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Aquatic quality watch informed by communities
(AQWIC) facilitating the adoption of low-cost
sensor systems for underserved communities:

a review and tutorialy

Josiah Hacker,® Fatima Igbal,® Matias Osuna,® Osely Perea,® Keiner Sanchez,©
Christopher Page, Jamie Torres,® Md. Nizam Uddin,? Hannah Walden,’

Mikko Westerbeke,” Astana Woody,? Nazly Enith Rubio Murillo,® Francisco Cubas, &2
Farith A. Diaz-Arriaga®® and Lewis S. Rowles (& *

This tutorial review addresses the growing need for accessible water quality monitoring in rivers, lakes, and other
surface waters. While commercial monitoring systems effectively serve water utilities and regulatory agencies,
many communities lack the resources for regular water quality assessment. We present approaches for
developing low-cost monitoring systems specifically designed for community-based environmental
monitoring programs, citizen science initiatives, and educational applications. Through systematic analysis of
84 peer-reviewed papers on low-cost water quality monitoring, we identify key implementation approaches,
common challenges, and successful design strategies. This analysis informs our tutorial recommendations and
provides evidence-based guidance for system development. Specifically, we introduce a web-based portal
AQWIC — Aguatic Quality Watch Informed by Communities. This open-source portal includes (1) tutorials on
how to construct, program, and deploy water quality sensor systems using commercially available, low-cost
components; and (2) an interactive water quality database where users can input their collected water quality
data with geolocation. We highlight the functionality of AQWIC and review a set of commercially available
low-cost water sensors through several deployments both in the United States and Colombia. The sensor
module used is capable of measuring conductivity, temperature, pH, and turbidity, providing a cost-effective
alternative to traditional testing methods. Our findings demonstrate that the conductivity, temperature, and
pH sensors offer reliable and consistent results, aligning with conventional testing methods over several week
periods. However, we also observed limitations in the accuracy of the turbidity sensor, emphasizing the need
for improved precision at lower turbidity levels. By offering a cost-effective and user-friendly approach to
real-time water quality monitoring, this work aims to empower communities to monitor and characterize
their water quality and makes significant strides toward ensuring equitable access to safe water for all.

Access to clean water is a global challenge, with millions relying on untreated surface water. Traditional water quality monitoring methods are often expensive
and time-consuming, limiting their application in resource-constrained settings. This research addresses this issue by developing and validating low-cost, open-
source water quality sensor systems. By providing affordable and accessible means of continuous water quality monitoring, these systems empower commu-
nities to actively manage their water resources. Our findings demonstrate that low-cost sensors can reliably measure key parameters such as temperature, pH,

and total dissolved solids, although challenges remain with turbidity measurements. This work contributes to democratizing water quality monitoring,
potentially improving public health outcomes and environmental management in underserved areas worldwide.
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1 Introduction

Access to clean and safe water is a fundamental human right
and a critical component of the United Nations Sustainable
Development Goals (SDGs). However, despite the global
commitment to ensuring universal access to safe and affordable
drinking water by 2030 (SDG 6.1), progress has been slow, and
many communities around the world continue to face signifi-
cant challenges in accessing clean water." This hurdle is largely
due to a lack of adequate infrastructure, polluted water sources,
limited financial resources, and insufficient monitoring and
management of water quality.” To accelerate progress towards
achieving the SDGs, an urgent need exists for novel, cost-
effective, and user-friendly solutions that can empower
communities to take control of their own water quality moni-
toring and management. These solutions must be accessible to
those who need them most, particularly in low-income and
resource-constrained settings, where the burden of poor water
quality and water-related diseases is highest. In these commu-
nities, local residents rely on water sources for various essential
purposes, including fishing, agriculture, and drinking water
supply. Therefore, the introduction of new and accessible water
quality monitoring devices is crucial to ensure the safety and
sustainability of this vital resource.

Continuous water quality monitoring is a costly and time-
consuming process, requiring specialized equipment and
trained personnel.® These barriers have made it difficult for
many underestimated communities, particularly those in low-
income and resource-constrained settings, to regularly
monitor their water quality and take action to address any
issues.* However, recent advancements in sensor technology
have opened up new possibilities for low-cost, real-time, and
continuous water quality monitoring.>” These sensors, when
combined with Internet of Things (IoT) technologies, have the
potential to revolutionize the way we monitor and manage water
quality, making it more accessible and affordable for commu-
nities around the world.*” IoT-enabled water quality moni-
toring systems can provide real-time data on key water quality
parameters (e.g., temperature, pH, turbidity, and conductivity)
allowing for rapid detection of contamination events, identifi-
cation of unidentified pollution sources, and timely interven-
tions to protect public health.?

Despite the growing interest in water quality sensors and IoT
technologies, the current literature on this topic is fragmented
across various disciplines, with much of the research being
conducted by those without water science backgrounds.®® A
need exists for greater involvement of water scientists and
environmental engineers in the development and testing of
these technologies to ensure that they are effective, reliable, and
practical for use in real-world settings. Thus, these technologies
can be more appropriately adopted for citizen science efforts.
Understanding the accuracy and precision of commercially
available low-cost sensors remains as well as their long-term
performance in different environmental conditions can help
to facilitate adoption pathways and optimization of these
technologies. Without this knowledge, it is difficult to
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determine whether these technologies are suitable for use in
water quality monitoring programs, particularly in resource-
constrained settings where the need is the greatest.*

Low-cost water quality sensors are becoming increasingly
available, thanks to advances in sensor technology and the
growing demand for affordable monitoring solutions.*®
However, a great deal of uncertainty still remains regarding the
accuracy and precision of many commercially available sensors,
particularly when compared to traditional laboratory-based
testing methods. This uncertainty can be a significant barrier
to the adoption of these technologies by communities and water
managers, who need to have confidence in the data being
collected and used to inform decision-making.*> To address this
issue, more rigorous testing, validation of low-cost sensors, and
the development of standardized protocols for their use and
calibration may help to promote uptake by citizens.’

This tutorial review synthesizes current knowledge on water
quality sensors and introduces AQWIC - Aquatic Quality Watch
Informed by Communities, a web-based portal designed to
facilitate adoption of low-cost monitoring systems. AQWIC
provides comprehensive resources including tutorials on con-
structing, programming, and deploying water quality sensor
systems using commercially components, alongside an inter-
active water quality database where users can contribute
georeferenced data. To illustrate implementation principles
and practical considerations, we present deployment examples
from surface waters in the United States and Colombia,
demonstrating how users can validate sensor performance
against standard methods. Through these illustrative cases, we
discuss key aspects of sensor selection, calibration approaches,
and deployment strategies that users should consider when
developing their own monitoring programs. This tutorial aims
to enhance accessibility to water quality monitoring technolo-
gies, particularly for disadvantaged communities, by providing
a structured framework for implementing low-cost sensor
systems. By offering practical guidance for real-time water
quality monitoring, this work contributes to empowering
communities in monitoring and characterizing their water
quality, advancing progress toward equitable access to safe
water for all.

2 Background on low-cost water
quality sensor systems

The convergence of climate change and urbanization presents
a significant challenge to water quality, with extreme weather
events like floods and droughts having substantial impacts on
surface water quality.'®"* These dynamic conditions create an
urgent need for continuous, real-time monitoring solutions that
can track rapid changes in water quality parameters. Floods
increase loads of contaminants such as metals, nutrients, and
other pollutants into surface water bodies via storm runoff,
leading to deterioration in overall water quality of receiving
water bodies.>*™® Traditional grab sampling methods often
miss these acute contamination events, highlighting the value
of automated sensor systems that can capture temporal
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variations. For instance, recent research has highlighted the
effects of hurricanes on drinking water quality, posing risks for
the spread of waterborne diseases and public health.'*** While
commercial monitoring systems can address these challenges,
their high costs limit active citizen participation and wide-
spread deployment, particularly in developing regions where
water quality concerns are often most acute. Additionally, many
water sources in developing countries are heavily polluted,
primarily due to untreated wastewater discharges, improper
solid waste disposal, and runoff from industrial, agricultural,
and mining activities, among other factors. The complexity of
these pollution sources demands multi-parameter monitoring
capabilities, which become financially feasible only through
low-cost sensor approaches. These water quality changes
involve impacts on chemical composition, sediment loading,
microbial quality, and total organic carbon concentration,
resulting in declining water quality with significant implica-
tions for both environmental and human health.***¢ The health
risks associated with water contamination involve a wide range
of diseases, such as cancer, respiratory disorders, microbial
infections, neurological conditions, and several other
diseases." The development of affordable real-time monitoring
systems is therefore crucial for public water systems, especially
in less developed regions where financial constraints currently
limit water quality surveillance and early warning capabilities.”

To address these challenges, a growing need exists for
comprehensive and effective real-time water quality monitoring
techniques that can provide sufficient data to support efficient
decision making processes.”*®* Conventional methods
involving manual sample collection and laboratory analysis are
time-consuming, costly, and often fail to detect sudden changes
in water quality due to environmental conditions.'® In contrast,
the utilization of wireless sensor systems such as IoT and
wireless sensor networks (WSNs) provide viable and cost-
effective methodologies suitable for continuous monitoring
water quality, particularly in remote and rural areas.'”***° These
systems use sensors that could be novel or off the shelf and
consist of different microcontrollers and data logging methods,
providing an economical approach that requires minimal allo-
cation of human resources.” Numerous studies have been
conducted to compare real-time monitoring with remote
monitoring of water quality parameters, highlighting the
benefits of real-time monitoring systems in facilitating prompt
identification and responses to accidental or deliberate pollu-
tion thus enhancing public health
protection.™

The deployment of low-cost water quality sensors and IoT-
based monitoring systems offers several advantages over tradi-
tional methods. These include real-time monitoring, early
warning systems, and the ability to detect sudden changes in
water quality due to environmental or anthropogenic factors.*
Additionally, these systems are more cost-effective and require
minimal human resources, making them suitable for long-term
deployment in remote and resource-constrained areas.”®
However, deploying low-cost sensors for environmental moni-
toring also presents challenges and limitations. These include
the need for proper calibration, regular maintenance, and data

in water systems,
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validation to ensure the accuracy and reliability of the collected
data.”* Furthermore, the selection of appropriate sensors,
microcontrollers, and data logging systems based on the
specific requirements of the monitoring application is crucial
for the success of the deployment.”*** Careful consideration of
factors such as the site environment, power supply, data
transmission, and maintenance is essential to ensure the
effectiveness and reliability of these monitoring systems.
Finally, continuous application and optimization of current
sensing technologies may lead to the development of more
robust sensors, the expansion of their water quality monitoring
applications, and the development of new sensors that can be
used to quantify and characterize emerging constituents or
pollutants of concern.

In summary, the increasing pressures on water quality due to
climate change, urbanization, and industrialization necessitate
the development and deployment of low-cost, real-time water
quality monitoring systems. The integration of sensors, micro-
controllers, and data logging systems through WSNs and IoT
technologies provides a promising solution for addressing
these challenges. By enabling timely detection of water quality
issues and facilitating informed decision-making, these
systems contribute to the protection of public health and the
environment. However, careful consideration of the limitations
and challenges associated with deploying low-cost sensors is
essential to ensure the effectiveness and reliability of these
monitoring systems. Proper planning, design, and maintenance
of these systems, along with the involvement of relevant
stakeholders, are crucial for their successful implementation
and long-term sustainability.

2.1 Sensor types and characteristics

For clarity in this tutorial, we define key terms as follows:
a ‘sensing component’ refers to the specific element that
measures a parameter (e.g., a pH electrode), a ‘sensor module’
combines a sensing component with supporting electronics
(e.g., a complete pH sensor unit with signal processing), and
a ‘monitoring system’ describes the complete assembled device,
including microcontroller, multiple sensor modules, and sup-
porting hardware. When describing commercial products, ‘off-
the-shelf’ refers to pre-built sensor modules ready for integra-
tion, while ‘novel’ refers to newly developed sensing
approaches. Most systems discussed in this tutorial, including
our example implementation, use off-the-shelf sensor modules
combined into custom monitoring systems. It is notable that
a global standardization of these terms could help to better
facilitate adoption and deployment. Sensors are the key
components of these monitoring systems, possessing the
capability to collect and process data internally.” WSNs consist
of nodes responsible for sensing, processing, and communi-
cation, and a base station for collecting and managing data
from the nodes.>** A node refers to a technological equipment
that possesses the capabilities of sensing, processing, and
communication, with its primary function being to measure
parameters specific to a certain application.** IoT sensors
(linked with control units, power systems, micro processing
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units, storage units, and wireless communication interfaces)
are designed to observe the physical environment and capture
real-time changes.® The fundamental element of the IoT data
layer comprises a wide range of IoT sensors specifically
designed for this purpose.® By monitoring parameters such as
temperature, pH, turbidity, electrical conductivity, and oxida-
tion-reduction potential, which act as markers to describe
environmental systems and serve as predictive indicators of
water quality, these sensor systems enable accurate inferences
about overall changes in water quality. It has been shown that
both chemical and biological contaminants exert a significant
influence on multiple monitored water parameters (e.g,
temperature, pH, turbidity, total dissolved solids, dissolved
oxygen levels, and oxidation-reduction potential).® Thus, by
observing and identifying alterations in these water parameters,
it is possible to make accurate inferences about water quality.

2.2 Micro-controllers integration

Microcontrollers play a crucial role in acquiring data from
sensors and transmitting it to data loggers.>® They function as
the primary component responsible for systematically process-
ing and analyzing the data obtained from sensors, which are
linked to a microcontroller-equipped measuring node.***”
Microcontrollers are further equipped with data transmission
modules that enable wireless communication.”® Arduino and
Raspberry Pi are popular open-source microcontroller plat-
forms that offer cost-effective and compact solutions for
receiving and transferring information.>>**** Arduino is a well-
known open-source platform that uses a hardware called
Arduino Uno circuit board based on ATmega 328, encompass-
ing all essential components required for microcontroller
operation.*»” It can be easily linked to a computer via periph-
eral connection such as USB, which can be powered by an AC-to-
DC adapter or battery source, with the use of rechargeable
batteries powered by solar panels or sleep-mode libraries to
reduce power consumption in situations where power supply is
a concern.””* Raspberry Pi, characterized by its small size and
impressive capabilities in communication and computation,
offers advantages such as built-in Wi-Fi and compatibility with
various Linux operating systems.”®**3' It operates in a manner
similar to that of a traditional personal computer, utilizing
a keyboard and mouse for input commands, relying on an
external power source, and connecting to a display device to
provide visual output.”*** Additionally, there exists a variety of
other microcontrollers like Atmel Atmega 328, ESP8266 and
ESP32, Intel Edison, Intel curie and Omega2 that facilitate the
reception and transmission of data.*®

2.3 Data acquisition and storage methods

Data logging systems are essential for collecting, managing, and
analyzing the data obtained from sensors. A standard data
logger system comprises a control unit, memory storage, and
sensor network.*” They include data transmission modules like
Zigbee and GSM for wireless communication, remote moni-
toring, and real-time notifications.*” To address the constraints
posed by technology and expenses, data loggers based on cloud
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computing, personal computers, and Wi-Fi connectivity have
been developed to offer a cost-effective, dependable, and user-
friendly monitoring solution.**** Data loggers also ensure data
redundancy through onboard secure data (SD) card modules,
preserving crucial data even when instant network connectivity
is unavailable.***® Information can also be recorded on an SD
card and transmitted wirelessly to nearby computers for
immediate, real-time monitoring.*® Data logging systems
provide several other options for storing data, including short-
term storage using specific cellular phone numbers, central-
ized database storage at the base station, and reliable backup
storage assisted by onboard SD card modules for each sensor
unit.*

Bluetooth low energy, a short-range wireless communication
technology, enables data exchange in connected and adver-
tising modes, making it suitable for low-cost and low-power
applications.*® It exchanges data in connected and advertising
modes, with the generic attribute layer establishing a one-to-
one data exchange link in connected mode and the generic
access profile layer broadcasting data to nearby potential
receivers in advertising mode.** Raspberry Pi also itself has the
capability to work as an independent data logging device due to
its built-in Wi-Fi functionality.® IoT-based monitoring systems
also utilize cellular low power wide-area networks such as
narrowband IoT, which offers expanded coverage, energy-
efficient communication, and economically viable imple-
mentation for a diverse array of IoT applications.** It has the
capacity to effectively monitor a specified system, encompass-
ing the entirety of data collection required to meet user needs,
and possesses the capability to proactively notify the user in the
event of system problems or mistakes, guaranteeing prompt
warning and response.** Also, a broad variety of other data
loggers exist, such as the Decagon Em50 series, Solinst Leve-
logger, Digi XBee, Onset HOBO, and several others, that are
making a significant contribution to the advancement of IoT
applications with their ability to consistently collect and store
data.*”

3 Current state of knowledge

A systematic literature review was conducted to identify peer-
reviewed papers that evaluated low-cost water quality sensor
systems and their field applications. The review process began
with a comprehensive search using Web of Science, covering
articles' titles, abstracts, and keywords, limited to publications
up to June 2024. The search employed the following Boolean
terms: ALL=(“water”) AND ALL=(“quality” OR “pollut*”) AND
ALL=(sensor*) AND ALL=(“low cost” OR “low-cost” OR
“affordable” OR “cheap” OR “inexpensive” OR “economical”)
AND ALL=(“surface water” OR “fresh water” OR “river*” OR
“lake*” OR “pond*”). This systematic search yielded 252 liter-
ature articles, which were then manually screened for relevance
based on inclusion criteria focused on low-cost implementa-
tions and field validation studies. The review examined
parameters including sensor types used, microcontroller
selection, data logging approaches, deployment settings, and
study duration. Through this process, 84 literature articles were
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ultimately identified as relevant and formed the basis for our
analysis. Additional details on how the literature review was
conducted, all literature reviewed, and specific articles related
to this work are included in the ESI Table S1.f This compre-
hensive review informs our subsequent discussion of sensor
selection, system integration, and deployment considerations.

Our analysis of the literature reveals key trends and patterns
in low-cost water quality sensor development, implementation
approaches, and deployment strategies (Fig. 1). The sensor
deployment system plays a vital role in environmental moni-
toring, with a focus on environmental health monitoring as the
primary objective of approximately 65% of studies reviewed.
The purpose of environmental health in this context refers
specifically to ecosystem condition and ecological integrity,
focusing on water quality parameters that indicate environ-
mental sustainability and ecosystem functioning, distinct from
direct human health outcome measurements. Other purposes
include real-time monitoring, human health, climate change,
and remote location monitoring. Key parameters such as pH,
dissolved oxygen (DO), temperature, turbidity, total dissolved
solids (TDS), and oxidation-reduction potential (ORP) are
frequently measured, alongside other specific parameters.
Temperature and pH are among the most commonly
mentioned parameters, appearing in approximately 18% and
17% of studies respectively. Turbidity measurements are re-
ported in about 12% of studies, while dissolved oxygen (DO)
appears in 10%. Other parameters beyond ORP and those
mentioned above represent approximately 33% of the total
parameter measurements. Other parameters beyond ORP and
those mentioned above represent approximately 33% of the
total parameter measurements, including conductivity,*®*
salinity,** heavy metals like cadmium,* nutrients such as
nitrate and phosphate,*>** chlorophyll,** and chemical oxygen
demand.” These findings reflect both the fundamental impor-
tance of these parameters for water quality assessment and
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practical considerations such as sensor availability and cost.
Approximately 55% of the sensors used are novel, while the
remaining 45% are off-the-shelf. Microcontroller usage varies,
with around 24% of papers specifying the use of Arduino, and
approximately 44% not mentioning any microcontroller for the
setup. Wireless systems are the primary data logging method,
utilized in about 26% of the papers. Other methods include SD
cards, computers, and smartphones, while 21% of the papers
do not specify the data logging method used. In terms of
deployment, around 58% of times sensors were deployed in the
field, 35% in lab settings, and 7% in both field and lab envi-
ronments. Deployment durations varied, with 18% deployed for
less than a day and around 20% deployed for more than
a month.

Our review reveals three primary approaches to water quality
sensor development in the literature: commercial off-the-shelf
systems, custom-built systems using commercial components,
and novel sensor developments. Commercial systems typically
offer high reliability and manufacturer support but at
substantially higher costs that may limit widespread deploy-
ment. Custom-built systems integrate commercial sensing
components with open-source microcontrollers, offering
a balance between performance and affordability that has
proven particularly suitable for community-based monitoring.
Novel sensor developments focus on specific applications or
parameters, often prioritizing cost reduction or specialized
measurements. The selection between these approaches
involves key trade-offs in initial costs, maintenance require-
ments, calibration needs, and deployment duration. For
instance, while commercial systems often include automated
calibration features, custom-built systems may require more
frequent manual calibration but enable broader deployment
due to lower unit costs. These practical considerations signifi-
cantly influence system selection and long-term viability,
particularly for community-based monitoring programs.

Data logging Deployment
method length

|:| Wireless

[ oo

I:I SD card \

==16-30d

D>30d
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— Smanphene

|:| Other— A" Lab
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Fig. 1 Sankey diagram illustrating the current state of knowledge in low-cost water quality sensor systems based on a literature review of 84
relevant papers. The diagram shows the flow and distribution of key aspects in purpose sensor types, microcontroller usage, data logging
methods, deployment settings, and deployment durations. The width of each flow corresponds to the percentage of papers addressing each
aspect, providing a visual representation of trends in the field of low-cost water quality monitoring.
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3.1 Sensors for surface water quality monitoring

The literature review reveals widespread deployment of sensors
for measuring fundamental water quality parameters such as
PH, DO, turbidity, temperature, TDS, and ORP in field settings.
Specifically, pH and temperature have been mentioned
approximately 17% and 18% of the time, while turbidity and DO
have been mentioned around 12% and 10% of the time. Beyond
these commonly measured parameters, additional water quality
parameters represent approximately 33% of measurements in
the reviewed studies. These additional parameters include
conductivity,***® salinity,’® heavy metals like cadmium,* nutri-
ents such as nitrate and phosphate,”>** chlorophyll,** and
chemical oxygen demand,* utilizing both novel and off-the-
shelf sensor technologies. Parameter selection is often driven
by specific monitoring objectives, with environmental health
monitoring being the primary application in approximately
65% of the assessed studies. The choice of parameters balances
monitoring requirements with practical constraints including
sensor reliability and maintenance needs.

Analysis of implemented sensor systems reveals important
patterns in performance and reliability. Studies conducting
long-term field validations demonstrate that temperature and
pH sensors generally maintain stable readings with standard
calibration protocols.**** Comparative analyses of turbidity
sensors show commercial and custom solutions each have
distinct advantages depending on the measurement range and
deployment environment.*®*” Multi-parameter studies indicate
that dissolved oxygen sensors often require more frequent
validation compared to other parameters during extended
deployments.**** Our review indicates diverse opportunities for
sensor development, with approximately 55% of reviewed
studies focusing on novel sensor approaches. These develop-
ments address specific monitoring needs, from detecting
emerging contaminants* to improving measurement accu-
racy*® and enabling real-time data collection.*®

Research efforts are directed towards the creation of novel
sensors for detecting pathogens, pharmaceuticals and heavy
metals, silicon nanoparticles, nutrients, microalgae, and anti-
biotics in water.*»**»3*%* Real-time water quality monitoring
through sensor deployment holds significant promise for
enhancing human health in the future and has the potential to
supplant conventional water quality monitoring methods.?>**
This approach can save time and resources while enabling
instant decision-making based on more reliable data. The
advent of low-cost and easily assembled sensors could revolu-
tionize and expand globally real-time water quality monitoring,
ultimately enhancing the overall monitoring system and miti-
gating health hazards associated with poor water quality. The
application of these systems varies significantly based on
monitoring goals and resource constraints. Commercial
systems dominate in regulatory compliance and industrial
applications where high accuracy is essential. Custom-built
systems have found widespread use in research, where
specific applications are required. For community or citizen
science deployment, the selection of appropriate sensor tech-
nology depends heavily on local context, including technical
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expertise, maintenance capability, and specific water quality
parameters of interest.

3.2 Microcontrollers

The literature review reveals a notable lack of mention
regarding the microcontrollers used in the water quality
monitoring system. This lack of detailed reporting in many
studies represents a potential methodological gap, with
approximately 44% of reviewed papers not specifying the
microcontroller used in their water quality monitoring systems,
potentially limiting reproducibility and hindering comprehen-
sive understanding of sensor system configurations. Among
those that were mentioned, Arduino emerged as the most
popular choice, being utilized in 24% of the cases, primarily due
to its cost-effectiveness and open-source nature.”*"*> Other
microcontrollers identified in the papers include Raspberry Pi,
National Instrument, ESP32, and Teensy 2.0. Affordable and
user-friendly microcontrollers have the potential to facilitate
widespread utilization of sensors for water quality monitoring.
The microcontroller is an essential component in water quality
monitoring systems, serving as an intermediary platform
between sensors and the data logging system. It plays a pivotal
role in storing and processing data received from the sensors
before transmitting it to the data logging system. Each platform
presents distinct trade-offs between processing capability,
power consumption, and development complexity, influencing
their suitability for different monitoring applications.
Advancements in this domain are poised to drive increased
popularity of real-time water quality monitoring, enabling its
use by mass people in the future. Evaluation of microcontroller
implementations shows distinct trade-offs between platforms.
Arduino-based systems dominate low-cost implementations
due to their power efficiency and simplified integration with
common sensor types.”>*> While Raspberry Pi systems require
more power, they offer advantages for applications needing on-
site data processing and wireless connectivity.>® The selection
between platforms typically depends on deployment duration,
power availability, and data processing requirements.**

3.3 Data logging

Data logging approaches fall into several distinct categories,
each with different cost implications. Commercial data logging
units (e.g., HOBO loggers) typically cost $500-2000 per unit but
include integrated sensors and validated software. In contrast,
open-source approaches using microcontroller-based logging
(e.g., Arduino with SD card storage) typically cost $40-100 for
the logging components, though requiring additional integra-
tion effort. Wireless logging systems span both categories, with
commercial telemetry units at the higher end and DIY wireless
solutions offering lower-cost alternatives. Recent investigations
have highlighted advancements in data logging for affordable
water quality sensors. The range of data logging techniques
utilized in research, including wireless, computer-based, SD
card, smartphone, and various other modalities. However,
several studies lack comprehensive descriptions of their meth-
odologies. Analysis of data logging methods across the reviewed
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literature shows wireless systems as the most commonly spec-
ified approach, used in approximately 26% of studies. Other
documented methods include SD card storage (12%),
computer-based logging (10%), and smartphone applications
(8%). Notably, approximately 21% of studies did not specify
their data logging method, while the remaining studies used
various other approaches such as cloud storage and specialized
data acquisition units. The prevalence of wireless systems
reflects their advantage in enabling real-time data access,
though each method presents different trade-offs between cost,
complexity, and accessibility. This comprehensive analysis of
data logging practices provides insights into the prevalent
methodologies that are influencing the field of low-cost water
quality sensor research. The continuous monitoring of the
water quality parameters is of paramount importance as it helps
to reduce the risks caused by pollution to both aquatic ecosys-
tems and human health. This requires data logging methods
that can consistently capture data for extended periods, ranging
from days to months.’**** Despite recent technological
advancements, there are still some challenges in using data
loggers, particularly due to their high costs. This limits the
deployment of a large number of units and results in incom-
plete information.*” A study found that Arduino-based loggers
have the advantage of monitoring the number of parameters
simultaneously and are more cost-effective than conventional
HOBO loggers.*® However, deployment of Arduino-based
loggers requires a higher level of expertise for sensor calibra-
tion and troubleshooting.”* Moreover, the data logging methods
discussed above, as reviewed in the articles, are of low-cost,
rendering water quality monitoring more efficient and cost-
effective. Field implementations demonstrate varying success
with different data logging approaches. Wireless systems
provide real-time data access but face connectivity challenges in
remote locations.*® SD card storage offers reliable data retention
but requires regular site visits for data collection,*® while
smartphone-based systems provide an intermediate solution
for accessible locations.” Long-term deployments often imple-
ment redundant logging methods to ensure data preservation.>*

3.4 Deployment

The literature review identified a prevalent pattern in the use of
sensors, with most of the studied articles emphasizing their
primary application in field rather than laboratory. The
deployment of sensors in a real-world environment enables the
in situ collection of data where monitoring is imperative. Field
deployment allows for the observation and measurement of
variations in water quality over long periods of time, and offers
a comprehensive view of environmental changes. An in-depth
evaluation of study findings highlights the wide range of
deployment durations, ranging from less than one day to more
than a month. Some researchers even conduct analyses over
several years, to capture the large datasets for their studies. The
conventional approach of monitoring surface water quality,
which involves collecting samples from specific locations and
analyzing them in a laboratory, can be time-consuming and
may provide limited information about the spatial and
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temporal dynamics of water quality. While these methods
remain essential, particularly for microbial analyses and regu-
latory compliance, complementary continuous monitoring
approaches can help capture rapid changes in water quality
parameters.®® The emergence of the IoT provides the opportu-
nity to perform real-time monitoring that results in accurate
and cost-effective measurement of water quality parameters.
However, the deployment of multi-sensor systems in outdoor
settings for a long time poses many difficulties. For a successful
field deployment, it is crucial to address challenges related to
fouling and properly calibrate aquatic sensors. In addition, it is
necessary to utilize efficient techniques to reduce sensor drift,
ensure effective incorporation of wireless technologies, and
establish streamlined approaches for data aggregation.?
Extended field studies have identified critical factors for
successful deployment. Systems operating for multiple months
demonstrate that regular sensor calibration and maintenance
schedules are essential, particularly for chemical parameters
like pH and conductivity.**** Environmental conditions signif-
icantly impact maintenance requirements, with fouling rates
varying based on water body type and local conditions.*
Deployment configuration studies emphasize the importance of
sensor positioning and protection from environmental inter-
ference.*® Overall, trends from the review highlight the need of
developing optimized monitoring systems using cost effective
alternatives such as the use of novel sensors that can offset
many of the challenges from traditional field sampling
methods.

A comprehensive analysis of calibration and validation
approaches in low-cost water quality monitoring revealed
nuanced findings. Of the 84 papers reviewed, 63% reported
completing sensor calibration, while 52% compared their
results to standard equipment. However, the reporting of cali-
bration methods was highly inconsistent, with significant vari-
ations in approach and detail. Many studies mentioned
calibration was performed but failed to provide comprehensive
protocols or specify clear acceptance criteria. Validation
methods ranged from single-point comparisons to extended
parallel deployments, creating challenges for systematic
assessment and reproducibility. When commercial instrument
comparisons were reported, procedures varied widely, high-
lighting the need for more standardized validation approaches.
This variability in methodological reporting presents significant
challenges for replicating and validating low-cost monitoring
systems. Consequently, we have placed particular emphasis on
detailed calibration and validation protocols in our tutorial
guidance (Section 4.1). Our recommendations incorporate best
practices from the most comprehensive studies, providing
a framework for initial calibration and ongoing validation
during field deployments.

4 Sensor system for temperature,
turbidity, TDS, and pH

This section describes in a tutorial format our experience using
temperature, turbidity, TDS, and pH sensors to assess the water
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quality of distinct environmental systems at two different
locations. The overall experience is highlighted including
successes and challenges so users are aware of common
circumstances that are typically encountered in real field
deployments. Although the information provided in this section
doesn't come from the current literature, our results are
compared and contrasted to other similar studies, to assess its
validity, and thereby simultaneously contributing to the overall
body of knowledge.

4.1 System development and calibration

The sensor system was constructed using an Arduino Uno
microcontroller as the central processing unit, connected to
a DS18B20 temperature sensor and DFRobot sensors for TDS,
PH, and turbidity. An external battery was incorporated to
provide a portable power supply, and an SD card reader was
added for onsite data logging, enabling extended field deploy-
ments without the need for constant supervision. The compo-
nents were carefully assembled following precise wiring
diagrams to ensure proper connections, standardization, and
optimal functionality. To protect the electronic components
from environmental factors while allowing the sensors direct
contact with water, the system was housed in a custom-
designed waterproof enclosure. This enclosure was crucial for
maintaining the integrity of the system during field deploy-
ments in aquatic environments. Programming of the Arduino
utilized a combination of manufacturer-provided libraries and
custom-written code to manage data acquisition from all
sensors, process readings using calibration parameters, and log
results to the SD card at specified intervals. The code was
optimized to minimize power consumption, allowing for longer
deployment periods between battery changes (see ESI Section
S1f for complete Arduino code). Additionally, model numbers
and website links to all parts are included in the published
tutorials (described below).****

Calibration of the sensors was conducted systematically to
ensure accuracy across the range of expected field conditions.
The TDS sensor was calibrated using six standard solutions with
conductivity values ranging from 0 to 1000 pS cm ™', providing
a comprehensive calibration curve (Fig. S1T). The pH sensor
underwent a three-point calibration using standard buffer
solutions of pH 4, 7, and 10, covering the typical range found in
natural water bodies (Fig. S21). The turbidity sensor was cali-
brated with four solutions of 0.02, 20, 100, and 800 NTU,
accounting for the non-linear response often observed in
turbidity measurements (Fig. S31). For each sensor, voltage
outputs were meticulously recorded for each standard solution,
plotted on a spreadsheet, and analyzed using linear regression
to derive the calibration equations. For calibration acceptance,
we required R> values greater than 0.95, indicating strong
correlation between voltage outputs and standard solutions.
The TDS sensors achieved R* values of 0.997 across all three
units, pH sensors achieved R* values between 0.998-0.999, and
turbidity sensors showed R> values of 0.991 and 0.968 for the
two functioning units. The resulting slope and intercept values
were then incorporated into the Arduino code to convert voltage
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readings to their respective units of measurement. The
temperature sensor, pre-calibrated by the manufacturer to
+0.5 °C accuracy, was verified against a certified thermometer
to confirm its performance.

The calibrated sensor system was deployed for a 24 days field
trial to assess its performance under real-world conditions.
Throughout this period, the system continuously recorded
measurements of temperature, pH, TDS, and turbidity at 5
minutes intervals, storing the data on the onboard SD card. This
sampling frequency aligns with common practices identified in
our literature review, where continuous monitoring systems
typically collected data at intervals ranging from 1 to 15
minutes.**** This high-frequency data collection allowed for the
capture of both diurnal variations and rapid changes in water
quality parameters that might be missed by less frequent
sampling methods. To assess the accuracy and reliability of the
sensor system, standard measurements were taken twice a week
using certified laboratory equipment. A Myron L Ultrameter I1I
(Carlsbad, CA) was used for measuring pH, TDS, and tempera-
ture, while an Oakton TN-100 Turbidity Meter (Vernon Hills, IL)
was employed for turbidity measurements. These standard
measurements provided a robust basis for comparison with the
continuous data collected by the sensor system, allowing for
evaluation of the system's performance and drift over time. The
battery was monitored and replaced as needed during the trial
to ensure uninterrupted data collection. This field deployment
not only served to validate the sensor system's performance but
also provided valuable insights into the practical challenges and
considerations for long-term deployment of low-cost water
quality monitoring systems in real-world settings.

4.2 Field testing

To illustrate key implementation principles, we present two
example deployments of the described sensor system. These
case studies demonstrate common challenges and solutions in
real-world applications. The deployments highlight practical
considerations including calibration stability over extended
periods, power management strategies for long-term operation,
environmental protection approaches for field conditions, and
methods for data collection and validation. Detailed perfor-
mance data and statistical analyses are available in the ESIL.{ In
the United States, sensors were deployed at Eagle Creek in
Statesboro, Georgia, a freshwater stream system that runs
through the Georgia Southern University campus (Fig. 2¢). In
Colombia, the system was installed in a pond at the EIA
University campus, which receives regular rainfall input and
serves as part of the campus stormwater management system
(Fig. S57). These locations were selected to test system perfor-
mance under different environmental conditions - a flowing
stream versus a standing water body - and distinct climatic
regimes.

A 24 days pilot study was conducted to test the accuracy of
the sensor system by comparing its readings with standard
sensors. The results show that the temperature, pH, and TDS
sensors are functioning as intended, while the turbidity sensor
is not as accurate (Fig. 3). The statistical analysis using the
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Fig. 2 Overview of the low-cost water quality sensor system. (a) Wiring diagram showing the connections between the Arduino Uno, sensors,
and other components. (b) Photograph of the assembled sensor system prior to deployment, illustrating the compact and integrated nature of
the device. (c) Image of the sensor system deployed in a field setting, demonstrating its practical application in real-world water quality

monitoring.

Granger test, which is particularly suited for comparing time
series data with different sampling frequencies, provides
further insights into the accuracy of these sensors. The analysis
compared 6652 measurements from the Arduino system
(collected at 5 minutes intervals) with 8 discrete measurements
from the standard equipment over the deployment period. The

Granger test was selected for its ability to assess relationships
between time series of unequal sample sizes while accounting
for temporal dependencies in the data. The temperature sensor
was found to be generally accurate through visual data inspec-
tion, although the Granger test produced a p-value of 0.8609.
Despite this finding, the sensor system successfully captured
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Fig.3 Comparison of water quality parameters measured by the low-cost Arduino sensor system and standard field equipment during a 24 days
field trial at Eagle Creek, GA. (a) Temperature, (b) pH, (c) turbidity, and (d) total dissolved solids (TDS) data are presented. Black lines represent
continuous data collected by the Arduino system at 5 minutes intervals, providing high-resolution temporal monitoring. Red squares indicate
discrete measurements taken twice weekly using calibrated standard field equipment for validation purposes. This comparison allows for
assessment of the Arduino system’s accuracy and reliability over an extended deployment period, highlighting both the capabilities and limi-
tations of the low-cost sensor approach in real-world environmental monitoring scenarios. In panel ¢, the solid horizontal line represents the x-
axis (0 NTU).
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the natural temperature changes in water throughout the day.
The pH sensor demonstrated good accuracy, with a p-value of
0.0393 from the Granger test, allowing the rejection of the null
hypothesis and indicating that the standard sensors correlate
with Arduino sensors. Observed shifts in pH have previously be
attributed to various factors, such as pollution from industrial
effluents, instream oxidation or reduction processes, runoff
from agricultural lime, limestone gravel roads, cement
production, and asphalt production.®* For this deployment, we
attribute the shifts in pH to debris from pine trees (i.e., pine
needles and sticks).

In contrast, the turbidity sensor showed inconsistencies
between the standard readings and the Arduino readings, with
a p-value of 0.8749 from the Granger test, failing to reject the
null hypothesis (Fig. 3c). This discrepancy could be caused by
issues during the calibration process and highlights an area for
improvement in future work. The consistent near-zero turbidity
readings from the standard equipment accurately represent the
low turbidity conditions of the monitoring site. This environ-
ment provides a particularly challenging scenario for turbidity
sensors, especially for low-cost systems that may struggle to
provide precise measurements at very low turbidity levels. The
low turbidity conditions emphasize the need for careful sensor
calibration and validation, particularly when measuring
parameters at the lower end of their detection range. This
observation aligns with our broader findings about the limita-
tions of low-cost turbidity sensors in detecting subtle changes in
water clarity, especially in environments with minimal sus-
pended particles. It is also noteworthy that submersible
turbidity sensors are generally less accurate than portable ones,
especially with low turbidity measurements.®*** Although the
Arduino turbidity sensor data may not be reliable, the standard
sensor readings provide general environmental observations,
such as slight differences in turbidity measurements potentially
caused by runoff sediment from rainfall. Higher turbidity levels
are a concern as they can indicate an increase in pathogenic
microorganisms in water.*

The TDS sensor showed consistent data between the stan-
dard readings and the Arduino readings, with a p-value of
0.04204 from the Granger test, rejecting the null hypothesis and
indicating that the standard sensors are correlated with Ardu-
ino sensors. However, graphical gaps between the standard and
Arduino values can be attributed to the Arduino sensor's lower
sensitivity and the need for a warm-up period when first turned
on. This issue could be mitigated in the future by improving the
Arduino’s battery life, as the batteries were changed on a weekly
basis during the study. Changes in TDS values are caused by the
presence of chemicals, salts, minerals, soil, or other organic
matter containing carbonates, chlorides, sulfates, and nitrates,
which can enter the watershed through dumping or runoff.*

Overall, these findings were consistent with those collected
in Colombia (Fig. S4 and S5t). During that deployment, one
sensor system monitored temperature, pH, turbidity, and
conductivity, successfully capturing daily fluctuations and the
impact of heavy rainfall on the monitoring location. The
temperature sensor effectively recorded diurnal thermal cycles.
The pH measurements revealed two periods of decreased levels,
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likely due to the introduction of debris. Although the turbidity
sensor showed inconsistencies similar to the Georgia deploy-
ment, highlighting ongoing challenges with low-cost turbidity
measurements. Notably, conductivity measurements demon-
strated a gradual decrease over the monitoring period, attrib-
uted to the dilution effect of heavy rainfall. These results
corroborate the findings from the Georgia deployment and also
showcase the sensor system's ability to detect both short-term
variations (such as daily temperature cycles and debris-
induced pH changes) and longer-term trends (like rainfall-
induced conductivity changes). This comprehensive data
collection underscores the potential of low-cost sensor systems
for continuous water quality monitoring, offering insights into
water quality dynamics that might be missed by periodic
manual sampling.

In summary, these pilot studies demonstrates that the
temperature, pH, and TDS sensors of the developed system are
functioning accurately when compared to standard sensors,
while the turbidity sensor requires further improvement. The
statistical analysis using the Granger test supports these find-
ings, providing valuable insights into the performance of the
sensor system. Future work should focus on enhancing the
accuracy of the turbidity sensor and improving the battery life of
the Arduino to ensure more consistent and reliable
measurements.

The precision of the sensor system was evaluated by con-
structing and deploying three identical units under similar
environmental conditions, with the results illustrated in Fig. 4.
This approach allowed for an assessment of inter-unit vari-
ability and overall system reliability. Temperature sensors
(Fig. 4a) demonstrated exceptional precision across all three
units, with a mean coefficient of variation (CV) of 2.3% across
all measurements. The graph shows three nearly overlapping
lines, indicating that all sensors recorded very similar temper-
ature values throughout the deployment period. This high level
of consistency suggests that the temperature sensors provide
reliable and reproducible measurements, which is crucial for
accurate water quality monitoring. The pH sensors (Fig. 4b) also
exhibited strong consistency among the three units, with a CV
of 6.8% between units. While there are slight variations visible
between the units, the overall trends and values remain closely
aligned. This indicates good precision in pH measurements
across different sensor units, supporting their reliability for
field deployments. In contrast, the turbidity sensors (Fig. 4c)
showed significant inconsistencies, a CV of 22.2%. Due to
technical issues, data from only two of the three turbidity
sensors were recorded during the deployment period. The two
functioning sensors displayed a high degree of variability
between units, with their measurements often diverging
considerably. This level of variability is substantially higher
than what was observed for the other sensors and suggests
challenges in achieving consistent turbidity measurements with
the current low-cost sensor design. The TDS sensors (Fig. 4d)
demonstrated high precision and inter-unit consistency, with
a CV of 1.4%. The graph shows three closely aligned lines,
indicating that all TDS sensors produced very similar readings
throughout the deployment. This consistency across units
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Fig. 4 Precision assessment of the low-cost water quality sensor system using three identical units deployed under similar environmental
conditions. (a) Temperature, (b) pH, (c) turbidity, and (d) total dissolved solids (TDS) measurements from each unit are represented by different

colored lines.

suggests that the TDS sensors provide reliable and reproducible
measurements.

The disparate performance between sensor types under-
scores the varied challenges in developing low-cost water
quality monitoring systems. While the temperature, pH, and
TDS sensors demonstrate that high precision and inter-unit
consistency can be achieved with affordable components, the
turbidity sensor results highlight the ongoing difficulties in
accurately measuring suspended particles in aqueous environ-
ments using low-cost optical sensors. These findings emphasize
the need for further refinement in the design of submersible
turbidity sensors for in situ use, more robust calibration
procedures, or the exploration of alternative measurement
techniques for turbidity in future iterations of this system.
Additionally, the technical issues that prevented data collection
from one turbidity sensor unit highlight the importance of
system reliability in field deployments and suggest the need for
redundancy or improved quality control measures in future
designs.

4.3 Cost of sensor system

A primary objective of this project was to develop an affordable
water quality monitoring system. As detailed in Table 1, the
total cost of the assembled sensor system is $361.37, with a per-
unit cost of $235.83 (as of the date of the materials list). This
cost includes all components necessary for a fully functional
unit, including the Arduino Uno microcontroller, temperature
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sensor, pH sensor, TDS sensor, turbidity sensor, SD card reader
for data logging, and external battery for power. The cost
breakdown reveals that the most expensive components are the
sensors themselves, particularly the pH sensor at $64.90 and the
turbidity sensor at $9.90. The Arduino Uno costs $32.00, while
the 20 000 mA h USB battery pack, crucial for extended field
deployments, costs $40.94. Another significant cost includes the
waterproof case at $24.53. Despite these costs, the total system
remains significantly less expensive than professional-grade
water quality monitoring equipment. For instance, the
Myron L Ultrameter III (Carlsbad, CA), which was used as
a standard for comparison in this study, costs $2494.00.%
Similarly, the Oakton TN-100 Turbidity Meter (Vernon Hills, IL),
also used for comparison, is priced at $1374.45.%®

This substantial cost difference highlights the potential of
the developed system to democratize water quality monitoring.
In a time when active community participation (schools,
farmers, universities, private sector, citizen scientist, etc.) to
monitor and preserve water resources to overcome the chal-
lenges of costly monitoring programs, the use of this type of
sensors is becoming more common. The Arduino-based system
could make continuous water quality monitoring accessible to
a much wider range of users, including small communities,
educational institutions, and citizen scientists who may not
have the resources for expensive commercial equipment. In
addition, this type of sensors with their application may have
a great impact in developing countries and international
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Table 1 Detailed cost breakdown of the low-cost water quality monitoring system. This table itemizes all components required to construct
a fully functional unit, including the Arduino Uno microcontroller, sensors (temperature, pH, TDS, and turbidity), data logging equipment, power
supply, and housing materials. Individual costs and quantities are provided for each item, along with the total system cost. Prices are as of June 1,

2024

Item Total cost ($) Per unit cost ($) Number
Arduino Uno 32.00 32.00 1

USB type A to type B cable 13.99 13.99 1

Breadboard 8.99 1.50 1

Jumper wires 6.98 1.22 21 individual
4.7k Ohm resistor 6.99 0.03 1

Micro SD card 13.39 2.23 1

HiLetgo micro SD card reader 6.99 1.40 1

A 20000 mA h USB battery pack 40.94 40.94 1

Waterproof case 24.53 24.53 1

1 ft of 1” PVC pipe 6.99 6.99 1

1" PVC cap 22.99 0.77 1

1-1/4-in. x 1-in. PVC bushing 1.45 1.45 1

6 ft of 16 AWG speaker wire 16.63 2.50 ~15 feet

Heat shrink tubing 12.99 0.19 6

PVC cement 9.99 2.00 A small portion
Silicone sealant 6.28 1.00 A small portion
Duct tape 6.69 1.00 A small portion
Flex tape 19.99 4.00 A small portion
Zip ties 4.98 0.50 ~10

DFRobot Gravity: analog turbidity sensor for arduino 9.90 9.90 1

DFRobot Gravity: analog TDS sensor/meter for arduino 11.80 11.80 1

DFRobot Gravity: analog pH sensor/Meter Pro Kit V2 64.90 64.90 1

DS18B20 waterproof temperature sensor 10.99 10.99 1

Total 361.37 235.83

communities lacking the resources to establish a comprehen-
sive water quality monitoring program. It's important to note
that some components, such as the PVC pipe, cement, sealant,
and various types of tape, are used in small quantities for each
unit. Thus, the per-unit cost could potentially be reduced when
building multiple systems, as these materials can be shared
across units. Additionally, essential workspace requirements
include basic electronics workbench with soldering equipment,
access to tools for cutting and assembling PVC components,
computer with appropriate software for Arduino programming,
ventilated space for working with PVC cement and sealants, and
testing area with access to water and power. Community orga-
nizations might consider partnering with local makerspaces,
schools, or technical programs that can provide workspace
access and basic technical support. The low cost of the system
opens up possibilities for large-scale deployments and long-
term monitoring projects that might be prohibitively expen-
sive with commercial equipment. This could lead to more
comprehensive datasets and a better understanding of water
quality dynamics in various environments worldwide. In
conclusion, while the developed sensor system may not match
the precision of professional equipment in all aspects, its
significantly lower cost represents a major step towards making
water quality monitoring more accessible and widespread. This
aligns with the project's goal of empowering communities and
researchers with affordable tools for environmental
monitoring.

© 2025 The Author(s). Published by the Royal Society of Chemistry

5 Educational modules and
interactive website

To facilitate the widespread adoption of low-cost water quality
monitoring systems, two key educational resources were
developed: an Autodesk Instructables guide and the AQWIC
(Aquatic Quality Watch Informed by Communities) website.***
The Autodesk Instructables guide (Fig. 5a) was created to
provide a comprehensive, step-by-step tutorial for building,
programming, and deploying the Arduino-based water quality
monitoring system.* This guide, titled “Arduino Water Quality
Monitoring System,” consists of 27 detailed steps with accom-
panying pictures. It covers everything from the initial software
setup and hardware assembly to sensor calibration, field
deployment, and data retrieval. The guide also includes a list of
all necessary supplies, troubleshooting tips, and code snippets.
By hosting this information on http://instructables.com/,
a popular platform for DIY projects, the guide ensures
accessibility to a wide audience of makers, citizen scientists,
and environmental enthusiasts.

The AQWIC website (Fig. 5b) was developed as a more
comprehensive resource center for the project. It features
a detailed sensor materials list, providing an inventory of all
components required to build the water quality monitoring
system, including links to purchase options and estimated
costs.®* This helps users gather all necessary materials before
starting the project. The website also includes a step-by-step
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Fig.5 Educational resources developed to facilitate the adoption of low-cost water quality monitoring systems. (a) Screenshot of the cover page
for the "Arduino Water Quality Monitoring System” guide published on http://instructables.com/, providing a comprehensive, step-by-step
tutorial for building and deploying the sensor system.®® (b) Homepage of the AQWIC (Aquatic Quality Watch Informed by Communities)
website, featuring resources such as a sensor materials list, step-by-step guide, Arduino code, and an interactive map for data upload. These
educational modules aim to democratize access to water quality monitoring technology and encourage community-led environmental

monitoring initiatives.s*

guide, similar to the Instructables guide, but potentially with
additional details or updates based on user feedback and
ongoing development of the system. The full Arduino code
required to operate the sensor system is provided on the web-
site, allowing users to easily copy and paste or download the
code for their own use. A unique feature of the AQWIC website
is an interactive map where users can upload their collected
water quality data. This crowdsourced approach to data collec-
tion has the potential to create a comprehensive, user-generated
database of water quality information across various locations.
The combination of the Instructables guide and the AQWIC
website provides a robust educational framework for individ-
uals and communities interested in monitoring their local
water quality. The Instructables guide offers a hands-on, prac-
tical approach to building the system, while the AQWIC website
serves as a central hub for resources, code, and data sharing.
By making these resources freely available online, the project
aims to democratize access to water quality monitoring tech-
nology and encourage community-led environmental moni-
toring initiatives. Together, these educational modules
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empower users to not only build their own monitoring systems
but also contribute to a larger community of citizen scientists
engaged in water quality research to monitor and protect local
water sources. The interactive map feature, in particular, has
the potential to create a valuable dataset for researchers and
policymakers, providing insights into water quality trends
across different regions and over time.

6 Pathways to development and
adoption of low-cost sensor systems

The development and adoption of low-cost water quality sensor
systems involve a multi-step process that integrates technical
innovation, community engagement, and educational outreach.
This process, as illustrated in Fig. 6, provides a roadmap for
researchers, community organizations, and citizen scientists to
create, implement, and disseminate these technologies effec-
tively. The first stage in this pathway is the technical develop-
ment of the sensor system. This involves selecting appropriate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pathways for development and adoption of low-cost water
quality sensor systems. The multi-step process involved in creating,
implementing, and disseminating low-cost water quality monitoring
technologies. The process begins with technical development,
involving sensor selection, microcontroller integration, and system
design. It progresses through field testing and validation, where the
system'’s performance is compared against standard equipment. The
next stage focuses on creating and disseminating educational
resources, such as online tutorials and guides, to enable widespread
adoption. Community engagement follows, involving local organiza-
tions and citizen scientists in implementing the systems. The final stage
represents continuous improvement, incorporating user feedback and
addressing technical challenges. This process aligns with several UN
Sustainable Development Goals, shown in the middle of the figure.

sensors, microcontrollers, and data logging components based
on the specific water quality parameters of interest and the
environmental conditions of the deployment area. As demon-
strated in our study, the Arduino platform offers a cost-effective
and versatile foundation for building these systems. The
development process also includes rigorous calibration and
testing to ensure accuracy and reliability, as well as the design of
weatherproof housing for field deployments, which is not
different to the calibration of existing professional-grade
equipment. The second stage focuses on field testing and vali-
dation. This crucial step involves deploying the sensor systems
in real-world environments and comparing their performance
against standard laboratory equipment. Our 24 days field trial
exemplifies this process, revealing both the strengths and
limitations of the low-cost sensors. This stage often leads to
iterative improvements in the system design, particularly for
challenging parameters like in situ turbidity measurement. The
third stage emphasizes the creation and dissemination of
educational resources. As demonstrated by our Autodesk
Instructables guide and the AQWIC website, these resources are
essential for democratizing access to water quality monitoring
technologies. By providing step-by-step instructions, parts lists,
and programming guides, these educational modules enable
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communities and individuals to build and deploy their own
monitoring systems. The fourth stage involves community
engagement and adoption. This includes working with local
organizations, schools, and citizen science groups to imple-
ment the sensor systems. The interactive map feature of the
AQWIC website plays a crucial role here, allowing users to
contribute their data to a larger database, fostering a sense of
community involvement and enabling broader environmental
monitoring efforts. The final stage in this pathway is the
continuous improvement and expansion of the technology. This
involves incorporating user feedback, addressing technical
challenges identified during deployment, and potentially
expanding the range of measurable parameters. It also includes
exploring ways to integrate these low-cost systems with existing
water management infrastructure and decision-making
processes.

The development and adoption of low-cost water quality
sensor systems have significant implications for achieving
several SDGs, particularly SDG 6: clean water and sanitation. By
providing affordable and accessible means of monitoring water
quality, these systems directly contribute to target 6.3, which
aims to improve water quality by reducing pollution and
increasing safe reuse. The community engagement aspect of
this work also aligns with target 6.8, which seeks to support and
strengthen local community participation in water and sanita-
tion management. Furthermore, this work indirectly supports
SDG 3: good health and well-being, by enabling early detection
of water contamination that could lead to waterborne diseases.
It also contributes to SDG 11: sustainable cities and commu-
nities, by providing tools for urban water management, and
SDG 13: climate action, by facilitating the monitoring of climate
change impacts on water resources. The educational compo-
nents of this project, including the Instructables guide and
AQWIC website, support SDG 4: quality education, particularly
target 4.7, which aims to ensure that learners acquire knowl-
edge and skills needed to promote sustainable development. By
empowering communities with the knowledge to build and
operate their own water quality monitoring systems, this work
also contributes to SDG 10: reduced inequalities, helping to
bridge the technological gap between developed and developing
regions.

The pathways to development and adoption of low-cost water
quality sensor systems presented here offer a comprehensive
approach to addressing the global challenge of water quality
monitoring. By combining technical innovation with commu-
nity engagement and educational outreach, this approach has
the potential to democratize access to water quality data and
empower communities to take an active role in managing their
water resources. Our findings demonstrate that while low-cost
sensors can provide reliable measurements for parameters
such as temperature, pH, and TDS, challenges remain in
accurately measuring more complex parameters like turbidity.
This highlights the need for ongoing research and development
to improve sensor accuracy and reliability across all relevant
water quality parameters. The success of the AQWIC platform
and the Instructables guide in facilitating knowledge transfer
and community engagement underscores the importance of
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open-source technologies and educational resources in
promoting widespread adoption of these systems. The interac-
tive map feature of AQWIC, in particular, shows promise in
creating a global network of citizen scientists contributing to
water quality monitoring efforts. However, it is important to
note that the development and implementation of low-cost
water quality sensor systems require a nuanced approach to
performance assessment. Our field testing highlighted the
critical importance of understanding sensor limitations across
different measurement ranges and environmental conditions.
The challenges in turbidity measurement, particularly at low
concentrations, demonstrate that both low-cost and commer-
cial sensors can have performance constraints.

Looking forward, the integration of these low-cost sensor
systems with emerging technologies such as artificial intelli-
gence and big data analytics could further enhance their capa-
bilities, enabling predictive modeling of water quality trends
and early warning systems for contamination events. Addi-
tionally, policy support and standardization efforts will be
crucial in facilitating the integration of data from these systems
into formal water management frameworks. In conclusion,
while challenges remain, the pathways outlined in this study
provide a clear direction for the continued development and
adoption of low-cost water quality sensor systems. By following
these pathways and addressing the identified challenges, we
can move closer to achieving universal access to clean water and
sanitation, contributing significantly to the realization of the
Sustainable Development Goals.
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