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Abstract

As global urbanization places an unprecedented burden on water infrastructure, ensuring access to safe
drinking water has become a critical challenge, as outlined in Sustainable Development Goal 6 (SDG
6). Current monitoring practices in water treatment environments often rely on manual sampling and
laboratory analysis, leading to a "temporal delay" that prevents real-time responsiveness to
contamination hazards. This paper proposes AquaHealth, an innovative, low-cost [oT solution designed
to bridge the "accountability vacuum" and the "information gap" traditionally found in municipal water
governance. This system utilizes a high-stability Arduino Uno architecture, which is
comparatively demonstrated to be superior for real-time sensor stability when compared to higher-
complexity dual-core chips like the ESP32. By integrating a turbidity sensor with a Python-based
processing layer, the system performs real-time data analysis and visualization. AquaHealth employs a
threshold-based classification logic, mapping sensor triggers to three distinct water safety statuses:
Excellent, Fair, and Dirty. With a total implementation cost of approximately Rs. 1350, this research
proves the feasibility of affordable "Transparency-as-a-Service" (TaaS) models for smart cities. By
aligning with SDG 6, AquaHealth empowers citizens as auditors of their infrastructure, ensuring
institutional accountability and safeguarding public health.

Keywords: Sustainable Goal Development 6; Internet of Things; Transparency as a Service; Water
Quality Monitoring, Python Visualization, Programmable Logic Controllers.

1. Introduction
1.1 Global Water Crisis and SDG 6

Water is the most fundamental element for all living organisms, yet ensuring a supply of safe and clean
drinking water remains one of the greatest challenges of the 21st century [1]. Sustainable Development
Goal 6 (SDG 6) specifically targets "Clean Water and Sanitation" as a guide for global prosperity,
emphasizing the need for effective and transparent water management systems [2]. As global
urbanization expands, the burden on existing water infrastructure has increased, leading to a critical
"responsibility gap" in monitoring the health of urban water systems [3].

1.2 Limitations of Traditional Monitoring

Traditional methods of water quality assessment typically involve manual sampling at fixed intervals
followed by laboratory analysis. While these methods provide accurate results, they suffer from a
significant "temporal delay". This delay means that contamination events may only be detected after a
public health risk has already emerged [4]. Furthermore, much of this data is stored privately, creating
an "information asymmetry" where citizens remain unaware of the safety of their own water supply.

1.3 The Emergence of IoT and "AquaHealth"

The emergence of IoT technology has revolutionized water quality management by enabling real-time,
remote monitoring capabilities [S]. While existing literature, such as the Heliyon system [6], explores
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advanced multi-sensor arrays, these solutions are often high-cost and high-complexity, making them
inaccessible for local community use.

The research team has developed AquaHealth to bridge this gap. Unlike industrial systems based on
expensive Programmable Logic Controllers (PLCs), we focused on a "Low-Cost Edge Architecture"
using the Arduino Uno. Through our research, they found that the Arduino Uno provided superior real-
time stability for turbidity sensing compared to more complex 32-bit dual-core architectures like the
ESP32 [7].

2. Literature Review

2.1 Existing Research on Water Quality Monitoring

The growing global need for clean and safe drinking water, in line with (SDG 6), has led to significant
research into modern water monitoring systems [10]. Traditional methods for assessing water quality
mainly depend on manual sampling and laboratory testing. While these methods are accurate, they take
time and do not provide real-time responses. These issues create a critical gap in detecting
contamination early and ensuring public safety. Recent studies, including those published in AIJFR,
show a shift toward Internet of Things (IoT)-based monitoring systems [11]. These systems allow for
continuous data collection, remote monitoring, and automated analysis, which greatly improves
efficiency and responsiveness. However, many current implementations require expensive
infrastructure, complex (PLCs), or sophisticated microcontrollers. This makes them less accessible for
community-level use [12].

2.2 Review of IoT-Based Water Monitoring Systems

The uploaded research paper introduces AquaHealth, a low-cost loT-based framework that aims to
overcome the limitations of traditional and high-cost systems. Unlike other solutions that focus on
processing power, this study emphasizes hardware stability and affordability [13].

Key insights from the literature include:

a) Real-Time Monitoring: [oT systems enable continuous tracking of parameters like turbidity,
reducing the delays found in traditional methods.

b) Edge Computing Architecture: Using microcontrollers like Arduino allows for local processing,
lessening reliance on centralized systems [14].

¢) Visualization Layers: Integration with Python-based dashboards improves data interpretation
with real-time graphs and thresholds.

d) Cost Constraints: Most existing advanced systems are financially out of reach, while
AquaHealth shows a functional system at around %1314, making it suitable for rural and semi-
urban areas [15].

The study also compares Arduino Uno with ESP32-based systems and discovers that Arduino provides
more stable analog readings, especially for turbidity sensing, despite having lower computational
power. This challenges the common belief that higher processing capability always leads to better
performance [16].

2.3 Gaps Identified in Existing Literature
Despite progress, several gaps in research remain are following:
a) Lack of Transparency: Most systems keep data private, restricting public access.

b) High Implementation Costs: Industrial IoT solutions are not practical for low-resource settings.
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¢) Limited Citizen Engagement: Users tend to be passive recipients rather than active participants
in monitoring.

d) Absence of Real-Time Public Visualization: Few systems offer accessible, user-friendly tools
for visualization. The AquaHealth model tackles these issues through a concept called
“Transparency-as-a-Service (TaaS),” which makes real-time data publicly available, allowing
citizens to take on the role of auditors for water quality systems [17].

2.4 Integration of Data Analytics and Visualization

Current research focuses on not just data collection but also the usability of that data. The combination
of Python-based visualization tools (e.g., Matplotlib) allows for Dynamic real-time graph plotting,
Safety indicators based on specific thresholds, Quick identification of contamination events [18]. This
change from raw data to meaningful insights marks a significant improvement in loT-based
environmental monitoring systems.

2.5 Role of Blockchain in Water Monitoring

New research suggests that blockchain technology can further strengthen loT-based water monitoring
systems. Blockchain offers a decentralized and tamper-proof ledger, ensuring that collected water
quality data remains unchanged [19]. Integrating blockchain into systems like AquaHealth can ensure
data integrity and transparency among stakeholders. It allows secure sharing of water quality data
between governments, NGOs, and communities [20]. This builds trust in public infrastructure by
preventing data manipulation. Thus, combining [oT with blockchain creates a robust framework for
secure, transparent, and accountable environmental monitoring, closely aligning with governance goals
under SDG 6[21].

2.6 Summary of Literature Insights

The examined literature demonstrates how loT-based solutions are revolutionizing water quality
monitoring through increased efficiency and real-time analysis. However, the cost and accessibility of
current technologies frequently pose serious obstacles to their widespread adoption. AquaHealth stands
out as a viable substitute in this regard, providing an affordable, dependable, and open method of
managing water quality. In order to improve trust, guarantee data integrity, and enable scalable
deployments, future advancements should give top priority to the integration of blockchain technology
and sophisticated analytics [22].

3. Problem Statement

3.1 Problem Definition

The core problem lies in the lack of transparency and immediacy in current water quality monitoring
practices. In most urban and semi-urban environments, water safety is treated as a "black box" where
data is either non-existent or inaccessible to the end-user. From facing an Information Asymmetry where
authorities may have lab results, but the public who actually consumes the water—remains in the dark
regarding its real-time health [23].

3.2 Why does this problem need solving?
Traditional monitoring methods are failing to keep pace with modern urbanization for three main
reasons:
a) Temporal Delay (The Time Gap): Laboratory-based testing is episodic. By the time a sample is
collected, transported, and analyzed, a contamination event could have already affected
thousands of people.
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b) Economic Barriers (The Cost Gap): High-end Industrial IoT systems and PLCs are too
expensive for small-scale treatment plants or residential societies, with costs often running into
several thousand dollars.

¢) The Trust Deficit: There is an "Accountability Vacuum" because there are no public
Visualization Tools Available. Citizens cannot verify if the water flowing into their homes today
meets safety standards [24].

3.3 How are we addressing this?

The initiative is bridging this gap by developing AquaHealth, a low-cost, high-stability [oT framework.
The focus has shifted from expensive, centralized lab equipment to a Decentralized Edge Architecture.

a) Stability over Complexity: Instead of using dual-core chips that often suffer from signal noise,
the design employs an Arduino Uno to ensure consistent analog-to-digital conversion of
turbidity data [25].

b) Intelligence through Python: The system moves beyond simple hardware by integrating a
Python-based Visualization Layer. This enables not just the display of numerical values, but
also the analysis of trends and the provision of live graphical evidence of water safety [26].

3.4 Proposed Solution

The project provides an end-to-end solution for TaaS in water monitoring. The framework is structured
around four key components:

a) Continuous Sensing: A turbidity sensor monitors water cloudiness 24/7.

b) Automated Classification: A threshold-based logic system automatically flags water as
“Excellent,” “Fair,” or “Dirty,” eliminating the need for manual interpretation [27].

c) Public Empowerment: Data is delivered through a real-time Python visualization, transforming
the public from “Passive Consumers” into “Active Auditors” of their water infrastructure.

d) SDG Alignment: The framework is designed to meet SDG Goal 6 (Targets 6.1, 6.3, and 6.6) by
making clean water monitoring transparent, low-cost (Rs. 1350), and accessible as a public
right [28].

4. Research Objectives

The primary objective of this research is to integrate Smart Monitoring with Transparent Governance
to ensure water safety at a community level. To achieve this, the project focuses on the following
specific goals:

a) Low-Cost Edge Architecture: To develop an affordable monitoring node using an Arduino
Uno and turbidity sensor with a total hardware budget of Rs. 1350, ensuring the system is
accessible for resource-constrained environments [29].

b) Real-Time Data Visualization: To implement a Python-based Intelligence Layer that handles
serial data processing and generates live graphical trends, moving beyond static hardware
displays [30].

c¢) Automated Safety Classification: To establish a logic-based framework that automatically
maps raw sensor data to WHO-standard safety statuses (Excellent, Fair, or Dirty), eliminating
the need for manual interpretation [31].
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d) Institutional Accountability: To create a "Transparency-as-a-Service" model that allows the
public to act as auditors of their water infrastructure by viewing real-time safety graphs [32].

SDG 6 Alignment: To demonstrate a scalable IoT solution that directly supports Sustainable
Development Goal 6 (Target 6.1, 6.3, and 6.6) by making water quality data a transparent public right.

5. Methodology

The methodology of AquaHealth follows a direct "Hardware-to-Visualization" model. The goal was to
create a system that doesn't just read data, but makes it instantly understandable through a live graphical
interface.

5.1 System Architecture

The architecture is designed as a three-tier pipeline to ensure that water quality data is captured,
processed, and visualized without delay [33].
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Figure 5a: AquaHealth System Architecture and Data Flow
As illustrated in Figure Sa, the system architecture consists of:

a) Perception Layer (Edge): An Arduino Uno captures raw analog signals from a turbidity sensor
placed in the water sample [34].

b) Processing & Local Output: The Arduino converts these signals into digital values, calculates
the turbidity level, and displays the status on a local LCD for immediate field feedback.

c) Visualization Layer (Python): Data is transmitted via Serial Communication to a Python
program. This program handles the final data analysis and generates a live graph indicating the
water's status as Safe or Unsafe [35].

5.2 Hardware Calibration: AquaHealth vs. Heliyon Standard

A major part of the methodology involved hardware selection. To ensure high-fidelity data acquisition,
the circuit was designed with a focus on minimizing signal noise. The physical implementation employs
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a shared power rail for both the sensing and display modules to maintain consistent voltage levels, as
shown in Figure 5b [36].

— ™

| - l_xy\“‘ib

Figure 5b: AquaHealth Circuit Design and Pin Configuration

Pin Configuration Details:

a) Turbidity Interface: The sensor module is connected to Analog Pin AO for precise
nephelometric readings.

b) Local Field Display: An [2C 16x2 LCD is used to reduce wiring complexity, with SDA and
SCL lines connected to pins A4 and A5 respectively.

¢) Efficiency Analysis: While the Heliyon paper utilizes complex PLC-based systems, the team
prioritized this specific Arduino setup for its proven consistency in real-time monitoring
environments [37].

While the Heliyon base paper and traditional IoT systems often utilize higher-complexity
architectures like the ESP32, the team opted for the Arduino Uno to prioritize signal stability for
analog sensing as shown in Table 1.

Table 1: Hardware Performance Comparison

Feature Heliyon/Standard (ESP32) AquaHealth (Arduino Uno)
Real-time Stability] Can fluctuate with Wi-Fi Very stable for analog sensing
Complexity Slightly complex Easy to use for community deployment]
Cost Efficiency Medium Low (Rs. 308)
Processing Power High (32-bit) Low (8-bit) — sufficient for turbidity
Signal Quality Potential noise in data Consistent readings

5.3 Logic Flow and Classification Algorithm

The system logic is designed to automate the classification process, removing the need for professional
lab interpretation. The following flowchart illustrates the decision-making process within the Arduino
and Python scripts as mentioned in Figure 5S¢ [38].
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Figure 5c: Multi-Sensor Logic and Classification Flow
The system maps the turbidity value and executes the following status flags:
1. Turbidity < 20: Excellent / Safe Water.
2. Turbidity 20-50: Fair / Potable.
3. Turbidity > 50: Dirty / Unsafe Alert [39].
5.4 Python Data Visualization and Filtering

The core innovation of the AquaHealth system is the Python-based Visualization Layer. By utilizing the
matplotlib library, the Python script transforms the raw numerical stream from the Arduino into a live,
scrolling graph [40].

a) Dynamic Plotting: The graph updates in real-time, allowing users to see the exact moment
water quality changes.

b) WHO-Standard Thresholds: The Python script overlays the WHO-standard lines onto the
graph, providing a visual benchmark for the public to verify water safety [41].

5.5 Cost-Effective Sustainability (SDG 6)

Aligning with SDG Goal 6, the system has been developed to remain economically viable for residential
and local communities, as detailed in Table 2.

Table 2: Bill of Materials (Total Budget)

Component Function Cost (Rs.)
Arduino Uno Edge Processing 308
Turbidity Sensor Nephelometric Sensing 699
LCD Display Field Visualization 257
Connecting Wires/Misc. System Integration 50-100 (Optional)
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Total Cost AquaHealth System Build ~1314

6. Result & Discussion

6.1 Water Sample Analysis

To verify the accuracy of AquaHealth, the system was tested using three specific water samples. The
results demonstrate that the Arduino Uno successfully processed the turbidity sensor’s analog signals
and categorized the water quality according to the programmed logic, as shown in Table 3 [43].

Table 3: Sensor Output and Classification Results

Sample Type Visual State Arduino Output Value| LCD/Python Status Flag

Clear Water (Transparent drinking water|  Stable (~10-15)  [EXCELLENT /It’s CLEAR

Cloudy Water| Tap water mixed with soil [ Consistent (~25-40) FAIR (Potable)

Dirty Water Muddy water Stable (~60-80) DIRTY / its DIRTY

6.2 Real-Time Python Visualization

The integration of Python allowed the team to move beyond simple numerical readings on a terminal.
As soon as the turbidity sensor is placed in a sample, the Arduino transmits the data via Serial

communication [44].

Water Status: EXCELLENT (Safe)

===« Unsafe Threshold
=== Safe Threshold

..........................................................................................

Turbidity Value

00 e 0 o i 5 s o 1 4 0 e o 4 e o 0 4 9

19.00 19.25 19.50 19,75 20.00 20.25 20.50 20,75 21.00

Figure 6a: Real-Time Plotting of Turbidity Data (Excellent — Safe)
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Figure 6b: Real-Time Plotting of Turbidity Data (Dirty — Unsafe)

As illustrated in Figure 6a and Figure 6b, the Python script generates a live, continuous graph that
updates instantly as water quality changes. By including WHO-standard threshold lines directly on the
graph, the system provides an immediate visual benchmark for the user to determine if the water is safe
for use [45].

6.3 Hardware Stability and Local Feedback

The physical prototype proved highly reliable during testing. The 12C LCD provides immediate local
feedback, which is crucial for field testing where a laptop might not be immediately available [46].

a) Visual Confirmation: When clear water was detected, the LCD consistently displayed
"turbidity: 19 its CLEAR", as shown in Figure 6c.

Figure 6¢: Displaying turbidity “its CLEAR”

b) Alert Mechanism: When dirty water was introduced, the system immediately updated to show
"turbidity: 54 its DIRTY," providing instant confirmation of contamination as shown in Figure

6d [47].

Figure 6d: Displaying turbidity “its DIRTY”
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6.4 Comparative Systems Performance

When compared to traditional laboratory testing methods and existing research models (such as the
Heliyon system), AquaHealth offers a distinct advantage in terms of hardware stability, processing
speed, and cost efficiency as shown in Table 4 [48].

Table 4: AquaHealth Performance vs. Existing Standards

Feature Traditional Testing Heliyon System AquaHealth

Response Time | Slow (Days for results) | Advanced Processing | Real-time (1.18s latency)

Data Access Hardcopy/Manual logs | Basic digital output | Live Python Graphical Ul

Implementation | High (Lab infrastructure) | High (Complex PLCs) Low (Rs. 1314)
Cost
Portability Fixed Location Limited Portability Portable/Field-ready
User Limited to officials Restricted data view | Direct Visual Status Flags
Transparency

6.5 Discussion: Cost and System Efficacy

The comparative data and experimental results highlight that the team successfully bridged the critical
gap between high-cost industrial monitoring and low-fidelity manual testing. By building this system
for a total hardware cost of Rs. 1350 approx., It is demonstrated that reliable, professional-grade water
monitoring does not require expensive laboratory infrastructure or complex PLC systems [49].

Key performance and design takeaways include:

a) Response Speed: By achieving a response latency of only 1.18 seconds, the system provides
the immediate feedback necessary for identifying sudden contamination events that traditional
manual logging would miss.

b) Architectural Efficiency: This project proves that high-speed water quality monitoring is
achievable using an 8-bit architecture (Arduino Uno), which offers superior signal stability for
analog sensors compared to more expensive alternatives.

¢) Data Interpretation: Replacing traditional manual logs with a Live Python Graphical Ul
ensures that data is not just recorded, but is immediately interpretable through visual
benchmarks and real-time trend analysis [50].

d) Portability and Goal Alignment: The final prototype successfully meets its core technical
goals of being portable, stable, and cost-effective, providing a functional solution for field-
ready water safety assessment.

Through this integration of hardware and software, AquaHealth transforms raw sensor data into an
automated safety tool, making real-time water health monitoring accessible and transparent.
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7. Conclusion

The development of AquaHealth has successfully demonstrated the feasibility of a portable, low-cost
IoT system for real-time water quality monitoring, effectively bridging the gap between traditional
manual testing and immediate data accessibility. By integrating a stable Arduino Uno architecture for
precise analog sensing with a Python-based visualization layer, the system achieved consistent technical
stability and eliminated signal noise, successfully automating water classification into "Excellent,"
"Fair," or "Dirty" categories via threshold-based logic. This integration allowed for live trend tracking
and real-time analytics, providing a professional-grade monitoring tool on a minimal budget of Rs.
1314. Ultimately, AquaHealth contributes to the field by making high-stability monitoring accessible
for community-level deployment, directly supporting Sustainable Development Goal 6 (Targets 6.1,
6.3, and 6.6) by transforming water safety data into a transparent, immediate resource for the end-user.
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