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Abstract: The pharmaceutical industry mandates strict hygiene and sterilization practices, particularly in
cleanroom laundry environments. Manual processes for validating wash formulas often fall short in ensuring
consistency, regulatory compliance, and safety. This paper presents the design and implementation of an 10T-
based chemo-thermal disinfection monitoring system for pharmaceutical laundry operations. The system
employs industrial-grade pH and temperature sensors connected via RS485 Modbus to an ESP32
microcontroller. Data is processed and transmitted to a cloud server using MQTT, allowing real-time
monitoring through the Blynk platform. The system includes a water circulation mechanism to ensure accurate
sampling and has been rigorously tested under harsh environmental conditions.  Results demonstrate
significant improvements in measurement accuracy, process transparency, and operational efficiency. This
approach exemplifies the convergence of Industry 4.0 and hygiene-critical operations, providing a scalable
model for smart industrial laundry automation
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1. Introduction

Industrial cleanroom laundries are critical for preventing contamination in pharmaceutical manufacturing.
Employees must wear specialized garments that are frequently exposed to chemicals, biological agents, and
microbes. Ensuring that these garments are effectively disinfected is essential to comply with standards such
as Good Manufacturing Practices (GMP), ISO 14644, and FDA guidelines. Current laundry practices rely
heavily on manual inspection, which is both labor-intensive and error-prone. Automated systems are needed
to ensure repeatability and traceability in wash validation, especially for disinfection-critical parameters like
pH and temperature.

1.1. Problem Statement

Manual monitoring of laundry parameters results in inconsistent data collection, delayed response to
faults, and non-compliance with hygiene protocols. Sensor drift, stagnant water, and lack of real-time
feedback further degrade process requirements in pharmaceutical and healthcare facilities.
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1.2. Need for Automation
Automation is vital for:

e Ensuring consistent disinfection outcomes

e Maintaining traceable digital records

e Minimizing reliance on manual labor

e Enabling real-time alerts and predictive maintenance

e Adapting to Industry 4.0 standards integrity. The absence of reliable data also weakens the ability to
conduct audits and maintain documentation—key

2. Literature review

2.1. Conventional Practices
Traditional systems use manual thermometers and pH test strips, which offer no automation or digital

logging. Garment cleanliness is judged based on empirical observations, which do not meet GMP validation
requirements.
2.2. Sensor-Based Systems

Recent studies, such as those by Raja and Ramathilagam (2021), propose fuzzy logic systems for
temperature regulation. However, pH monitoring remains underexplored. The Hydro-Air sensor series
provides industrial-grade alternatives capable of real-time pH and temperature tracking, bridging this gap.
e No existing system integrates pH, temperature, Modbus communication, and cloud interfaces for laundry

applications.
e Most IoT systems are designed for environmental monitoring, not wet or high-temperature environments.
e Lack of user-facing transparency tools for audit and validation purposes.

3. System Architecture and Methodology

3.1. Components and Configuration

Add-on Signals (this is optional)

Sensor Data

Door Signal upto 3 signals
(close or open) : (flow meters)
Program TLPRO M1 Eilzee?:iﬁ?
: .
selection (Pushing data to clouds) (1 or 3 Phase)
S?:;o; _tl‘:lg;:a PP Relay Out

Figure 3.1 Components and configuration

e ESP32 Microcontroller: Dual-core, Wi-Fi/Bluetooth-enabled unit managing sensor polling and MQTT
publishing.

e Hydro-Air pH/Temp Sensor: Industrial-grade, RS485 output with built-in PT1000 temperature
compensation.

e Water Circulation Pump: Ensures fresh sample flow, avoiding reading inaccuracies due to water
stagnation.

e RS485-TTL Converter: Interfaces Modbus sensors with ESP32 via UART.

e Blynk IoT Platform: Provides dashboard

with graphs, notifications, and downloadable logs.
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3.2. Software Architecture

Written in Arduino IDE using modular functions for:

Modbus data parsing

Wi-Fi management

MQTT client handling

Blynk API integration

¢ Real-time sensor values are published in JSON every 5 seconds.
e Alerts are triggered on deviations (e.g., pH

out of 6.5-8.5 range, temp below 60°C).

4. Implementation and Calibration

4.1. Sensor Integration

e Sensors are calibrated using 3-point buffer solution methodology (pH 4, 7, 10).

e Sensor readings are adjusted in firmware based on buffer response curves.

e Temperature calibration uses a certified digital thermometer and IR gun cross-verification.

4.2. Flow Optimization

One Day PH Report

Pro Vislon

P33l

PO3-1
P18-2

Figure 4.2 One day Graph

Initial trials revealed inaccuracies due to stagnant water near the sensor. A water circulation system was
implemented using a T-joint and pump to keep water moving across the probe. This significantly reduced
latency and improved response accuracy
5. Testing and Validation

5.1. Key Performance Metrics

Parameter Benchmark Achieved
pH Accuracy 0.1 +0.08
Temp Accuracy +0.5°C +0.3°C
Uptime 48 hrs 50+ hrs
MQTT Latency <1.5sec ~0.8 sec
Sensor Immersion 24 hrs 72+ hrs
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5.2. Environmental Testing
e High-temperature tests (90°C) and high-humidity (95% RH) simulations.
e Stability validated under power fluctuations and sensor disconnections.

5.3. Dashboard & Alerts

Mobile and web dashboards displayed realtime data.

Historical logs stored for regulatory audits.

Alerts (push + email) for out-of-range values and sensor failures.

6. Results and Outcomes

* Figure 6 Modified ESP32
6.1.  Operational Gains

e Reduced manual labor by 80%.

e Improved pH and temperature consistency across batches.

e Transparent logs supported audit readiness for ISO and GMP.

6.2. Client and Compliance Impact

o Facilities reported improved confidence in hygiene protocols.

e Blynk app enabled real-time access for supervisors and customers.

7. Conclusion and Future Scope

This project successfully demonstrates the viability of an loT-based chemo-thermal validation system for
cleanroom laundries. It ensures regulatory compliance, reduces human error, and provides scalable
architecture for industrial adoption. Future enhancements may include:

Al-based wash cycle optimization

Microbial count sensors

Integration with SCADA or ERP systems

Solar-powered or battery-operated modules for remote installations.
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