WATER QUALITY MONITORING AND MAPPING USING RAPIDLY DEPLOYABLE
SENSOR NODES

by

Mohamed Abdelwahab

Bachelor of Science
Arab Academy for Science, Technology and Maritime Transport, 2019

Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in
Mechanical Engineering
College of Engineering and Computing
University of South Carolina
2023
Accepted by:

Austin R.J. Downey, Director of Thesis
Sourav Banerjee, Reader

Ann Vail, Dean of the Graduate School



© Copyright by Mohamed Abdelwahab, 2023
All Rights Reserved.

ii



ABSTRACT

Efficient and continuous monitoring of water quality parameters plays a pivotal
role in responding to pollution incidents and ensuring the safety of both human
consumption and ecological resources. This research introduces an affordable and
dependable in-situ water quality sensor package designed for seamless continuous
monitoring, providing essential data to facilitate informed decision-making in water
resource management. The sensor package enables comprehensive on-site assessment
of key water characteristics, including pH, temperature, turbidity (measured in NTU),
and total dissolved solids (TDS, measured in ppm). Spatial interpolation techniques,
specifically Kriging, are employed to extrapolate variable values at unobserved loca-
tions based on nearby measurements.

To guarantee the system’s durability and reliability, the microcontroller, electronic
components, and battery are encased within a sealed transparent PVC tube to safe-
guard against water exposure. An outer water-resistant cap securely seals the non-
submerged portion of the probes, augmented by an additional layer of resilient resin
to provide enhanced protection against water ingress during operation. Furthermore,
the integration of Unmanned Aerial Vehicles (UAVs) equipped with electromagnetic
deployment mechanisms represents a significant advancement in data collection. Em-
bedded within UAV systems, this technology streamlines the deployment of sensor
packages in previously inaccessible or challenging terrains. The electromagnetic de-
ployment mechanism ensures precise and focused sensor placement, a crucial factor in
Kriging, which relies heavily on accurate data points for spatial interpolation. This

innovation accelerates data collection and enhances data reliability, fundamentally
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reshaping our capacity for informed decision-making in safeguarding the environment
and effectively managing resources.

To mitigate sinking and simplify retrieval, flotation equipment is incorporated
into the package design. Rigorous benchtop testing confirms the precision of the
pH, TDS, and temperature sensors. A comparative analysis with industrial sensors,
notably those from VIVOSUN renowned for their accuracy, reveals minimal error
percentages between our sensor package and these industry-standard counterparts.
Specifically, the error percentages for pH, TDS, and temperature sensors are recorded
at 1.34%, 5.23%, and 0.81%, respectively, underscoring the reliability and accuracy
of the sensor package in field-based water parameter monitoring. Additionally, a
comprehensive power management assessment demonstrates that the in-situ water
quality sensor package is capable of continuous operation for an impressive duration
of 32 hours and 48 minutes.

Field testing of the in-situ water quality sensor package involved collecting data
from six strategically positioned sampling points within a stationary pond. We em-
ployed Kriging for spatial interpolation to generate water quality maps, which il-
lustrated a uniform distribution of measured parameters across the sampled area.
Notably, pH values ranged from 6 to 6.7, turbidity varied between 11 and 18 NTU,
TDS values spanned from 44 to 51 ppm, and the temperature fluctuated between 22.8
and 24.6 degrees Celsius. These findings highlight the sensor package’s potential for
monitoring water quality in larger surface water bodies, providing an invaluable tool

for environmental stewardship and resource management.
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CHAPTER 1

INTRODUCTION

As a vital and irreplaceable natural resource, water is the foundation of various
ecosystems and is fundamentally essential for sustaining life on Earth. However,
the increasing impact of industrial and technological developments has resulted in
significant water quality degradation, posing a severe threat to human health and the
environment. While effective, traditional water quality monitoring methods are often
time-consuming, costly, and require significant effort. In response, researchers have
been exploring using automated systems to provide continuous, real-time monitor-
ing of various water quality parameters and enable early warning of environmental
threats.

The in-situ water quality sensor package is an automated system that continuously
monitors several water quality parameters, including pH, total dissolved solids (TDS),
turbidity, and temperature [2] [11]. These parameters are crucial in determining the
suitability of water for human consumption, the survival of aquatic organisms, and
the presence of pollutants [14]. For example, pH levels can indicate the presence
of contaminants; turbidity can affect the taste and harbor harmful microorganisms.
For instance, high TDS can indicate harmful pollutants, and temperature can affect
aquatic organisms and indicate certain pollutants. Monitoring these parameters in
real-time allows for quick detection of potential threats to water quality[15]. By
providing real-time water quality monitoring, the in-situ sensor package enables water

resource managers to make informed decisions quickly and accurately [13] [30] [4].



This research presents a low-cost, high-quality in-situ water quality sensor package
that monitors various parameters such as pH, TDS, turbidity, and temperature in a
stationary pond [2] [11]. The study utilizes the Kriging method to predict the values
of unsampled areas within the pond, thereby providing a comprehensive understand-
ing of water quality distribution [31] [22]. To enhance the efficiency of data collection,
the study employs a hexacopter drone equipped with an electromagnetic deploying
mechanism to deploy the sensor package. This innovative approach not only ensures
the precise placement of sensors but also minimizes human intervention in the data
collection process [10], as well as enabling access to inaccessible and remote locations
[9][24] [32]. In addition to the continuous monitoring provided by the in-situ sensor
package, the study employed a data logger to systematically collect and record the
results of the testing, ensuring comprehensive data capture for further analysis[21].
Figure 1.1 illustrates the methodology employed in this study, which aims to ad-
dress the challenges associated with traditional water quality monitoring methods,
known for their high costs, labor-intensive procedures, incomplete monitoring, and

data reporting delays.

Figure 1.1: Visual summary of key findings and methodology.



The research findings presented in this study underscore the remarkable capabil-
ities of employing an in-situ sensor package in tandem with the kriging method|7].
This combined approach offers a level of accuracy and reliability that is crucial for
achieving real-time monitoring[33] of diverse water quality parameters [15]. Among
the parameters assessed, this comprehensive system effectively tracked pH levels, To-
tal Dissolved Solids (TDS), turbidity, and temperature[2] across six distinct sampling
points situated within a stationary pond. This not only provides valuable insights into
the water’s condition but also sheds light on the transformative potential that auto-
mated sensing systems have in the field of water quality monitoring and management
) [1].

One of the key innovations of this study lies in the visualization of its findings,
as the data has been skillfully translated into informative maps[3]. These maps serve
as powerful tools for enhancing comprehension, allowing viewers to easily grasp the
intricate patterns of water quality variations across the monitored area[33]. By graph-
ically representing the data researchers can readily identify regions that may require

particular attention or intervention.



CHAPTER 2

METHODOLOGY

In-situ water quality sensor packages are advanced embedded systems that fun-
damentally change water quality monitoring by providing real-time measurement
capabilities[33]. These packages can be directly deployed in water bodies or attached
to floating surfaces, enabling continuous monitoring and recording of water quality
parameters without labor-intensive manual sampling and laboratory analysis [13].
The in-situ water quality sensor package as shown in Figure 2.1 offers several notable
advantages for water quality monitoring. Firstly, it enables real-time monitoring, al-
lowing immediate access to crucial data[27]. The sensors incorporated in the package
are highly accurate and can measure various parameters, including pH, TDS (Total
Dissolved Solids), temperature, and turbidity [2] [11]. This accuracy ensures reliable
data for detailed analysis and assessment. Another advantage is the cost-effectiveness
of the package compared to traditional monitoring methods[25] [12]. It eliminates the
need for frequent manual sampling and laboratory analysis, reducing associated costs
and time-consuming processes[24]. Additionally, the package allows for remote access
to the data, enabling convenient monitoring and management[21].

The design process of the in-situ water quality sensor package, including the selec-
tion of waterproof housing[26], integration of essential components like sensors, data
logger, microcontroller, and PCB, and careful consideration of environmental condi-
tions, is essential to ensure reliable and efficient water quality monitoring. The uti-
lization of a UAV (Unmanned Aerial Vehicle)[12], a hexacopter drone equipped with

an electromagnetic deploying mechanism to deploy the sensor package[8|, enhances



the overall efficiency of data collection and enables access to inaccessible locations[32].
This meticulous design process guarantees a highly functional and dependable sensor
package capable of withstanding harsh aquatic environments and facilitating contin-
uous real-time monitoring of water quality parameters [4][30][5].

Overall, the in-situ water quality sensor package is valuable for convenient and ef-
fective water quality monitoring. It provides access to accurate data, is cost-effective,
and is easy to install and maintain.

The design process is critical in ensuring reliable performance and robust func-

tionality, making it an indispensable asset in water quality management.

Figure 2.1: (a) Revealing the internal components of the sensor package, (b) View
of the fully assembled in-situ water quality sensor package.



2.1 UAV-DEPLOYABLE SENSOR

The utilization of Unmanned Aerial Vehicles (UAVs) has emerged as a crucial
component in the field of water quality monitoring. UAVs provide a unique and
efficient approach to deploying in-situ water quality Sensor packages in diverse aquatic
environments. These remotely piloted aircraft offer the flexibility and accessibility
required to reach challenging areas[32]. Integrating the in-situ water quality sensor
package with the UAV platform enables the collection of adequate real-time data with
rapid response timesa[27]. Moreover, UAVs play a crucial role in ensuring precise
sensor package placement, which is essential for the accuracy of the kriging process.
By utilizing the exceptional navigational abilities of UAVs, we achieve remarkable
precision in deploying these sensors, resulting in reliable data points that significantly

enhance the accuracy and reliability of kriging estimates|7].

A multi-propeller hexacopter drone [13] with a built-in electromagnetic deploying
system enables the In-Situ Water Quality Sensor Package deployment as shown in
Figure 2.3. This system plays a crucial role in lifting and releasing the sensor package.
A vital component of this mechanism is a strategically positioned metal grip on
the side of the sensor package. Following the magnetic attraction principle, this
grip interacts with the ferromagnetic component within the UAV’s electromagnetic
system. The magnetic field causes the metal grip on the sensor package to respond,
resulting in an attractive force. The electromagnetic system controls this action by
adjusting the polarity of the metal grip. Once the UAV reaches the desired location,
the actuator generates the appropriate action, causing the metal grip on the sensor
package to either attach or detach from it, thereby initiating a controlled deployment
into the water body as displayed in Figure 2.2.

The deployment, guided by the actuator’s precision, ensures that the sensor pack-

age enters the water smoothly and efficiently, with the anchor mechanism playing a



crucial role in maintaining its stability and alignment once it is submerged. Addi-
tionally, strategically placed buoys provide additional stability and buoyancy to the

system, further enhancing its performance in aquatic environments|34].

Figure 2.2: Applied method of deploying the sensor package using the UAV.

Figure 2.3: Robust sensor deployment mechanism with a stable anchor.



Integrating the GPS (Global Positioning System) with the UAV is instrumental in
achieving precise placement of the sensor package, particularly within the framework
of kriging analysis. By leveraging the advanced capabilities of GPS technology, the
UAV accurately determines its position, enabling the sensor package to be deployed
with exceptional spatial precision at the desired coordinates.

The GPS is a reliable guide for the UAV’s navigation and waypoint guidance,
ensuring adherence to predefined flight paths at designated deployment areas[17][19].
This seamless integration of GPS technology significantly enhances the reliability
and precision of the sensor package deployment process, thus making a valuable
contribution to the acquisition of high-quality data vital for water quality monitoring
and analysis, especially in optimizing the accuracy of kriging models[20].

There are several essential characteristics in the chosen UAV. First, it is a multi-
propeller hexacopter, which provides stability and maneuverability, allowing for pre-
cise control during the flight process. Additionally, the drone provides a significant
payload capacity, enabling the integration of the In-Situ Water Quality Sensor Pack-
age without affecting the drone’s flight performance.

Furthermore, the drone offers an efficient flight system, allowing for extended op-
erational periods and the ability to cover large areas. This efficiency enables effective
water quality monitoring. Moreover, the UAV uses a sophisticated remote controller
with a joystick and control buttons, allowing the operator to navigate the drone

precisely and easily during flight operations|28].



2.2 SEALED AND PROTECTIVE FRAME

The sensor package has been meticulously engineered to excel in demanding and
waterlogged environments, as exemplified in Figure 2.4. This design prioritizes both
waterproof integrity and operational efficiency.

To begin with, a transparent PVC tube boasting a 2.5-inch outer diameter and a
2-inch inner diameter was carefully chosen as the primary housing component. This
material not only provides exceptional waterproofing but also transparency, allowing
for visual inspection of the internal components.

The protective housing plays host to a multitude of critical components, includ-
ing the various sensors, electronic devices, and the battery. To ensure a watertight
assembly, a PVC coupling, equipped with external threads, was securely affixed to
one end of the PVC tube using PVC cement. This coupling serves as the connecting
link to the sensor package cap, which securely holds the sensor probes, as indicated
in Figure 2.4 (a).

To further enhance its resistance to water ingress, a layer of water-resistant resin
was expertly applied to the surface of the cap. This additional layer acts as a
formidable barrier against moisture, reinforcing the overall water resistance of the
sensor package.

Simultaneously, the opposing end of the PVC tube was sealed with a meticulously
crafted tube closure. This closure is not just an afterthought but an essential compo-
nent, guaranteeing complete waterproofing and ensuring the utmost security of the

package’s internal electronics.



The outer frame of the sensor package was deliberately designed with versatility in
mind, facilitating its attachment to floating surfaces or buoys. This feature permits
the sensor package to remain buoyant and afloat on the water’s surface, thereby
expanding its potential applications.

Moreover, recognizing the vulnerability of the sensor probes, a probe protection
cap was thoughtfully integrated into the design. This cap serves as a guardian,
shielding the probes from potential damage and prolonging their operational lifespan.

In conclusion, the sensor package’s design and choice of materials ensure it works
reliably even in harsh water conditions. This has been proven in real-world applica-

tions as mentioned in [34].

Figure 2.4: (a) Unveiling the sensor package probes, (b) Protective outer frame to
ensure sealing of the sensor package.
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2.3 ELECTRONIC COMPONENTS

Electronic components serve as the brain of in-situ water quality sensor packages,
responsible for collecting, processing, and transmitting data to the end user. Real-
time monitoring and analyzing water quality parameters would be impossible without
these components. Therefore, careful selection and integration of electronic compo-
nents were crucial during the design process to ensure the sensor package’s accuracy,
reliability, and durability.

To provide a visual representation of the intricate electronic components involved,
A comprehensive block diagram has been displayed in Figure 2.5, offering an insightful

glimpse into the interconnected nature of these critical elements:

Figure 2.5: Block diagram displaying the internal components of the sensor package.

The diagram visually reveals the complex interplay of electronic components
within the sensor package, emphasizing its reliable performance. For a more in-
depth exploration of these components, each element has been examined in dedicated

subsections, providing comprehensive insights into their functions and interactions.
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Sensors

Among the sensors selected, the Atlas Scientific pH meter as shown in Figure 2.6 was
crucial in the water quality sensor package[13] [25] [12]. This high-accuracy analog
pH sensor is designed to measure the pH of liquids, making it an essential tool for
monitoring water quality parameters. In addition, the Atlas Scientific pH sensor is
exceedingly power-efficient, consuming less than one milliampere (mA) of current

during regular operation, and can operate within a voltage range of 3.3 V to 5 V.

Figure 2.6: Atlas scientific pH sensor module.

The pH value, which falls from 0 to 14, is determined by first converting the
received analog signal into a digital signal using an advanced analog-to-digital con-
verter (ADC). This digitized signal is then processed by the onboard microcontroller

employing equation 2.1 to deliver accurate results.

pH = (—5.6548 x V) + 15.509 (2.1)
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The turbidity sensor is a crucial component of the sensor package, playing a piv-
otal role in assessing water quality [25] [12] [2]. The selected turbidity sensor model
was V1.0, manufactured by Keystudio as displayed in Figure 2.7 [11]. Its crucial func-
tion quantifies the amount of scattered light resulting from suspended particles in the
water, including silt, sediment, algae, and other organic and inorganic particles, indi-
cating the water quality. The turbidity sensor consists of an infrared-emitting diode
(IRED) that serves as an emitter and a phototransistor that functions as a receiver,
converting detected photons into electrical signals. The resulting electrical signals are
typically displayed as voltage readings, converted into standardized turbidity units
such as NTU (Nephelometric Turbidity Units).

Figure 2.7: Unveiling Keystudio turbidity sensor module.

To achieve this conversion, we performed a calibration process using the map func-
tion in the sensor package algorithm. The map function was implemented by com-
paring the output voltage of the turbidity sensor to known NTU values ranging from

0 to 100 in a linear relationship, allowing for precise and accurate turbidity measure-
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ments. The map function was implemented by comparing the output voltage of the
turbidity sensor to known NTU values ranging from 0 to 100 in a linear relationship,
allowing for precise and accurate turbidity measurements. This function converts the
raw electrical signals the turbidity sensor produces into standardized turbidity units.
This calibration process using the map function in the sensor package algorithm made

it a valuable tool for water quality assessment.

In addition, the sensor package for this study included the TDS (Total Dissolved
Solids) sensor, explicitly utilizing the V1.0 model developed by Keystudio as shown
in Figure 2.8 [2] [11]. The TDS sensor operates within an operating voltage range of
3.3V to 5V and offers a measuring range of 0 to 1000 ppm (Parts Per Million). This
sensor employs the principle of electrical conductivity to measure the concentration of
dissolved solids in water. The TDS sensor includes a probe featuring two electrodes
immersed in the water sample. By applying a voltage across these electrodes, the

dissolved ions within the water facilitate the flow of electrical current between them.

Figure 2.8: Displaying Keystudio TDS sensor module.

14



Consequently, the measured conductivity of the water is directly proportional to
the concentration of dissolved solids present in the sample, enabling a comprehensive
assessment of dissolved solids concentration in a water sample. The TDS value was
determined using Equation 2. The equation was formulated to convert the measured

voltage from the TDS sensor into corresponding TDS values.

TDS = (133.42 x (V)? — 255.86 x (V)* +857.39 x V) x 0.5 (2.2)

The DS18B20 temperature sensor was the final sensor included in the package
[11]. It is a digital sensor known for its broad temperature measurement range of -55
°C to 125 °C, providing an accuracy of +0.5°C within the range of -10°C to +85°C.
Among its advantages are low power consumption and a compact design. The sensor
as shown in Figure 2.9 is utilized in various fields, including industrial automation,
environmental monitoring, and scientific research, where precise and reliable temper-
ature measurements are essential. To guarantee seamless communication with the
sensor, it was connected to the system using the 1-Wire protocol, which required the

incorporation of a pull-up resistor.

Figure 2.9: Presenting DS18B20 temperature sensor.
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Data Logger

The data logger, equipped with an SD card module and RTC (Real-Time Clock)][6],
plays a crucial role in our in-situ water quality sensor for this study. It efficiently
records and stores data from various sensors within the package, including pH, TDS,
turbidity, and temperature as illustrated in Figure2.10. In this research, the micro
SD card module was a crucial component of the data logger in the sensor package.
Its compact size as shown in Figure 2.11 (b) and low power consumption at 3.3V
facilitated seamless communication between the microcontroller and the SD card,
enabling efficient data storage and retrieval within the data logger system.

The In-Situ sensor package utilizes the DS3231M IC as the Real-Time Clock as
displayed in Figure 2.11 (a), ensuring accurate timekeeping for precise data logging.
This IC boasts several advantageous features, including low power consumption for
efficient operation, extended battery life, and optimized overall performance of our
water quality monitoring system. It also offers battery backup support, guaranteeing
continuous timekeeping even during power failures or interruptions, preventing data
loss, and ensuring uninterrupted monitoring of water quality parameters.

Moreover, the DS3231M IC incorporates a built-in temperature sensor, enabling
it to compensate for oscillator frequency variations caused by temperature changes
within a wide range of -40 Celsius to +85 Celsius. This temperature compensation
feature ensures reliable and accurate timekeeping, even in environments with varying
temperature conditions. Furthermore, the DS3231M IC offers flexibility in time rep-

resentation, functioning in 24-hour and 12-hour formats with an AM/PM indicator.

16



Figure 2.10: Sensor package deployment mission algorithm breakdown.

Figure 2.11: Displaying the data logger components (a) DS3231M, (b) micro SD
card.
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Microcontroller

The Arduino Nano, featured in Figure2.12, serves as the cornerstone of our sensor
package’s operations, overseeing control functions and complex computations. Its
compact design, based on the ATmega328P microcontroller, is a perfect fit for our
space-constrained project, offering versatility and efficiency. Operating at a standard
5 volts with a recommended range of 7 to 12 volts, it strikes the right balance between
power requirements and performance. Its remarkable energy-saving capabilities make
it ideal for power-conscious applications, Furthermore, its affordability makes it a
prime choice for projects aiming to achieve exceptional performance without exceeding

budget constraints.

Figure 2.12: Arduino nano the microcontroller used in the sensor package.
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2.4 PCB DESIGN

Designing the PCB for the in-situ water quality sensor package posed challenges,
mainly due to size constraints. The team created a compact PCB to fit all compo-
nents within the limited space as displayed in Figure 2.13. Starting with a schematic
diagram as shown in Figure 2.14, they established electrical connections and ensured
functionality while considering size and compatibility during component selection.
The team employed manual routing techniques to precisely control traces and com-
ponent placement to address the constraints, achieving an optimized layout. Figure
2.15 illustrates the designed PCB.

In addition to these technical considerations, the team conducted thorough re-
search to source the most suitable electronic components, taking into account their
size, power consumption, and compatibility. This meticulous component selection
process was critical to ensuring the sensor package’s performance met the project’s

requirements without compromising on the compact design.

Figure 2.13: Compact PCB integrating the electronic components for the in-situ
water quality sensor package.
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Figure 2.14: Schematic diagram of the in-situ water quality sensor circuit.

Figure 2.15: (a) Designed Footprints of the PCB, (b) Front Side of the PCB, and
(c) Back Side of the PCB for the In-Situ Water Quality Sensor Package.
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2.5 KRIGING

For the semi-variogram model associated with the ordinary kriging algorithm, we
selected a Spherical semi-variogram as illustrated in Figure 2.16. Literature suggests
that it is the optimal choice for describing the distribution of a solvent in a fluid body

18].

sill

Ci1

semi-variance y(h)

range
Co

distance (h)

Figure 2.16: Kriging variogram model.

The use of kriging equips us with several built-in methods to minimize the inherent
variance of measurements, thereby enhancing the accuracy of the data field. Kriging
procedures take advantage of the 'nugget’ of the variogram, which effectively functions
as a noise filter and a range parameter that limits the influence of outliers to specific
regions, preserving the accuracy of the entire model.

Kriging proves to be a valuable method for comprehending the distribution of
physical properties in bodies of water, surpassing traditional approaches [23]. When
combined with high sample rates from deployable sensor packages, Kriging offers

significant insights into spatial correlations among data sets.
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Continuous data collection using Kriging leverages in-situ water quality sensor
packages to enhance water quality monitoring. These sensors gather data on pH, TDS
(Total Dissolved Solids), turbidity, and temperature, generating a dynamic dataset
that captures variations in water quality.

Spatial interpolation, a crucial aspect of Kriging, estimates water quality parame-
ters at unmeasured locations using geostatistical techniques [16]. By considering the
spatial correlation between nearby observations, this method incorporates the un-
derlying spatial structure of the data. Strategic deployment of in-situ water quality
sensors across the study area captures a representative sample of the water body.
Combined with Kriging, continuous measurements from these sensors create high-
resolution maps that illustrate the spatial distribution of water quality parameters,
aiding in identifying hotspots, areas of concern, and spatial trends for targeted mon-
itoring and management strategies.

The semi-variogram is a fundamental component used in conjunction with the

ordinary kriging procedure, as described by equations 2.3, 2.4 and 2.5.

v=Co+C (1.5 <Z> ~0.5 <Z>3> (2:3)

Z(si) = m(s;) + e(s;) (2.4)
Z(x) = Z_: Brfr(x) + €(x) (2.5)

This approach offers cost-effectiveness by deploying in-situ water quality sensors
for ongoing data collection across locations, reducing the need for costly, manual
sampling. Integrated with Kriging, it enables real-time monitoring, generating water
quality maps for identifying the areas of concern and assessing the overall water

quality for decision-making.
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2.6 OPTIMAL SENSOR PLACEMENT METHODS

Optimal sensor placement methods aim to determine the locations where sensors
should be deployed to achieve efficient data collection with the fewest sensors. The
goal is to strategically position sensors in a way that maximizes the quality and
coverage of data while minimizing the number of sensors deployed.

In the context of water quality monitoring, optimal sensor placement offers a range
of advantages, including improved data quality, cost efficiency, early contaminant de-
tection, and environmental conservation, thereby enabling more effective and sustain-
able water quality monitoring programs crucial for safeguarding water resources and
public health. Several methods and strategies, such as random placement, grid-based

placement, and cross-validation, are employed to achieve effective data collection.

Random Sensor placement

Random sensor placement is a practical method for monitoring stationary bodies of
water in uniform environments. It involves deploying sensors arbitrarily, without a
structured grid or optimization.

This approach is valued for its simplicity and operational efficiency, making it
suitable when water quality is expected to be relatively uniform across the entire
area of interest and no specific spatial variations are critical. While simple, it can
still provide valuable data for monitoring, particularly in cost-effective scenarios that
don’t require comprehensive coverage or meticulous planning.

In our study, we employ random sensor placement for its simplicity and suitability

for testing a stationary water body with uniform conditions.
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Grid-based placement

Grid-based placement is one method that can be effective for monitoring stationary
water bodies. This approach involves deploying sensors across a structured grid pat-
tern, ensuring a systematic and uniform distribution of monitoring points. Grid-based
placement is particularly suitable when the goal is to achieve consistent and evenly
distributed data across the entire water body. It is often used for long-term monitor-

ing and when there is a good understanding of the water body’s characteristics.

Cross-validation

Cross-validation optimizes sensor placement by dividing available data into training
and testing sets. It objectively measures the effectiveness of sensor configurations
by systematically excluding portions of data in each iteration, including the valuable
"leave-one-out" approach. This iterative process refines sensor locations, enhancing
strategy precision by identifying areas contributing the most valuable data. This
critical process ensures efficient, accurate data collection, vital for understanding and

safeguarding water resources and public health.
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CHAPTER 3

VALIDATION

3.1 NUMERICAL VALIDATION

The research team conducted a comprehensive numerical validation to assess the
precision of kriging as an interpolation method for estimating pH values in a simulated
lake. They generated a synthetic lake to mimic the distribution of pH values across
its surface, as depicted in Figure 3.1. By selecting specific observation points from

the synthetic lake, they ensured the representation of diverse areas and pH variations.

Figure 3.1: pH variance throughout the fabricated lake.
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The research team employed kriging interpolation in eight iterations, each with
varying numbers of sampled data points ranging from 4 to 30.

This approach allowed for the accurate estimation of pH values at locations that
were not directly sampled. The resulting findings are beautifully visualized in Figures
3.2 and 3.3, offering a clear representation of the interpolated pH values across the

study area.

Figure 3.2: Assessing the kriging method accuracy to the fabricated lake by increas-
ing the sampled points showing (a) 4 points, (b) 6 points, (c) 8 points, (d) 10 points.
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Figure 3.3: Assessing the kriging method accuracy to the fabricated lake by in-
creasing the sampled points showing (a) 15 points, (b) 20 points, (c) 25 points, (d)
30 points.

Rigorous numerical validation illuminated kriging’s robust performance, effec-
tively capturing pH distribution within the fabricated lake. Notably, a direct cor-
relation linked kriging accuracy to the count of sampled points [29].

Table 3.1 presents the analysis of absolute mean error, root mean square error
(RMSE), and maximum error for the Kriging method.

The values in the table represent the average results from 100 iterations, where
each iteration involved different sampled point locations.

The absolute mean error values range from 0.36 (4 points) to 0.16 (30 points),
showcasing the variability in error metrics across various numbers of sampled points.
Similarly, the RMSE varies from 0.46 to 0.22, and the maximum error ranges from
0.91 to 0.59, illustrating how these error metrics change with the number of sampled

points in this comprehensive analysis.
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Table 3.1: Mean error, RMSE, and maximum error analysis between the fabricated

lake and Kriging method with various sampled points.

Number of Sampled Points Mean Absolute Error RMSE Maximum Error
4 0.36 0.46 0.91
6 0.32 0.41 0.86
8 0.28 0.36 0.81
10 0.25 0.33 0.77
15 0.22 0.29 0.71
20 0.20 0.26 0.66
25 0.18 0.24 0.62
30 0.16 0.22 0.59

Figure 3.4 illustrates the maximum error, absolute mean error, and root mean

square error (RMSE) as they vary with the number of sampled points.

Figure 3.4: Analyzing error metrics across sampled points: maximum error, mean

error, and RMSE.

Examining these metrics informs our data quality and sampling strategy decisions.

The study confirms kriging’s effectiveness in predicting water quality in lakes due to

its ability to capture complex spatial patterns.
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3.2 EXPERIMENTAL VALIDATION

Sensors Validation

The study carried out a comprehensive benchtop examination aimed at verifying
the accuracy of the pH, TDS, turbidity, and temperature sensors through rigorous
calibration processes.

Utilizing the dependable VIVOSUN industrial sensors, as exemplified in Figures
3.5 (a) and (b), as reference points, the results revealed remarkably low error per-
centages, with pH calibration exhibiting a mere 1.34% deviation and TDS calibration
showing a similarly impressive 5.23% variance.

The calibration procedure for the ATLAS Scientific pH sensor was particularly
meticulous, involving the use of pH 4.00, 7.00, and 10.00 solutions, consistently yield-
ing values that closely aligned with the specified standards.

Temperature measurements were conducted by comparing the DS18B20 sensor to
a K-type thermocouple, as illustrated in Figure 3.5 (c), and the findings showcased

an outstandingly low error percentage of just 0.81% as outlined in Table 3.2.

Figure 3.5: (a) Vivosun pH Reference Sensor, (b) Vivosun TDS Reference Sensor,
and (c) K-Type Thermocouple Reference Sensor.
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Table 3.2: Mean Error Analysis between the Sensor Package Sensors and Reference

Sensors.
Parameters Sensor package Reference Sensor Mean Error (%)
value Value
pH 6.62 6.71 1.34%
TDS 181 172 5.23%
Temperature 25 24.8 0.81%

To ensure precision in turbidity measurements, the sensor package algorithm inte-
grated a linear function for calibration purposes, resulting in highly accurate readings
across the 0 to 100 NTU range. In conclusion, these meticulous calibration procedures
and their associated outcomes unquestionably confirm the sensor package’s reliability

and accuracy in assessing essential water quality parameters.

UAYV deploying mechanism validation

To validate the reliability and precision of the sensor package deployment mechanism,
a meticulous testing protocol was executed.

The process commenced by securely attaching the sensor package to the UAV’s
electromagnet, which was, in turn, firmly attached to a metal grip on the surface of
the sensor package, ensuring a robust connection.

Figure 3.6 provides a visual representation of the deployment testing process,
showcasing its efficiency and accuracy.

This series of images captures the sensor package being deployed into a controlled

water-filled flume, designed to replicate real-world aquatic conditions.

30



These tests exposed the system to intricate aquatic scenarios, enabling a compre-

hensive evaluation of its performance.

Figure 3.6: Testing of the deployment mechanism to validate real-world reliability
showing (a) UAV carrying the sensor package, (b) Releasing sensor package, (c)
Sensor package dropped into the water, (d) Sensor package achieves stable floating
position.

In addition to these tests, buoyancy aids were incorporated to keep the sensor
package afloat on the water’s surface, and an anchor mechanism was integrated to
maintain its stable position once submerged.

These precise procedures collectively ensured the dependability of the sensor pack-
age and its ability to function effectively in demanding environments. The results of
this rigorous testing regimen underscored the sensor package’s resilience, confirming
its readiness for deployment in challenging scenarios and validating its suitability for

critical data-gathering missions in dynamic aquatic settings.
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CHAPTER 4

RESULTS

4.1 KRIGING RESULTS

In this study, we conducted a comprehensive experiment to assess the water quality
of a stationary pond using an in-situ water quality sensor package. Our analysis
involved the measurement of crucial parameters, namely pH, total dissolved solids
(TDS), turbidity, and temperature, achieved through the deployment of sensors at
six strategic locations within the stationary pond, as depicted in Figure 4.1. Rigorous
data collection was carried out at each of these designated sampling points, involving
the gathering of multiple samples. This meticulous approach enabled us to compute
mean values, providing a robust representation of the water quality at each sampled

location.

Figure 4.1: Displaying the sampled points within the stationary testing pond.
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Additionally, the study employed a kriging process to carefully examine the spatial
distribution of these essential water quality parameters across the entire expanse of
the stationary pond. By leveraging the collected data, this geostatistical method
not only assessed the variability of pH, TDS, turbidity, and temperature within our
measured locations but also extrapolated estimated values for unmeasured locations
within the pond [16].

For enhanced clarity and visualization, Figure 4.2 illustrates both the stationary
pond under investigation and the deployment of our sensor package on the water
surface during the data collection process, offering an intuitive understanding of our
data collection methodology and vividly illustrating the spatial distribution of water

quality parameters within the stationary pond [18].

Figure 4.2: (a) The sensor package floating on the water surface while collecting
data, (b) Showcasing the stationary testing pond for the sensor package.
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The kriging interpolation plots for TDS, pH, turbidity, and temperature are pre-
sented below in Figure 4.3, revealing subtle gradients attributed to the pond’s station-
ary conditions during measurements. Limited water movement gives rise to nuanced
variations in TDS, pH, turbidity, and temperature across the pond, providing valuable

insights into their spatial distribution.

Figure 4.3: Kriging results from onsite testing for water quality mapping showing
(a) pH, (b) TDS, (c) turbidity, and (d) temperature.

The TDS plot indicates a gentle gradient from the pond’s bottom left to the top
right. Elevated TDS levels on the right side result from intensified evaporation driven
by increased temperatures in that region. Evaporation concentrates dissolved solids,
leading to higher TDS readings. However, TDS values do not directly influence pH

or temperature distribution.
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Turbidity is heightened on the left side, primarily due to the presence of algae in
the bottom left corner. Additionally, the significant accumulation of fallen leaves in
the top left corner can notably impact turbidity. As leaves decompose, they release
fine particles, organic matter, and other substances into the water, contributing to
increased cloudiness. The presence of algae further enhances turbidity as they grow
and propagate, releasing particles and affecting water clarity.

Significantly, the bottom left corner exhibits elevated pH levels, primarily at-
tributed to dense algal populations and their photosynthesis activity. Algae release
oxygen into the water, raising pH values and creating localized conditions that drive
the observed pH increase.

Furthermore, the right side experiences higher temperatures due to intensified
sunlight exposure. This condition leads to enhanced evaporation rates and consequent
elevations in TDS levels.

The elevated pH in the bottom left corner is primarily due to flourishing algae
and their photosynthesis activity. Turbidity is more pronounced on the left side,
influenced by both algae and the significant impact of decomposing fallen leaves,
which are more concentrated in the top left corner. The right side, with concentrated
sunlight, experiences higher temperatures, contributing to elevated TDS levels.

In conclusion, these kriging interpolation plots, as depicted in Figure 4.3, illumi-
nate the nuanced spatial variations in TDS, pH, turbidity, and temperature within
the stationary pond, reflecting the intricate dynamics influenced by factors such as
sunlight exposure, algae presence, and organic matter decomposition. These insights
deepen our understanding of the pond’s water quality and its response to its static

environment.
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4.2 POWERMANAGEMENT RESULTS

To ensure the reliability and extended operational capability of the sensor package,
a comprehensive power management test was conducted under conditions mirroring
real-world scenarios. The sensor package was strategically deployed in a stationary
pond, as we used for kriging.

For this test, the sensor package was securely anchored to the bottom of the
stationary pond, ensuring it was fully immersed and exposed to the elements, just
as it would be during operational use in natural aquatic environments as shown in

Figure 4.4.

Figure 4.4: Sensor package collecting samples during power management test.

The in-situ water quality sensor package was powered by a 7.4V 1000mAh bat-
tery. The test results revealed an impressive operational duration of 32 hours and 48
minutes, highlighting the sensor package’s remarkable capability for continuous data

collection in such conditions.
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Figure 4.5, included below, provides a visual representation of the power man-
agement test, illustrating the uninterrupted operation of each sensor throughout the
duration of the test. This visual representation emphasizes the sustained functionality

and unwavering reliability of the sensor package under these demanding conditions.

Figure 4.5: Unveling sensor package performance through power management test-
ing.

These findings underscore the robust nature of the sensor package’s power man-
agement system, which enables extended, uninterrupted data collection in stationary
pond environments. This capability has significant implications for long-term moni-
toring applications, offering a reliable tool for continuous water quality assessment in

static aquatic conditions.
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4.3 DyNAMIC ENVIRONMENT TESTING RESULTS

A comprehensive test was conducted to evaluate the sensor package’s ability to op-
erate effectively in dynamic environments that simulated real-world scenarios with
varying conditions. The sensor package was deployed in a creek with continuous
water flow, as shown in Figure 4.6 (b), replicating dynamic environmental conditions.
For this test, the sensor package was securely fastened to a sturdy bridge structure
using a robust steel wire, allowing it to be positioned within the creek’s flowing waters.
This deployment approach ensured that the sensor package was fully immersed,
subject to the varying currents, and exposed to the elements, mimicking its opera-
tional conditions in natural aquatic environments, as displayed in Figure 4.6 (a).
The in-situ water quality sensor package was powered by a 7.4V 1000mAh bat-
tery. The test results revealed an impressive operational duration of 32 hours and 48
minutes, highlighting the sensor package’s remarkable capability for continuous data

collection in dynamic environments.

Figure 4.6: (a) Sensor package deployed in dynamic environmental conditions, (b)
View of the creek utilized for dynamic environment testing
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Figure 4.7, included below, provides a visual representation of the dynamic en-
vironment test, illustrating the uninterrupted operation of each sensor throughout
the duration of the test. This visual representation emphasizes the sensor package’s

sustained functionality and unwavering reliability under these demanding conditions.

Figure 4.7: Assessing sensor package performance in dynamic environments.

These findings underscore the robust nature of the sensor package’s operational
capability in dynamic environments, making it a reliable tool for continuous data
collection in ever-changing aquatic conditions. This capability has significant impli-
cations for applications such as long-term monitoring of water quality, where reliable

performance in dynamic environments is essential.
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CHAPTER 5

CONCLUSION

Integrating real-time automated water quality testing and spatial kriging, in con-
junction with the innovative utilization of a UAV (Unmanned Aerial Vehicle) for
efficient data collection, offers a highly efficient and cost-effective method for accu-
rately mapping water quality parameters. This system, combining in-situ sensors,
UAV, and real-time monitoring capabilities, provides reliable information on water
quality conditions. The precise spatial representation offered by kriging enables ef-
fective interventions and informed decision-making to maintain and improve water
quality. To ensure reliability, the in-situ water quality sensor package is securely
attached to a floating surface, providing flotation. It is highly waterproofed for op-
eration in severe weather and various environmental conditions. Extensive testing
in different locations within a stationary pond validated the package’s effectiveness,
improving real-time monitoring of water quality parameters such as pH, turbidity,
total dissolved solids (TDS), and temperature. The sensor package incorporates a
high-power-saving system capable of continuous operation for 32 hours and 48 min-
utes. This duration provides an adequate period to track fluctuations that may occur
within minutes to hours due to weather conditions, solar radiation, and biological
activity, which influence water quality parameters. Future research will focus on im-
plementing GPS into the embedded system to provide highly accurate coordinates for
improved kriging, as well as incorporating a more accurate optimal sensor placement
method. Additionally, including PV solar panels will extend the system’s operating

time, considering the potential impact of the GPS implementation.
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