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Abstract— Engaging K-12 students in authentic scientific
research remains a significant challenge, particularly at the
intersection of environmental science and robotics. We in-
troduce the Jar Jar ROV, a low-cost, open-source Remotely
Operated Vehicle (ROV) platform designed for citizen science-
based water quality monitoring by middle school students. This
paper presents the design of the platform and the results of a
large-scale deployment with over 100 students across a US state
who built, programmed, and deployed the ROVs in local lakes.
The educational framework yielded high student engagement in
hands-on activities, with ROV construction earning a perfect av-
erage score from mentors. From a scientific standpoint, the pro-
gram successfully established a grassroots monitoring network,
generating nearly eleven thousand validated measurements of
temperature, pH, dissolved oxygen, and turbidity. However,
our evaluation identified a critical ‘“‘engagement gap,” with
student interest declining sharply during more complex tasks
such as electronics assembly and data uploading. This paper
contributes both a validated, scalable model for integrating
robotics into environmental education and a clear, data-driven
roadmap for future improvements. These enhancements focus
on lowering technical barriers and creating a more intuitive
link between data collection and scientific discovery, addressing
a key challenge in empowering the next generation of citizen
scientists.

I. INTRODUCTION

Sustaining the health of our freshwater ecosystems re-
quires widespread, consistent water quality monitoring, yet
traditional methods are often too costly and resource-
intensive for broad deployment [1]. Many public access
water bodies, such as rivers and lakes, contain pollutants
and pathogens that can be harmful to humans, including
bacteria like E. coli, chemical contaminants from agricultural
runoff, and heavy metals from industrial sources [2] [3]. Be-
yond health concerns, other properties such as water clarity,
temperature, dissolved oxygen levels, and pH are useful to
know beforehand when planning underwater activities such
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as diving, swimming, or recreational boating. These param-
eters also serve as critical indicators of aquatic ecosystem
health, affecting fish populations, plant growth, and overall
biodiversity. Concurrently, there are national imperatives to
foster STEM engagement among K-12 students, particularly
in the critical middle school years when interest in science
and technology can either flourish or wane. While many
educational initiatives exist, they often struggle to connect
abstract concepts to tangible, real-world impact, leaving
students disengaged. The challenge lies in simultaneously
gathering vital environmental data and inspiring the next
generation of scientists and engineers.

Fig. 1: The Jar Jar ROV in a pool (left) and lake (right) with
the attached water quality sensor pod. With the three-thruster
configuration, the ROV can move in three axes, left-right
(x/yaw), up-down (y/heave), and front-back (z/surge).

In this paper, we argue that educational robotics offers
a powerful and compelling solution to bridge this gap. A
hands-on, purpose-driven robotics project can transform the
abstract principles of engineering and environmental science
into an exciting, goal-oriented mission. For a middle school
student [4], the challenge is no longer just to learn about
pH levels or sensor calibration in a classroom; it is to
build and command a robot to explore the unseen world
in their local lake. This shift in perspective is profound:
the robot becomes the educational conduit — a tangible
vehicle that carries concepts of engineering, programming,
and design directly into the service of scientific inquiry and
environmental stewardship.

By empowering students to build and deploy their own
Remotely Operated Vehicles (ROVs), we are not merely
teaching them technical skills. We are initiating them into the
practice of citizen science [5], where their work contributes
to a larger, authentic scientific endeavor. This approach
addresses two fundamental challenges in STEM education:
it provides a compelling “why” for learning difficult sub-
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jects and demonstrates that science is not just a body of
knowledge, but an active, participatory process of discovery.
The data they collect is no longer a set of numbers in a
textbook; it is a direct measurement of the health of their
own community’s environment.

We thus present the Jar Jar ROV (Fig. 1), a low-cost, open-
source underwater robotics platform explicitly designed to
serve this dual mission. This novel ROV is at a much lower
price point than most commercially available platforms, less
complex to operate, and more configurable than consumer-
grade devices (e.g., [6] [7]). Such properties significantly
lower the barriers of entry to robotics and underwater
robotics as a whole, for citizen scientists and K-12 robotics
enthusiasts. We detail the development of the ROV and
an accompanying curriculum, and report on a large-scale
deployment with over 100 students across a US state. Our
findings demonstrate the immense potential of this model to
generate both high levels of student engagement and a scien-
tifically valuable dataset of freshwater quality. Furthermore,
we analyze the key challenges encountered, offering a data-
driven perspective on how to refine this approach to support
K-12 citizen science at scale better.

II. RELATED WORK
A. Educational Robotics

Educational Robotics has long been seen as an effective
way to engage students in computational thinking, problem-
solving, and STEM concepts [8]. Previous research indicates
that robots can motivate young people to explore computer
science and engineering, with case studies demonstrating
their use in introductory programming courses [9]. Also,
remotely accessible robotics platforms have been suggested
to broaden research and learning opportunities at larger
scales [10]. Systematic reviews support these findings, show-
ing that physical educational robots help develop skills like
sequencing, debugging, and collaboration in young learners
[11]. Building on this foundation, researchers have exam-
ined educational robots as autonomous systems that empha-
size design, performance, and interaction. Comprehensive
reviews have covered their effectiveness, motivation, and
inclusion in robotics education [12], while recent work illus-
trates how educational robots are evolving from classroom
tools to platforms for innovation and citizen science [13].
Quantitative reviews demonstrate moderate positive impacts
of educational robots on student performance, though results
differ based on instructional methods [14], emphasizing the
crucial roles of pedagogy (the manner of instruction delivery)
and robot embodiment in influencing educational outcomes
[15]. Large-scale programs such as FIRST® Robotics Com-
petition (FRC) have shown significant positive impacts on
students’ STEM career choices and skills, with longitudinal
studies demonstrating that participants are substantially more
likely to major in engineering or computer science [16] [17].
However, the high cost, competitive focus, and steep learning
curve create barriers to entry, highlighting the need for
more accessible, curriculum-focused initiatives that prioritize
scientific inquiry over competition.

B. Citizen Science Initiatives

Citizen science offers possibilities to lower the barriers
to entry for educational robotics, by allowing members
with little expertise to participate in large-scale research
through collaboration with high-expertise peers. Technology-
mediated citizen science projects have demonstrated suc-
cess in strengthening global scientific infrastructure through
distributed environmental monitoring, where volunteers use
accessible technologies like Geo-Wiki and analyze data that
would be infeasible for experts to gather alone [5] [18].
The integration of mechatronics into citizen science has
enabled new forms of participatory sensing through low-
cost mobile surface vehicles for environmental monitoring
[5] and community-based monitoring initiatives that engage
local stakeholders in data collection [19] [20]. Participatory
science methods for water quality, combining volunteer-
collected samples with remote sensing data, have proven
effective in monitoring vulnerable near-shore habitats [21].
However, these initiatives often rely on pre-built platforms
or simple data collection tools, offering limited opportunities
for participants to engage with the engineering and design
process itself.

C. Citizen Science & Underwater Robotics

Recent advancements in underwater robotics reveal a gap
in the low-cost, low barrier to entry ROV space. Commercial
ROVs like the Chasing Dory (below $1000) and Geneinno
Titan ($1000+) [6] [7] exist, but they are not open-source
or easily adaptable without domain-specific expertise. Open-
source options such as the LoCO AUV and OpenROV
require even more domain-specific expertise [22] [23] to
build and operate, as well as support from maintainers in the
case of issues. While some projects have developed low-cost
underwater platforms for education, they often lack direct
connection to citizen science applications [23]. Existing
water quality monitoring systems employ multiple methods;
e.g., a community-based data collection approach, satellite-
based data collection to measure water clarity [24], or manual
sample collection [25]. These disparate approaches can result
in sparse area coverage and many missing samples. While
some of these programs successfully engage volunteers in
data collection, they face significant limitations in terms of
the scope and precision of the measurements. They provide
platforms for submitting data, but no clear guidelines on how
to gather it. Additional inter-site challenges include a lack of
cumulative temperature data, absent pH measurements, unre-
liable turbidity assessments (subjective Secchi disk readings
rather than quantitative sensors), and unmonitored dissolved
oxygen content as seen in [25] [26] .

The Jar Jar ROV project addresses these gaps by combin-
ing educational robotics with participatory citizen science
through environmental monitoring, offering a solution that
serves both as a cheap learning tool and a functional in-
strument for scientific contribution, filling the critical gap
between high-cost/high-expertise systems and low-cost/low-
functionality educational kits. This kit provides a two-fold
benefit: (1) it allows volunteer citizen scientists to easily
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deploy their existing equipment with minor modifications,
and (2) it leverages the scale of participatory science by
operating as a yearly program where middle school youth
gather data from local lakes across the state.

III. HARDWARE & SOFTWARE DESIGN
A. ROV Design

To build the ROV, we use an off-the-shelf propulsion and
control system called the AngelFish ROV kit by SeaMATE
[27]. This kit consists of a 12V DC propulsion system (3
pump motors with propellers), a control system (3 switch
control boxes for 3-DOF locomotion), and complete wiring
supplies, including a 10m tether. To mount the propulsion
system, we design a custom ROV frame made out of 15mm
Schedule 40 PVC pipes and 15mm PVC connectors. The
frame design ensures adequate buoyancy control through
the use of cylindrical foam attachments, while maintaining
stability for sensor deployment. With a material cost under
$50 and consisting entirely of PVC, the frame is extremely
durable and easily repairable (Fig. 2).

Fig. 2: 3D perspective of the ROV. The system features three
bilge pump thrusters (black components), the cylindrical
sensor pod (grayish white), and the tether connection point
(green cross) for surface power delivery. The sensors are
mounted on the frame.

The frame geometry features a rectangular base structure
measuring approximately 45¢m x 20cm (length x width) with
vertical supports having a height of 18cm for thruster mount-
ing and sensor pod attachment points. This configuration
maintains the ROV’s center of gravity below its center of
buoyancy, ensuring stable operation even when carrying the
sensor pod payload.

B. Sensor Pod

Fig. 3: 3D rendering of the sensor pod showing the placement
of the internal electronics within the housing. Not pictures
are the sensor probes that extend out of the red penetrators
on the left side.

The sensor pod, as shown in Fig. 3, is entirely self-
sufficient and does not require the ROV component to func-
tion. Its modular design allows it to be mounted on existing
robotic platforms, surface vessels, or deployed as a stan-
dalone monitoring station. The primary goal of building the
sensor pod is to create a versatile, cost-effective monitoring
device that could easily be modified for different applications
suitable for open-source citizen science initiatives,

The mechanical design consists of a 230 mm long, 60mm
Schedule 40 PVC pipe chassis with 60mm PVC couplers
and connectors. This diameter provides sufficient internal
volume for electronics without causing the host ROV to be
positively buoyant. The electronics are mounted on a custom
MDF (Medium Density Fiberboard) board that slides into the
tube, providing structural support and organized component
layout. The apparatus achieves waterproof sealing with PVC
cement on one end for permanent closure and a Teflon
threaded PVC screw cap on the other end, maintaining
a watertight seal tested at depths up to 10 meters (when
submerged for 1 hour).

Fig. 4: Water quality monitoring sensor pod circuit diagram
showing Atlas Scientific pH, temperature, dissolved oxygen,
and turbidity sensors connected to a Boron 404X cellular
microcontroller with SD card logging, GPS positioning, and
battery power management.

For the sensor electronics (Fig. 4), we use standard com-
ponents off-the-shelf (COTS) that are readily available. The
sensor pod microcontroller is a Particle Boron device that
conforms to the ‘Featherwing’ footprint [28] (2.29cm x
5.08¢m), which is small enough to fit within the housing.

1) Computing Stack: The computing stack consists of a
Particle Boron microcontroller, an Adafruit Ultimate GPS-
wing, and an Adafruit SD-logger wing. Component selection
is driven by two major requirements:

« Physical Requirements: The main sensor pod housing
is a 60mm diameter PVC tube, with limited space avail-
ability, eliminating platforms such as Arduino Unos,
Raspberry Pis.

« Complexity Management: The Particle Boron stream-
lines setup with guided procedures via its console,
reducing technical barriers for middle school students
and educators. Its built-in LTE enables direct cloud
connectivity, unlike platforms such as the Raspberry
Pi Zero or ESP32, which require additional cellular
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hardware and complex networking. The Particle Cloud
provides a web-based interface accessible on any device,
allowing remote monitoring, firmware updates, and real-
time data visualization without additional software. It
also supports device management and secure collabora-
tion for educators.

2) Power System: The power system uses a 3600 mAh
battery capable of running the system for roughly 4 hours
(measured) of continuous operation. The system incorporates
a module for safe battery charging, along with a power
switch for user control of system activation. Power regulation
circuitry within the Boron converts the battery voltage to the
standardized 3.3V operating voltage. With the Boron thus
serving as a central power distribution point, we eliminate
the need for additional power conversion circuits and reduce
overall system complexity.

3) Sensor Suite: The sensor suite comprises four in-
tegrated water quality sensors that measure the identified
parameters: pH, temperature, turbidity, and oxygen level. The
sensors interface with the Boron microcontroller through 12-
bit analog-to-digital converters, providing sufficient resolu-
tion. pH calibration utilizes certified buffer solutions (pH
4.00, 7.00, 10.00), and dissolved oxygen calibration involves
air and control oxygen solutions. Temperature sensors un-
dergo two-point calibration using an ice-water mixture (0°C)
and boiling water (100°C at local atmospheric pressure).
Lastly, turbidity calibration uses formazin standards prepared
according to EPA Method 180.1 [29]. A modular architecture
enables individual sensor replacement/calibration without
any system-wide impacts.

IV. EXPERIMENTAL DESIGN
A. Overview

The experimental validation of our platform is conducted
through a partnership with a local non-profit organization
that coordinates educational activities for K-12 youth. The
validation framework evaluates the educational effectiveness
and technical performance of the system in a qualitative
manner. The initial phase encompasses theoretical instruction
where trained coaches deliver curriculum materials covering
water quality fundamentals and ROV technology concepts.
The subsequent deployment phase involves coordinated field
testing at multiple lake sites across a US State, with teams
systematically collecting water quality data using the con-
structed ROV systems. Lake selection prioritizes accessibility
and educational value for this pilot implementation.

1) Parameter Selection: In this experiment, we select the
water quality parameters as mentioned in III-B.3 — temper-
ature, pH, oxygen content, and turbidity. These parameters
are strategically selected for their conceptual accessibility
to the target demographic while maintaining relevance to
conservation efforts [30]. The technical goal is for the teams
to learn necessary skills to conduct a ‘lake trial’” with the
ROV kit. The scientific goal is for the teams to gather this
data and compare their results with control values that were
gathered earlier in the year by a team of experts.

2) Educators & Participants: The water quality monitor-
ing system targets middle school youth through a team-based
approach. Each team comprises 4 — 7 students supervised
by two adult coaches, ensuring manageable group dynamics.
The validation study encompasses 14 out of 26 registered
teams involving over 100 participants, being selected through
an open application process administered jointly by our
partners and parent institution. The selection methodology
accepts all teams registering before the application deadline,
maximizing program accessibility. However, due to schedul-
ing conflicts, 12 of the 26 teams opted to complete the project
in the following summer.

3) Educational Materials: The instructional content is or-
ganized into two complementary modules addressing distinct
learning objectives: (1) The Water and Lake module provides
foundational knowledge of the 4 key water quality parame-
ters; (2)The Robotics module delivers systematic technical
instruction covering the complete construction workflow
through detailed step-by-step procedures. The instructional
sequence progresses logically from frame fabrication and
assembly through sensor pod construction, electronics inte-
gration, and software configuration. Supplementary materials
include calibration protocols and field deployment guide-
lines, ensuring consistent data collection methodology across
all teams. Educational resources are maintained with open-
source access through the project website. We also provide a
YouTube™ channel that contains videos to complement the
written materials.

The curriculum delivery or ‘lesson plans’ spans over a
structured three-month timeline. The first month focuses
on water quality foundations. Subsequently, robotics build-
ing activities provide hands-on application of engineering
principles. The final phase integrates theoretical knowledge
with practical field experience through guided data collection
activities. Upon successful field deployment, teams upload
their measurements to a centralized database on the project
website, constituting the citizen science component of the
study. Within this experimental framework, distributed teams
across the target US State are generating spatially compre-
hensive water quality datasets tracking lakes throughout the
state. The overarching goal is to evaluate the feasibility of
establishing grassroots infrastructure for systematic water
quality gathering, specifically assessing data quality and
educational accessibility.

V. TRAINING & FIELD TESTING

The field testing program employs a two-part training
approach (as shown in Fig. 5) designed to ensure tech-
nical competency while maintaining accessibility for the
target demographic. The first part consists of an in-person
training workshop for educators before the program begins.
Educators construct the ROV kit and undergo training for
assembling the electrical components. The session includes
comprehensive software training, covering the Particle Boron
microcontroller architecture, Atlas Scientific sensor suite
operation, and critical deployment protocols, including bal-
lasting techniques for achieving neutral buoyancy and tether
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management procedures. The second part is an online pro-
gramming workshop to provide further technical instruction
in microcontroller programming, including Particle device
configuration, cloud connectivity establishment, and sensor
calibration procedures.

Fig. 5: On the left is an image of the in-person training
where teams are taught skills required to build, operate, and
maintain the kit. On the right is an image of the recorded
online training where teams are taught other relevant skills.

Fig. 6: A visual representation of the data collection pipeline
in the sensor pod. The raw data is collected in two second
intervals on the SD card. The website receives the cumulative
set of values every ten seconds when able.

Teams are assigned to specific lake sites and follow a stan-
dardized deployment protocol beginning with systematic pre-
deployment equipment testing. Field deployment operations
require teams to conduct 30-minute data collection sessions,
including site safety assessment, system initialization with
GPS positioning confirmation, and systematic underwater
surveys covering multiple depth levels. Teams collect con-
tinuous measurements of pH, temperature, dissolved oxygen
and turbidity throughout 30 minutes, following the pipeline
of Fig. 6. Following completion, teams upload collected
datasets to a centralized repository, which undergoes au-
tomated and manual cleaning and is incorporated into the
project website weekly. The teams present their findings at
the local state fair where they are judged on their work,
concluding the experiment.

Post-assessment surveys indicated substantial knowledge
gains in both environmental science and robotics concepts,
with participants showing an increased interest in STEM. The
structured program successfully validated both the technical
feasibility of student-operated environmental monitoring sys-
tems and the educational effectiveness of authentic scientific
participation through citizen science methodologies.

VI. RESULTS

The results and observations from the pilot program’s de-
ployment of the Jar Jar ROV are described below, along with

5.0 [ Student Engagement Technical Ease
48

25 25

ROV Construction Water Quality Data Collection Sensor Pod Assembly Data Uploading & Sharing

Fig. 7: Survey responses indicate most interest and ac-
cessibility in the ROV construction phase, with the field
experiment section involving water quality data collection
at a close second. The sensor pod assembly and data upload
phases were less engaging. Technical ease seemed to follow
the student engagement. Higher values indicate favorability.

a data-driven analysis of the student-collected measurements
and qualitative findings from mentor feedback. We identify
key areas of improvement, such as the low data retention rate
and the “engagement gap” in technical tasks.

A. Educational Outcomes

The project utilizes a post-program survey, shown below
in its entirety, sent to team mentors to assess the program’s
viability qualitatively. The survey also contains technical
questions aimed at the logistics of the program to help adapt
it for future iterations. The responses to these questions do
not directly provide insight into the results of the program;
instead, they are addressed in Sec. VII.

Summary of Survey Questions

Mentor & Team Background

« What is your role (e.g., coach, teacher)?

« Did you have prior experience with robotics or environ-
mental science?

« How many students were on your team?

Training & Preparation

o How clear and helpful were the training materials pro-
vided (manuals, guides, online resources)?

« Did you feel adequately prepared to mentor the project
after the training?

« What suggestions do you have for improving the train-
ing materials?

ROV Kit & Building Process

« How easy was it for your team to build the ROV frame
(PVC structure)?

o How easy was it to assemble and calibrate the sensor

pod?

How easy was it to integrate the electronics and wiring?

« How easy was the field deployment?

What challenges did you encounter with the kit?
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Curriculum & Water Quality Booklet

e Did the curriculum modules align well with student
comprehension levels?

« How often did your team use the Water Quality Activity
Booklet?

« Which booklet activities were most engaging for stu-
dents?

« How did the booklet’s engagement level compare to the
robotics build?

« Did the booklet help you explain water quality concepts
(e.g., pH, turbidity)?

e Did the booklet increase students’ understanding of
local environmental issues?

Student Outcomes

o How engaged were students during different phases
(ROV construction, sensor pod assembly, data collec-
tion, data uploading)?

o In your opinion, how much did students learn about
water quality science, robotics, teamwork, and citizen
science?

« Did you notice any change in your students’ interest in
STEM or environmental science?

Overall Feedback & Future Participation

« What were the most rewarding and most challenging
aspects of mentoring?

« How satisfied were you with your overall experience?

« Would you be interested in mentoring a similar project
in the future?

Eight of fourteen educator teams responded to the survey
(before the deadline), with six teams indicating definitive
interest in future participation and two teams expressing con-
ditional interest. Students showed varying engagement across
the program components (Fig. 7): they achieved perfect
engagement during ROV construction (mean=>5.0) and high
engagement during water quality data collection (mean=4.8),
but showed markedly lower engagement with sensor pod
assembly (mean=2.5) and data upload (mean=1.8). The small
sample size (n = 8) prevents the chi-squared test from
providing any meaningful insights. The Pearson correlation
test [31], on the other hand, revealed a highly significant
positive relationship between technical ease and student
engagement (r = 0.90, t = 5.09, p < 0.01, n = 8, where r
is the Pearson coefficient, ¢ represents the value of the T-test
[32], p is the “p value” [33], and n is the sample size),
with 81% variance in engagement explained by technical
difficulty. This strong correlation indicates that for every one-
point improvement in technical ease, student engagement
increases by approximately 1.4 points on the five-point
scale. Educators also reported students achieved the strongest
knowledge gains in water quality science (mean=4.4), fol-
lowed by citizen science applications (mean=4.1), teamwork
(mean=4.0), and robotics and engineering (mean=3.8). All
responding teams encountered implementation challenges,

with seven teams reporting electronics-related difficulties, in-
cluding sensor calibration issues, fragile wiring connections,
and complex assembly procedures that exceeded student
capabilities. These technical barriers constitute a significant
pedagogical constraint that may impede program scalability.
Despite implementation challenges, educators maintained
moderate to high satisfaction levels, with 50% reporting
they felt “very satisfied” and 50% “somewhat satisfied”.
While the program demonstrates educational promise, further
refinement of the sensor pod design is needed to make it more
accessible and reliable before being released.

B. Citizen Science Impact

From over 30,000 raw sensor measurements, 10,600
usable samples (32.8%) are retained after quality control,
as seen in Fig. 8; the retention rate jumps to 100% when
samples are averaged into a singular daily value, e.g., all
temperature values are averaged to a single reading for
the day. Water quality data revealed characteristic sum-
mer conditions: 22°C average temperature, 48% — 99%
dissolved oxygen saturation, and bimodal pH distribution
(with peaks at 6.9 and 7.6) consistent with regional lake
data. While satellite remote sensing systems from the parent
institution provide valuable broad-scale monitoring through
daily and monthly averaged measurements across entire lake
surfaces, the Jar Jar ROV system offers complementary high-
resolution, ground-truth measurements that capture more
granular temporal and spatial variability missed by averaged
satellite data.

Fig. 8: A screenshot of the interactive map website where
the public can access collected water quality data. The red
dots are the sample points taken at different lake sites.

ROV Platform Cost Academic Level
Chasing Dory $600 Consumer
Geneinno Titan $2k+ Consumer
OpenROV $899-1.5k Undergrad+
LoCO AUV $2.5k+ Undergrad+
Skywalker ROV $300 Middle School

TABLE I: Cost comparison of ROV some example open-
source and commercial platforms.
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C. Cost-Effectiveness and Scalability

Table I provides prices of a sample of commercially-
available and open-source systems in comparison with that
of the Jar Jar ROV, highlighting its significantly-cheaper cost.
The sensor kit, built using the most-affordable off-the-shelf
components from reputable manufacturers, costs $290. The
total cost of the program, including costs for tools, falls
at roughly $1000 per team. Popular nation-wide existing
programs in the US, such as [16], cost over $6000 per
team, implying the cost of our program is one-sixth of the
cost of existing platforms, making it more accessible and
scalable. High mentor retention and standardized curriculum
materials demonstrate significant scalability potential across
K-12 educational environments. Additionally, the ROV kit is
reusable, so teams can repeat the program on a yearly basis.
Finally, the modular and affordable nature of the kit makes
it an ideal tool for existing citizen scientists and volunteers
to obtain scientific data.

VII. PILOT PROGRAM INSIGHTS

The initial year of the project serves as a pilot run, uncov-
ering potential issues. The feedback gathered is therefore a
critical component of our iterative design process. The fol-
lowing months, leading up to the program’s repetition in May
2026, will be dedicated to a comprehensive enhancement
phase. This period will be used to systematically address
the identified issues to prepare the program for a permanent
and scalable release. We use the survey and logs from the
program to inform the improvements that need to be made.

A. Hardware Reliability Analysis

Hardware reliability testing across 14 deployed units re-
vealed specific component vulnerabilities that require tar-
geted improvements. Table II summarizes the failure rates
observed during the pilot deployment.

Component Failures Total Rate
Boron Microcontroller 0 14 0%
Temperature Sensor 0 14 0%
Dissolved Oxygen Sensor 0 14 0%
Charging Board 0 14 0%
pH Sensor 1 14 7.1%
Turbidity Sensor (Original) 8 14 57.1%
Turbidity Sensor (Refined) 0 8 0%

TABLE II: Hardware Component Reliability Analysis across
14 deployed units during pilot testing. The turbidity sensor
redesign with a refined seal eliminated all failures.

There were two instances of ‘catastrophic failures’ where
the sensor pod itself had a leak, resulting in total loss of
electronics. The cause of this was attributed to user error, as
both teams missed the crucial step of sealing the Pod before
submersion. The two teams were provided replacements,
and with the correct seal, they did not suffer any further
issues. The two catastrophic failures have thus been omitted
from Table II. The turbidity sensor emerged as the primary
reliability concern, with a 57.1% failure rate in the original
design. However, a mid-deployment redesign incorporating

an improved seal completely eliminated failures in subse-
quent units. Future hardware iterations will also implement
simplified electrical connections that minimize or eliminate
soldering requirements, making the project more accessible
to educators with varying technical backgrounds, as informed
by the survey. The sensor pod will be redesigned to address
the “very tight fit” of the breadboard, and enhanced calibra-
tion guides will include comprehensive troubleshooting steps
covering multiple common failure scenarios.

B. Data Collection Performance

The pilot program demonstrated exceptional data collec-
tion capabilities, gathering over 30,000 samples across all
teams. Of these, 10,600 samples were retained for analy-
sis after manual data cleaning processes. Each of the 14
teams collected approximately 2400 — 3000 samples per day,
compared to baseline community monitoring methods that
typically collect one sample per day per site (e.g., [24],
[26]). The low 32.8% sample retention rate is a result of
teams not cleaning up their raw data files; when the sensor
pod is powered, the device begins logging data until it
is powered down. This results in intervals where data is
being collected outside of the target environment, which need
to be removed for data sanity. Additionally, other outliers
that can be trivially spotted (e.g., , unreasonably low or
high water temperatures) need to be erased. This manual
cleanup procedure is basic enough for both educators and
students to follow, resulting in higher sample retention and
eliminating the need for cleanup on the administrative side.
These instructions will be added to the educational materials,
along with improved calibration and data validation guides
to ensure data quality and consistency.

C. Curriculum and Training Improvements

Feedback indicates that training materials are at times
disconnected and overwhelming, while some sections of the
lake curriculum feel too academic for a summer program.
To address these concerns, we will unify training materials
with difficulty ratings and time estimates for each task,
allowing our partners to structure the lesson plans better. The
curriculum will be further simplified to be more engaging
for middle school audiences, incorporating hands-on ex-
periments and bite-sized instructional videos while creating
clearer connections between ROV data collection and real-
world scientific impact. These improvements are designed to
improve engagement, reduce the barrier to entry, and improve
accessibility for those outside the program as well.

VIII. CONCLUSION

This paper presents the design, development, and vali-
dation of the Jar Jar Remotely Operated Vehicle (ROV), a
cost-effective platform designed to bridge the gap between
educational robotics and authentic citizen science for water
quality monitoring. Through a pilot deployment with middle
school students, we have demonstrated the system’s technical
feasibility and educational effectiveness. It is an effective
educational tool that yields substantial knowledge gains and

4657



high student engagement, particularly in hands-on activities
like ROV construction and data collection. Furthermore,
the project successfully managed a grassroots environmental
monitoring network, with student teams collecting 10, 600
validated water quality measurements. The success of this
pilot, evidenced by its low cost of $300 per unit and positive
feedback on future participation, validates the potential for
establishing scalable, grassroots infrastructure for systematic
environmental monitoring. The feedback gathered has pro-
vided a clear roadmap for future work, which will focus on
creating a unified master guide, redesigning the hardware
for greater robustness, and further refining the curriculum
to enhance the user experience. Ultimately, the Jar Jar
ROV project serves as a model for leveraging accessible
technology to empower young minds as active contributors
to scientific research, fostering the next generation of envi-
ronmentally conscious citizens.
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