wide legs make the
pilot's job easier by providing a larger area to connect
to the sensor port. It will also accomplish the three
continuous revolutions with ease, as the BLDC is the
chosen actuator for this specialized manipulator
(Figure 22).
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Purple Nurple

Designed to complete a majority of tasks.
With these two degrees of freedom, a four-
bar linkage system. It has a spur gear
pattern on the inside of the motor gear for
easier modularity with a gearbox.

Silly Goose
A linear actuator originally intended to be the
main end effector. The problem Crush Depth

1 experienced with this design was the cost of
producing or pre-manufacturing the coupling
- and linear actuator system. These traits were

deal-breakers for us based on our trade study
examining prototypes.

Warm Hug
Rack-and-pinion prototype to experiment with
< the famous mechanical system and assess
compatibility with the competition. | wanted to
\/y try out this prototype with the props that

involved rope.

Big Burtha

Five to one stackable gearbox. Originally
designed with the intention to mechanically
slow down the BLDC's Crush Depth, would
combine with any manipulator design that
proved it necessary.

Golden Gear Lollypops
This is the base of a different four bar linkage
system that has more mounting space on the

B midplate towards the back. This did not get

el 5'5"‘;/ developed any further due to this category
% being oversaturated and needing hands-on
experience with other mechanical systems.

Millennium Falcon
This was the first iteration of the Ozempified
< grippa below. After Crush Depth assembled
the first print, Crush Depth realized there was
D . a lot of excess mass. Which Crush Depth

ditched, and now it is our current universal
manipulator.

Ozempified Grippa

This is our finalversion of our team's
Universal Manipulator. It is a parallel gripper
with two degrees of freedom and four spur
gears in series. Designed to complete a
majority of the tasks this year.

Mordicai

This is a three-fingered worm gear prototype
that has three helical gears to match the
threading of the 3D printed worm gear. This
design faded out due to poor competition
integration.

Lego hand
This is a specially designed manipulator
attachment, cycloidal gear box combo,

to smash task 2.5. It is powered by a low-kV

% BLDC, which gets slowed down by a
15:1-ratioed gearbox, which goes into the
custom end effector.

Table 4, Manipulator Prototypes by
Kendall Reagan
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Critical Analysis

Testing and Troubleshooting

Our team employed a comprehensive testing and
troubleshooting methodology in which each
subsystem was independently evaluated before full
vehicle integration. Mechanical components were
first prototyped using 3D printing, often by
producing scaled or partial sections of larger parts to
evaluate tolerancing, structural strength, and print
orientation before manufacturing final components.
FEA and flow simulations in SolidWorks were used
extensively to validate chassis performance, optimize
structural integrity, and enable iterative design
modifications without requiring a complete vehicle
redesign. Because the vehicle was designed in a
highly modular way, individual systems could be
modified, tested, and replaced independently,
improving efficiency during development.
Manipulator systems were digitally modeled and
physically prototyped to evaluate functionality,
compatibility with surrounding systems, and overall
effectiveness before final integration.

Waterproofing was validated through a staged
submersion protocol: housings, cameras, and
sealed electronic compartments were tested
empty at ~1.8 m (6 ft) depth for 10-, 20-, and 30-
minute intervals, with each duration required to pass
before electronics were installed and connected.
This progression prevented costly damage to
electronics by confirming seal integrity under
progressively longer exposure before any sensitive
components were committed to the housing.
Electrical systems were initially planned using block
diagrams and current-draw calculations, so Crush
Depth could verify system requirements and power
distribution before purchasing and assembling
components. During assembly, early-stage layouts
were organized on external tables for accessibility
and troubleshooting, while later testing was
conducted within the final housing unit to validate
integrated performance.
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Software development followed a similar iterative
process, in which code modules were prototyped
and tested individually before integration into larger
systems. Compiler flags, optimization settings,
warning messages, and collaborative debugging
discussions were used to efficiently identify and
resolve software issues. Across all disciplines,
systems were tested independently to isolate
variables and identify faults quickly before
integration. Electrical troubleshooting techniques
included verifying continuity and system
performance with multimeters, monitoring
component temperatures using thermal guns to
detect overheating, and conducting visual
inspections for burns, bulging, or physical
deformities. These techniques were applied not just
preventively but also diagnostically when failures
occurred. For example, during water testing, the rear
backplate repeatedly detached when the ROV was
lifted from the pool. Through iterative submersion
tests, including a team member entering the water
alongside the housing to observe directly, Crush
Depth traced the failure to a pinhole leak in one
penetrator. Water slowly seeped in while trapped air
had no escape path, pressurizing the housing; rapid
removal from the pool created a pressure differential
large enough to eject the backplate. Sealing the
penetrator resolved the issue and reinforced the
value of our staged waterproof testing methodology
going forward. These testing and troubleshooting
practices enabled Crush Depth to systematically
evaluate design options, identify failures early, and
improve overall vehicle reliability and performance
throughout development.
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